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The exploitation of methylammonium lead iodide perovskite-polymer composites is a promising strat-
egy for the preparation of photoactive thin layers for solar cells. The preparation of these composites is a
simple fabrication method with improved moisture stability when compared to that of pristine perov-
skite films. To deepen the understanding of the charge transport properties of these films, we investi-
gated charge carrier mobility, traps, and ion migration. For this purpose, we applied a combinatory
measurement approach that proves how such composites can still retain an ambipolar charge transport
nature and the same mobility values of the related perovskite. Furthermore, thermally stimulated current
measurements revealed that the polymer influenced the creation of additional defects during film for-
mation without affecting charge mobility. Finally, impedance spectroscopy measurements suggested the
addition of starch may hinder ion migration, which would require larger activation energies to move ions
in composite films. These results pave the way for new strategies of polymer-assisted perovskite film
development.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Hybrid (organic-inorganic) perovskite semiconductors are
currently among the most promising candidates for the develop-
ment of alternative solar cells. In less than ten years, perovskite
solar cells (PSCs) have reached a power conversion efficiency (PCE)
of 25.5% [1]. Despite this remarkable achievement in device effi-
ciency, which makes PSCs already suitable for the market, proper-
ties like straightforward processing and operative device stability
are often below the standard to be technologically scaled up. For
example, top-performing PSCs are realized by solution cast tech-
niques like ink-jet, slot die, spray coating, or roll-to-roll methods
[2], all of which require a “timely” anti-solvent dripping that is
hardly suitable for large scale production.
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Over the last few years, the use of polymers as templating
agents for the growth of hybrid perovskite materials has emerged
as an efficient strategy to confer improved stability and process-
ability to the active layer [3e5]. In particular, our group has
developed a methylammonium lead iodide (MAPbI3) perovskite-
starch composite (so-called MAPI-composite), which has been
used as a light harvester for solar cells [3,6] and light-emitting
devices [7]. These devices are characterized by a simple fabrica-
tion process and result in improved device stability while main-
taining similar performance compared to that of pristine
perovskite-based devices. In order to understand the limits and
advantages of these composites, it is important to investigate their
charge transport mechanism as it is strictly related to device effi-
ciency. The composite we propose in this research consists of an
active (perovskite) and a passive (starch) component, the latter of
which has been demonstrated to be beneficial for i) the formation
of perovskites via a single-step polymer-assisted anti-solvent free
process, ii) film stability, and iii) mechanical stress [3]. However,
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with the composite being an insulator, it does not play any active
role in electronic charge transport. Furthermore, in a composite,
defect states arising from boundaries between the perovskite and
polymer may introduce traps and recombination centres that
would have a direct influence on the transport mechanism of the
charge carriers and thus on device efficiency. Other solution-
processable materials like organic semiconductors have demon-
strated that carrier mobility depends on a wide range of factors
such as the materials’ chemical structure, molecular weight, pro-
cessing conditions (solvents, casting technique), and environ-
mental conditions [8]. Furthermore, in perovskites, the study of the
electronic charge transport mechanism is even more complex
because it is also influenced by ionic conduction. Thus, mixed ionic
and electronic charge transport must be considered [9e11].

To better address this challenge, we combine space charge
limited current (SCLC) measurements with other methods of
investigation, such as thermally stimulated current (TSC) and
impedance spectroscopy (IS), to access the main parameters gov-
erning the charge transport of the proposed MAPI-composite. By
combining these different techniques, we disentangle the depen-
dence of electronic transport from ionic transport and reveal
electronic (mobility and trapping phenomena) and ionic (activation
energies) charge transport dynamics. We demonstrate that the
MAPI-composite still retains ambipolar charge transport nature
and the samemobility values of the perovskite. This is the first time
that the electro-optical properties of such a MAPI-composite have
been studied. Moreover, we were also able to correlate these
properties to solar cells performance and film morphology.
2. Experimental

Ultra-dry 99.999 % lead (II) iodide (PbI2) (metal basis) was
purchased from Alfa Aesar; methylammonium iodide (MAI) was
obtained from Greatcell Solar; corn starch (Maizena) was supplied
from SigmaeAldrich; PEDOT:Complex (PEDOT:Cx) (HTL Solar 3)
was supplied from Heraeus; poly [N,N0-bis(4-butylphenyl)-N,N0-
bis(phenyl) benzidine] (poly-TPD) from Solaris Chem Inc.; [6,6]-
phenyl C61 butyric acid methyl ester (PCBM) was purchased from
Nano-c. All the materials were used as received without further
purification. Solution preparation and device realization are re-
ported in the appendix.

MAPI thin films were realized via a standard one-step procedure
inside an N2 filled glove-box. First, perovskite precursors in DMF/
DMSO solution were spin cast at 4000 rpm for 25 s, during which a
“timely” (after 10 s) anti-solvent of 200 ml toluene was dropped on
top. Subsequently, the spin-coated film was annealed onto a hot
plate at 100 �C for 10 min (Fig. 1, top). Meanwhile, the MAPI-
composite thin film was realized via a one-step polymer-assisted
anti-solvent free procedure. TheMAPI-composite solution in DMSO
was spin cast at 9000 rpm for 20 s and then directly annealed on a
hot plate at 100 �C for 30 min (Fig. 1, bottom).
2.1. XRD and SEM thin films characterization

X-ray diffraction (XRD) spectra of the perovskite films were
acquired at room temperature by a PANanalytical X'Pert-PRO MRD
diffractometer equipped with a Cu Ka source (l ¼ 1.5405 Å). The
scanning electron microscopy (SEM) images were collected with
Carl Zeiss Auriga 40 Crossbeam (Zeiss) instrument in high vacuum
and high-resolution mode at 5 kV acceleration voltage and was
equipped with Gemini column and an integrated high efficiency
in-lens detector.

SCLCmeasurements were performed in the dark and the sample
was loaded into a cryostat under low dynamic vacuum (10�2 mbar).
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Currentevoltage characteristics were recorded using a computer
controlled pico-ammeter (HP 4140B).

TSC measurements were performed by loading the sample into
a sample stage (Linkam LTS420E-P) and maintaining it under dy-
namic vacuum. The temperature was allowed to vary between 77 K
and 300 K. Trap filling was achieved by illuminating the sample via
a halogen lamp for 5 min at 160 K. After a dwell time of 15 min at
160 K without light, the temperature was increased at a constant
rate of 5 K/min. Thermally stimulated currents were recorded using
a computer controlled pico-ammeter (HP 4140B) without applying
an external bias to the device.

Impedance spectroscopy was carried out at different tempera-
tures by loading the sample into a sample stage (Linkam LTS420E-
P) under illumination using a white LED. IS measurements were
performed at short-circuit with a 20 mV perturbation in the
106e10�2 Hz range using an Autolab/PGSTAT302N (Eco-Chemie,
The Netherlands) operating in two-electrode mode. NOVA 1.11
software was used to generate data. Z-view equivalent circuit
modelling software (Scribner) was used to fit the spectra.
3. Results and discussion

3.1. Perovskite solar cells

Perovskite solar cells based on MAPI and MAPI-composite films
were realized in a p-i-n configuration as shown in Fig. 2a (inset),
which is also where the current-density-voltage (J-V) characteris-
tics are shown. The main PSC parameters, together with statistical
data (average values) estimated for more than ten devices realized
and characterized under the same experimental conditions, are
reported in Table 1. It is clear that MAPI and MAPI-composite based
PSCs exhibit similar performances both in terms of power conver-
sion efficiency (PCEz 17e18%) as well as fill factor (FFz 76e78%),
short-circuit current (Jsc z 20e21 mA/cm2), and Voc z 1.1 V. The
incident photon to current conversion efficiency (IPCE) spectra of
both the MAPI and MAPI-composite based solar cells are shown
Fig. 2b, which are consistent with both MAPI and MAPI-composite
thin film absorption spectra reported in Fig. S1. The integrated
photocurrent densities are 20.8 and 19.2 mA/cm2 for PSCs with
MAPI and MAPI-composite, respectively, which are in good agree-
ment with Jsc determined from the J�V curves. A complete study on
MAPI-composite optimization has been reported elsewhere [3].

In order to understand how the polymer influences the elec-
tronic and ionic properties of the PSCs active layer, we performed a
comprehensive study including space charge limited current,
thermally stimulated currents, and impedance spectroscopy mea-
surements, respectively.
3.2. Characterization of hole- and electron-only devices by SCLC

SCLC measurements are a relatively simple and powerful
method to determine charge carrier mobilities and trap density in
the so-called hole-only and electron-only devices [12]. It has been
widely used to study steady state charge transport properties in
organic semiconductors and also in perovskites. Recently, it has
been reported that the classical numerical model, characterized
by low permittivity without ion dynamics, is not strictly appli-
cable to SCLC characteristics in perovskites [9,13]. A more complex
numerical model, which considers a mixed ionic and electronic
conduction, definitely leads to better fit of the entire J-V charac-
teristics and it allows a better understanding of the physical
phenomena governing this new class of materials [13]. While
keeping this in mind, analytical equations remain a powerful tool
to fit the experimental data in a narrow range of the J-V



Fig. 1. Schematic illustration of the standard one-step (top) and one-step anti-solvent free (bottom) deposition methods for the synthesis of MAPI and MAPI-composite thin films.

Fig. 2. Best samples of the MAPI and MAPI-composite solar cells: a) currentevoltage characteristics and b) incident photon to current conversion efficiency (IPCE) spectra and the
integrated current density. Schematic of the device architecture (inset).

Table 1
Solar cell parameters extracted from the best pixels for the MAPI and MAPI-composite. Average values are reported in brackets.

Perovskite FF (%) VOC (V) JSC (mA/cm2) PCE (%)

MAPI 76.0 (77 ± 4) 1.09 (1.08 ± 0.02) 21.4 (20 ± 1) 17.7 (17 ± 2)
MAPI-composite 78.1 (72 ± 6) 1.10 (1.08 ± 0.02) 20.0 (19 ± 1) 17.2 (15 ± 3)
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characteristics, such as the “trap-free regime”, allowing us to es-
timate charge carriers mobility.

Hole mobility measurements were performed on unipolar
devices having the following structure: ITO/PEDOT/Perovskite/
MoO3/Au. Fig. 3a shows a schematic of the energy levels for the
hole-only devices.

In the case of MAPI-based devices, we clearly identify four re-
gimes (see Fig. 4a) with each one characterized by a different power-
low voltage dependence on the current ðJfVnÞ. At low voltages, the
current is proportional to the applied bias in the so-called ohmic
regime (n ¼ 1), which reflects the presence of good ohmic contacts
and where the current derives from the equilibrium charges. As the
external bias is increased, we enter into the so-called space charge
regime where the injected charge density exceeds the intrinsic free
carrier density and the current is bulk limited. We identify three
space charge limited current regimes: i) trap-limited SCLC (TL-SCLC),
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where the current is proportional to the square of the applied voltage
(n ¼ 2) typical of a “pure” space charge regime (however, its
amplitude ismuch lower due to the presence of trapswhich limit the
current flow); ii) as we increase the external bias further, the density
of free carriers starts to exceed the trapped ones and we have the so-
called trap-filling regime (TFL-SCLC, n > 3); iii) finally, once all the
traps have been filled, all the injected charges participate in the
current flow and give rise to trap-free charge transport (TF-SCLC)
where the currentevoltage characteristic is described by the well-
known MotteGurney relation (n ¼ 2) [14]:

J¼9
8
mεrε0

V2

L3
(1)

where V is the external applied voltage, m is the “trap-free”
mobility, ε0 the vacuum permittivity, εr the relative permittivity,



Fig. 3. Schematic of the energy levels of the (a) hole-only and (b) electron-only devices realized for the SCLC measurements.

Fig. 4. Current- and slopeevoltage curves for the hole-only and electron-only devices for the (a,c) MAPI and the (b,d) MAPI-composite.

M. Leoncini, R. Giannuzzi, A. Giuri et al. Journal of Science: Advanced Materials and Devices 6 (2021) 543e550
and L is the sample thickness. This latter regime allowed us to
determine the mobility values by fitting the currentevoltage
characteristics according to Eq. (1) (see Fig. S5). The average
hole mobility, estimated from several nominal identical devices,
was found to be (1.1 ± 0.3) � 10�3 cm2/Vs for MAPI, which is in
good agreement with previously reported results [15,16]. In
similar way, we measured the average hole mobility of the MAPI-
composite and it was found to be (1.8 ± 0.8) � 10�3 cm2/Vs. We
can clearly see that as we move from a neat perovskite active layer
to a MAPI-composite, the charge carrier mobility does not change.
This result implies a good optimization of the perovskite-polymer
ratio [3], which allows a percolation path between the perovskite
sites that gives a hole mobility similar to that of the pristine film.
This latter observation can explain the similar performances of
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MAPI and MAPI-composite solar cells (see Table 1). Furthermore,
from the analysis of the currentevoltage curves, the TL-SCLC
regime is missing in the MAPI-composite sample, which shows
a direct transition from the ohmic to the TFL regime. The presence
of a broad peak in the slope, between the linear regime and the
TFL one, can be ascribed to trap sites [17,18]. We argue that the
polymer could inhibit the formation of these trap sites close to the
valence band. The suppression of these traps can occur either
during film processing or by hindering the drift of positive ions,
leaving fixed negatively-charged ions, which may act as trap
states for positive free carriers (holes) [19e21]. Usually, the TFL
regime allows the quantification of the trap density via the so-
called VTFL, which is based on a simplified model that assumes a
single level of traps [14,22]. In the present case, anticipating later



Fig. 5. Phase transition for the (a) MAPI and (b) MAPI-composite during cooling and heating in the dark.
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results (see Section 3.3), we observe a trap distribution. Further-
more, Duijnstee et al. [23] have recently reported that the classical
(steady state) SCLC method can lead to a wrong estimation of the
charge traps density because of the ionic conductivity. To over-
come these issues, in the present paper, we study charge traps
density and distribution by TSC, which directly allows the inves-
tigation of defect states within the bandgap without any external
applied bias, thus reducing any ionic drift.

We alsomeasured the electronmobility in electron-only devices
with the following layout: ITO/PCBM/Perovskite/PCBM/Ag, as
shown in Fig. 3b. We saw from Fig. 4c, d that the currentevoltage
curves are quite similar for electrons, which implies a similar
charge transport scenario for electrons in the MAPI and in the
MAPI-composite. The average electron mobility was found to be
(1.2 ± 0.2)� 10�3 cm2/Vs for theMAPI and (2 ± 1)� 10�3 cm2/Vs for
the MAPI-composite. Also in this case, mobility values are similar
between the MAPI and the composite samples. Furthermore,
electron mobility values are similar to the hole ones, suggesting an
ambipolar charge transport for both materials.

We can conclude that as we move from a neat to a composite
perovskite active layer, better device stability (longer lifetime) is
not gained at the expense of charge mobility, which is further
confirmed by similar device performances.
3.3. Characterization of PSCs by TSC measurements

We investigate the role of the polymer upon traps formation by
applying the TSC method to a working solar cell [24e27]. TSC
measurements allow a direct observation of charge traps density
and distributionwithin the bandgap in the absence of any external
bias. Thus, ideally, without involving any additional ionic drift.

The MAPbI3 crystal is known to have a phase transition between
orthorhombic and tetragonal structures at 162 K [28,29], thus we
first experimentally check the phase transition for both the neat and
composite perovskite films by cooling down to 77 K and then
warming up to 300 K our devices. Fig. 5 shows the TSC cooling and
heating scans performed in the dark, i.e., without any traps filling,
which allowed us to safely attribute the peaks to the phase transi-
tions. It has been reported by Baumann and co-workers [25] that
dark TSC profiles are polarization currents due to the reversible
polarization (depolarization) of the perovskite films during the
phase transition from tetragonal to orthorhombic (and vice versa). It
is worth noting that our transition peak values are in perfect
agreement with the already reported results on MAPI, where a shift
of the heating peak between 145 K and 160 K has been observed that
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was attributed to different scan rates or sample-to-sample variation
due to film processing conditions and sample grains [27,30].

Independently from the absolute value of the MAPI peaks, the
MAPI-composite peaks are shifted to higher temperatures likely
because of an increased density of defects. According to Dobro-
volsky et al. [31], a transition from the tetragonal to orthorhombic
phase indeed occurs at higher temperatures when the material is
characterized by domains with larger defect concentration.

Another peculiar characteristic of the MAPI-composite heating
scan is the presence of both negative and positive peaks. This means
there are contributions from opposite polarization directions that
are present within the composite film. It has already been reported
that the positive peak contribution in the MAPI perovskite is mainly
due to the polarization of the cationic species in the direction
perpendicular to the (110) plane [27]. Thus, the additional negative
peak seen in our MAPI-composite may be due to a polarization
coming from other crystal planes where the cations align in the
opposite direction. Indeed, our MAPI thin film has an XRD profile
characterized by a main (110) crystallographic orientation (see
Fig. S2). Conversely, the MAPI-composite shows a crystallographic
orientation characterized by peaks with similar intensities.

Next, we limit the temperature range of our investigation to
160e300 K, which means that we remain bound to the tetragonal
phase during the entire measurement. This phase is relevant to
working PSCs, and also ensures that detected traps are an intrinsic
characteristic of the tetragonal phase and not a residual effect from
the phase transition. The current resulting from the released car-
riers as a function of the temperature forms the TSC curves in Fig. 6.
The same device structurewas used for bothmaterials, and thus the
current values can be compared between the two devices. First, the
shape of the TSC spectrum indicates a trap distribution instead of a
discrete trap level. This is consistent with our SCLC measurements
where a gradual rise in the current was seen in the so called TFL
regime instead of a steep increase that is typical of a single trap
level. By applying Eq. (2) to the TSC scan, we calculate the activation
energy of the most prominent traps by

Et ¼ kBTmaxln

 
T4max
b

!
(2)

where kB is the Boltzmann's constant, Tmax is the temperature at
the TSC peak, and b is the heating rate (5 K/min) used in the TSC
measurements. The peaks Tmax, MAPI ¼ 184 K and Tmax,MAPI-

composite¼ 190 K correspond to trap depths of 369meV (ET,MAPI) and
384 meV (ET,MAPI-composite), respectively. We can also say that there



Fig. 6. TSC signals for both the MAPI (red curve) and MAPI-composite (blue curve).
Both scans have been performed by heating the samples at a scan rate of 5 K/min after
optically filling the traps at 160 K.
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is a good similarity between the dominant trap states in both
samples. A lower limit of the trap density Nt was obtained by
integrating the TSC spectrum over time according to Eq. (3) [32]:

NT � 1
ALeb

ðTf
Ti

IðTÞdT (3)

where I(T) is the TSC current signal, Ti and Tf are, respectively, the

initial and final temperature scan, the integral
ðTf
Ti

IðTÞdT is the area

under the TSC peak, which is equal to the number of charges (in this
case, holes and electrons) released from the sample during the
heating process, e is the electronic charge, A is the active device
area, and L is the layer thickness.

For pristine MAPI films, we found a trap concentration of
6 � 1014 cm�3, which is in very good agreement with the one
already reported by TSC measurements for MAPI films [25].
Furthermore, in MAPI-composites, wemeasured a concentration of
10 � 1014 cm�3 defects. This difference well explains the observed
higher temperature of its phase transition. The larger concentration
of defects in the MAPI-composite than that of MAPI could be
possibly attributed to its polycrystalline heterogeneity, which is
clearly visible in Fig. S3. The MAPI-composite SEM image reveals
Fig. 7. Bode plots of impedance spectra obtained under 1 sun illumination and zero bias for
temperature range of 250e300 K at steps of 10 K. Solid lines represent the fit to the exper
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the presence of well-defined polycrystalline domains whose
boundaries may be the source of the larger traps' density seen in
our TSC signal. This is a consequence of the polymer-assisted
growth of our perovskite-composite film, which, on the one hand,
allows a simpler deposition method compared to the standard
ones. However, on the other, it does not permit fine control over
film formation. Noticeably, our SCLC measurements demonstrated
that the increased defect density in the MAPI-composite does not
affect the charge carrier mobility. This could be explained by the
material's well-known tolerance to defects [33e36].
3.4. Impedance spectroscopy characterization

Perovskite semiconductors are characterized by a mixed ionic
and electronic charge transport mechanism. Thus, to gain insight
into the possible influence of the polymer into ion migration, we
perform impedance spectroscopy measurements in a temperature
range of 250e300 K. Fig. S7 shows the Nyquist (Z'-Z") plots of
impedance spectra for both studied configurations. The Nyquist
diagrams for both samples are characterized by a complete and
well-defined high-frequency arc and a second low-frequency arc
whose definition depends on temperature range. The correspond-
ing Bode plots in Fig. 7 display two peaks: one in the high frequency
region and the other in the low frequency region. Analysis of the
spectra reveals the existence of two kinetic processes with different
time constants at high and low frequencies [37,38]. It is worth
noting that the high frequency signal is independent to tempera-
ture variation. In contrary, the low-frequency signal varies
accordingly and results in a shift towards higher frequencies when
the sample is heated. This finding suggests that in the low fre-
quency region of the spectra, we probed processes such as ionic
migrations and/or chemical reactions that are thermally activated,
whereas the high frequencies regime is usually attributed to pure
electronic processes.

In order to estimate the activation energy for ion migration,
Arrhenius plots were elaborated from the low frequency data
extracted from Fig. 7. By fitting the impedance spectra at different
temperatures with the equivalent circuit shown in Fig. S6 the
characteristic time constant of the low frequency component (tLF)
was calculated. The activation energy (Ea) is related to tLF and to the
temperature by the following equation:

1
tLF

¼Ae�
Ea
kBT þ C (4)

where A is the Arrhenius prefactor, kB is the Boltzmann constant, T
is the temperature, and C is a constant. The variation of the low
(a) MAPI and (b) MAPI-composite-based devices. Measurements were performed in a
imental data.



Fig. 8. Arrhenius-like plot ln(tLF/T) versus 1000/T for MAPI and MAPI-composite. The
circles are the experimental data and the solid line is the least-squares straight-line fit.
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frequency time constant (ln (tLF/T)) with the inverse of the absolute
temperature (1000/T) for MAPI and MAPI-composite based devices
is shown in Fig. 8 where the circles are the experimental data and
the solid lines are the least-squares straight-line fit.

We derived the activation energies from the slopes of the linear
fit to the experimental data plotted in Fig. 8, which was about 40
and 31 kJ/mol for MAPI-composite and MAPI, respectively, with the
latter one in agreement with previous literature [38e40]. It looks
like the MAPI-composite is characterized by a slightly larger ionic
activation energy that translates into a lower ionic conductivity
that positively impacts the device stability [3]. Further investiga-
tion is ongoing in order to understand the influence of polymers on
the ionic activation energy. This important result suggests addi-
tional advantages of the composite approach beyond easy
processability.

4. Conclusion

In conclusion, we studied the electronic transport, trapping
phenomena, phase transition, and ionic activation energy of pris-
tine andMAPI-starch perovskite films. Our results revealed how the
presence of the biopolymer impacts charge traps and ion mobility
within the perovskite active layer. We observed that the MAPI-
composite still retains its ambipolar charge transport nature and
the samemobility values of theMAPI perovskite. This means that as
we move from a neat to a composite perovskite active layer, the
benefits like improved device stability, mechanical flexibility, and
simpler processing are not at the expense of charge transport.
Furthermore, the composite showed a lower ionic conductivity that
nicely explains the higher stability with respect to the bare
perovskite. These results provide a powerful guideline for the
design of novel and better performing perovskite-polymer com-
posites that anticipate the large-scale production of efficient and
stable PSCs.
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