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In organic-inorganic perovskites currently widely used to fabricate high-efficiency solar cells the electrical properties are to a large
extent determined by the presence of mobile ions. These mobile ions are commonly held responsible for many undesirable features
of perovskite solar cells, such as hysteretic behavior of electrical properties and degradation of parameters during operation. Hence,
developing methods to study the properties of mobile ions and distinguish their contribution to electrical properties from the usual
effects due to electronic states are essential for gaining control over the type and density of mobile ions. In this paper we show that
comparison of deep levels transient spectroscopy (DLTS) measurements performed in the normal and reverse biasing/pulsing
sequences provides a useful means of discriminating between the contributions of electronic traps usual for all semiconductors and
the mobile ions very important in perovskites. To simplify things these experiments were performed on Schottky diodes rather than
heterojunctions with organic-inorganic electron transport and hole transport layers. The results of experiments are presented and
compared for single cation MAPbI3 and multication perovskites. In both cases the main features observed in DLTS could be
attributed to mobile ions.
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Metal-Organic Halide Perovskites such as CH3NH3PbI3
(MAPbI3) have a high and strongly frequency-dependent dielectric
constant, which is related to the reorientation and alignment of
organic ions dipole moments.1–3 One has to also consider changes of
the local arrangements of organic ions dipoles when phase transi-
tions from tetragonal to rhombohedral structure occurs as for
example in MAPbI3 near 130 K (and from tetragonal to cubic
structure near 320 K). At least for the low-temperature phase
transition in MAPbI3 it has been reported that it gives rise to a
prominent peak in dielectric constant near the phase transition
temperature.4 In addition to these dipole rearrangements, one has
also to consider the presence of high densities of ions with low
formation energy.5 These ions are likely to be charged at whatever
the quasi-Fermi level position is in perovskite layers. With applied
external voltage, these ions can easily form accumulation layers near
the electrodes (positive ions on the negative electrode, negative ions
at the positive electrode), thus forming thin layers of space charge
partially or fully screening the inner part of the perovskite film from
the external electric field. This is depicted in Fig. 1 for a simple
Schottky diode (SD) configuration (Fig. 1a) that we will employ in
the present work, alongside with the band profile for the case without
(Fig. 1b) and with (Fig. 1c) ionic accumulation at the interfaces.

In conventional semiconductors in which the band bending at the
surface is created by a rectifying contact, such as a SD or p-n
junction, the capacitance is due to the space charge region (SCR)
near the surface where the charge of the dominant dopants, say; free
electrons do not compensate donors. If the net donor concentration is
Nd and the band bending, close to the Schottky barrier height or the
p-n junction contact voltage, is Vbi the width of the space charge
region W and the capacitance C are6:

W V V qN2 , 1o bi d
1 2[ ( ) ] [ ]ee= +

C S W S q N V V2 , 2o o d bi
1 2[ ( ( )] [ ]ee ee= = ´ ´ +

where εo is the dielectric constant of vacuum, ε is the dielectric
constant of the studied material, V is the applied external voltage.
Equations 1, 2 describe the case of uniform doping and probing
frequencies of AC voltage in capacitance measurements low enough
that, near the edge of SCR where the donors have to capture and emit
electrons alternately, the capture/emission process is fast enough to
follow the applied electric field. The characteristic time for capture
of electrons τc, and the characteristic time for electron emission from
the donor, τem are determined by the equation6:

c n, 3c n
1 [ ]t =-

e N v Ed kTexp , 4em n n c th
1 ( ) [ ]t s= = --

where cn = σnvth is the capture coefficient, n is the concentration of
free electrons, en is the capture coefficient of electrons, vth is the
thermal velocity of electrons, en is the electron emission rate, Nc is
the density of states in conduction band, Ed is the depth of donors in
respect to the conduction band edge, k is the Boltzmann constant, T
is the temperature.7 Equations 1, 2 are standardly used to determine
the donor concentration and the barrier height from the slope and the
built-in voltage Vbi from the voltage intercept of the 1/C2 vs voltage
plots. If the distribution of donors is not uniform, it can be obtained
from the differential form of Eq. 26:

N W C q S dC dV , 5d d o
3 2( ) ( ( )) [ ]ee=

with the depth given by Eq. 1.
These equations serve as the basis for concentration profiling in

ordinary semiconductors. At that, the conductivity type of material is
determined by the sign of 1/C2 derivative by voltage: for n-type
material and the negative voltage applied to the SD, capacitance
decreases with voltage.

When the probing frequency becomes too high for the donors/
acceptors to follow the probing electric field in capacitancezE-mail: aypolyakov@gmail.com; aldo.dicarlo@uniroma2.it
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measurements, the whole semiconductor film behaves as a dielectric
layer with geometric capacitance C = εεoS/d (where d is the layer
thickness), and the capacitance dependence on frequency shows a
step while the AC conductance (G) shows a peak. The condition for
the step in capacitance/peak in conductance to appear is6:

e f1 1 2 , 6n ( ) [ ]w p= =

where en is given by Eq. 4.
If there are several donors whose levels are consequently crossed

by the Fermi level as the temperature increases and the Fermi level
moves deeper into the bandgap, there will be a matching number of
steps/peaks. For each of these steps/ peaks, the energy of the level
and the capture cross-section can be determined from Eq. 6. This is
the basis of admittance spectroscopy method widely used for deep
centers characterization in ordinary semiconductors.6

The situation with perovskites is different because of the
presence of the two space charge layers/two large capacitances
due to ions accumulation near the interfaces, as shown in Fig. 1c.
Equivalent circuits of perovskite films taking into account the
contribution of ions have been proposed in Ref. 2. At low
frequencies, when the movement of the ions can follow the probing
frequency in capacitance measurements, the contribution of the two
“ionic” double layer capacitances is expected to dominate. For
higher frequencies (or lower temperatures) the ions become too slow
to follow the probing AC signal in capacitance measurements, and
the “ionic” capacitance decreases, leaving behind the “normal”
electronic capacitance attenuated by the frozen- in the electric field
of the now static ionic double layer. In this regime, the equations
above developed for electronic states again apply, although the
actual voltage is not merely the externally applied voltage plus the
band bending voltage. Also, there remains the question of which
value of dielectric constant should be applied at the given tempera-
ture. However, concentration profiling by using Eq. 4 should, in
principle, apply. An additional problem with PSCs having ETLs and
HTLs, is accounting for the contribution of these additional layers
that are partially permeable to the ions, thus contributing to their
intrinsic (MA+, Pb2+ and I−) and extrinsic (Li+, H+, Na+) move-
ment and eventually affecting PSC operation.8 For this reason, the
interpretation of admittance spectroscopy measurements in PSCs is
rather complicated. To reduce the complexity of the problem, it is
possible to perform measurements on Perovskite SD consisting of a
Halide perovskite semiconductor, a Schottky contact, and an Ohmic
contact.

The scope of the present work is to combine different modes of
DLTS (alongside capacitance and admittance measurement techni-
ques) to PSDs in order to extract traps characteristics, such as energy
levels and activation energies, of the perovskite layer and to
discriminate the contribution of electronic and ionic states.

Experimental

Materials.—All solvents—dimethylformamide (DMF), dimethyl
sulfoxide (DMSO) and chlorobenzene (CB) were purchased in
anhydrous, ultra-pure grade from Sigma Aldrich and used as
received. Schottky diodes were fabricated on SnO2:F (FTO) coated
glass TEC8 from GreatCellSolar. Lead Iodide (99.99%, trace metals
basis) and lead bromide (99.99%, trace metals basis) were purchased
from TCI Chemicals; methylammonium iodide (MAI, 99.99%),
methylammonium bromide (MABr, 99.99%), formamidinium iodide
(MAI, 99.99%), were purchased from GreatCellSolar, CsI was
purchased from Sigma Aldrich.

Perovskite inks preparation.—MAPbI3 ink was made from MAI
and PbI2 (1:1 by molar ratio) dissolved in DMF: DMSO mixture
(9:1 ratio by volume) at 1.45 M concertation, with heating at 60 °C,
for 6 h. The solution was cooled down room temperature (by
allowing it to sit in the ambient environment for a duration of
5 min) and was subsequently filtered through the 0.45 μm polytetra-
fluoroethylene (PTFE) membrane, before deposition.

Triple cation perovskite precursor solution comprised of FAI
(1 M), PbI2 (1.1 M), MABr (0.2 M), PbBr2 (0.2 M) and CsI (1.5 M s)
dissolved in the mixture of DMF:DMSO (4:1 by volume). The ink
was stirred at room temperature for 30 min and cooled to room
temperature over a 5 min duration.

Preparation of single cation perovskite SD samples.—Firstly,
the patterned FTO substrates were cleaned with detergent, de-
ionized water, acetone, and IPA in the ultrasonic bath.
Subsequently, substrates were activated under UV-ozone for
30 min. The deposition of perovskite films was done in gloveboxes
with argon atmosphere (<1 pp, for O2 and H20). Perovskite
precursor was spin-coated at 4000 RPMs (30 s) and 300 μl of CB
was dropped on the substrate on the seventh second after the start of
the rotation process. Later, substrates were annealed at 100 °C for
10 min to form perovskite layer 450 nm thick. In the end, Au
electrode was deposited in a thermal evaporation chamber at
2 * 10−6 Torr pressure with 1 A s−1 rate through a shadow mask
to form a 0.15 cm2 active area for the pixels of the devices.

Preparation of triple cation perovskite SD samples.—Initially,
FTO substrates were cleaned by an ultrasonic bath sequence composed of
three steps: soap liquid dissolved in deionized water, acetone, and ethanol
each phase for 10 min. The Csx(MA0.17FA0.83)(100−x)Pb(I0.83Br0.17)3 triple
cation perovskite film was obtained with a one-step deposition and
antisolvent method in a nitrogen-filled glovebox system. The precursor
solution, composed by a mix of FAI (1M), PbI2 (1.1M), MABr (0.2M),
PbBr2 (0.2M) and CsI (1.5M) in the mixture of anhydrous DMF/DMSO
(3.16:1 vol/vol), was spin-coated on the clean FTO substrate in a two

Figure 1. (a) Configuration of the fabricated MaPbI3 Schottky diode, (b) Schottky diode without ionic accumulation, (c) Schottky diode with ionic anions and
cations accumulating at the interfaces of FTO/perovskite and Au/perovskite, respectively.
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steps program at 1000 and 5000 rpm for 10 and 30 s respectively.
7 s before the end of the second step, 200 μl of chlorobenzene was
poured on the spinning substrate. Immediately after spin coating,
the substrates are annealed at 100 °C for 1 h in the nitrogen-filled
glovebox. Finally, a gold electrode was deposited by the high-
vacuum thermal evaporation.

Results and Discussion

Capacitance measurements.—We fabricated two different sets
of SDs, considering a single cation MAPbI3 perovskite and a multi-
cation CsFAMAPbIBr perovskite. The Schottky contact is obtained
by the deposition of 80 nm of Au and using FTO as the ohmic
contact (Fig. 1).9 I-V characteristic of fabricated SD on a single-
cation film is shown in Fig. S1 of the Supporting Info (S.I.)
(available online at stacks.iop.org/JSS/9/065015/mmedia).

Figure 2 shows the capacitance vs frequency plots (measured at
four different temperatures) for single and multi-cation PSD samples
that depict the general evolution of different capacitive processes
over a range of frequencies. In the case of both types of PSDs, a
capacitance plateau at high frequencies (∼100 kHz) was observed,
with a subsequent capacitance drop at 1000 kHz due to the effect of
resistance caused by conductive contact layers.10 The high-fre-
quency step/plateau is the pure electronic contribution.11–14

A temperature-activated process appears at low frequencies
resulting in substantial changes in capacitance. In general, low-
frequency capacitance is attributed to interfacial (electronic and
ionic) charge accumulation12,15 (that affects the space charge layer
and/or charge collection efficiency), since it grows to higher values
when subjected to increased illumination and external field levels. In
addition, the low-frequency capacitance values also depend on the
type of contact layers employed.

According to Eck et al., in ideal cases, the capacitance at lower
frequencies should run into saturation, thus forming a second plateau
at lower frequencies, similar to the one seen in case of multi-cation
SD, (Fig. 2a).16 As seen, above room temperature, the capacitance
showed a well-defined low-frequency step whose roll-off frequency
increased with increased temperature. On the other hand, for single
cation MAPbI3 SDs, we could not observe a plateau in low-
frequency C-f characteristics, but only an increase of capacitance
with frequency (Fig. 2b). This most likely means that the frequencies
used are still not low enough to accommodate the ion movement
suggesting the migration energy of ions in such layers is higher than
in the multi-cation perovskite films.

As the temperature decreased below room temperature, the ionic
step was suppressed. C-V measurements on the high-frequency
capacitance plateau showed that the films had electronic conduc-
tivity and allowed to calculate the donor concentration profiles
yielding the donor densities in the range of 1017 cm−3 (Fig. S2).

Admittance spectra measured on these samples produced a
system of steps and peaks in low-frequency capacitance and
conductance, respectively, as shown in Figs. 3 and S3. The
activation energy of the process in multi-cation perovskite, deter-
mined from the temperature dependence of the step (peak) in
capacitance (conductance) measurements, is 0.25 eV with a 1/τT2

pre-exponential factor close to 676.2 s−1K−2 (see Eq. 4). Most
likely, this energy is associated with the activation of ions migration,
although a detailed model linking the pre-exponential factor with the
ions drift/diffusion mechanism is lacking at the moment.

The capacitance dependence on temperature is also quite
different between single and multi-cation perovskite. In the single
cation diode, the capacitance gradually increased with temperature
up to ∼130 K and then showed a sharp peak most likely related to
the phase transition from tetragonal to orthorhombic phases taking
place near this temperature (Fig. 4).17 The phase transition can also
be seen (for frequencies ⩾2 kHz) in the G/ω vs frequency graph for
MAPbI3 SD (Fig. S3b). On the contrary, the multi-cation diode
presents a capacitance monotonically decreasing by lowering the
temperature (Fig. 4). We can conclude that, in multi-cation
perovskites, this transition is for some reason suppressed as recently
suggested by.18 No low-frequency peaks in admittance related to the
ions migration could be observed in the MAPbI3 single cation films
in contrast to multi-cations films indicating again that the activation
energies for ions migration are higher in the former case, something
that is confirmed by DLTS/CDLTS measurements discussed in the
next section.

DLTS/CDLTS studies.—As mentioned at the beginning, the
main difference between perovskites and standard inorganic semi-
conductors is the presence in high concentrations of mobile ions that
can (and do) form double charge layers at the interfaces with
Schottky metal and ohmic contact in SD, with ETL and HTL in solar
cells and in fact, at all inner interfaces inside the perovskite films,
such as grain boundaries. Application of external bias causes
rearrangement of these ions, driving positive and negative ions in
opposite directions until they come to rest in their new positions.
This re-arrangement should lead to the slow change of capacitance
directly, through the change in the charge related to mobile ions, and
indirectly, via the change in electric field distribution and consequent
changes in the occupation of electronic states in the bandgap. These
processes, of course, also reflect themselves in current transients.
The task of decoupling the changes due to ionic movement and
recharging of electronic states is not at all trivial and has not been
solved so far. The difficulties here are related to the fact that most of
ab initio theoretical calculations predict very high concentrations of
several types of ions (on the order of ∼1018−1019 cm−3),19

particularly those that have shallow charge transfer CT levels and
should, therefore, contribute to increasing electron and hole

Figure 2. (a) C-f characteristics of the studied Schottky diodes at different temperatures for the multication single layer A Schottky diode; (b) the same for the
single cation MAPbI3 sample
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concentrations. The change in the local concentration of ions should,
via the requirement of sustaining local charge neutrality, promote
additional changes in electron and hole concentrations supplied by
the contacts, trapping of these electrons and holes should change the
charge and mobility of ions. It is challenging to solve these problems
self-consistently without making severe approximations. The authors
are aware of only a few papers in which the problem has been
quantitatively solved (see Refs. 20, 21). The primary approximation
made is that the movement and trapping/detrapping of electrons and
holes proceed much faster than the movement of ions and the
trapping of charge carriers by mobile ions, so that at each moment
the ions distributions and the distribution of free and trapped
electrons and holes are “frozen” (in a way, “adiabatic” approxima-
tions). In Ref. 20 such analysis was applied to the evolution with
time of open-circuit voltage of perovskite solar cells. In Ref. 22 the
authors proposed to use DLTS analysis to get the migration energy,
the attempt frequency in atomic hopping accounting for diffusion,
and the concentration of diffusing ions assuming that they move
box-to-box, from one contact to the other on the time scale much
slower than the capture/emission processes due to electronic transi-
tions in the bandgap. The concentration deduced from C-V
measurements on C-f high-frequency plateau was used as a norm
to convert the transient capacitance magnitude in such measurements
into the ions concentration. Needless to say that all these approx-
imations are difficult to justify, the weakest points, in our view,
being the assumption that the electronic transitions are much faster
than ionic, that the width of perovskite layer sets the distance which
the ions have to travel, and that the movement of ions gives rise to
exponential changes of capacitance with time.

In this work, we propose that the contributions to DLTS/CDLTS
coming from mobile ions can be distinguished from electronic
contributions by performing DLTS/CDLTS measurements on per-
ovskite SD in the normal DLTS mode (i.e., when the applied voltage
is pulsed from reverse to positive bias) and in reverse DLTS mode
when the switching is from positive bias (low enough to allow
depletion capacitance measurements) to negative bias, as represented
in Fig. 5. Clearly, for electronic processes, reverse DLTS sequence
in pulsing should not result in prominent capacitance transients and
DLTS peaks unless the electronic capture by traps has a high energy
barrier.7 On the other hand, for ionic movement, the change of the
bias/pulsing sequence should result in simply oppositely charged
ions accumulated near the interfaces moving in the opposite
direction giving rise to similar DLTS peaks that are mirror
reflections of each other.

Such measurements were performed on our perovskite SD.
Figure 6a shows the normal and reverse DLTS spectra obtained
for the multi-cation SD with voltage pulsing from either −0.3 V to
0.3 V (normal DLTS) or from 0.3 V to −0.3 V (reverse DLTS). One
can clearly see the presence of two peaks A and B whose amplitudes
are similar for both DLTS modes while the signs are opposite to
each other, suggesting that here, in fact, we are dealing with the ionic
contribution to DLTS signal. Indeed, reversing the biasing/pulsing
polarity changes the direction in which the ion species accumulated
near the SD and the ohmic contact move during the pulse thus
varying the sign of capacitance transient (increase or decrease) after
the pulse termination, similarly to the case of majority and minority
traps DLTS transients in ordinary semiconductors.6 If one assumes
that ions forming the double layer at the SD play the major role, one
expects that, with negative bias on the Schottky electrode, positive
ions will be segregated, thereby forming a depletion layer decreasing
the bulk capacitance at high frequencies. Then, applying the forward
bias pulse will drive the positive ions away from the Schottky metal,
decreasing the double layer capacitance due to ions and increasing
the overall capacitance. The capacitance relaxation is expected then
to show the decay with time as for peak A in the actual spectra. For
negative ions segregated at the FTO contact layer, the sign will be
reversed, as for peak B. Standard DLTS analysis of the peaks
temperature shift with changing the t1 and t2 time settings23 gave the
activation energies for the process A as 0.24 eV (normal DLTS) and
0.28 eV (reverse DLTS). For process B respective activation
energies were 0.47 eV (normal DLTS) and 0.46 eV (reverse
DLTS). To achieve the saturation of the peaks magnitude with the
pulse length one had to apply quite long pulses longer than 3 s (see
Figs. S4a, S4b) showing the dependence of the B peak magnitude on
pulse length in the case of reverse DLTS pulsing; the length of the
pulses necessary to saturate the signal are similar to those reported in
Ref. 21. For the single cation MAPbI3 perovskite SDs the results of
DLTS measurements were qualitatively similar, but the apparent
activation energies of traps A and B were higher, 0.47 eV and
0.6 eV, as already found in the capacitance measurement of section

Figure 3. Capacitance vs temperature at several frequencies for (a) multi-cation and (b) single cation MAPbI3 perovskite Schottky diodes.

Figure 4. The temperature dependence of capacitance at 1 kHz for the single
cation and the multi-cation SDs.
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1. Moreover, the magnitude of the peaks was about 4 times higher
than for multi-cation perovskites (see Fig. 6b) comparing the spectra
for normal DLTS of single and multi-cation), showing that the
concentration of ionic defect states in MAPbI3 is four times higher
than for the multi-cation ones.

The precise meaning of the amplitude of the DLTS peak as well
as of the pre-exponential factor in the DLTS relaxation time τem
(Eq. 4) have yet to be determined by the relevant theory currently
absent. In standard DLTS theory that describes electronic transitions,

Ea is the energy level of the trap, τem = 1/en from which the capture
cross-section σn can be calculated, while the peak magnitude is
proportional to concentration. It probably stands to reason to
associate the activation energies deduced from “ionic” DLTS peaks
with the ions migration energies, the pre-exponential factor should
be in some way related to the ions transit time in the structure,
whilst, for the peak magnitudes, it seems that they should be
proportional to the concentration of mobile ions. Table I gives
respective values of the activation energies Ea and pre-exponential

Figure 5. Schematic illustrating the key differences between conventional/forward DLTS/CDLTS and reverse DLTS/CDLTS when considering a MAPbI3
based Schottky diode configuration with majority n-type defects.

Figure 6. (a) Normal DLTS (red curve) and reverse DLTS (blue curve) spectra for multi-cation Schottky diode, t1/t2 = 160 ms/1600 ms, pulse length tp = 3 s.
(b) comparison of MAPbI3 and multi-cation samples spectra for normal DLTS measurements with pulsing from −0.3 V to 0.3 V and long pulse of 3 s.
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factors B in the dependence 1/τem = BT2exp(−Ea/kT) for the studied
SDs as deduced from normal/reverse DLTS. We also show the
apparent capture cross-sections that would be operable were transi-
tions of electronic type.

Similar peaks could be observed in CDLTS spectra of the studied
SDs (Fig. S5). The activation energies deduced from standard
CDLTS analysis are close to the activation energy of peak A in
DLTS. We should point out that CDLTS measurements were
performed with shorter time windows than in DLTS, (t1/t2 of
2 ms/40 ms in Fig. S5a) in order to increase the sensitivity. At
such time windows settings, the CDLTS peak belonging to the B in
Fig. 6 would be observed at higher temperatures where our CDLTS
spectra were not taken for fear of damaging the samples. Again, for
the single cation MAPbI3 sample, the peak in CDLTS (Fig. S5b) was
close in energy to the A peak observed in DLTS and the energy
value. As in DLTS, the energy of peak in MAPbI3 in CDLTS and the
peak magnitude were higher than for the multi-cation sample (the
activation energy and the apparent prefactor B are shown in Table I).

In the past, computational studies have been carried out to
calculate the defect formation energies for several point defects
under various conditions, including vacancies/Schottky defects
(VMA, VPb, VI), interstitials defects (MAi, Pbi and Ii) (i.e. Frenkel
defects) and antisite substitutions (e.g. MAI and PbI).25 Point defects
comprising of vacancies and interstitials are most like defects owing
to their low formation energies.24 As depicted in Table I, the
activation energies close to ∼0.3–0.36 eV (obtained using DLTS and
CDLTS) are generally associated with electromigration of MA+

ions, which especially dominates the conductivity at high
temperatures.27 This facile electromigration can be related to the
material structure.27 The electromigration of MA+ ions is very fast
and may take place by means of substituting Pb or via MA+
interstitial sites.27 Electromigration of MA+ ions is proposed as one
of the primary reasons for the observed switchable photovoltaic
effect.25 The activation energy of 0.46 eV is generally associated
with VI and VMA vacancies, which are the most mobile species in
bulk MAPbI3.

10 Under working conditions, VI should diffuse to the
negative side, whereas VMA should diffuse to the positive side.24

It should be noted, contrary to the box-to-box approximation,22

that the migration of ions in perovskites proceeds with different
starting conditions during the capacitance/current relaxations: ions
start from different positions in the film, migrate inside grain
boundaries of different dimensions, undergo trapping and scattering
at different numbers of grain boundaries, and experience the
influence of electric field whose strength varies along the ions track.

This spread in conditions can easily result in the capacitance or
current relaxation curves not being simple exponents.

Such relaxation processes occurring in disordered systems are
often described by several (two in the expression below) stretched
exponents of the type28,29:

I t I I
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where I1, I2 are constants at the fixed temperature, τ1 and τ2 are
characteristic relaxation times, τ1, τ2 are constants below unity
describing the broadening of the exponents and possibly dependent
on temperature. In general, the β factors stand for the process
complexity through which the transient relaxes, whereas the two
components of relaxation time τ1 and τ2 represent thermally
activated mechanisms with different activation energies.30

In general, current, photocurrent, capacitance, or photo-capaci-
tance relaxations are often described by stretched exponents in
systems with various sorts of nonuniformities causing the relaxation
or build-up of electrical charges following pulsed excitation.31

Physically they mean that the relaxation time during the charge
build-up or decay changes in a specific range in the course of
relaxation at a constant temperature that would otherwise be
described by a simple exponent with a constant relaxation
time.32,33 For electronic processes, stretched exponents can be due
to potential fluctuations causing local variations of the quasi-Fermi
level distance to the bottom of conduction band or the top of valence
band,32,33 they can originate in nonuniform distribution of electric
field affecting locally the actual electron capture and emission
time,29 the reason could be related to varying strength of the
electron-phonon coupling resulting in existence of a measurable
barrier for capture of electrons by deep centres.34 With ionic
conductivity, the relaxation times can be caused by local changes
of the activation energy of intersite hopping due to, say, the process
taking place in the bulk of the grains or via the grain boundaries or in
the regions with slightly different compositions.22 The pre-exponen-
tial factor variations can come from the spread in the distances that
different ions have to travel in different parts of the sample and the
strength of local electric field changing the relative importance of
diffusion and electrically driven migration.22

The relaxation time in Eq. 7, as for simple exponents, are
expected to exponentially decrease by increasing temperature with
activation energies determined from numerically fitting the actual

Table I. Parameters of DLTS and CDLTS features obtained for studied perovskite Schottky diodes. The value of the σ is obtained from standard
DLTS analysis for electron capture. The “CDLTS fitting” refers to the stretched exponents fitting of Eq. 7.

Structure type Method Ea (eV) σ (cm2) Possible origin B in tau = 1/B/T^2/exp (−Ea/kT) (s−1K−2)

MAPbI3 DLTS 0.47 5.5e-18 VMA
24,25 17710

VI
25

0.6 6e-17 MA+25 193200
VI

25

CDLTS 0.45 3.6e-19 VMA
24,25 1159.2

VI
25,26

0.4 2.1e-19 VMA
25 676.2

VI
25,26

Multication DLTS 0.35 4.1e-20 MA+27 132.02
0.47 7e-20 VMA

24,25 225.4
VI

25

CDLTS 0.35 eV 6e-20 MA+27 193.2
CDLTS fitting 0.3->−0.3 V 0.36 2.7e-18 MA+27 8694

0.18 4.2e-24 — 0.01352
CDLTS fitting −0.3V->0.3 V 0.31 2.85E-19 MA+27 917.7

0.09 1.2e-25 VI
24 3.864E-4

Ii
24
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relaxation curves. The fitting of current relaxation curves in CDLTS
was done using the procedure described in detail in Refs. 28, 29. It
was shown that the relaxation curves indeed could only be
adequately described by Eq. 7, but not by simple exponents with
the relaxation time exponentially dependent on temperature. This
form of transient/relaxation is also known as William-Watt decay
and is witnessed in many physical systems, namely polymers,
dielectric materials, and semiconductors.35

Figure 7 presents the results of such fitting for the multi-cation
SD in the reverse CDLTS regime. The temperature dependences of
the characteristic relaxation times yielded the activation energies of
0.36 eV and 0.18 eV for reverse CDLTS (Fig. 7b) and 0.31 eV,
0.09 eV for normal CDLTS. Respective β values were 0.65 and 0.4
for the former case, and 0.65 and 0.35 for the latter case. Similar A
peak splitting into two processes described by stretched exponents
was observed for the single cation SD, with the first process
described by the activation energy 0.45 eV and β1 = 1, and the
second process having activation energy of 0.4 eV and β2 = 0.75.

Conclusions

Simplified Schottky diode structures having a perovskite active
layer (sandwiched between Au and FTO contacts) were character-
ized using various Deep level transient spectroscopy (DLTS) and
admittance spectroscopy (AS) techniques. When characterized for
variation in capacitance with respect to temperature, a phase
transition of MAPbI3 was clearly observed at around 130 K.
However, no such transition was observed in the case of multi-
cation perovskite samples. In comparison with single-cation sam-
ples, the ion related capacitance was more evident in multi-cation
perovskite samples, suggesting comparatively lower activation
energies for ion diffusion in multi-cation perovskites. In order to
assess the activation energies of ions, a new forward-reverse DLTS
technique was employed able to distinguish between the contribution
made by electronic and ionic charged states to the DLTS signal. By
comparing the forward and reverse DLTS spectrum, we showed that
both multi-cation and single cation perovskite show two ionic
contributions with activation energy lower in multi-cation
(∼0.26 eV and ∼0.46 eV) with respect to single cation (∼0.4 eV
and ∼0.6 eV), thus confirming admittance spectroscopy hypothesis.
Moreover, the concentration of ionic defect states in MAPbI3 is four
times higher than for the multi-cation perovskite. The fitting of
current relaxation in CDLTS by stretched exponents shows in
addition that migration of the ions occurs with different initial
conditions, for example, the starting position thus the box-to-box
approximation should be generally relaxed in such kind of measure-
ments.

The proposed procedure of combined normal/reverse DLTS/
CDLTS measurements on Schottky diodes fabricated on variously

prepared perovskite films allows to discriminate the contributions
of the electronic and ionic signals and to determine some
characteristic constants of the ionic movement, such as activation
energy of movement, the value of the pre-exponential factor in the
relaxation time dependence on temperature, relative magnitude of
the transient capacitance or current attributable to ions in DLTS or
CDLTS. Perovskite films grown with different compositions, with
the addition of different ions, under different conditions, can be
thus qualitatively compared. The technique can be easily extended
to the analysis of processes occurring under light excitation. Of
course, quantitative theory linking the measured characteristics,
such as activation energy, pre-exponential factors, peak magni-
tudes, to physical characteristics of ions (migration energy,
concentration, attempt frequency in diffusion, capture by defects),
is badly needed. Nevertheless, one can try to identify the ion
species responsible for the observed features based on compar-
isons of the migration energies calculated by theory or measured
by other techniques. A good compilation of such values can be
found, e.g., in Refs. 1, 21, 25, 36. We have tried to do such
attribution based on these data (see Table I). However, the existing
spread of values in both theory and experiment requires additional
investigation on model structures. Also, the impact of the spread in
the positions from which the ions in question start in DLTS-like
experiments has to be better understood. It is assumed above to
give rise to non-exponential behavior of mobile-ions-related
capacitance and current transients, but the actual cause of the
spread has yet to be explained. Some suggestions for possible
causes of the spread in question have been discussed in Ref. 21.
They involve the differences in I− and MA+ ions migration energy
in the bulk and along the grain boundaries and variation of these
energies upon tetragonal to cubic phase transition at high
temperature. However, detailed studies on perovskite films with
different grain sizes and DLTS/CDLTS measurements in a wide
range of temperatures covering the temperature of the phase
transition have to be systematically performed for perovskite films
of different compositions in order to better understand the nature
of the processes involved. This work is currently underway in our
laboratories.
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