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Electronic transport, ionic activation energy, and trapping phenomena in 

a polymer-hybrid halide perovskite composite 

 

Abstract 

The exploitation of methylammonium lead iodide perovskite-polymer composites is a 

promising strategy 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 perovskite films. To deepen the understanding of the charge transport properties 

of these films, we investigated 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 formation 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. 

 

1. Introduction 

 Hybrid (organic-inorganic) perovskite semiconductors are currently among the most 

promising candidates for the development 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 efficiency, which makes PSCs already suitable for the market, 

properties 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 techniques 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.  

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 

processability to the active layer [3],[4],[5]. In particular, our group has developed a 
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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 fabrication process and result in improved device stability 

while maintaining 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 efficiency. 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, 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 demonstrated that carrier mobility 

depends on a wide range of factors such as the materials’ chemical structure, molecular weight, 

processing conditions (solvents, casting technique), and environmental 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 [9],[10],[11].  

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 to the main parameters governing the charge transport of 

the proposed MAPI-composite. By combining these different techniques, we disentangle the 

dependence 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 same mobility 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. 
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2. Materials and Methods 

2.1 Materials 

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 Sigma-Aldrich; 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 

reported in the appendix. 

2.2 Realization of MAPI and MAPI-composite thin films 

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 μl 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. 

The MAPI-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). 

 

Figure 1. Schematic illustration of the standard one-step (top) and one-step anti-solvent free (bottom) deposition 

method of MAPI and MAPI-composite thin films. 
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2.3 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 Kα source (λ = 1.5405 Å). 

The scanning electron microscopy (SEM) images were collected with Carl Zeiss Auriga40 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. 

2.4 SCLC measurements 

SCLC measurements were performed in the dark and the sample was loaded into a cryostat 

under low dynamic vacuum (10-2 mbar). Current-voltage characteristics were recorded using a 

computer controlled pico-ammeter (HP 4140B). 

2.5 TSC measurements 

TSC measurements were performed by loading the sample into a sample stage (Linkam 

LTS420E-P) and maintaining it under dynamic 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. 

2.6 IS measurements 

Impedance spectroscopy was carried out at different temperatures 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 106 to 10-2 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) 

characteristics 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 
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conditions, are reported in Table 1. It is clear that MAPI and MAPI-composite based PSCs exhibit 

similar performances both in terms of power conversion efficiency (PCE  17-18 %) as well as fill 

factor (FF  76-78 %), short-circuit current (Jsc  20-21 mA/cm2), and Voc  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 agreement with 

Jsc determined from the J−V curves. A complete study on MAPI-composite optimization has been 

reported elsewhere [3]. 

 

Figure 2. Best samples of the MAPI and MAPI-composite solar cells: a) current-voltage characteristics and b) incident 

photon to current conversion efficiency (IPCE) spectra and the integrated current density. Schematic of the device 

architecture (inset). 

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) 

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

reported in brackets. 

In order to understand how the polymer influences the electronic and ionic properties of the 

PSCs active layer, we performed a comprehensive study including space charge limited current, 

thermally stimulated currents, and impedance spectroscopy measurements, respectively. 
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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 applicable to SCLC characteristics in 

perovskites [13],[9]. A more complex numerical model, which considers a mixed ionic and electronic 

conduction, definitely leads to better fit of the entire J-V characteristics 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 characteristics, such as the “trap-free regime”, allowing us to estimate 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.  

 

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

In the case of MAPI-based devices, we clearly identify four regimes (see Fig. 4a) with each 

one characterized by a different power-low voltage dependence on the current (𝐽 ∝ 𝑉𝑛). At low 

voltages, the current is proportional to the applied bias in the so-called ohmic regime (n = 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), where the 

current is proportional to the square of the applied voltage (n = 2) typical of a “pure” space charge 

regime (however, its amplitude is much lower due to the presence of traps which limit the current 
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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 current-voltage characteristic is described by the well-

known Mott-Gurney relation (n = 2) [14]: 

𝐽 =
9

8
𝜇𝜀𝑟𝜀0

𝑉2

𝐿3             (1) 

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

the relative permittivity, and L is the sample thickness. This latter regime allowed us to determine 

the mobility values by fitting the current-voltage 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) x 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) x 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 MAPI and MAPI-composite solar cells (see Table 1). 

Furthermore, from the analysis of the current-voltage 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) [19],[20],[21]. 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 results (see Section 

3.3), we observe a trap distribution. Furthermore, 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 overcome these issues, in the present paper, we study charge 

traps density and distribution by TSC, which directly allows the investigation of defect states within 

the bandgap without any external applied bias, thus reducing any ionic drift. 
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Figure 4. Current- and slope- voltage curves for hole-only and electron-only devices for the (a,c) MAPI and the (b,d) 
MAPI-composite. 

We also measured the electron mobility in electron-only devices with the following layout: 

ITO/PCBM/Perovskite/PCBM/Ag, as shown in Fig. 3b. We saw from Fig. 4(c, d) that the current-

voltage 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) x 10-3 cm2/Vs for the MAPI and (2 ± 1) x 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.  

 

 

Jo
urn

al 
Pre-

pro
of



 9 

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 [24],[25],[26],[27]. TSC measurements allow a direct observation of charge traps 

density and distribution within 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 transitions. 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 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 

Dobrovolsky 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.  

 

Figure 5. Phase transition for the (a) MAPI and (b) MAPI-composite during cooling and heating in the dark. 
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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 160 - 300 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 

carriers as a function of the temperature forms the TSC curves in Fig. 6. The same device structure 

was used for both materials, 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 =  𝑘𝐵𝑇𝑚𝑎𝑥𝑙𝑛 (
𝑇𝑚𝑎𝑥

4

𝛽
),        (2) 

where kB is the Boltzmann’s constant, Tmax is the temperature at the TSC peak, and  is the heating 

rate (5 K/min) used in the TSC measurements. The peaks Tmax,MAPI = 184 K and Tmax,MAPI-composite = 190 

K correspond to trap depths of 369 meV (ET,MAPI) and 384 meV (ET,MAPI-composite), respectively. We can 

also say that there 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

𝐴𝐿𝑒 𝛽
∫ 𝐼(𝑇) ⅆ𝑇

𝑇𝑓

𝑇𝑖
 ,        (3)  

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

the integral  ∫ 𝐼(𝑇) ⅆ𝑇
𝑇𝑓

𝑇𝑖
 is the area under the TSC peak, which is equal to the number of charges 
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(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. 

 

Figure 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.  

For pristine MAPI films, we found a trap concentration of 6x1014 cm-3, which is in very good 

agreement with the one already reported by TSC measurements for MAPI films [25]. Furthermore, 

in MAPI-composites, we measured a concentration of 10x1014 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 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 [33],[34],[35],[36].  

 

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 250 – 300 
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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 

corresponding 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 temperature 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 frequency 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.  

 

Figure 7. Bode plots of impedance spectra obtained under 1 sun illumination and zero bias for (a) MAPI and (b) MAPI-
composite-based devices. Measurements were performed in a temperature range of 250 - 300 K at steps of 10 K. Solid 
lines represent the fit to the experimental data.  

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 (τLF) was calculated. The activation energy (Ea) is related to τLF and to the 

temperature by the following equation: 

1

𝜏𝐿𝐹
= 𝐴𝑒

−
𝐸𝑎

𝑘𝐵𝑇 + 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 frequency time constant (ln(τLF/T)) with the inverse of the 
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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. 

 

Figure 8. Arrhenius-like plot ln(τLF/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. 

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 [38],[39],[40]. 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 investigation is ongoing in 

order to understand the influence of polymers on the ionic activation energy. This important result 

suggests additional advantages of the composite approach beyond easy processability. 

 

Conclusions 

In conclusion, we studied the electronic transport, trapping phenomena, phase transition, 

and ionic activation energy of pristine and MAPI-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 same mobility values of the MAPI 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 
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perovskite. These results provide a powerful guideline for the design of novel and better performing 

perovskite-polymer composites that anticipate the large-scale production of efficient and stable 

PSCs. 
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Appendix - Supplementary data 

 

Preparation of MAPI and MAPI-composite solution 

The MAPI-composite solution was prepared, according to the method previously developed 

[1], by solubilizing an equimolar stoichiometry of perovskite precursors, i.e. MAI:PbI2 = 1:1, in DMSO  

(precursor concentrations of 30 wt%), at 80 °C for 30 min. After precursors solubilization, 10 wt% 

starch (respect to perovskite precursors) was added and then stirred at 80 °C for 5 h. The standard 

MAPI solution was prepared according to literature [2], by solubilizing an equimolar stoichiometry, 

i.e. MAI:PbI2:DMSO = 1:1:1, in DMF (precursors concentration 48 wt%). All the solutions were 

prepared inside an N2 filled glove-box. 

 

MAPI and MAPI-composite thin films characterization 

 

Figure S1. MAPI (black line) and MAPI-composite (red line) thin film absorption coefficient in the visible 

range. 
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Figure S2. XRD spectra acquired on MAPI (black line) and MAPI-composite (red line) thin films. 

 

Figure S3. SEM images of (a) MAPI and (b) MAPI-composite thin films. 

 

Solar Cells Realization and Characterization 

p-i-n solar cells were realized as follow: glass/ITO/poly-TPD/perovskite/ PCBM/BCP/Ag. ITO 

coated glass substrates were cleaned by ultrasonication in acetone and 2-propanol, and then 

underwent to an oxygen plasma treatment. Poly-TPD (1.5 mg/ml in chlorobenzene) was deposited 

on top of ITO by spin coating at 4000 rpm for 60 s, and annealed at 110 °C for 30 min in air. The 

resulting film was then exposed to UV light in air (30 min) to improve its surface wettability. 

Subsequently, the MAPI or MAPI-composite was spin coated, as described in Section 2.2, on top of 

poly-TPD. PCBM (25 mg/ml in chlorobenzene) and BCP (0.5 mg/ml in isopropanol) solutions were 

sequentially deposited onto the active layer at 6000 rpm for 60 s and 5000 rpm for 20 s, respectively. 

Finally, a thin film of silver (Ag) was deposited through a shadow mask by high vacuum thermal 

evaporation, defining an active area of about 0.04 cm2. However, in order to minimize any error due 
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to sample-to-sample variation and to make our device efficiency calculations more reliable, we 

measured “the real” active area of each single device using an optical microscope (Olympus BX51). 

Solar cells were characterized in N2 atmosphere, under standard conditions of light intensity 

(100 mW/cm2, AM1.5) using a solar simulator (Newport 91160A) and a source measure unit 

(Keithely 2400). Devices current-voltage characteristics were acquired in a voltage range of -0.2  

1.2 V. The IPCE was measured in air using a power source (Newport xenon lamp, 140 W, 67005) 

coupled with a monochromator (Newport Cornerstore 260 Oriel 74125), a photodiode (Newport 

Oriel 71675_71580) and a dual channel optical power/energy meter (Newport 2936-C).  

 

Fabrication and characterization of electron-only and hole-only devices  

Unipolar devices were realized in order to perform SCLC measurements. Hole-only devices, 

were realized as follow: ITO/PEDOT:Cx/Perovskite/MoO3 /Au. Pedot:Cx was spin coated at 8000 rpm 

for 60 s and was annealed at 140°C for 15 min in air. Pedot-complex (Pedot:Cx) was used instead of 

Pedot:PSS, because DMSO dissolves the latter one [3,4]. Then, the perovskite active layer was 

deposited as reported in Section 2.2. Finally, a thin film of MoO3 (10 nm) and Au (50 nm) were 

deposited through a shadow mask by high vacuum thermal evaporation. Electron-only devices were 

realized as follow: ITO /PCBM/Perovskite/PCBM/Ag. The bottom PCBM layer (10 mg/ml in 

chlorobenzene) was spin coated on top of ITO at 2000 rpm for 30 s, and then annealed at 100 °C for 

10 min inside a glove-box. The top PCBM layer (25 mg/ml in chlorobenzene) was spin coated at 1000 

rpm for 60 s. Finally, a silver (Ag) cathode (60 nm) completed the device. 

Our SCLC measurements are shown in the main text both in the form of current-voltage and 

slope-voltage characteristics. The slope (n) is defined as follow: 

𝑛 =  
ⅆ𝑙𝑜𝑔𝐽

ⅆ𝑙𝑜𝑔𝑉
 

Usually, the slope-voltage curves are important as their peak position and height give us important 

information about charge trap density and depth, respectively [5]. While the current-voltage curve 

gives basically information about the magnitude of the charge carrier mobilities. The slope 

represents the power law dependency of the current density on the applied voltage 𝐽 ∝  𝑉𝑛. Thus, 

we can associate the different values of n to different space charge limited regimes, as shown in Fig. 

S4. 
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Figure S4. Schematic of an ideal SCLC characteristic on log-log scale. According to the n value we identified 
four regions: i) Ohmic regime, ii) trap-limited SCLC, iii) trap filling SCLC and iv) trap-free SCLC. 

In order to estimate the hole and electron mobility values, we fitted the trap-free regime of 

the current-voltage characteristic according to Eq. 1 (see Section 3.2) and assuming a constant (high 

frequency) value of the dielectric permittivity (r = 24) [6]. 

 

 
Figure S5. Current-voltage data (grey circles) of the (a, b) hole-only and (c, d) electron-only MAPI and MAPI-
composite based devices. Solid lines represent the fit to the experimental data according to Mott-Gurney 
relation (see Eq. 1 in the main text) in the trap-free regime. 

Jo
urn

al 
Pre-

pro
of



 21 

IS characterization 

The most widely used approaches to fit the experimental data from solar cells are equivalent 

circuit modeling. It comes from the solution to the continuity equation. However, due to the 

complex nature of the physical processes involved in PSCs, including mixed electronic-ionic 

conductivity of perovskite, the equations underlaying this process are not universally accepted [7]. 

As a consequence, there is not a clear consensus on the selection of the equivalent circuit and on 

the physical interpretation of the constituent elements [8,9]. Indeed, selecting the appropriate 

equivalent circuit is not an easy task. Nevertheless, here we adopted a simplified equivalent circuit 

showed in Fig. S6, in which RS takes into account the series resistance induced by the electrical ohmic 

contacts, the capacitance (C HF) and resistance (R HF) describe the phenomena relate to the high-

frequency region usually related to the geometrical capacitance and recombination resistance [10]. 

About the origin of the low frequency region, as discussed in the main text, there is not clear 

consensus on the physical interpretation, but is widely accepted that ionic movement is related to 

the origin of this feature. 

 

Figure S6. Equivalent circuit used to fit the IS spectra of the MAPI and MAPI-composite based solar cell. 

 

Figure S7.  Nyquist plot of the impedance spectroscopy carried out in the 253-303 K temperature range for 

a) MAPI and b) MAPI-composite. 

 

Jo
urn

al 
Pre-

pro
of



 22 

References 

[1] A. Giuri, S. Masi, A. Listorti, G. Gigli, S. Colella, C. Esposito Corcione, A. Rizzo, Polymeric rheology 
modifier allows single-step coating of perovskite ink for highly efficient and stable solar cells, Nano 
Energy. 54 (2018) 400–408. https://doi.org/10.1016/j.nanoen.2018.10.039. 

[2] N. Ahn, D.Y. Son, I.H. Jang, S.M. Kang, M. Choi, N.G. Park, Highly Reproducible Perovskite Solar Cells 
with Average Efficiency of 18.3% and Best Efficiency of 19.7% Fabricated via Lewis Base Adduct of 
Lead(II) Iodide, J. Am. Chem. Soc. 137 (2015) 8696–8699. https://doi.org/10.1021/jacs.5b04930. 

[3] I. Lee, G.W. Kim, M. Yang, T.S. Kim, Simultaneously Enhancing the Cohesion and Electrical Conductivity 
of PEDOT:PSS Conductive Polymer Films using DMSO Additives, ACS Appl. Mater. Interfaces. 8 (2016) 
302–310. https://doi.org/10.1021/acsami.5b08753. 

[4] L. V. Lingstedt, M. Ghittorelli, H. Lu, D.A. Koutsouras, T. Marszalek, F. Torricelli, N.I. Crăciun, P. 
Gkoupidenis, P.W.M. Blom, Effect of DMSO Solvent Treatments on the Performance of PEDOT:PSS 
Based Organic Electrochemical Transistors, Adv. Electron. Mater. 5 (2019) 1–8. 
https://doi.org/10.1002/aelm.201800804. 

[5] K.C. Kao, Dielectric Phenomena in Solids, Elsevier, 2004. 

[6] N. Onoda-Yamamuro, T. Matsuo, H. Suga, Dielectric study of CH3NH3PbX3 (X = Cl, Br, I), J. Phys. Chem. 
Solids. 53 (1992) 935–939. https://doi.org/10.1016/0022-3697(92)90121-S. 

[7] L. Contreras-Bernal, S. Ramos-Terrón, A. Riquelme, P.P. Boix, J. Idígoras, I. Mora-Seró, J.A. Anta, 
Impedance analysis of perovskite solar cells: A case study, J. Mater. Chem. A. 7 (2019) 12191–12200. 
https://doi.org/10.1039/c9ta02808k. 

[8] E. Von Hauff, Impedance Spectroscopy for Emerging Photovoltaics, J. Phys. Chem. C. 123 (2019) 
11329–11346. https://doi.org/10.1021/acs.jpcc.9b00892. 

[9] A. Todinova, L. Contreras-Bernal, M. Salado, S. Ahmad, N. Morillo, J. Idígoras, J.J.A. Anta, Towards a 
Universal Approach for the Analysis of Impedance Spectra of Perovskite Solar Cells: Equivalent Circuits 
and Empirical Analysis, ChemElectroChem. 4 (2017) 2891–2901. 
https://doi.org/10.1002/celc.201700498. 

[10] L. Contreras-Bernal, M. Salado, A. Todinova, L. Calio, S. Ahmad, J. Idígoras, J.A. Anta, Origin and 
Whereabouts of Recombination in Perovskite Solar Cells, J. Phys. Chem. C. 121 (2017) 9705–9713. 
https://doi.org/10.1021/acs.jpcc.7b01206. 

 

 

 

 

 

 

 

Jo
urn

al 
Pre-

pro
of



Declaration of interests 
 

☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

 
 

 

Jo
urn

al 
Pre-

pro
of


