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Hybrid halide perovskites have great potential for applications in optoelectronic devices. However, the typical ion
migration in perovskite could lead to the non-repeatability of electrical measurement, instability of material, and degra-
dation of device performance. The basic current—voltage behavior of perovskite materials is intricate due to the mixed
electronic—ionic characteristic, which is still poorly understood in these semiconductors. Developing novel measurement
schematic is a promising solution to obtain the intrinsic electrical performance without the interference of ion migration.
Herein, we explore the pulse-voltage (PV) method on methylammonium lead tribromide single crystals to protect the device
from the ion migration. A guideline is summarized through the analysis of measurement history and condition parameters.
The influence of the ion migration on current—voltage measurement, such as repeatability and hysteresis loop, is under
controlled. An application of the PV method is demonstrated on the activation energy of conductivity. The abruption of
activation energy still exists near the phase transition temperature despite the ion migration is excluded by the PV method,
introducing new physical insight on the current—voltage behavior of perovskite materials. The guideline on PV method
will be beneficial for measuring halide perovskite materials and developing optoelectronic applications with new technique

schematic.

Keywords: perovskites, ion migration, electrical properties, temperature-dependent resistivity

PACS: 81.70.—q, 84.37.+q, 81.05.Fb

1. Introduction

Halide perovskite materials have remarkable application
prospects in the field of photovoltaic such as solar cells, light-
emitting diodes, photodetectors, and radiation detectors due
to their excellent light absorption, long diffusion length, high
carrier mobility, and low-cost processing.!!~7l Despite the in-
credible superiorities, the stability of halide perovskite is still
challengeable under both environmental conditions and oper-
ation conditions.®! The formation energy of halide perovskite
is relatively low so that the perovskite easily degrades under
environmental conditions like moisture, oxygen, temperature,
UV light, etc. The operation conditions, such as high applying
voltage and the bulk injecting current, could also promote the
degradation of perovskite devices. Due to the soft perovskite
lattice, ion migration is an intrinsic phenomenon in perovskite
materials, significantly affecting the current—voltage (I-V)
hysteresis and device stability. >~ The intrinsic electric prop-
erties of the perovskite materials can be obtained accurately
when the ion migration is suppressed. The basic /-V behav-
ior of the perovskite materials is intricate due to the mixed

DOI: 10.1088/1674-1056/ac248d

electronic—ionic characteristic, which is still poorly under-
stood in these semiconductors. Researchers pointed out that
ionic conduction is the dominant conduction mechanism of
perovskite materials at high temperature.!'?] However, the dif-
fusion coefficient of the ion is about six orders of magnitude
lower than that of the electron and hole, resulting in a negligi-
ble ionic current.!'3 The electrical properties of such impres-
sive materials need to be further explored and clarified.

To resolve the above-mentioned issues, various ap-
proaches have been introduced to suppress the ion
migration.['*2%1 Additives and passivation strategies have
been introduced to block the ion migration channel at the
grain boundary and interface. The ion migration could
also be suppressed in low-dimensional perovskites in some
reports.[!7-1821] However, these strategies could hinder the
intrinsic characteristics of the materials and devices. Devel-
oping novel measurement schematic is a promising solution
to obtain the intrinsic electrical performance without the in-
terference of ion migration. To the best of our knowledge,
there is few reports on suppressing ion migration from the

measurement schematic.
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The current—voltage measurement is basic yet essential
electrical measurements to acquire the activation energy of
conductivity, Hall coefficient, carrier mobility, and defect den-

[22-24] The traditional current—voltage method

sity of materials.
is one of the most practical methods, which contains a long
voltage duration (#; in Fig. 1(a)) generally above several sec-
onds. Here we call it long duration voltage (LDV) method.
There is also another popular electric measurement with short
pulse duration of the voltage, which is called pulse-voltage
(PV) method in this work. The PV method has been widely
used in memristors,>>2%! consisting of the short voltage du-
ration (¢; in Fig. 1(b)) and waiting intervals (¢, in Fig. 1(b)).
Different from the LDV method, the applying duration of
a single voltage pulse is on the order of milliseconds to
nanoseconds. !> In addition, a PV space-charge limited cur-
rent procedure was introduced to accurately measure the elec-
tronic properties and trap characteristics.>’] Despite the wide
application of the PV method, the reasonable implementa-
tion of this method is remained to be illustrated. The phys-
ical mechanism and effect of the pulse voltage duration are
not clear. Moreover, the waiting time between pulse voltages
could significantly increases the total elapsed time for mea-
surement. Therefore, a guideline on the parameters of the PV
methods should be explored to facilitate the effective imple-
mentation.

In this paper, we explore the PV method on methylam-
monium lead tribromide single crystals to protect the device
from the ion migration. Firstly, we analyze the problems due
to measurement history during the LDV method. Then, we
introduce the PV method into /-V measurement and discuss
the parameter of the PV measurement. A reasonable guideline
is summarized to avoid the ion migration in the measurement.
The ion migration during the PV measurement is far weaker
than that during the LDV measurement. The results attained
by the PV method are repeatable, confirming the suppression
of ion migration. Moreover, an application of the PV method
is demonstrated on the activation energy of conductivity. The
activation energy of the single crystal still dramatically re-
duces around the critical temperature of the cubic—tetragonal
phase transition even if the disturbance of ion migration is ex-
cluded. By introducing the guideline of the PV method, the
measurement history of halide perovskite is under controlled.
The intrinsic electrical properties of the perovskite materials
can be ultimately revealed under the PV method by suppress-
ing the ion migration.

2. Experiments

The modified inverse temperature crystal growth (ITC)
method was applied for the single crystal growth.?81 0.3360 g
MABr and 1.1010 g PbBr; were added to 2 ml DMF solvent
in 20 ml glass vial and stirred for 6 hours, then filtrated with
0.22 pum polytetrafluoroethylene (PTFE) filter. The solution

was heated on a hot plate, raising from 50 °C to 70 °C at a
rate of 2 °C/h and kept at 70 °C for 6 hours for crystal growth.
The MAPbBr3 single crystals with the size of 5-10 mm were
obtained. The single crystals were fabricated as horizontal de-
vices by evaporating gold electrodes on the same surface at
10~* Pa. The thickness of Au was 80 nm. The single elec-
trode area was 3 mm x 1 mm and the electrode spacing was
0.5 mm.

The I-V curves were measured using a Keithley 2400 Se-
ries source meter in the dark condition. In the LDV sweep-
ing measurement, the voltage sweep rate was 0.1 V/s in atmo-
sphere. In the PV measurement, unless specified, the single
duration (f;) was 20 ms and the waiting interval (#;) was 20 s.
More experiment details would be described in the main con-
text. The electric measurement was taken in atmosphere at
room temperature 293 K if no special statement in the con-
text. The measurement of the temperature-dependent resistiv-
ity was carried out under the vacuum condition of 10~ Pa.
The temperature increased or decreased from the initial tem-
perature to the next temperature at the rate of 0.05 K/s. Before
each measurement, the device was kept at the measurement
temperature for 30 min.

3. Problem in long duration voltage method

Halide perovskites represent a typical kind of soft lat-
tice materials with the composition of ABX3 (A is CH3NH3+
(MA™), HN=CHNH] (FAT), or Cs*; B is Pb>" or Sn**;
X is C1~, Br~, or I").!!l During the LDV measurement, ions
at the A and X sites could migrate significantly under the ex-
ternal field (Fig. 1(c)).[%?%301 Especially, the halogen ions at
X sites are recognized to be movable with the lowest migra-
tion barrier. In contrast, the movement of ions during the PV
measurement is negligible considering the tiny diffusion coef-
ficient and short voltage duration (Fig. 1(d)).

The LDV method is a basic and popular method in various
electrical measurements. Many physical properties of materi-
als, such as conductivity, carrier mobility, defect density, etc.
can be obtained by this traditional measurement.?*! For some
electrical doping materials, such as halide perovskite, the LDV
measurement will change the physical characteristic of the ma-
terials, forming a measurement history.*!! The ion migration
is significantly affected by the scanning rate and direction in
the LDV method.3>33] The ion migration can affect the dark
current through the following four aspects. Firstly, ions can
produce a negligible drift current far smaller than the electron
or hole current since the ion mobility is several orders of mag-

(34] Secondly,

nitude lower than the electron and hole mobility.
the ions drifted from the lattice sites can form Frenkel de-
fects or interstitial-vacancy pairs. These defects will increase
the carrier concentration and promote the vacancy-assisted
diffusion.!'!l Thirdly, the ions can migrate directionally and

redistribute under the electric field, which can form a built-in
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electric field and shield the external field.®? At last, the drifted
ions can accumulate near the electrode and form an energy
barrier, preventing the subsequent carrier injection of the elec-

(a)

forward

reverse

Voltage

Applying time
(c)

trode (Fig. 1(c)).[>3 Therefore, the measured current generally
does not show a constant behavior for the sample with obvious
ion migration although the applied voltage is constant.

(b)
forward -qf—l b2 reverse
¥
3
>
Applying time
(d)
QL Vg
QD @lu e e
a®e” 0
| e
pulse-voltage method )
@ueLe Ve
* Ve 0 @ -
Lo 2%

Fig. 1. Schematic illustration of the principle and effect in the LDV and PV measurements. (a) LDV method. (b) PV method. The voltage duration
and waiting interval are labeled as #; and t,, respectively. (c), (d) Ion distribution before and after measurement with (c) LDV and (d) PV methods.

Firstly, the horizontal device was measured with positive
15 V for 600 s by the LDV method. As shown in Fig. 2(a), the
current rises rapidly in the first few seconds and the growth
rate of the current slows down gradually. Lately, the cur-
rent reaches a short-term equilibrium and then gradually de-
creases at a very slow rate. A certain concentration of va-
cancies and interstitial atoms are distributed in the as-grown
crystal, providing the background carrier density. The current
increase probably relates with the increase of carrier concen-
tration from the interstitial defects of Frenkel pairs in the ini-
tial stage of ion migration. Once the voltage is applied, more
Frenkel pairs are produced. The ionization of shallow levels
from the interstitial defects is very fast at the room tempera-
ture, whereas the diffusion of ions depends on enough concen-
tration of vacancy defects. The shielding effect of ion migra-
tion is more and more obvious until the ion distribution satu-
rates and stabilizes, which requires a relative longer applying
duration of voltage. A balance could be observed between car-
rier increase and shielding effect after sufficient migration of
lattice ions. Finally, the shielding effect due to ion migration
will be dominant after long poling.

The characteristic of the device has been changed by the
measurement history. The -V characteristics shows quite
different features under subsequent LDV measurements with
constant voltage. The ion migration corresponding to long pol-
ing of 15 V forms a saturated ion distribution. The device was
measured under 10 V for another 600 s after 10 V poling. The
applied electric field cannot produce further ion migration so

that the current quickly reaches stable (Fig. 2(b)). The device
was measured under 20 V for another 600 s after 10 V pol-
ing. Under the higher 20 V, the current rises rapidly again and
then drops slowly, which is attributed to the additional ion mi-
gration under the stronger electric field (Fig. 2(c)). Through
the time-dependent current curve, we can reveal the defect in-
crease and shielding effect caused by ion migration in the LDV
method.

After poling by 15V, 10 V, and 20 V, the horizontal sam-
ple shows negligible current difference among repetitive I-V
sweeping at a fixed scan rate due to the saturated ion distri-
bution (Fig. 2(d)). Compared with that of the as-grown de-
vice, the hysteresis area is greatly reduced (Fig. 2(e)). To
explore the reversible of ion migration, the device was ap-
plied with negative 20 V. The hysteresis of the I-V curves due
to ion migration occurs again with the LDV method, show-
ing the reversible of ion migration (Fig. 2(f)). Through the
above experiments, we emphasize that the LDV method could
change electrical properties and form measurement history in
halide perovskite materials and devices. In other words, the
measurement history of perovskite materials will have a great
impact on the performance of subsequent measurement. 36371
The measurement result is affected not only by the applied
voltage but also by the measurement history. The mobile ions
during measurement can disturb the electronic current extrac-
tion and the underlying fundamental electronic properties of
the perovskite materials.
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Fig. 2. Current curve with the LDV method in the atmosphere. (a)—(c) Time-dependent current curve under the applying voltages of (a) 15V,
(b) 10V, and (c) 20 V for 600 s duration, respectively. The measurements are taken in the order of (a), (b), and (c). (d) Repetitive I-V curves
sweeping from 0 V to 20 V. (e) Hysteresis of the as-grown device and the device after measurements. (f) Repeatability after —20 V applying.

4. Pulsed-voltage method

The PV method has been proposed as an alternative to
the LDV method.?’-8 The voltage duration is transient and
only from several nanoseconds to milliseconds, which differs
from the LDV method. The short-duration voltage signifi-
cantly weakens and shortens the displacement of ions to con-
trol the ion migration. We will prove that the PV method will
not cause notable ion migration in materials and devices by
choosing appropriate measurement parameters.

Another as-grown device was used to explore the parame-
ter selection of the PV method. Figure 3 shows the ion migra-
tion at various constant voltages for one second. Nevertheless,
the readout speed of the current is much faster than that of the
general LDV method. The readout interval of the current is
only 20 ms and the data is stored in the buffer memory until
the finish of measurement. The high-resolution current evolu-
tion enables us to observe the initiation time of ion migration.
The current pumped by 5 V almost remains a low level in the
initial 200 ms and increases rapidly after 200 ms due to the ion
migration (Fig. 3(a)). The time required for the current to rise
significantly is reduced from 300 ms to 80 ms when the voltage
increases from 5 V to 20 V (Figs. 3(a)-3(d)). We first assume
that the distance (d;) of ion migration should be greater than a
minimum value (dp;,) corresponding to the perovskite lattice
constant a. For convenience of calculation, we assume that
duin is V3a /2 as the edge of [PbX¢] octahedron. 1191 Tons could
not climb over the energy barrier if d; is shorter than d,. In
this condition, the ions should recover to their original position
to keep a minimum energy. The ion mobility in the perovskite
was reported about ~ 2 x 1072 cm?/(V-s) by Yuan et al.[*!
The minimum ¢#; is about 260 ms for the d; greater than dpi,
when the applied voltage is 5 V (~ 100 V/cm for our device).
According to the above parameters, the required duration is

calculated from 260 ms to 65 ms when the voltage increases
from 5 V to 20 V, which agrees well with the experimental
values. The above analysis provides a basis for choosing the
appropriate pulse duration in the following PV measurements.
Therefore, the ions cannot produce effective displacement due
to the short applying duration of the PV method. We also mea-
sured the instantaneous current evolution of crystals with dif-
ferent initial ion distribution states or different measurement
history (Fig. S1). The PV measurement would not change the
ion initial distribution or measurement history, but cannot ob-
tain the initial ion distribution. Therefore, we must first dis-
cuss the initial ion distribution state of materials or devices
before the PV measurement. We performed an instantaneous
current evolution measurement at 380 K in vacuum (Fig. S2).
Through the measurement, the current is almost unchanged in
one second under the voltage of 5V, 10 V, or 20 V. The se-
lected parameters are still applicable at high temperature.

—~ 20 50
< (a) = (b)
£ 15t S 40
- 30}
8 5
5 10 2 ool
| :
O 8 10F
001 0.1 1 8.1 0.1 1
Time (s) Time (s)
100 150
< 80 (c) < (d)
~ ~—100
- 60 -
; ;
£ 40 £ 50
S S
o 2 O
0 . 0 .
0.01 0.1 1 0.01 0.1 1
Time (s) Time (s)

Fig. 3. Instantaneous current evolution in the atmosphere. (a)-(d) The
current curves under (a) 5V, (b) 10V, (c) 15V, and (d) 20 V, respec-
tively. The current is readout with 20 ms interval.

118104-4


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac248d
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac248d

Chin. Phys. B Vol. 30, No. 11

(2021) 118104

Cumulative applying time (s)

(a) o 02 04 06 08 1.0

25 T T T T

»1 s interval
20 ddddd gy
15
25

<5 s interval
20 [€eaa 4444
15
25
20k 10 s interval
15
25

20 s interval

20
15
25

v 30 s interval
20 frrvrerrrevevevevevevevevevevrvsryrvevrvryrrrvey v
15
25

+ 60 s interval
90 sl aa
1 1 1 1 1

50 10 20 30 40 50

Sampling points

(b)
300
b4
< 8 8
£ 200f kit
Ei . ® ¢
5
) s
8 100r o v * 10 s interval
v © 20 s interval
o v 30 s interval
oh . L
0 5 10 15
Applying voltage (V)
300
loop 1
-v-loop 2
2 loop 3
2 200} 2
>
El 2 i
9] ;=2
£ >
= 100 SV
O ol
V2
00 5 10 15

Applying voltage (V)

Fig. 4. Repeatability of the PV method in the atmosphere. (a) Repeatability of constant voltage with multi-pulse measurement. Each measure-
ment has 50 pulses. The cumulative applying time is 1 s. (b) Repeatability of /-V curve under various waiting interval. (c) Hysteresis of I-V

measurement.

To verify the effectiveness of the PV method, different
conditions were set to explore the effect of ion migration on
electrical properties. The #; is fixed at 20 ms. The number of
sampling points was set to 50 and the cumulative duration was
equal to 1 s for individual waiting interval (Fig. 4(a)). The
device was applying at constant 10 V with different waiting
intervals from 60 s to 1 s. The dark current shows negligi-
ble variation in the cumulative duration of 1 s when compared
with the measurement in Fig. 3. We propose that the ions only
vibrate locally at the initial lattice position under the multi-
ple pulses when the pulse induced d; is shorter than dp;,. So,
the /-V characteristic could show negligible variation. The
repeatability of the -V curve with the PV method can be ver-
ified under different waiting intervals of 10 s, 20 s, and 30 s
(Fig. 4(b)). The I-V behavior was also measured three times
with r, = 20 s (Fig. 4(c)). The curve shows negligible hystere-
sis in relatively low voltage (0-10 V) region. There is still a
weak hysteresis among multiple measurements at slightly high
range (10-15 V). Nevertheless, the hysteresis obtained by the
PV method is far smaller than that by the LDV method. There-
fore, a guideline is summarized to implement the PV method
reasonably with negligible ion migration, which requires the
migration distance to be less than dyy;, for the combination of
voltage duration and applying voltage.

5. Temperature-dependent resistivity measure-
ment

As an application, we demonstrate the PV method in the
temperature-dependent resistivity measurement to obtain ac-

curate /-V curves without ion redistribution. Since the heat-
ing and cooling process required the vacuum conditions, the
repeatability of /-V curve was examined in the vacuum con-
ditions for the room temperature, 160 K, and 380 K with the
PV method, respectively (Figs. 5(a)-5(c)). The measured cur-
rent in the vacuum is much lower than that in the atmosphere
for the room temperature. Although the electrical properties
are reported to be sensitive to the environmental gases, the
mechanisms and performances are still controversial for the
MAPbBr3 crystal.[*)) The PV method could acquire repeat-
able and linear /-V curves for both low and high tempera-
tures. The I-V curves are fitted linearly to extract the Ohmic
resistance. At room-temperature, the resistivity of the single-
crystal device is about 2.3 GQ-cm. The bulk resistivity of
the crystal is higher than the results in other reports.[*1:4?1 Tt
should be noted that the resistivity measurement is affected by
many factors, such as device structure, environment, measure-
ment method and parameters. Therefore, different resistivity
values could not directly reveal the crystal quality. We sup-
pose that the PV method may not cause additional defects and
reveals the intrinsic electric properties. When the tempera-
ture decreases to 160 K, the resistivity increases to 23 GQ-cm
(Fig. 5(b)). The resistivity varies rapidly and decreases to
0.06 GQ-cm when the temperature rises from 160 K to 380 K
(Fig. 5(c)). Although the ion diffusion coefficient is reported
to be higher at the high temperature, the I-V curve is still re-
peatable with the PV method, validating the PV method in a

wide temperature range.
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Fig. 5. Temperature-dependent resistivity by the PV method in vacuum. (a)—(c) I-V curve at (a) 290 K, (b) 160 K, and (c) 380 K, respectively. (d) Temperature-
dependent resistivity during the heating and cooling paths. (e) Activation energy of conductivity from Nernst-Einstein relation.

There is a perspective that the conductivity of halide per-
ovskite is dominated by the drift current of ions at high tem-
peratures due to the Nernst—Einstein relation.*3) Ton migra-
tion is frozen in the low temperature region so that the ion
conductivity is negligible. Therefore, the electronic conduc-
tivity is considered to be dominant by the former researchers
in the low temperature region. In our study, the PV method
mentioned was used instead of the LDV method to eliminate
the influence of ion migration on the temperature-dependent
resistivity measurement. The applied voltage was set in the
range of 0—15 V and the single pulse duration was 20 ms. The
temperature-dependent resistivity of single crystal devices was
measured by the heating and cooling paths. Before heating,
the device was cooled down to 160 K. The device was then
heated to the specified temperature and kept the temperature
for 30 min. The highest temperature is 380 K for the heat-
ing path. On the other hand, the cooling path implemented
the similar workflow except that the specified temperature de-
creased from 380 K to 160 K. The temperature-dependent re-
sistivity from the two paths is similar in the whole temperature
region, excluding the phase transition temperature (Fig. 5(d)).
During the cooling process, MAPbBr3 crystal will change
from cubic phase to tetragonal phase and vice versa. The
transformation temperature hysteresis is widely observed for
a broad phenomenon related with the phase transition.[44-6]
Upon heating or cooling, the phase transition cannot finish un-
der one temperature. The cubic—tetragonal phase transition
directly changes the band gap and even leads to the formation
of ferroelectric domains. (4748

The activation energy (E,) could be extracted from
the temperature-dependent conductivity using the Nernst—

€X' Ea
AN NI A

Einstein relation

)

where T is the Kelvin temperature, kp is the Boltzmann con-
stant and o is the conductivity. In Fig. 5(e), the activation
energy is about 0.36 eV along the heating path when the
temperature is higher than 230 K. The activation energy is
about 0.09 eV when the temperature is lower than 230 K.
Similar results can be obtained for the cooling path. In the
past studies, the variation of the activation energy for the per-
ovskite materials is related with the ion migration at the higher

(17491 However, there is still an abruption for the

temperature.
activation energy of conductivity around the transition tem-
perature despite the suppression of ion migration. The result
indicates other conductivity mechanisms beyond ion conduc-
tivity at the higher temperature. Similar phenomenon can be
observed in a previous work with the PV method.>% The con-
ductivity in the higher temperature can also be affected by the
thermal injection, temperature-dependent mobility, and defect
density. Depending on the measuring method, the reported ac-
tivation energy of MAPbBr;3 single crystal varied significantly.
Pan et al. attained the activation energy as 0.127 eV by mea-
suring the negative current decay.!*?! Mahapatra et al. esti-
mated the activation energy as 0.28 eV by the LDV method.>!!
Duijnstee et al. determined the activation energy as 0.349 eV
by the PV space charge limited current method.°! The ac-
tivation energies measured by different methods may reflect
different physical features. We appeal for a unified guidance
to exclude the ion migration and ensure the reliability of uni-
versal electrical measurement.

6. Conclusion and perspectives

In summary, we explore the pulse-voltage method on
methylammonium lead tribromide single crystals to protect
the device from the ion migration. A guideline is summa-
rized through the analysis of measurement history and con-
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dition parameters. The influence of the ion migration on the

current—voltage measurement, such as repeatability and hys-

teresis loop, is under controlled. An application of PV method

is demonstrated on the activation energy of conductivity. The

abruption of activation energy still exists near the phase tran-

sition temperature despite the ion migration is excluded by the

PV method, introducing new physical insight on the current—

voltage behavior of perovskite materials. The guideline on

PV method will be beneficial for measuring halide perovskite

materials and developing optoelectronic applications with new

technique schematic.
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