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ABSTRACT

We present a combined photocurrent (PC) and photoluminescence (PL) imaging study of FAqsMAq1Pbls
perovskite thin films patterned with Au gold pads forming planar Schottky junctions. From these
measurements, we extract a room temperature carrier diffusion length between 6 and 10 um, consistent
with previous results on pure MAPbl; compounds. This value decreases by a factor of 2-3 when the device
temperature is raised to 75°C. Interestingly, after two hours of thermal stress at this temperature in ambient
air, both the optical and electrical responses return to their initial levels upon cooling to room temperature,
indicating reversible behavior and confirming the good thermal stability of this material at moderate
operating conditions. In contrast, localized high-power laser illumination leads to irreversible degradation,
characterized by the disappearance of both PL and PC signals. These results suggest that such material can
tolerate global short term temperature elevations without any permanent damage, such as those

encountered under sunlight exposure.


mailto:lionel.aigouy@espci.fr

I. INTRODUCTION

Hybrid metal halide perovskites have recently emerged as very promising materials for optoelectronic
applications, like for instance solar cells, photodetectors, and light-emitting devices.® In the field of photon
detection, they exhibit strong optical absorption and, despite their polycrystalline structure when they are in
the form of a thin film, possess long carrier diffusion lengths and high tolerance to defects, which together
allow efficient charge generation and extraction. These exceptional optical and transport properties have led
to the design of devices with very high power conversion efficiency (PCE) exceeding 25%.5° However, a
comprehensive understanding of charge transport and recombination at the microscale remains essential for
improving device performance and stability, particularly regarding the effects of external stresses such as
temperature elevation on material properties, which can lead to accelerated degradation and reduced
operational lifetime. In this work, we investigate the carrier diffusion length and the thermal-stress resilience
of formamidinium methylammonium lead iodide (FAqsMA1Pbls) thin films, which is a derivative of the
mixed-cation perovskite methylammonium lead iodide (MAPbls). Such material is supposed to have a better
thermal stability than the single organic cation variant MAPbI3!%! which makes it of particularly interest for

the development of stable, long-life and more efficient mixed-cation perovskite-based solar cells.

1213 which,

To determine the carrier diffusion length, we chose to use scanning photocurrent (PC) microscopy
unlike other optical techniques such as time-resolved photoluminescence (TRP), provides a direct and
spatially resolved measurement of carrier diffusion in planar device geometries. Although it does not
replicate the vertical architecture of real solar cells, it allows to directly infer the diffusion length from the
spatial variations of PC and reveals local differences linked to eventual structural or electronic
inhomogeneities, even in apparently homogeneous films. In addition, since PC relies on local excitation with
a tightly focused laser beam, photon absorption also generates a spatially resolved photoluminescence
signal (PL). Simultaneous measurement of PC and PL therefore provides complementary information on

charge carriers, distinguishing between those that diffuse and contribute to the photocurrent and those that

recombine radiatively, thereby adding an extra dimension to the analysis.

From the PC maps, we will first determine the carrier diffusion length of FAqsMAg.1Pbls at room temperature
in a planar device configuration with Au electrodes, which form two equivalent junctions. The PC images will
then be analyzed as a function of modulation frequency, applied bias across the double-junction structure,
temperature, and controlled degradation induced by a high-power laser spot. In conjunction with PL
measurements, this approach will provide comprehensive insights into the material’s stability under stress

conditions.



Il. EXPERIMENTAL METHODS

FAo9MA 1Pbls film was synthesized on top of a glass substrate via a two-step method in an N,-filled glove
box, in accordance with our previous work.?° 1.5M Pbl, was dissolved in anhydrous DMF/DMSO (9:1, v/v)
under stirring and spin-coated onto the glass substrate at 1500 rpm for 30s, followed by annealing at 70°C
for 1 min. After cooling to room temperature, a second precursor solution of FAI:MAL:MACI =
90mg:9mg:9mg in 1 mL IPA was spin-coated at 2000 rpm for 30s onto the Pbl; film and then annealed at
150°C for 15 min to form the homogeneous perovskite layer. The gold electrodes with channel widths of 50

pum and 20 um were thermally evaporated through a shadow mask.

The experimental setup for combined PC-PL is shown in Fig. 1a. It is basically derived from a homemade near
and far-field multipurpose scanning microscope.?¥?? The sample is mounted on a Peltier heating device
equipped with a Pt100 resistance temperature sensor for temperature monitoring. The Peltier element is
controlled by a Belektronig BTC temperature controller to regulate the sample temperature. The assembly is
positioned on a piezoelectric XYZ translation stage (Nanocube, Physik Instrumente) for precise spatial
scanning. The setup is integrated into an optical microscope (Olympus BH2) and illuminated by a focused
447 nm laser beam (Coherent Bioray) through a high numerical aperture (NA) objective (Olympus LMPlanFL
x100, NA = 0.8), producing a ~ 1 um wide excitation spot. To increase the sensitivity of the PC and PL
measurements, the laser intensity is modulated. Both signals are simultaneously recorded using two lock-in
amplifiers (EG&G Instruments Model 7260), with PL detection performed by a photomultiplier tube
(Hamamatsu Photonics). The scanning through the stage motion and the signal acquisition are synchronized
by a custom LabVIEW program to obtain spatially resolved PC and PL maps. For the experiments presented
in the next section, the laser power was kept at a minimum value (specified later in the text) in order to
avoid heating the material and create thermoelectric effect. An optical image of the junction with the
focused laser spot is shown in Fig. 1b. For electrical measurements, the gold pads were connected either to a
Keithley 2612B source measurement unit (SMU) to perform I(V) curves, either to a power supply (Tektronix
PWS4305) placed in series with the lock-in amplifier to apply a bias to the junction (Fig. 1a) during the scans.
One-sun illumination was provided by a class ABB (ASTM E927-10) Newport LCS-100 solar simulator with an
AM 1.5G filter.

11l. RESULTS AND DISCUSSION

Figure 1c and 1d show the I(V) characteristics of the device, measured in the dark and under illumination.
The nonlinear response indicates that the structure does not behave as an ohmic contact, but rather as a
back-to-back Schottky junction, with each Au/ FA;9sMAg1Pbls interface acting as a single rectifying contact.

This behavior is consistent with the well-studied Au/MAPbIs interface, known to form an n-type Schottky
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junction (see Figure 1e) where the Au work function (~ 5.1 eV) induces upward band bending and an
electron-injection barrier at the interface.?®?> Under illumination, the current increases significantly and
exhibits a clear photovoltaic response, confirming efficient photogeneration and separation of charge

carriers within the perovskite layer.
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Figure 1: Experimental setup (a); optical micrograph of the junction (b); current—voltage characteristics
measured in the dark (c) and under 1-sun illumination (d); schematic representation of the back-to-back

Schottky junction (e).

Figure 2 displays the PC and PL maps of two devices of different geometry at zero bias. The samples, further
referred as samples A and B, have a junction width of 50 um and 20 um respectively. The incident laser
power was around 5 pW, focused on a ~1 um wide spot, for both samples, with a laser intensity-modulated
at 1530 Hz for sample A and 731 Hz for sample B. The PL maps follow the sample geometry, showing strong
emission from the perovskite region and no signal from the Au pads. In contrast, the PC maps reveal two
asymmetric regions, with a positive photocurrent on one side and a negative photocurrent of similar

amplitude on the opposite side. The reversed current sign measured near the two metal contacts is due to
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the definition of one of the current flow directions as positive. The maximum photocurrent (positive or
negative) appears near the metal contacts and vanishes near the center of the junction. This antisymmetric
pattern is typical of PC measurements and has been previously reported for various systems, including
carbon nanotubes,'? graphene transistors,'* nanowire FETs,’®?® PbSe quantum-dot FETs,'® and perovskite
thin films.?*2 Upon local illumination, electron—hole pairs are generated and diffuse within the perovskite
layer. When excitation occurs close to a contact, one type of carrier is preferentially driven toward the
electrode by the local built-in field, giving rise to a measurable current. Illumination near the opposite
electrode produces a current of opposite polarity, consistent with the device symmetry. In our case, the
photocurrent is negative near the pad connected to the positive terminal of the amperemeter and positive
on the opposite side, indicating that electrons are collected at the Au contacts and possibly associated with

upward band bending at the Au/FAosMA 1Pbls interfaces (Figure 1e).
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Figure 2: Photocurrent maps (in nA) of two different junctions [(a) and (b)] and corresponding
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photoluminescence maps [(f) and (j)]. Panels (c), (d), and (e) show experimental cross-sections (red dotted
lines) extracted from the photocurrent map in (a), together with the corresponding fits (black solid lines).

Panels (g), (h), and (i) show the same analysis for the photocurrent map in (b).



Figure 2 shows the PC cross-sections of the two devices extracted from various directions, between the
electrodes (cross-section 3), and in directions perpendicular to the junction (cross-sections 1 and 2).
Although built-in fields may exist near the Au/perovskite interfaces, their spatial extent is assumed to be
much smaller than the scanned distances. The photocurrent decay is therefore considered to be dominated
by carrier diffusion in the present analysis. As mentioned previously, after the photogeneration, the
electrons and holes can move in the layer, in a simple diffusive way since there is no bias. If the carriers do
not find an obstacle and do not recombine, they can travel toward an electrode, be collected and create the
current. The PC signal decreases exponentially when the distance between the electrode and the generation

zone increases, like the equation: }4*°

Ipc =1Ip-e 2 (1)

where x is the distance to the electrode, A is the minority carrier diffusion length equaled to VDt where D is
the diffusion constant and 1 is the carrier lifetime, and Ip is a constant that depends on the amount of
carriers that have been photogenerated. Since there are two electrodes, if the electrodes are close to each

other, then between them, we can extrapolate and approximate the current that flows in the circuit as:

lx+x0] lx=x0l

IPC =12_11 =10'[e K —e A (2)

Here, |; and |, are the photocurrent generated in each electrode, xo denotes the distance between the device
center and the electrodes and x denotes the distance between the illumination spot and the device center.
At the center of the junction (x = 0), the net photocurrent is zero, because the contributions from both
electrodes cancel each other. For the junctions shown in Fig.2, we extracted the carrier diffusion length by
fitting the PC profiles between the electrodes using equation (2) and outside the electrodes using equation
(1). From these fits (black lines in Fig. 2c-e and Fig. 2g-i), we obtain diffusion lengths ranging between 6 um
and 10 um for all investigated samples, depending on the junction geometry and on the sample growth
conditions that can vary from one batch to another. The uncertainty due to the fit itself is also given and is
smaller than 0.2 um in the analyzed samples. Table 1 summarizes diffusion lengths A reported found in the
literature for similar perovskite materials. These are widely dispersed, spanning from about 1 pum in
polycrystalline thin films to several tens of micrometers in single crystals. The diffusion lengths measured
here on FA;9MA..1Pbls are comparable to those reported for MAPbl; and MAPbI;Cly, indicating that partial

substitution of MA by FA does not significantly affect the electrical transport properties of these structures.

The measurements were performed using a modulated laser excitation at a frequency of 1531 Hz for sample
A and 731 Hz for sample B. We verified that the modulation frequency has no measurable influence on

either the amplitude of the photocurrent or the extracted diffusion length. The difference in photocurrent



amplitude observed between samples A and B mainly arises from differences in device geometry (electrode
size and junction width) and from the fact that the samples were fabricated in different batches, which can
affect light absorption efficiency and overall photoresponse. To further assess the influence of the
modulation frequency, we measured the photocurrent amplitude as a function of frequency. The
corresponding data are presented in Fig. S1 of the Supplementary Material and show no significant variation
over the investigated frequency range. This behavior indicates that the measured PC is not dominated by a
photothermoelectric contribution. Indeed, local laser heating could, in principle, generate temperature
gradients and induce thermoelectric currents that affect carrier transport. However, as discussed in Ref. 45,
such photothermoelectric effects are frequency-dependent, since heat dissipation and thermal diffusion
vary with modulation frequency. In that case, the PC amplitude would be expected to decrease with
increasing frequency, which is not observed here. We therefore conclude that the measured signal

originates from the intrinsic diffusion of photogenerated carriers in the material, under zero applied bias.

Material Form Method Diffusion  |Reference
length (um)
CHsNH3Pbl; Thin film [PL Quenching, Time-resolved PL 0.1-0.12 Shrank et al*®
CHsNHsPbls,Cly [Thin film [PL Quenching, Time-resolved PL 1-1.2 Shrank et al*®
CHsNH3sPbls Thin film |Transient THz spectroscopy (TTS), 1 Wehrenfennig et al*!
Time-resolved  terahertz  spectroscopy
(TRTS)
CH3NHsPbls4Clx  [Thin film |[TTS, TRTS 2-3 Wehrenfennig et al*!
CHsNH3sPbls Thin film |Transient absorption microscopy (TAM) 1.2 Guo et al*?
CH3NHsPbls SC Transient photovoltage (TPV) >175 Dong et al*
Impedance Spectroscopy (IS)
CH3NHsPbls NWSs/NPs [Time resolved, PL Imaging 14 Tian et al*
CH3NHsPbBr3 NWSs/NPs [Time resolved, PL Imaging 6 Tian et al*
CHsNHsPbls NWs/NPs [SPCM 21 Xiao et al®®
CHsNH3sPbls Thin film [SPCM 10 Liu et al*®
CHsNHsPbls SC SPCM 10-28 (e-) |Semonin et al®*®
Time-resolved microwave conductivity|27-65 (h+)
(TRMC)
CH3NH3Pbls; Thin film /|Surface Photovoltage (SPV) 0.2-15.5 Dittrich et al*’
= powder
< CH3NHsPbls Thin film |[Femto four wave mixing (FWM) 0.95 Webber et al*®
@ CHsNH3sPbls Thin film [SPCM 50 Kim et al*®
= CH3NH3Pbl3,Clx [Thin film |SPCM 8.5 Kim et al?®
(A CH3NHsPbBrs  [SC-MC  |Two-photons SPCM 7.5 Yang et al*®
CH3NH;3Pbls SC SPCM 10-25 Shrestha et al*’
CH3NH;3Pbls SC SPCM 10-200 McClintock et al*
FACsPbls Thin film |Laser-illuminated microwave microscopy|3-5 Ma et al*
(LMIM)
CH3NH;3Pbls 2D perov |SPCM 7-18 Shrestha et al®
GAFAPbI3 SC I(V) on variable thicknesses 600 Lv et al*?
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CH3NHsPbls Thin SC  [Time of flight (TOF) 82.7 Liu et al®®
Space-Charged limited current (SPLC)
Photoconductivity

FACsPbl; Thin film [TAM 0.7-1.4 Xie et al*

Table 1: Diffusion lengths reported in the literature for single- and mixed-cation perovskites, together with

the corresponding measurement techniques. NW = nanowires, NP = nanoplates, SC = single crystals.
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Figure 3: Photocurrent maps (in nA) of a junction acquired at different biases Vqppi [(a)—(g)] and corresponding
photoluminescence maps [(h)—(n)]. Panel (o) shows cross-sections extracted from the photocurrent maps

along the white dashed line indicated in (a). The image size is 90 um x 90 um.

We next applied an external bias Vg to the junction. In this configuration, charge carriers are drifted by the
external electric field, and the two electrodes are no longer electrically equivalent. Figures 3a—g and 3h—n
show the photocurrent and photoluminescence maps, respectively, recorded as a function of the applied
bias, ranging from -0.8 V to +0.8 V. The device has a geometry similar to that of sample B. At zero bias, the
PC map exhibits an almost perfect antisymmetry (due to the positive definition of the current flow direction)

with respect to the center of the junction. Upon applying a bias, this antisymmetry is progressively broken,
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and photogenerated carriers are preferentially driven toward one side of the junction, depending on the
polarity of the applied voltage. As the bias increases, the electric field across the junction becomes stronger,
leading to a corresponding increase in the photocurrent amplitude. This behavior is consistent with previous
observations reported in Refs. 26 and 27. At applied voltages of 0.8 V, the photocurrent reaches values
exceeding £50 nA, which is approximately an order of magnitude larger than the maximum photocurrent
measured at zero bias (Figure 30). In this regime, drift transport adds to, and eventually dominates over, the
natural diffusion of carriers. In contrast, the simultaneously acquired PL maps do not show any noticeable
changes over the entire range of applied biases. This indicates that neither the radiative recombination of
photogenerated carriers nor their overall recombination dynamics are significantly affected by the applied

electric field, despite the strong enhancement of carrier drift.
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Figure 4: Photocurrent maps (in nA) [(a)—(f)] and corresponding photoluminescence maps [(g)—(l)] of a
junction acquired at different temperatures and times. Insets show cross-sections extracted from the
photocurrent images, with experimental data (cyan curves) and fits using Eq. (2) (green curves). The image
size is 50 um x 50 um. The extracted diffusion lengths A are indicated at the top of each image. Panel (m)

shows the evolution of the diffusion length as a function of time and temperature.

The previous bias-dependent study, which required several hours of scanning, demonstrated that the
junctions did not degrade over such time, nor under low laser excitation power, nor upon application of an
external electric field. We next investigated the influence of temperature on the PC and PL maps. A junction
with geometry similar to previous samples was mounted on a Peltier stage under the microscope and heated
to 50 °C and 75 °C. These temperatures are low enough to preserve the structural integrity of the material,
while being sufficiently high to noticeably affect its electronic transport properties and carrier dynamics. The
corresponding PC and PL maps are presented in Fig. 4(a—f) and Fig. 4(g-I), respectively. During this series of
experiments, care was taken to ensure that the measurement conditions were the same, particularly
regarding laser focusing and unwanted thermal drift. At all temperatures, the antisymmetric shape of the
SPCM maps is preserved, with positive and negative photocurrent signals collected on opposite electrodes.
The main differences appear in the photocurrent cross-sections and in the corresponding fits. The extracted
diffusion length A decreases from 6.7 = 0.2 um at room temperature (25 °C) to approximately 2.5 + 0.3 um at
75 °C (Figure 4a-c). This reduction can be attributed to a decrease in charge-carrier mobility and to the
activation of temporary trap states that shorten the carrier lifetime.*® This behavior is consistent with the

results of Milot et al.,*®

who reported a decrease in both mobility and diffusion length in MAPbIs, from about
2.5 um at 22 °C to 1.2 um at 67 °C. In the present case, a comparable reduction in diffusion length is

observed for FAqsMAg 1Pbls over a similar temperature range.

To evaluate the temporal stability at elevated temperature, the sample was maintained at 75 °C and the PC
and PL maps were recorded again after one hour and then after two hours. As shown in Fig. 4c-e, the
extracted diffusion length remains identical, with values close to 2.5 um, even under prolonged exposure at
75 °C. In contrast, a decrease in the maximum PC amplitude, together with a reduction in PL intensity, is
observed between the first scan at 75 °C and subsequent scans at the same temperature (Figure 4c-e and 4i-
k). Both the PC and PL intensity are reduced by approximately a factor of two, indicating the onset of
thermal degradation and bleaching of the material. This decrease in radiative recombination and current
generation is also accompanied by the appearance of darker localized regions within the junction. Finally,
the sample was cooled back down to room temperature, and the PL and PC maps were measured again
(Figure 4f and 4i). Remarkably, both the PC and the PL maximum values are recovered and the diffusion

length returns to a value of about 6.5 + 0.6 um, close to its initial value (Figure 4m). These observations, and

10



AlIP
é/_. Publishing

particularly the recovery of the initial properties, indicate that FAqsMAg1Pbls is relatively robust against
moderate thermal stress, even after a prolonged exposure at 75°C, despite a temporary decrease of the
optical and electrical response. Such behavior is consistent with previous reports showing that MA-poor or
MA-free compositions, such as pure FAPbIs or Cs-stabilized FA-based perovskites, exhibit improved thermal
and structural stability under comparable conditions.*” In particular, FA cations have been shown to be more
resilient to thermal degradation, and although decomposition processes may occur,®® they are largely

reversible when the temperature remains below approximately 95 °C, as is the case in this study.
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Figure 5: Photoluminescence [(a), (c)] and corresponding photocurrent [(b), (d)] maps of a junction after local
illumination with a focused laser beam. The dark spots indicate the regions of local illumination. Cross-
sections extracted from the images are shown in (e). Dotted and solid lines correspond to PL and PC signals

before and after illumination, respectively.
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Naturally, this robustness has limits. To probe these limits, we performed local high-power laser illumination
experiments. The results are summarized in Fig. 5 (see Figure S2 of the supplementary materials for more
details). A localized region of the junction, between the electrodes, was illuminated for 8 min at
progressively increasing laser power densities: 0.06 mW/um? (zone 1), 0.34 mW/um? (zone 2), 0.61
mW/um? (zone 3), and 0.89 mW/um? (zone 4). After this exposure, a low-power scan (5 pW/um?) was
performed to assess the impact of the local illumination (Fig. 5a-d). As evidenced in the maps, zoomed
images, and cross-sections, both the PL and PC signals are locally altered, with damage becoming more
pronounced as the laser power density increases. A detailed identification of the degradation mechanisms
would require local structural and chemical analyses (e.g., X-ray or spectroscopic probes), which are not
accessible at the spatial scale of these experiments. However, extensive studies on larger areas have shown
that, in MAPbIs, prolonged illumination, especially under UV or blue light, induces degradation through
progressive material dissociation, leading to the formation of Pbl, grains or needles and volatile organic
species.*>? Similar degradation pathways are likely to be operative in FA;sMAo1Pbls under intense local

illumination.

IV. SUMMARY AND CONCLUSION

In this work, we investigated charge-carrier transport and thermal-stress resilience in FA99MA 1Pbls thin
films using scanning photocurrent microscopy combined with simultaneous photoluminescence mapping. At
room temperature, carrier diffusion lengths ranging from 6 to 10 um were extracted, comparable to those
reported for MAPbI; - based perovskites, indicating that partial substitution of MA by FA does not
significantly alter transport properties. Bias-dependent measurements show a transition from diffusion-
dominated to drift-dominated transport without affecting radiative recombination and with an excellent
stability with time. Upon increasing the temperature up to 75 °C, the diffusion length decreases to 2.5 um,
consistent with reduced mobility and shorter carrier lifetimes, in agreement with literature. Importantly,
despite a temporary reduction in photocurrent and photoluminescence intensity at elevated temperature,
the diffusion length fully recovers its value upon cooling back to room temperature. These results
demonstrate the robustness and good reversibility of the optical and electrical transport properties of
FAosMAo 1Pbls under moderate thermal stress, while high-power local illumination reveals the limits of this

stability through irreversible degradation.

SUPPLEMENTARY MATERIAL SECTION

12



More information on the preparation of the perovskite sample, the frequency dependence of the
photocurrent maps, and the analysis of the laser-induced degradation are given in the supplementary

material.
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