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We have investigated impedance, electric modulus, and dielectric spectroscopies, along with AC conductivity,
on single crystals of methylammonium lead iodide (MAPI) and formamidinium lead iodide (FAPI) in the
frequency range 50 Hz < f < 1 MHz in the dark and under low-intensity illumination (<80 uW/cm?). It is
demonstrated that the relaxation observed in this frequency range in these single crystals can be attributed
to space charge effects in the bulk of the crystals, which are caused by the finite time scale associated with
charge relaxation, which can occur in this frequency range due to the large static dielectric constant and low
conductivity of these solids. The relaxation was found to be faster in FAPI (with higher conductivity) compared
to that in MAPI (with lower conductivity). The electron-hole pair generated by illumination enhances electronic
conductivity and accelerates ionic migration by lowering the barrier; this, in turn, decreases the charge relaxation
time and enhances the relaxation process. The barrier lowering inferred from the reduction in relaxation times by

illumination is proposed to be associated with changes in the chemical potential attributed to carrier generation.
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I. INTRODUCTION

Perovskite halides with organic and inorganic cations at
the A site have become one of the most intensively re-
searched electronic materials over the last decade for photo
voltaic and optoelectronic applications [1-5]. Solution proces-
sibility to make polycrystalline films, as well as single crystals
at relatively lower temperatures (typically <200 °C), makes
them attractive for low-cost electronic and optoelectronic de-
vices [6]. To understand the performances of devices made
by harnessing this class of materials and improve upon the
performance parameters, investigations of the charge trans-
port behavior are an essential requirement [7-9]. The charge
transport mechanism in perovskite halides involves several
important issues such as their ambipolar character (which
includes similar contributions from ions and vacancies in ad-
dition to electron/hole contributions) and carrier coupling to
phonons for polaron manifestations, to mention a few.

Various frequency (f) dependent techniques like ac
conductivity (o,(f)), complex impedance (Z(w)=2Z"+
iZ", @ = 2w f), modulus (M(w) = M’ + iM") and dielectric
(¢(w) = €' + i€"”) spectroscopies have been extensively used
to study the charge transport as well as dielectric relax-
ations in these materials [10-12]. These techniques done at
a lower-frequency range (f < 1 MHz) are of significance
in the context of ionic migrations and relaxation processes
associated with them, which can also be done under different
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external stimuli like temperature, pressure, and optical illumi-
nation [13,14].

Large ionic migrations in perovskite halides are facili-
tated by the presence of weak ionic and hydrogen bonds
[15-17]. Consequently, the stability of the solar cells fabri-
cated using these materials is largely dependent upon ionic
migrations [18]. The concentrations of vacancies as well as
those of organic cations and charged lead (Pb) and iodine
(D) ions in these materials can be significantly higher than
107 em =3 [19]. Generally, it is believed that / ~ ion is the most
mobile species with a relatively larger diffusion coefficient
~107'2 cm2sec™!. However, ionic migration can also occur
by migration of charged mobile anion vacancies. The presence
of such mobile species with varying mobility makes the issue
of ionic migration challenging to understand which, in turn,
has a direct impact on frequency-dependent relaxation that has
been investigated in this manuscript.

Ionic migrations in perovskite halides (especially in 3D
perovskite systems) depend on the interactions between the
organic cations like methylammonium (MA™) and formami-
dinium (FA™) and the inorganic framework of Pbls cage.
Substitution of organic cations can alter the bonding char-
acter of the Pb — I bonds, leading to observable electronic
and optical properties [20]. In addition, the organic cations
(MA™ and FA™) have dipole moments that are different in
magnitudes and also in their natures [21]. It is thus expected
that in perovskite halides, the organic cation in the A site could
lead to differences in charge transport as well as the relaxation
process among different cation-substituted perovskite halides
both in the dark as well as under optical illumination. Illu-
mination of the perovskite halides leads to enhanced ionic
migration that occurs due to the lowering of the migration
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barrier under illumination [22,23]. This particular effect can
affect the relaxation phenomena which have been probed in
this paper. However, prolonged illumination of the perovskite
halides with high intensity of illumination (=10 mW /cm?)
leads to irreversible structural changes that affect their opto-
electronic properties, including decreasing efficiency of solar
cells made from them [24,25]. High illumination intensity
may lead to halide ion segregations in mixed-cation perovskite
halides [26,27].

The relaxation times observed in different experiments
like impedance, modulus, and dielectric spectroscopies in the
frequency range (1 Hz—1 MHz), are typically in the range of
milliseconds to microseconds [28,29]. This time scale is much
slower than the time scales associated with some of the basic
processes. For example, the time scales of molecular libera-
tion and rotation are all faster than several picoseconds [30].
Relaxation due to dipole relaxations occurs at a frequency
range in excess of 1 MHz and successive contributions from
lattice vibrations and electronic contributions occur at even
higher frequencies [31]. It has been suggested that the relax-
ation observed in the frequency range 1 Hz —1 MHz would
arise from space charge (SC) effects [31,32]. The fundamental
time constant of a system, known as charge relaxation time, is
defined as

o= M

where € = € - €guiic, and € is the free space dielectric con-
stant and €4y, 1S the static dielectric constant and og. is the
dc conductivity. It would be important to explore if such SC
relaxation in perovskite halides arises by or is related to this
fundamental time constant.

Recently, studies on single crystals of perovskite halides
and the devices that are made with them have increased sig-
nificantly for different optoelectronic applications along with
the investigation of fundamental properties like charge trans-
port [33-37]. A large number of investigations in polycrys-
talline films of these materials using ac techniques as stated
above along with ac conductivity has been reported [13].
However, extensive investigations of frequency-dependent re-
laxation studies involving single crystals (with and without
illumination) have not been reported. In particular, there is
a lack of such studies done under illumination to investigate
the lowering of barriers to migration or shifts in relaxation
frequencies. To the best of our knowledge, studies on the
charge transport and relaxation behavior and its consequences
on the optical response of perovskite halide single crystals
with different organic cations (MA and FA) under optical
illumination have not been reported before.

This paper presents impedance, modulus, dielectric,
and ac conductivity measurements of perovskite halides
CH;NH;Pbl; (MAPI) and CH(NH; ),Pbl; (FAPI) in the dark
and under low-intensity illumination (<80 uW/cm?) in the
frequency range 50 Hz < f < 1 MHz. Such a low illumi-
nation intensity is less than at least five orders that lead to
irreversible sample degradation. This allows measurements
to be done under illumination without being affected by the
degradation phenomena. Our objective is to obtain the re-
laxation time (t4) from multiple experiments under dark and
under illumination and to compare them with the fundamental
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FIG. 1. Photocurrent (/pp) as a function of illumination intensity
P for MAPI and FAPI single crystals. The lines through the data
represent the fit with the equation Ip, = BP”. The inset shows the
schematic of the arrangement for electrical and optoelectronic mea-
surements as well as the absorbance as a function of wavelength (A).

charge relaxation time constant (7.) as previously defined. We
have investigated the change in barrier height A¢, for a given
relaxation process (A) that occurs under illumination. The
subscript A refers to Z, M, and H for impedance spectroscopy,
modulus spectroscopy, and the hopping process, respec-
tively. We also observe that there are noticeable quantitative
differences in the relaxation time-related parameters be-
tween the two crystals with different organic cations, namely
MA and FA.

II. EXPERIMENTAL DETAILS

The experiments were carried out on single crystals of
MAPI and FAPI which were grown from solution by the in-
verse temperature crystallization (ITC) method. The details
of the crystal growth are given in previous publications from
our group [38]. The as-grown crystals have a typical size
of ~3—5mm in lateral dimensions and have a thickness
~1—2mm. The as-grown single crystals were characterized
by photoluminescence (PL) spectroscopy, and absorbance
spectroscopy for optical characterization as well as by x-ray
diffraction (XRD) (see Figs. S1 and S2 of the Supplemental
Material [39]).

Contacts on the flat faces of the crystals for electrical and
optoelectronic measurements were made by thermal evapo-
ration through a wire mask. The Cr/Au pads were used as
electrodes. The electrical and optoelectronic measurements
were done in an in-plane configuration as shown in the inset
of Fig. 1 with a channel length of 100 um. The optical image
of the as-prepared sample with electrodes is shown in Fig.
S3 of the Supplemental Material [39]. For DC as well as AC
measurements the bias was kept &3 V so that the applied field
is ~0.03 V/um. This is much less than the field that leads to
polling [22]. The measurements were carried out in a chamber
(with a Quartz window) that was pumped down to a vacuum
better than 10~3 mbar. The chamber was purged a few times
before evacuation with dry nitrogen gas.

The complex impedance Z(f) in the dark as well
as under illumination and the photoconductivity (PC)

085404-2



LOW-INTENSITY ILLUMINATION INDUCED RELAXATION ...

PHYSICAL REVIEW MATERIALS 8, 085404 (2024)

measurements were performed using a xenon lamp source and
a monochromator with an intensity of illumination ranging
from 3.5 uW/cm? to 80 uW/cm?, which is well below the
illumination intensity used in most published papers that lead
to irreversible ion migrations. The calibration of intensity was
done using a calibrated silicon detector. A source meter was
used for the DC electrical measurements like photoconduc-
tivity. The complex impedance measurement was done with
the help of an LCR meter working in the frequency range of
50 Hz < f < 1 MHz. Complex M(f), &(f) as well as AC
conductivity were obtained from measured Z(f).

II1. RESULTS

A. Structural and optical characterization

The XRD shows that both the as-grown crystals of MAPI
and FAPI are strongly textured along specific directions. The
absorbance as a function of wavelength (1) is shown in the
lower inset of Fig. 1. It shows a sharp absorption edge and
the absence of any substantial sub-bandgap absorption. From
the absorption spectra, the band gaps were measured to be
~1.53 eV for MAPI and ~1.48 eV for FAPI. The PL spectra
exhibit well-defined peaks near the band-edge wavelength
(see Fig. S2 of [39]).

Figure 1 shows the result of photoconductivity mea-
surements carried out on both of the single crystals. The
photocurrent Ipy (= Iy — 1) is plotted in Fig. 1 as a function
of illumination intensity (P). The [y and I; are device cur-
rents under illumination and in the dark, respectively. Ipy, is
observed to follow dependence on P that can be expressed as
Ipn, = BP”, where B and y are constants. The values of the ex-
ponent y as obtained from fit to the data (shown as the dashed
line in Fig. 1) are ~0.83 for MAPI and ~0.56 for FAPL
Generally, the existence of trap states (near the conduction
band minima and valence band maxima) and second-order
charge recombination reduce the exponent y to <1 [17,40].
The values of y thus indicate the existence of trap states in
the crystal near the band edges, which are more for FAPI
than MAPI.

The photocurrent decay in MAPI demonstrates a higher
rate of decay, with a time constant falling within the sub-one-
second range. On the other hand, in FAPI, the photocurrent
decays with two-time constants when illumination is turned
off. There is one shorter time constant, which is ~1 second,
and another shorter time constant, which has a longer time
constant of ~10 seconds (see Fig. S4 of the Supplemental
Material [39]) This behavior of long photocurrent decay in
FAPI is expected to be related to the higher density of trap
states near the band edges as noted by a smaller value of y, as
noted before.

In our experiment, the illumination intensity was
<80uW/cm?. This means that the response is reversible
and does not exhibit any degradation when exposed to
prolonged light. This is in contrast to the long-range mi-
gration of ions under illumination that has been reported
when a much larger optical power is used [41,42]. This
justifies the rationale of using low-intensity illumination so
that effects arising from long-range ion migrations can be
mitigated.

B. Impedance spectroscopy

Figures 2(a) and 2(c) show the variation of the imaginary
part of the impedance (Z”) of MAPI and FAPI single crystals
respectively, as a function of frequency f (from 50 Hz to
1 MHz) under different illumination at a wavelength A =
800 nm, and at a bias of 3V. It can be clearly seen that there
is one distinct relaxation peak in each of them. The peak
value in Z” is denoted as Z . which occurs at a frequency
fZ,.. The relaxation time as obtained from the peaks is given
as 1, = ﬁ The values of t, for both MAPI and FAPI
as a function of the intensity of illumination are shown in
Fig. 3. lllumination reduces the maxima in the loss peaks and
progressively shifts fZ  to higher values as the illumination
intensity increases. This implies a progressive reduction of
7, with illumination as shown in Fig. 3. The results we ob-
tained are in general agreement with impedance spectroscopy
data reported in MAPI single crystal [43], where they find
that under the illumination of 10 mW/cm?, 7, = 198 mi-
croseconds, which decreases further to 82 microseconds with
100 mW /cm? illumination. A quantitative comparison with
our results shows that the intensity dependence tapers off at a
higher intensity of illumination.

The two materials with different cations (MA and FA)
show distinctly different relaxation times. The value of fZ,
(in the dark) is lower in MAPI by a factor of nearly 40 com-
pared to that in FAPI, indicating that the relaxation process
is much slower in MAPI. The real and imaginary part of
impedance data for both MAPI and FAPI in the dark is shown
in Fig. S6 of [39].

For MAPI, fZ _ occurs at 1.3 x 10? Hz in the dark, which
shifts by a factor of almost eight to 2103 Hz under the illumi-
nation of 80 uW /cm?. The illumination also reduces Z//, by
approximately four times. In the case of FAPI, the dependence
of fZ  on illumination is comparatively weaker. For FAPI,

Z =25 x 10°Hz in the dark, which shifts to 1.5 x 10* Hz
with a reduction in Z . by approximately 2.8.

The impedance data (at varying intensities of illumination)
for both samples are depicted in conventional Nyquist plots as
shown in Figs. 2(b) and 2(d) for MAPI and FAPI, respectively.
The nearly semicircular shape of the curves indicates a single
relaxation time with almost Debye-type relaxation. The real
and imaginary parts of the impedance data are fitted to the
following equation:

Zs — Z

Z(0) = Zoy + 52
(@) = Zoo ¥ T G )P

@)
where Z(w) is the complex impedance, w = 27 f, Zg is the
static impedance at f — 0 and Z, is the impedance at very
high frequency (well beyond the relaxation frequencies), 7
is the relaxation time, and B is the stretched relaxation pa-
rameter, where 8 = 1 indicates conventional Debye relaxation
with single relaxation time [44]. Figures 2(a) and 2(c) depict
solid lines representing fit to the data. The parameter 8 as
obtained from the fit of the data as a function of illumination
intensity (at wavelength A = 800 nm) for MAPI and FAPI
crystals is shown in Fig. S7 of the Supplemental Material
[39]. In dark conditions, the value of 8 for MAPI is 0.80 and
that for FAPI is 0.95, implying that for FAPI the relaxation is
more Debye-like. The fitted data in the dark for both MAPI
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FIG. 2. Imaginary part of impedances (Z”) as a function of frequency (f) under different illumination intensities for (a) MAPI and (c) FAPI
single crystals. The Nyquist plots for (b) MAPI and (d) FAPI are also shown. (The real part of the impedances under different illumination
intensities for both the crystals is given in Fig. S5 of the Supplemental Material [39].)

and FAPI are shown in Fig. S6 [39]. Under illumination, the
B value for MAPI increases with optical power and reaches
0.85, while for FAPI it reaches 1. This suggests that under
illumination, the relaxation in both systems displays a more
Debye-like behavior.

As depicted in Figs. 2(a) and 2(c), it can be observed
that the impedances Z” exhibit reduction in response to en-
hancement of the illumination intensity, for both MAPI and
FAPI. At a frequency of 10?>Hz, the decrease is compara-
ble for both samples. The decrease under illumination at a
lower frequency can mostly be ascribed to an increase in DC
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FIG. 3. Dependence of different relaxation times for the MAPI
and FAPI single crystals as a function of illumination intensity as
obtained from the data. t,, 7y, and 7y are obtained from the maxima
in Z”, M” and the hopping frequency, respectively.

conductivity during illumination, as demonstrated subse-
quently. The impact of illumination diminishes as the
frequencies increase. In the case of MAPI, this is observed at
a frequency of f > 5 x 10% Hz, while for FAPI, it is observed
at f > 10* Hz.

C. Electric modulus spectroscopy

Combining electric modulus spectroscopy with impedance
spectroscopy yields additional insights that can be utilized
to derive significant inferences. The complex electric mod-
ulus M = M’ + iM" has been obtained from the complex
impedance data (Z = Z' + iZ") using the equations:

M'(f) =2rfCZ'(f), M'(f)=2rfCZ'(f), (3)

where Cy is the free space capacitance. The data M'(f) and
M"(f) are illustrated in Fig. 4 for both the samples as a
function of frequency f for different values of the intensity of
illumination. In both samples, the frequency M max At which the
maximum occurs in M” is increased by increasing illumina-
tion intensity, which also raises the value of the M” maxima.
The impact of illumination is more pronounced in the case of
MAPI compared to that in FAPI.

The values of 1y = ﬁ are displayed in Fig. 3. It is
evident that )y and t, have nearly similar dependences on illu-
mination intensity. In FAPI, the value of ), is approximately
equal to 7, suggesting that the frequency of maxima in Z”
and M" are the same, implying that the value of fZ, M.
While in MAPI, the ratio 2 ~ 3.2 —3.4 as the 1nten51ty of
illumination varies and 1z 1s > 1y at all illumination inten-
sities. This suggests that the frequencies at the maxima for

~
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FIG. 4. Real (M’) and imaginary (M"”) parts of the electric modulus plotted as a function of frequency (f). [(a), (b)] MAPI and [(c),

(d)] FAPI under different intensities of illumination.

Z" and M" do not coincide for MAPL, and fZ < fM . This
observation allows us to reach an important inference stated
below.
Following conventional wisdom [45], in FAPI, the over-
lapping of the peak frequencies of Z” and M” (ie., f%,, ~
M ) would imply that it has nonlocalized long-range ionic
migration, giving rise to the conduction process and having
higher conductivity. On the other hand, in MAPI, fZ, # fM |
suggesting that the carrier migration is localized as in a local
dielectric relaxation. Importantly, these behaviors are retained
under illumination. This observation will impact the conduc-
tivity process, which we will address in the next subsection.
We have also obtained the frequency-dependent complex di-
electric constant data (€(f)) from the measured VA f), which

we have shown in Fig. S8 of the Supplemental Material [39].

D. ac conductivity

In Figs. 5(a) and 5(b) we have shown the AC conductivity
(04 (f)) of MAPI and FAPI, respectively, as a function of
frequency f for different illumination intensities. It can be
seen that there are noticeable changes in the conductivity, in
particular in the de conductivity oy as f — 0. The conductiv-
ity data are fitted to the power law given as [46]:

oac(f) = 00[1 + (i> } “
Ju

where op is the DC conductivity (oq4.), fm is the hop-
ping frequency, and n is the power law exponent that
is generally interpreted as the crossover frequency from

frequency-independent (DC conductivity) to the frequency-
dependent dispersive region at higher frequency [46]. The fit
to the data is also shown in Figs. 5(a) and 5(b) with solid lines.
The frequency-dependent hopping term originates from ionic
migration that occurs predominantly in the octahedral sites
that contain the Pb and I ions and their vacancies as well. The
parameters fy and oq4. as obtained from the fit are shown in
Figs. 5(c) and 5(d), respectively. We also define a hopping
time constant Ty = T which are shown in Fig. 3 along
with the other time constants. This shows that like other time
constants, Ty is also lowered by illumination.

It is also noteworthy that there are qualitative differences
between MAPI and FAPI regarding the interrelations of the
different time constants obtained from the experimental pa-
rameters as shown in Fig. 3. For all the processes, FAPI has
much smaller time constants (signifying a faster relaxation
process) compared to those of MAPIL. The higher value of
fu for FAPI compared to that for MAPI can also be seen in
Figs. 5(a) and 5(b) where the frequency-independent region
for o, persists to a much higher frequency range in FAPI. The
frequency-dependent AC conductivity in the dark is given in
Fig. S9 [39].

The qualitative differences in the relaxation parameters
between the two materials remain unaltered even under il-
lumination, although all the time constants are shortened,
showing faster relaxation processes under illumination even
at a very low intensity (<80 uW/cm?). The effect of illu-
mination on the hopping frequency fy is also substantial for
MAPI where it is enhanced by a factor of ~5 compared to an
enhancement by a factor of only ~2.9 for FAPI. The exponent
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FIG. 5. Frequency dependence of ac conductivity(o,.) for (a) MAPI and (b) FAPI single crystals under different intensities of illumination.
(c) Hopping Frequency (fy) and (d) dc conductivity (oy.) as a function of illumination intensity for MAPI and FAPI crystals.

n in the dark and under illumination stays close to the range
0.9-1.0, showing a shallow variation with intensity. In MAPI,
Ty &~ 17 > T). However, in FAPI the relative orders change,
where ty < 17 ~ 1)y. This reflects a basic difference in the
relaxation process in the two materials.

As can be seen in Fig. 5(d), MAPI has a much less oy
compared to that of FAPI by a factor of ~40 at the lowest
light intensity. This is in conformity with the real value of
impedance Z’ as f — 0, which is higher in MAPI compared
to that in FAPI. The enhancement of o4. as a function of
illumination is more prominent in MAPI where it is enhanced
by a factor of nearly four when the intensity is enhanced by a
factor of ~23. For FAPI the enhancement of oy is only by a
factor of ~1.5 for the same intensity of illumination variation.

To summarize the important observations on the depen-
dence of cations, we find that the MAPI has lower DC
conductivity, larger impedance, and a comparatively slower
relaxation (i.e., larger 7, and 7)) in the frequency range
investigated compared to those in FAPI. MAPI also shows a
more prominent dependence of the relaxation parameters on
the illumination intensity compared to those of FAPI under
the same illumination intensity. There are also important dif-
ferences in the relative values of the different time constants.
In MAPI, 7y overlaps with 77 and is the largest time constant
larger than 7). In contrast, in FAPI, ty is the shortest time
constant smaller than both t; and ), which are overlapping.

IV. DISCUSSIONS
A. Origin of relaxation in MAPI and FAPI for f < 1 MHz

As previously stated, relaxations in the sub-1 MHz fre-
quency range can likely be attributed to SC effects. In

polycrystalline films such SC, effects can occur at the grain
boundaries, at any chemical inhomogeneity, or contacts. Such
SC effects can also happen at the interfaces of single crystals
that lack homogeneities or have grain boundaries. Another
important source of SC in a solid is local charge imbalances
caused by a finite time scale of measurement, when the mea-
surement time scale is faster than or comparable to the charge
relaxation time 7. described in Eq. (1) in the introduction.
We demonstrate that the large static dielectric constant €4, in
these materials can result in 7, being very large. We also show
that this scale is similar to or comparable with the different
relaxation times observed in impedance, modulus, and dielec-
tric spectroscopies, as well as the hopping time observed in ac
conductivity.

To obtain the value of the charge relaxation time 7., one
needs the value of €. Taking a cue from published exper-
imental data as well as theoretical evaluations [47], we use
€static = €electronic T €ion- Lhe values of 7, evaluated using the
corresponding value of €gy,ic. and oy [see Eq. (1)] for both
MAPI and FAPI in the dark and under illumination at the
highest intensity used. These are shown in Table I. As can
be seen from Table I, for MAPI 7. = 6.25 msec in the dark
and under illumination the corresponding value is 1.58 msec.
For FAPI, the values are 0.243 msec in the dark and 0.161
msec under illumination. The reduction in 7. occurs due to
enhancement in the DC conductivity o4 under illumination.

It can be seen that the relaxation times t4’s along with
the charge relaxation time 7, decrease progressively as the
intensity of illumination is increased. This is shown in Fig. 3
and the data are collected in Table II. We would like to explore
how the 74’s under dark and under illumination compare with
the time scale set up by the t.. This is done by scaling 74’s
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TABLE I. Charge relaxation time 7, in the dark and under illumination and intercomparison with experimental time scales 7,’s. D = In the
dark, I = Under Illumination (intensity 80 uW /cm?), €gaie from Ref. [47].

(D) (D
Sample Estatic msec msec ;—f (D) % 1) T?/:l (D) %4 @ TTZ (D) f?:: 1)
MAPI €suatic = 30.5 6.52 1.58 0.25 0.15 0.07 0.06 0.23 0.19
FAPI €staic = 45.0 0.243 0.161 0.09 0.08 0.09 0.08 0.05 0.04

by 7. and intercomparing the ratios % for different A’s. This
can be seen in Table 1. The relevant ratios for MAPI in the
dark are 0.25 and 0.07, respectively, for Z and 2. (For MAPI,
Ty =~ 17.) Under illumination, the correspondmg ratios are
0.15 and 0.06, respectively. For FAPI in the dark, ’? =0.09
and 2 = 0.05. (For FAPI, 7y ~ 7z.) The correspondlng ra-
tios under illumination are 0.08 and 0. 04, respectively.

We find that the important time scale 7, lies within an
order or so of the values of all the relaxation and hopping
times in the system. Thus, whatever the relaxation or hopping
process, it occurs in the time scale of the charge relaxation that
preserves local charge neutrality. This is also preserved under
illumination (as can be seen in Table I and discussed later
on). This observation of a quantitative similarity of 7, with
the other relaxation times in the sub-1 MHz region strongly
suggests that the origin of the SC effect in single crystals can
indeed arise from the finite value of z,.

In this proposed scenario, the higher frequency of relax-
ation or shorter time scales of relaxation (t4, A = Z, M) as
well as a shorter hopping time 7z in FAPI compared to those
of MAPI, arise principally from a larger value of o4, of FAPI,
which makes the charge relaxation faster. (The two solids have
comparable €gyic ). On illumination, the charge relaxation pro-
cess becomes faster due to the reduction of t. arising from the
enhancement of oy, on illumination [see Eq. (1)]. This makes
the relaxation process faster thus reducing all the relevant 74’s
on illumination (see Fig. 3).

B. Lowering of the barrier under illumination

One of the important observations in this investigation is
the reduction of all the relaxation times(tz, 7)), the hopping
time constant Ty as well as the DC conductivity oq4. as the
intensity of illumination is enhanced. It has been reported
before in MAPI single crystals that the activation energy,
derived from the temperature dependence of oy is signifi-
cantly lowered on illumination with intensity 25 mW /cm?
[22]. The barrier lowering has been seen in thermally activated
conduction for both MAPI and FAPI single crystals [23] with
illumination intensity P ~ 20-25 mW /cm?. The reduction of
the time constants on increasing the intensity of illumination
(as observed in the present investigation) clearly suggests that

TABLE II. Illumination dependence of experimental time scales t4’s and coefficient of barrier lowering o4: D =

there is a lowering of barrier height ¢, (related to a particular
process A) associated with a given process on illumination.
(We refer to the barrier for 7 as ¢, that for 7y as ¢y, for
Ty as ¢y and for oy as ¢,.) As suggested in the previous
subsection, we have associated the charge relaxation time 7,
with all the other relaxation time 4. Since 7, is od_cl, it is
expected that the barrier lowering on the illumination of all
the time constants 74’s should be similar. This can be argued
as support to the hypothesis that the observed relaxation arises
from the finite values of charge relaxation times in these single
crystals. We investigate this below. We propose to find out
the extent of lowering a barrier as a function of illumination
intensity (P) quantified through a parameter ¢y (with unit
meV_ ) assuming a linear relation at low intensity:

uWem—2
b4 = doa — axP @)

where ¢ 4 is the barrier in the dark for a given process A.
a4 is the coefficient of lowering that can be obtained from
the experimental fit to the data. For any physical parameter
with an activated process following the Arrhenius law, like
the 7z, Ty, and 1y, this can be written as:

Ta(P) = 1o e P0a7 P (6)

where 8 = T T, kg being the Boltzmann constant. ¢ 4 being
the barrier in the dark. The proposed linear reduction in ¢4 by
illumination as shown in Eq. (5), is valid for low values of P
and the dependence on P may taper off at higher intensities.
From the collage of data shown in Fig. 3, which is in a
semi-log plot, for both MAPI and FAPI it can be seen that
the 7z, T, and 7y follow a relation on P as shown in Eqs. 5
and 6. The values of different @s’s are shown in Table II for
both MAPI and FAPI single crystals. It can be seen that for
MAPI all the a4’s are very close and has an average value of
~0.56 meV/uW cm~2. For FAPI, there is a small variation
(~ =£ 15%) in values of a4 derived from different 74’s. It is
lowest ~0.13 for ay,, highest ~0.19 for ay, and the value is
close to the average of ~0.16. The lower value of a,’s for
FAPI reflects shallower dependence of the oy on the intensity
of illumination [see Figs. 5(b) and 5(d)].

We have also calculated a4 using published data on MAPI
single crystal [22] where the lowering of the barrier for ac-
tivated conduction has been measured with an illumination

In the dark, I = Under

Illumination (intensity 80 uW /em?), 74’s in msec and Unit of a, in m

Sample 72(D) z(D) oz (D) (D oy (D) (D op
MAPI 1.595 0.231 0.58 0.435 0.086 0.56 1.49 0.29 0.54
FAPI 0.022 0.013 0.15 0.022 0.014 0.13 0.013 0.007 0.19
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intensity of 25 mW/cm?. This experiment used the same
planar device as ours with similar symmetric Au contacts. The
estimated coefficient obtained from the above-mentioned data
is 4 = 0.023 meV/uW cm~2. This is much lower than a4 =
0.56meV/uW cm~2 observed by us for a much lower inten-
sity of illumination. The lower value of a4’s estimated from
that measured with a much larger intensity of illumination
intensity (25 mW /cm?) points to the fact that the dependence
of the barrier on intensity tapers off for higher values of P,
that are nearly three orders larger than that used by us.

At the highest intensity used by us (80 uW/cm?) the bar-
rier lowering Aga(P)(=¢a p-¢a0) is 40 meV for MAPI and
8—10 meV for FAPL. It is interesting that such a small lowering
of the barrier can cause a clear observable effect. Similar
values of the barrier lowering with illumination for all the
different 74’s support our hypothesis that these time scales
are related to the same process, which we propose to be the
fundamental charge relaxation process that has a time scale t.
associated with it.

C. Ambipolar transport and effect of illumination

As stated in the introduction, charge transport in perovskite
halides like MAPI and FAPI are ambipolar and can have con-
tributions from both ions and electrons, so that o = ojon + 0,
where the subscripts refer to ionic and electronic conductivity
respectively. Ionic conductivity is often thermally activated
with an activation energy ¢, and it is governed by the
Arrhenius Law:

o(T) = o*e T, %)

where o* is the pre-exponential factor. The ion transport can
be high in these ambipolar materials so that oj,, & o [48].
It has been argued that the illumination-induced enhancement
of ionic migration can arise due to the ambipolar nature of
transport. It has been proposed that in the presence of a larger
density of photogenerated carriers on illumination, the pho-
toconductivity is enhanced, leading to mitigation of the SC
effect and allowing enhanced ionic migration.

On illumination, the observed oy, is enhanced, which hap-
pens due to enhancements of both the electronic and ionic
contributions. The electronic contribution is enhanced due to
electron-hole pair production on illumination (i.e., enhance-
ment in carrier density) and the ionic contribution can be
enhanced by lowering the activation barrier to ionic migration
[22,23,42]. In our investigation, we find that for the highest
intensity of illumination used by us, the observed oy is en-
hanced by a factor of ~4.2 for MAPI and by a factor of ~1.53
for FAPI. The enhancements are small, given the low intensity
of illumination that we use.

We would use certain plausible assumptions to separate
the contributions of both the processes (electronic and ionic)
in enhancing o4, under illumination. We assume that in the
dark ojon & 0 as observed by several researchers [48] and
the second assumption is that the enhancement of iy, on il-
lumination occurs primarily due to the lowering of the barrier
Ad¢a, which we can estimate from the relaxation time data as
discussed in the previous subsection. The brief procedure that
we followed is described below.

The ratio of o4. under dark (sub-script d) and under
illumination (sub-script ill) at the highest intensity used
(80 uW cm™~2) can be written as:

(0dc)in_ (Gion)in | (oe)in
(0ac)d  20ion)a  2(0e)a’
where we used the assumption that in the dark (ojon)gs ~

(Oa)a &~ % (04c)a. The ratio of o;,, under dark and illumi-
nation can be related by

®)

M = eﬂA‘ﬁ”- (9)
(Oion )a

The value of the lowering of barrier A¢, is evaluated for the
highest intensity of illumination. We use the lowering of bar-
rier as observed for the hopping process so that A¢, = Ay.
From these values, we obtain % ~ 5.64 for MAPI and
1.58 for FAPI. Using these values we obtain from Eq. (8)
the ratio (%L ~2.7 for MAPI and 1.5 for FAPL It thus
appears that under illumination the relative contributions to
o4 from ions and electrons for FAPI remain unchanged under
illumination. However, in MAPI the illumination enhances the
relative contribution of ions to the oy, mainly arising from the
lowering of the barrier by illumination.

D. Change in chemical potential on illumination

The electron-hole pair generation leads to the enhance-
ment of the o.. This lowers the charge relaxation time,
reduces the SC effects, and in turn enhances ionic migration.
Electron/hole transport as well as ionic transport in these ma-
terials are thus coupled. The ionic migration being activated,
the enhancement of the migration by illumination thus can be
interpreted as illumination-enabled lowering of the barrier as
has been observed in the experiment.

In this scenario (i.e., lowering of activation barrier by il-
lumination), a very important energy scale that would have
an influence on the energy scales of barrier lowering is the
change of the chemical potential |§y/| due to a change in
carrier concentration on electron-hole pair generation on il-
lumination. Change in chemical potential|§1| due to change
in carrier concentration is given by the relation

|5W| kBT <n0+8n)’ (10)

no

where n, is the carrier concentration in the dark and ng + §,
is the carrier concentration under illumination, §, being the
excess carrier concentration due to illumination. Assuming no
change in mobility u on illumination and using the relation
o = n.eu, where n, is the carrier concentration, we can relate
the relative change in carrier concentration to the electronic

conductivity change under illumination as: ("“ﬂ) ~ %

The ratio ((‘;e‘))‘” has been estimated in the last subsection as
being equal to 2.7 for MAPI and 1.5 for FAPI for the high-
est illumination used. Using these values we obtain |§v| =
25.7meV and 10.7 meV for MAPI and FAPI, respectively.
This compares very well with the value of barrier lowering
|[Aga| = 12meV for FAPL. However, for MAPI |§¢| is of
the same order but less than [A¢4| =~ 40 meV. In view of the
approximations made for the calculation of the ratio %, this
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level of agreement may be considered reasonable. It is thus
interesting that the scale of barrier lowering on illumination
is similar to (or comparable) the scale of lowering of the
chemical potential created by the excess carriers generated by
the illumination.

V. CONCLUSIONS

The present investigation shows that in the frequency
range f < 1 MHz in perovskite halide single crystals like
MAPI and FAPI, the observed relaxation phenomena can
arise from space charge relaxation which is determined by
the charge relaxation time . defined by the conductivity and
the static dielectric constant. For experimental measurements
times smaller than t., the unrelaxed charge excess leads to
space charge which obstructs ionic migration. For longer
measurement times, the charge relaxation leads to mitiga-
tion of space charge and this leads to faster ionic migration.
The larger conductivity of FAPI leads to faster relaxation in
this material compared to that in MAPIL. It is observed that

even a low-intensity illumination (<80 uW /cm?) makes the
relaxation noticeably faster, which we suggest to originate
from enhancement of conductivity (o4.) due to illumination
and reduction of 7, (x O’d_cl). The enhancement of oy on illu-
mination originates from the lowering of the activation barrier,
which we suggest arises from electron-hole pairs created by
illumination.
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