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Abstract

In this work, the ion migration in different perovskite solar cells is examined using Transient lon-Drift, since
ion migration is frequently related to long-term stability issues. A 3D hybrid organic-inorganic perovskite
solar cell is used as a reference device to compare with 2D/3D perovskite systems. These 2D/3D systems
consist of bulk 3D perovskite, with a small 2D perovskite layer between the hole transport layer and the
bulk 3D perovskite. The 2D perovskite layers are known to enhance the long-term stability of perovskite
solar cells, a key issue for large-scale perovskite solar cell application. However, there is only limited
knowledge on how the ion migration is influenced by this layer. To study this, we use three different 2D/3D
systems, based on different supramolecular interactions of the organic spacers: PhenEthylAmmonium
(PEA), pentaFluorophenEthylAmmonium (FEA) and mixed PEA/FEA spacers. To quantify the ion migration
in these 2D/3D systems and the reference 3D system, we use TID spectroscopy, which is a capacitance-
based technique used in semiconductor devices.

We find that the same three processes occur in all four examined systems. The first process is attributed
to the migration of iodide and this process is decreased in the 2D/3D systems containing PEA spacers. This
decrease in ion migration is expressed in a higher activation energy for migration and in a reduced
concentration of mobile ions. The second process is constant across all devices and requires more
investigation towards assignment as migration of ions or as a trapping effect. The last process is likely due
to an interface effect at TiO; and is also found to be relatively constant throughout all of the measured
devices. Since two out of three processes remain constant, the increased stability in 2D/3D systems
appears to be caused by the reduction of iodide migration, likely in combination with another mechanism
not related to ion migration. This work thus allows us to assign and quantify the reduced iodide migration
in PEA-based 2D/3D systems, opening a pathway to further mechanistic studies.
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Introduction

Climate change is one of the most serious issues in our society, anthropogenic emission of greenhouse
gases causes the globe to warm up faster than in natural climate cycles.? The majority of these emissions
are related to fossil fuel combustion for energy.? This energy could instead be harnessed from sustainable
sources, such as the sun, which annually provides enough energy to cover the global energy consumption
40.000 times.* However, the share of photovoltaic electricity remains limited, with only ~1% of the global
energy market generated by photovoltaics in 2019.°> While silicon-based PhotoVoltaics (PV) have shown
gradual growth in technological aspects and economic feasibility, more flexible technology with higher
efficiencies can be uncovered by exploring alternative technologies.®’

Perovskite solar cells

Perovskite solar cells have gained significant attention over the past years, as they are excellent and
tuneable absorber materials, quickly resulting in cells with Power Conversion Efficiencies (PCE) of up to
25.2%.%° Since perovskite solar cells can be made in a low-temperature, solution-based process, there is
significant potential for low-cost fabrication, further enhancing economic feasibility. Such perovskite
materials have an ABX; structure (Figure 1), where B is a divalent cation, surrounded by 6 anions (X3) to
form a corner-sharing octahedral structure.

Figure 1 - Perovskite ABXsstructure, A and B are cations, X is an anion. Reproduced from Alchetron.®

The A-site is another cation, which is positioned in the cavities between the octahedra. There is a
significant range of ions that can be used to form a perovskite, allowing for tunability of opto-electronic
properties, such as the bandgap.!! Since perovskites have a large defect tolerance, forming the structure
is relatively straightforward.>!3 The bonds in perovskites are partially ionic and partially covalent, resulting
in a relatively unique feature: the perovskite semiconductors have both electronic and ionic conductivity.'
Methylammonium lead triiodide (MAPDbIs) is a well-studied perovskite material with a sharp absorption
edge, high absorption coefficient, long carrier lifetimes and a large carrier diffusion length. MAPblI; is
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therefore commonly used as a prototypical perovskite material.X> MAPbls is easily altered by changing the
composition; many dopants can be added, different halides can be used, both pure halide (Cl, Br, I) and
mixed-halide perovskites are viable.'® Due to the tunability of the bandgap, perovskites can be tailored to
match the absorption spectra of other types of solar cells, making them a promising candidate for tandem
applications. However, the stability of perovskite solar cells remains a major challenge.?”

Stability and ion migration

For real-world application, solar cells need to be stable for 20-25 years, which is not yet the case for
perovskite solar cells. The soft ionic nature of perovskites causes extreme sensitivity to external factors,
such as moisture and oxygen, which can be alleviated by proper encapsulation.'® However, the soft crystal
structure itself also results in complex internal events that can be related to instability. Indeed, the soft
crystal structure induces crystal defects and their concentration depends on fabrication and utilisation of
the perovskite.!® These imperfections in the crystal lattice result in the formation of electronic trap states
and allow movement of ions, resulting in complex dynamic properties of perovskite solar cells under light-
operation or electronic bias. This movement of ions in the perovskite ABXs structure is called ion migration
and is related to long-term degradation and reduced efficiency during operation. This phenomenon can
be mediated by vacancies, interstitials or antisite substitutions (Figure 2).

Vacancy mediated Interstitial mediated Antisite substitution

Figure 2 — lon migration pathways in perovskite solar cells. a) vacancy-mediated, b) interstitial-mediated
and c) antisite substitution

While both the anions and the cations can migrate in MAPbIs, the activation energies (Ea) differ for each
ion, with a wide range of reported values: 0.08-0.58 eV for iodide, 0.46-1.12 eV for methylammonium
and 0.80-2.31 eV for lead.?>"?* . However, both experimental and simulated experiments result in the same
trend in activation energies: | has the lowest barrier, followed by MA*, and Pb?* has the highest Ex for ion
migration. Since the activation energy of Pb% is relatively high, most practical cases only consider the
migration of I'and MA®*.

During device operation, ions migrate towards the charge-extraction interface, causing accumulation,
which induces a change in the internal electric field and in the effective work functions of the transport
layers.?> Both of these effects can cause a reduced efficiency in the solar cell, by reducing the charge
extraction rates. Besides accumulation at the interface, penetration in the transport layers has been
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observed. Indeed, both MA*and I can enter these layers, causing chemical reactions that prevent charge
extraction and causing disorder of the structure in the layer, severely reducing conductivity, and thus the
PCE.26'27

lon migration also causes stability issues in the bulk of the perovskite, a typical example occurs in mixed-
halide perovskites, as these suffer from phase segregation during illumination.?2° The initially well-mixed
bromide and iodide content migrate to form iodide-rich and bromide-rich regions, which changes the
absorption bands significantly. Moreover, the iodide-rich regions have a lower Helmholtz energy under
illumination than bromide-rich regions, which causes the iodide-rich regions to act as an electron trap.
This effect is confirmed experimentally: the photoluminescence yield of previously well-mixed perovskite
material shifts to more characteristic iodide peaks after illumination.?

2D perovskite solar cells

Efforts have been made to circumvent the undesired effects of ion migration. One of these approaches is
the development of novel 2D perovskite layers, which are separated by organic spacer molecules as seen
in Figure 3. In such structures, some of the small A-site cations of the perovskite are replaced by larger
organic cations. Depending on the amount of organic spacer, the perovskite forms 2D-structures with a
different value for n, with n representing the amount of octahedral perovskite sheets that are found
between the organic spacer cations.?® n = 1 thus represents one layer of octahedral perovskite separated
by organic spacers, n = 2 two layers of octahedral perovskite and n = o= represents 3D perovskite.

&

A\
Hy

SLLOOOD:

e

3 H3 NH3 NH3 NHaNHa Hy

Figure 3 — Simplified depiction of 2D perovskite structure (n=1), here PhenEthylAmmonium (PEA) is used,
note that a range of spacers can be used.

There are strong indications for reduced ion migration in full 2D perovskite systems. One study compared
the conductivity of 2D (n = 4) and 3D perovskite systems over a temperature range. In the 3D system, ionic
conductivity started dominating at temperatures above 260 K, resulting in a change of the slope in the
temperature-conductivity plot. In the 2D system, there was no change in slope at all, attributed to the
absence of any ionic conductivity and thus suppressed ion migration.3!

Reduced ion migration was also observed in 2D structures by examining phase-separated films. Two
separate perovskite films with pure MAPbl; and MAPbBr; were physically connected and treated thermally
(23-140 °C for 60-120 minutes). To track the halide migration, absorption spectra were recorded. While
mixing of the bromide and iodide halides was observed for n=10, n=6 and n=1, the kinetics of this halide
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interchange were altered by changing the value of n. By plotting the rate against the annealing
temperature, Arrhenius plots were obtained, revealing the n-dependent activation energies of ion
migration (53.5 kJ/mole for n=e< (3D), 58 kJ/mole for n=10, 67 kJ/mole for n=6, 71.5 kl/mole for n=1).3233
This trend further confirms that ion migration is reduced, or even suppressed in 2D perovskite layers.
However, the 2D perovskites have a major downside; the PCE in 2D devices is significantly lower than their
corresponding 3D systems. Although relatively high PCEs have been achieved (>15%) in 2D systems
through crystallisation control growth perpendicular to the substrate, most PCEs achieved so far are well
below their 3D perovskite equivalents.?*

2D/3D perovskite solar cells

Another approach to reduce ion migration and interface penetration while retaining high PCE is based on
the combination of 2D perovskites and 3D perovskite. In such 2D/3D systems, the bulk of the perovskite is
a 3D layer, which is only covered with a fraction of 2D perovskite between the interface and the 3D
perovskite (Figure 4).%°

Transport layer
>
V%4

oiplpinlnininin,
N NN NN NN
BEBEEEEEL | .
BESEEEEE

Figure 4 — Simplified depiction of a 2D/3D system, the bulk 3D perovskite system and the charge
extraction layer are separated by a 2D perovskite layer, here depicted with PEA as organic spacer.

Such 2D/3D systems greatly increase the operational stability of perovskite solar cells. One example of
these systems retained its PCE of >11% for >10,000h of testing under standard conditions.3> Another
2D/3D system resulted in enhanced hole extraction and suppressed non-radiative recombination. This
system has a PCE of over 22% and 90% PCE retention after 1000h of unsealed, humid, conditions under
simulated solar radiation.3® We thus focus our study on such 2D/3D perovskite systems, to benefit from
their complementary benefits in high efficiency and stability.
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Supramolecular design principles in 2D/3D perovskites

Similar to regular 2D systems, a range of organic spacers can be used. The efficacy of the spacers is thought
to be determined by their intermolecular interaction: a stronger interaction between the molecules should
facilitate a better packing, with fewer defects. To facilitate this, supramolecular design principles were
applied, which will be discussed below. In this work, spacer molecules based on mnt-itinteractions were used
(Figure 5): PhenEthylAmmonium (PEA) and pentaFluorophenEthylAmmonium (FEA).*” Both of these
molecules have an aromatic ring for supramolecular interactions and an ethylammonium group to
facilitate conformational freedom while coordinating to the perovskite octahedra. The fluorine atoms
remove electron density from the aromatic ring in the FEA system.

® i ®
© NH; ! © NH;
F F
F F
i F

PEAI FEAI

Figure 5 — The organic spacers used in this work and their respective electron density maps, red
represents a high electron density, blue represents a low density. PhenEthylAmmonium lodide (PEAI) is
shown on the left and pentaFluorophenEthylAmmonium lodide (FEAI) on the right. Electron density maps
reproduced from M. Weber.3®

In a pure PEA-based system, there is t-mtinteraction between the aromatic rings (Figure 6), but the electron
density is focussed on the centre of the ring, causing electron repulsion and thus decreasing the bond
energy of the supramolecular bond. T-shaped stacking (Figure 6) is not possible for PEA, since the orbitals
with a relatively low electron density are the in plane of the C-H bond and thus not available for electron
donation from the aromatic ring from another PEA molecule.

In a pure FEA-based system, there could also be n-1t interaction between the aromatic rings, but again,
there is no favourable electron attraction; in these systemes, it is more favourable to have T-shaped stacking
(Figure 6). T-shaped stacking in this case is the interaction between one of the F-atoms, with a high electron
density in outward pointing orbitals, and the ring of another FEA molecule, which has a relatively low
electron density.

In the mixed scenario, the FEA and PEA can alternate to facilitate a favourable match of both the m-orbitals
and the electron densities. Similar to pure PEA, the molecules are ni-it stacked, but now there is electron
attraction instead of repulsion due to the different electron densities in the aromatic rings. An example of
this supramolecular interaction can be demonstrated by mixing the liquids hexafluorobenzene and 1,3,5-
trimethylbenzene, strongly resembling FEA and PEA, respectively. The two liquids are mixed and the two
molecules start alternating, facilitating a match of both the m-orbitals and the electron density. This
intramolecular coordination is strong enough to result in a crystalline solid with a melting point of 34 °C.>®
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Figure 6 — Supramolecular interactions discussed in this work, a) rt-it interaction, b) T-shaped stacking.

To measure the influence these design principles have on the ion migration, four types of systems (Figure
7), will be studied: 1) a reference 3D device 2) a 2D/3D system with PEA as spacer, 3) a 2D/3D system with
FEA as spacer and 4) a 2D/3D system with mixed FEA/PEA (50:50 molar ratio).

Reference 3D PEA FEA Mixed FEA/PEA
Gold Gold Gold
Gold / | Spiro-OmeTAD (HTL) Spiro-OmeTAD (HTL | Spiro-OmeTAD (HTL)
| Spiro-OmeTAD (HTL) | 2D spacer PEA | 2D spacer mixed PEA/FEA
3D — MAPb(ly g5Bro,05)s 3D — MAPb(lg 95Bro,os)s 3D — MAPb(lg 95Bro 05)3 3D — MAPb(l5,95Bro,0s)3

M-TiO, (ETL) M-TiO, (ETL) M-TiO, (ETL) M-TiO, (ETL)
| C-TiO, | C-TiO, | C-TiO, | C-TiO,
[ FTO [ FTO [ FTO [ FTO

Figure 7 — In these n-i-p device architectures, the 3D perovskite is covered with an Electron Transport
Layer (ETL) consisting of C-TiO, and M-TiO,, and a Hole Transport Layer (HTL) consisting of Spiro-
OmeTAD. The electrodes are FTO and gold. The three 2D/3D systems have a 2D perovskite layer present
between the bulk 3D perovskite and the HTL.

lon migration measurements

To gain insights in the ion migration in the 2D/3D devices, several techniques can be considered.
Impedance spectroscopy, galvanostatic measurements and photothermal induced resonance microscopy
all shed light on ion migration pathways.”> However, it remains challenging to distinguish different
processes and quantify these. This is where Transient lon-Drift (TID) provides a powerful tool for
understanding the ion migration pathways, as it can differentiate ions and processes occurring on different
timescales. TID also allows the extraction of the activation energy for migration (Ea), the concentration of
mobile ions (Nion) and the diffusion coefficient of the ions (D).*° The goal of this work is thus to perform
TID measurement to gain insights in the ion migration mechanisms in 2D/3D systems compared to 3D
systems and to determine the significance of the supramolecular design principles in the 2D layer.
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Methods

Device fabrication

Devices were fabricated by Anwar Alanazi at Ecole Polytechnique fédérale de Lausanne (EPFL),
Switzerland, according to previously published procedures.?®*! The n-i-p device architecture is shown in
Figure 7, where the HTL is Spiro-OmeTAD and the ETL is M-TiO; on C-TiO;. The perovskite composition is
MAPDb(l50.95Br<0.05)3, the perovskite film thickness is between 400 and 500 nm.

Electrical measurements

For each of these measurements, two reference 3D cells and six 2D/3D systems (2x PEA, 2x FEA, 2x mixed
PEA/FEA) were measured. We performed all measurements in this work in the dark, using a commercially
available DLTS setup from Semetrol. We loaded the samples into the cryostat inside of a nitrogen-based
glovebox to avoid any oxygen or moisture contamination. The temperature was regulated by liquid
nitrogen and an internal heating mechanism inside of the JANIS VPF-100 cryostat at pressures below
7.0x10°® mbar, resulting in an available temperature range of 77-500 K.

Thermal Admittance Spectroscopy (TAS) was recorded at Vpc = 0 from 1 Hz to 500 kHz in 100 steps, using
a 10 mV perturbation voltage. We repeated this measurement every 10 K, from 210 K up to 340 K.

We recorded Capacitance-Voltage (CV) measurements from -0.2 to 1.2 V (forwards) and 1.2 to -0.2
(backward) in steps of 0.01 V with a 10 mV, 10 kHz perturbation voltage. We performed these experiments
at 300K, 270 K, 240 K and 210 K.

We recorded Current-Voltage (IV) measurements from -0.2 to 1.2 V (forwards) and 1.2 to -0.2 (backward)
in steps of 0.01 V, both sweeps repeated with integration times of 0.01, 0.05 and 0.1 seconds per step. We
performed IV measurements at 300 K, 270 K, 240 K and 210 K.

We recorded DLTS and TID test measurement after a filling voltage pulse of 1.0 V for 1, 10, 100, 200, 500,
1000, 2000, 5000 and 10000 ms. The capacitance was measured with a 10 kHz, 10 mV perturbation voltage
every 0.5 ms, 2033 data points were collected (~1s after t=0). The data was averaged over 20 repetitions.
We performed both DLTS and TID test measurements at 300 K, 270 K, 240 K and 210 K.

We recorded TID measurements between 210 and 330 K with temperature steps of 3K. The capacitance
was measured after a 2 second filling voltage pulse with a 10 kHz, 10 mV perturbation voltage every 0.5
ms. 2033 data points were collected (~1s after t=0), the data was averaged over 20 repetitions before
moving to the next temperature. The measurements were repeated for 0.8, 1.0 and 1.2 V filling pulses.
DLTS measurements were recorded similarly to TID measurement, but with a 2 ms filling voltage pulse.
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TID — Data analysis

To quantify the ion migration processes, the TID transients were fitted to Equation 1, where AC is the
amplitude of the transient at temperature T, C(e°) is the steady-state capacitance at temperature T, ciis a
fitting parameter used to calculate the diffusion coefficient in later stages, and E, is the activation energy
of ion migration.*

t

Ean

f(X) — ACn x e cn*T*em + C(OO) Equation 1

To do so, we used scipy’s differential evolution algorithm. A differential evolution algorithm is a search
algorithm that iteratively improves candidate solutions based on a genetic process; “parent” solutions are
combined to find the next generation of improved solutions. Such algorithms make limited assumptions
about the optimisation and allow the exploration of a large parameter space in a limited timeframe.®
Since this process is stochastic in nature, the fitting process is repeated at least 10 times for each datasets
to acquire statistics on the obtained parameters, after which the solutions are filtered based on their cost
function.* The cost function is a measure of how well the fitted function matches the datasets, obtained
by taking the sum of the cost in all temperature traces. The cost per temperature trace is the mean square
sum of the difference between data and the fitted equation. As fitting the whole dataset would lead to a
cost function which is dominated by traces with higher decay amplitudes (i.e. the traces at the highest
temperatures), all temperature traces were normalised to their extreme values.

The algorithm has tuneable parameters to optimise a quick route to a reliable global fit. To increase the
likelihood of finding the global minimum, more iterations, a higher mutation factor and a lower tolerance
factor can be set, all at the expense of computational power. After the differential evolution algorithm has
found a fit, the entire procedure is repeated at least 10 times, to acquire statistics of the optimised
parameters. The high-cost solutions of the global fit are then filtered, the fitted parameters of the
remaining solutions are averaged and these average values are reported in this report.

A broad parameter range was applied throughout the entire fitting process to avoid bias. Typical
parameter ranges are shown in Table 1.

Table 1 — Parameter ranges used for fitting procedure

AC; (pF) -30to 2

G le-8to le-4
E.i(eV) 0.01to 0.3
C(=o) offset (pF) le-6to0 0.5
Tolerance factor 0.002to 0.1
Mutation factor 0.4t00.6
Cost Threshold 6 to 33

The maximum value of the activation energy for ion migration chosen here is lower than some of those
previously reported. This range was chosen due to the observation that higher activation energies did not
result in more convergence for multiple representative datasets; allowing the activation energies to
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increase up to 1.2 Vresulted in similar final values, far below 0.3 V, but this larger parameter space requires
significantly more computational power. Moreover, changing the activation energy parameter range to
0.3 — 1.5 for Ea1, Eaz and Eaz one by one also did not result in a good match between the data and the fitted
function.

Results and discussion

TID experiments require prior knowledge of the capacitive behaviour of the devices. Therefore, we
conducted some additional experiments, which will be discussed here first, then we will elaborate on the
TID theory, the TID results and finally the assignment of processes in TID to physical mechanisms in the
devices.

Thermal admittance spectroscopy — TAS

TAS is a technique where the admittance of a device is measured as a function of the frequency and
temperature. It allows us to determine the frequency of the perturbation voltage, with which the
capacitance will be measured later. The resulting frequency dependent phase angle and capacitance of a
reference 3D device are shown in Figure 8. TAS results for 2D/3D cells based on PEA, FEA and mixed
PEA/FEA are shown in the Appendix, Figure 21, Figure 22 and Figure 23, respectively. We see that all
devices have a high temperature dependency in the low-frequency regime and show a dip in the phase
angle at intermediate frequencies.

0 —
3 *y|e 210K o 280K _ 600 b
~-20 > le 220K o 290K E 500
g f-le 230K o 300K £ 400
-40 : =
& ile 240K o 310K &
w g £ 300
w d
8 -60 e 250K o 320K § 200
o °© 260K o 330K o
S 100
-80 o 270K o 340K
0 'Y
10° 10" 102 10° 10* 10° 10° 10" 10% 10® 10* 10°
Frequency (Hz) Frequency (Hz)

Figure 8 — Frequency dependent thermal admittance spectroscopy of a reference 3D device. a) The phase
angle provides an indication of the ideality of the device as a capacitor; a perfect capacitor has a phase
angle of -90°. b) The frequency dependency of the capacitance.

The phase angle describes how close the device is to an ideal capacitor; ideal capacitors have a current
phase angle of -90°, caused by charge and discharge cycles as a response to the applied perturbation
voltage (Figure 9).°
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Figure 9 — Current response to voltage pulse of an ideal capacitor, resulting in a phase angle of -90°.
Reproduced from electronics-tutorials.ws.*®

We find that for most temperatures, the lowest phase angle is around 10 kHz, we thus select this frequency
for the perturbation voltage to measure the capacitance in TID and DLTS measurements. From Figure 8b,
it is also clear that the capacitance is relatively constant around 10 kHz. This implies that the 10 mV, 10
kHz perturbation voltage will not influence the measured capacitance in TID. This allows us to measure
the capacitance change due to ionic drift instead of capacitance change due to a response to the
perturbation voltage. The capacitance in the lower frequency regime (1-10° Hz) is not constant, but highly
temperature dependent, caused by ion migration and dipole effects. The perturbation pulse here is
sufficiently slow that ions and dipoles have time to move and thus contribute to the current response to
the perturbation pulse. The higher frequency regime (>10° Hz) displays a drop in capacitance, since the
series resistance dominates the signal at these frequencies.*’ The slight discontinuities are caused by our
instrument switching resistors over which the capacitance is measured.

Capacitance Voltage measurements — CV

Capacitance-voltage measurements (Figure 10) are used for Mott-Schottky analysis. In such an analysis,
the built-in voltage and the doping density can be extracted by solving Equation 2 within the linear regime
of the CV-measurement. Here € is the permittivity of the perovskite, g is the vacuum permittivity, q is the
charge, N is the doping density, Vy; is the built-in voltage and V is the applied bias voltage.*®

c-2_ 2Uhi=V) Equation 2
al qeggN

However, Mott-Schottky analysis has limitations; there must be three distinct regimes in order to be
performed accurately: Cg, the geometric capacitance at 0 bias, Cq, the depletion capacitance and Cq, the
diffusion capacitance.*® Direct transitions from Cg to Cq are also observed for devices with a limited amount
of crystal defects, resulting in a linear, apparent Cq regime. Additionally, the relation between the minimal
doping density and the film thickness for proper Mott-Schottky analysis has been determined by
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electrostatic analysis.* For devices in this work with a film thickness around 450 nm, this results in a
minimum doping density of 101°-10%,

'\\\- \. \
—— Pr—
150 P 200
300 K 150} 270 K . 240 K
T ; i T N
<100 = W 2150 \\
£ £ 100 i c
L L L
~ ~ ~_ 100
g £ = 40. g £=38.3 g £=33.9
50 50
Vg =0.86 V Vg =0.88V 50 Vg=0.96V }
Nap=7.86x10"cm™ % N, =5.98x10"ecm™ 1} Na=8.27x10"cm™ 4 ¢
N (] S 0 N

-0.2 0.0 0.2 04 06 0.8 1.0 1.2

Bias (V)

-0.2 00 0.2 04 06 08 1.0 1.2

Bias (V)

-0.2 0.0 0.2 04 06 08 1.0 1.2

Bias (V)

Figure 10 — Capacitance-Voltage plots of a 3D reference device (forwards sweep in green, backward
sweep in blue), measured at 300, 270 and 240K, built-in voltage and doping density calculated by fitting
the linear regime to Equation 2.

As seen in Figure 10, there are two main regimes in the CV-plot, the C; at negative and low forward bias
and the Cy at high bias. There is no distinct Cq regime as described by Almora et al.*® Since there is a
transition from C; to Cy4, a small linear regime is seen, which has been fitted to Equation 2. The doping
density in the order of 10 further suggests that the doping density in these cells is too low to observe Cy
and is thus too low for proper Mott-Schottky analysis. The apparent depletion capacitance is likely
dominated by diffusion capacitance. CV results for 2D/3D cells based on PEA, FEA and mixed PEA/FEA are
shown in the appendix, Figure 24, Figure 25, and Figure 26, respectively. From these figures, it is clear that
we cannot accurately extract a doping density, as the doping density that is found from the linear fit is
below the theoretical minimum for devices with a film thickness of around 450 nm. The devices thus do
not have a sufficient carrier density for an observable electrostatic contribution.*

Transient lon-Drift — TID

TID is a method to quantify the ion migration in full solar cell devices by examining the capacitance change
over time after applying a bias voltage pulse. Here, a forward bias voltage is applied, this collapses the
built-in field and allows all the accumulated ions to redistribute homogeneously across the perovskite layer
(Figure 11). After the ions are in the new equilibrium, the voltage pulse is removed and the transient
capacitance measurement starts.* This technique can be broken down in four stages. a) The ions are
accumulated at the interface due to the internal electric field at short circuit conditions. b) A forward
voltage pulse is applied, the built-in field collapses and mobile ions start to spread homogeneously. c) The
mobile ions are now homogeneously distributed across the perovskite layer and the voltage pulse is
stopped. d) The charge carriers distribute almost instantaneously (too fast to measure in our instrument),
setting up a depletion layer and the internal electric field, causing the mobile ions to drift back to the
interfaces. The capacitance measurement starts as soon as the voltage pulse is removed and we thus
measure the capacitance change induced by the drift of mobile ions back to the interfaces due to the
internal electric field.
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Figure 11— Four stages of the TID-measurement. a) Short circuit equilibrium, ions are accumulated at the
interface. b) Forward voltage bias is applied, ions start distributing evenly throughout the perovskite
layer. c) New equilibrium is established. d) Voltage bias is removed, measurement starts and ions migrate
back to interfaces due to the internal electric field.*

The almost instantaneous redistribution of the charge carriers increase the depletion width according to
Equation 3, where € is the permittivity of the perovskite, g is the vacuum permittivity, A is the active area,
wyq is the width of the depletion layer, q is the charge, N is the doping density, Vi is the built-in voltage
and V is the applied bias voltage.*® Note that this capacitance change occurs on a timescale which is too
fast for our instrument to measure.
LAY

ar = =
Wai

Equation 3

The mobile ions in the depletion region now drift to the interfaces of the device, changing the depletion
layer width over time according to Equation 4, where Nion represents the concentration of mobile ions
within the depletion region and N represents the doping density. We assume here that the mobile ions
pose a small perturbation to the depletion layer compared to charge carriers since the concentration of
mobile ions is smaller than the doping density. Additionally, we assume that drift caused by the internal
electric field dominates thermal diffusion of the ions and that the total concentration of ions remains
constant.*

2eg,
q(N t Nion(t))

wg () = Vpi = V) Equation 4

We then assume that the internal electric field is linear within the depletion region, is unaffected by ion
migration and thus not time dependent. Therefore, we assume that the capacitance transients are only
caused by effects of mobile ions according to Equation 5. For a detailed derivation of Equation 5, see
Futscher et al.*

t
C(t) =C(0) £ AC(1—e 7) Equation 5
C(e=) is the steady-state capacitance, AC is the capacitance change caused by ion migration and the time

constant t is given by Equation 6, where kg is the Boltzmann constant, T is the temperature and D is the
diffusion coefficient.*
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_ kgTeg
~ g2DN

Equation 6

The number of mobile ions can then be found by Equation 7.%° Since we found that the doping density
cannot be accurately determined by Mott-Schottky analysis in this work, the number of mobile ions will
be expressed as a fraction of the doping density.

N;,,(T) = 2N AC(T) 1
ion = Co(D) Equation 7

The sign of the ions determines the direction of the capacitance transient; ions with the same charge as
majority carriers (cations, assuming a p-type perovskite) result in an increased capacitance over time. lons
with the same charge as minority carriers (anions) result in a decreased capacitance with time.* This is a
result of the assumption that the depletion is dominated by majority carriers. Under the assumption of a
p-type perovskite, the depletion region is depleted of positively charged holes.

Figure 12 clarifies what the influence of anions is on the depletion layer width and the capacitance. After
removing the voltage bias, the anions are homogenously distributed. Once the charge carriers have
redistributed to set up the built-in field, the remaining charge in the depletion layer is the sum of the
remaining charge carrier density and the concentration of anions (N + Nanion). Once the anions drift out of
the depletion region and accumulate at the interface, the total charge density thus reduces to only N. This
leads to an increased depletion layer width and consequently a decrease of capacitance over time (see

Equation 3).
] Wy
----------------------------------------------------------------------------------------- E¢
Ev Ev
t=0s, homogeneousdistribution t = oo, steady-state

Figure 12 — Anion migration after the voltage pulse has been removed, resulting in reduced charge in the
depletion region, an increased depletion width and thus a decrease in capacitance.
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For cations, the remaining charge in the depletion region is given by remaining charge carrier density minus
the cations (N — Ncation), Since these have an opposing sign (assuming a p-type perovskite). Once the cations
move out of the depletion region, the total charge in the depletion region thus increases, decreasing the
depletion layer width, increasing the capacitance (Figure 13).
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t=0s, homogeneousdistribution t = oo, steady-state

Figure 13 — Cation migration after the voltage pulse has been removed, resulting in an increased charge
in the depletion region, a decreased depletion width and thus an increase in capacitance.

With these TID-principles and assumptions in mind, two devices of each kind (reference 3D, 2D/3D PEA,
2D/3D FEA and 2D/3D mixed FEA+PEA) were measured, all from different batches to observe potential
batch-to-batch variations. To ensure the filling voltage was sufficient to fully collapse the depletion layer,
the measurement was performed at 0.8, 1.0 and 1.2 V (Figure 14).

The 0.8 V filling pulse was not sufficient to fully collapse the built-in field, since the capacitance decay had
not fully developed compared to transients that followed after a higher filling voltage.
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Figure 14 — Representative capacitance transients of a reference 3D device, measured after applying a
0.8, 1.0 and 1.2 V filling pulse for 2 seconds. 41 transients are plotted (210-330 K, 3 K steps) intermediate
temperatures are shown to indicate the colour scheme. A rise in capacitance indicates cation migration, a

decrease indicates anion migration. The capacitance change over time indicates the amount of mobile

ions, the thermal evolution allows extraction of Ea. Time cut off at 0.2 s to enhance visibility.
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All temperature traces display a capacitance decay over time, indicating anion migration. Two exponentials
are required to properly fit this capacitance decay at higher temperatures, implying that two physical
processes can be distinguished within the capacitance decay. At higher temperatures, a new positive
exponent starts to develop, indicating the thermal activation of migration of a positively charged moiety.
The relatively large amplitude of this positive exponent would indicate a significant amount of migration
of this species.

Comparative analysis

The TID capacitance transients of the reference 3D perovskite solar cell and the 2D/3D systems are plotted
in Figure 15. Although the transients are similar, visual comparison already indicates subtle differences in
the transients. The amount of temperature traces with the capacitance rise event changes, as well as the
slope of the rise and the decay events. The absolute value of the steady-state capacitance changes
somewhat due to small differences in dielectric permittivity and film thickness.
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Figure 15 —TID transients for all four types of devices measured within this study, all the transients were
obtained after applying a filling voltage of 1.2 V for 2 seconds. Cut off at 0.2 s for enhanced visibility.

To compare the subtle changes in the capacitance transients of all systems properly, the transients were
fitted to Equation 1 in order to extract the Ea, AC, C(=°) and the c-coefficients (more details in the Methods
section under TID — Data analysis). We found that three exponentials are required describe the data,
indicating that three physical processes can be distinguished. One capacitance rise event was identified
(R1) and two capacitance decay events were identified (D1 and D2).

The diffusion coefficient at 300 K was subsequently obtained from Equation 8 and Equation 9.

_ kpegg ‘
(e q2Nc Equation 8

Eq

D =D, * e ksT Equation 9
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Since the doping density is not known, both a lower and upper bound (10'* and 10® cm3, respectively)
were chosen to give an indication of the diffusion coefficient. The permittivity of the device was calculated
from the geometric capacitance in CV-measurements. The concentration of mobile ions was then
calculated as a fraction of the unknown doping density (see Equation 7).

Since the 0.8 V filling pulse was not sufficient to collapse the depletion region, only the obtained values
for 1.0 V and 1.2 V were used to calculate the average activation energy and diffusion coefficient (Table
2). It is possible that only a fraction of the mobile ions was drifting in the measurements with lower filling
voltage, therefore, only the values obtained for the 1.2 V filling pulse were used to calculate the average
concentration of mobile ions (Table 2). Since the doping density is unknown, the concentration of mobile
ions is presented as a percentage of the doping density.

Table 2 — Extracted parameters from fitting procedure of all devices, averaged over the experimentally
obtained values of two cells from different batches. The calculation of the diffusion coefficient is based on
the average of the lower and the upper bound of the doping density. Error bars represent the standard
deviation of the mean over two devices.

Reference 3D 2D/3D: PEA 2D/3D: FEA 2D/3D: Mixed
D D1 (cm?/s) 1.3+0.7E-8 1.4+08E-8 1.1+0.6 E-8 9.0+5.0E-9
D D2 (cm?/s) 10.0£ 6.0 E-8 1.2+09E-7 7.0+4.0E-8 44+2.6E-8
D R1 (cm?/s) 9.0+7.0E-7 1.1+09E-6 59+34E-7 1.2+ 0.8 E-6
EAD1 (eV) 0.067 £ 0.014 0.110 £ 0.005 0.064 + 0.013 0.1078 + 0.0011
EAD2 (eV) 0.134 £0.010 0.134 +0.022 0.143 £0.018 0.152 £0.018
EaR1 (eV) 0.014 £ 0.008 0.036 £ 0.015 0.035 £ 0.032 0.041 £0.034
N D1 (% of N) 64 5 25+5 54 +10 28 £13
N D2 (% of N) 41+8 19+15 15+1.6 29+8
N R1 (% of N) 155 +31 119 + 63 584 + 456 1482 + 160
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The diffusion coefficients are relatively constant throughout the different 2D/3D systems and the
reference 3D system (Figure 16), implying that the same three processes are observed in all systems. The
diffusion coefficient of the process causing the capacitance rise (R1) is orders of magnitude higher than
previously reported values for MA?, it is thus unlikely that the capacitance rise event in Figure 15 was
caused by MA* migration.* The average diffusion coefficient of the first capacitance decay process (D1) of
1.18 x 108 resembles values previously reported for halide migration, while the second capacitance decay
process (D2) has a slightly higher average diffusion coefficient of 8.35 x 108, Since the doping density
is unknown, there could be a systematic error in the diffusion coefficients reported herein. However, the
constant trend reported here would remain.

-
<
(3}

1078}

¢ D1
-7
1077} D2

2 AR B S

-9
0Reference PEA FEA Mixed
Figure 16 — Diffusion coefficients (300 K) of the mobile ions for all four systems in this work, data taken
from measurements with 1.0 V and 1.2 V filling pulses on two separate cells per system (four
measurements per data point). Error bars represent standard deviation of the mean.
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The activation energy for R1 (Figure 17) was found to increase somewhat in the 2D/3D systems compared
to the reference 3D system, but this increase has no statistical significance based on an unpaired student’s
t-test.> In such a test, the probability of the data following a normal distribution is calculated; it is used to
determine whether or not the means of two datasets are significantly different.> Therefore, the activation
energy of R1 is considered constant. However, the activation energies are roughly an order of magnitude
lower than values reported for MA* or Pb?*, further confirming that the capacitance rise events in Figure
15 are not likely an effect of migration of a cation in the perovskite.?*#

For D1, an increased activation energy of migration is observed for the 2D/3D systems containing PEA
(“PEA” and “Mixed”). This indicates that the -1t stacking of the 2D layer (Figure 6) could be affecting this
migration process. The activation energies of D1 are in the right order of magnitude for iodide migration,
although on the lower end of reported values.?>*> The activation energies for D2 match previously
reported values for iodide migration.2>*> D2 shows an apparent minor increase in activation energy for the
2D/3D systems compared to the reference 3D system. However, the difference are not statistically
significant.
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Figure 17 — Activation energies of mobile ions for all four systems in this work, data taken from
measurements with 1.0 V and 1.2 V filling pulses on two separate cells per system (four measurements
per data point). Error bars represent standard deviation of the mean.
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In Figure 18 we present the concentration of the mobile ions as a fraction of the unknown doping density.
For process R1, the concentration is higher than the doping density, which contradicts assumptions in the
TID-model and again suggests a phenomenon of a different nature, which we will discuss below. Therefore,
any trend in the concentration of R1 cannot be correlated to ion migration. The high apparent
concentration is a direct effect of the large capacitance increase compared to the steady-state capacitance
seen in Figure 15.
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Figure 18 — Mobile ion concentrations of process R1 for all four systems in this work, data taken from
measurements with a 1.2 V filling pulse on two separate cells per system (two measurements per data
point), presented as a percentage of doping density, as the actual doping density is not known. Error bars
represent standard deviation of the mean.
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For process D1, the concentration of mobile ions (Figure 19) was found to be reduced in the 2D/3D system
containing PEA and the system containing mixed PEA/FEA, compared to the reference 3D. Similar to the
previously discussed activation energies, these are the systems where the molecules in the 2D-layer have
a sandwich-like orientation (Figure 6) based on - it stacking. The concentration of mobile ions in the FEA
system was also found stay constant relative to the reference 3D system. The apparent decrease is not
statistically significant based on a student’s t-test.

For D2, the concentration of mobile ions (Figure 19) remains rather constant compared to the reference
3D systems, the apparent change is not statistically significant based on a student’s t-test. We thus
consider the concentration D2 to be constant throughout the measured devices.
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Figure 19 — Mobile ion concentrations for process D1 and D2 for all four systems in this work, data taken
from measurements with a 1.2 V filling pulse on two separate cells per system (two measurements per
data point), presented as a percentage of doping density, as the actual doping density is not known. Error
bars represent standard deviation of the mean.
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Assignment of processes to physical migration pathways

For process R1, we have seen from the low activation energy (< 50 meV) and the high diffusion coefficient
(~10°%) that this process is unlikely migration of ions in the perovskite structure. The high apparent
concentration also decreases the likelihood that R1 is caused by trap states or the migration of trace
cations (Li* from Spiro-OmeTAD or H* from MA®), as these processes would not result in such significant
change in capacitance. We therefore cannot attribute this process to the movement of mobile ions or trap-
state effects. To gain more insights in what might cause this capacitance rise event, TAS measurements
were performed at Vpc = 1.2 V (see Figure 20). Since the capacitance is calculated from the impedance, it
is worthwhile to investigate the impedance of the devices under the same voltage bias we apply before
TID measurements.

~Z" (kQ)

00 02 04 06 0.8
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Figure 20 — Impedance spectrum of a reference 3D device, measured at Vpc = 1.2 V. Real impedance

plotted on x-axis, imaginary impedance plotted on y-axis. The impedance spectrum fails to produce a
trend with frequency at higher temperatures.

The impedance spectrum fails to produce a trend with frequency at temperatures above 300 K. This
implies that the capacitance cannot be accurately calculated in this scenario. In the TID measurements,
we start measuring the capacitance just after the voltage pulse has been removed, we thus begin the
measurements in the scenario depicted in Figure 20. This strongly indicates that process R1 is another
recovery mechanism from the situation under forward bias, and not the migration of ions. Which physical
process is causing the impedance spectroscopy to fail at higher temperatures is currently unknown. We
can speculate about known interface effects, such as charge accumulation at TiO,, which could result in
full device depletion, or reversible redox reactions.>*** While the exact mechanism causing the capacitance
rise process cannot be conclusively determined, it is evident that this process is not caused by ion
migration or trap states and that this process remains relatively constant in all measured devices.
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The diffusion coefficient and activation energy of D1 match previously reported values of halide migration,
indicating that this capacitance decay event could be caused by the migration in of iodide or bromide.
Since the concentration of bromide is below 5 % and bromide is expected to migrate less than iodide,
Process D1 is likely the migration of iodide.> This decay process was not seen in DLTS measurements (see
Figure 27 and Table 3 in Appendix), further indicating that this capacitance change is unlikely caused by
trapping and detrapping events. We have found that ion migration of D1 was effectively reduced in the
2D/3D systems containing PEA (“PEA” and “Mixed”). This reduction presented itself in higher activation
energies for migration and a lower concentration of mobile ions in the PEA-containing 2D/3D systems. This
could be due to the sandwich-like coordination of the spacer molecules (Figure 6) and/or due to other
effects, such as a better stabilisation of the positive charge of the ammonium group or different crystal
growth. More research is required to corroborate the exact mechanisms. However, we do observe a clear
reduction in process D1 in PEA-based systems.

Lastly, the activation energy of D2 matches previously reported values of halide migration, although the
diffusion coefficient is slightly higher than anticipated for halide migration. However, we cannot
conclusively assign D2 to the migration of ions, as a similar decay process is also observed in the DLTS
measurements of one of the reference cells (see Figure 27 and Table 3 in Appendix). Although this indicates
that this process could be caused by trapping and detrapping, this process is not seen consistently in DLTS
measurements within a batch or within a system throughout different batches. A more elaborate trap-
state study could provide more insights on what is causing this capacitance decay event. On a general note,
the activation energy, diffusion coefficient and concentration of this process remain relatively constant
throughout the four systems discussed in this work, making this process unlikely to relate to the general
stability gain observed in 2D/3D systems.

Conclusion and Outlook

We use Transient lon-Drift to gain insights into the ion migration events taking place in several 2D/3D
perovskite solar cells and compare these to a reference 3D device. The goal is to examine differences
between the reference 3D cells and the 2D/3D systems, but also to observe to which extent the ion
migration changes due to the supramolecular design of the 2D spacers. The latter is studied by using PEA,
FEA and mixed PEA/FEA organic spacer molecules. By fitting the obtained capacitance transients, we have
identified that the same three processes are occurring in all of the measured devices.

Process D1 was assigned to the migration of iodide, with an activation of energy between 60 and 110 meV
and an average diffusion coefficient of 1.18 x 10® cm?/s. The migration of iodide is reduced in 2D/3D
systems containing the PEA spacer molecule, which was expressed through higher activation energies of
migration and a decreased concentration of mobile ions in the 2D/3D systems based on PEA. The exact
mechanisms of this reduced ion migration are not yet known, but could be unravelled by simulations or
further experimental work focussed on molecular design principles.

Process R1 is likely caused by an effect at the TiO, layer and had similar activation energies and diffusion
coefficients throughout the systems in this work.

Process D2 cannot be conclusively assigned to the migration of ions or to trapping/detrapping events,
since a process with similar activation energy and diffusion coefficient is also observed once in DLTS
measurements. More elaborate trap state studies could clarify what is causing this capacitance decay
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event. However, this process was found to be constant in diffusion coefficient, activation energy and
concentration throughout all the measured devices, indicating that the 2D layer does not influence this
process.

Together, these results show that the added 2D layer has some effect on the ion migration pathways in
the studied devices, specifically the iodide migration in the PEA-containing devices. The constant trends in
R1 and D2 indicate that the increased stability in 2D/3D perovskites is not due to these processes.
Besides proper assignment of R1 and D2, future work includes interface penetration studies in 2D/3D
systems to study if ions can migrate through the 2D layer and react destructively with the transport layer.
More knowledge about the exact mechanisms of reduced D1 migration in 2D/3D devices can also facilitate
further rational design of molecular spacers.
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Figure 21 — Frequency dependent thermal admittance spectroscopy of a 2D/3D device based on PEA
spacer molecules. a) The phase angle provides an indication of the ideality of the device as a
capacitor; a perfect capacitor has a phase angle of -90°. b) The frequency dependency of the

capacitance.
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Figure 22 — Frequency dependent thermal admittance spectroscopy of a 2D/3D device based on FEA
spacer molecules. a) The phase angle provides an indication of the ideality of the device as a
capacitor; a perfect capacitor has a phase angle of -90°. b) The frequency dependency of the

capacitance.
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Figure 23 — Frequency dependent thermal admittance spectroscopy of a 2D/3D device based on mixed
PEA+FEA spacer molecules. a) The phase angle provides an indication of the ideality of the device as a
capacitor; a perfect capacitor has a phase angle of -90°. b) The frequency dependency of the capacitance.
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Figure 24 — Capacitance-Voltage plot of a 2D/3D device based on PEA spacers at 300 K (forwards sweep
in green, backward sweep in blue), built-in voltage and doping density determined by fitting the linear

regime to Equation 2. CV was also performed at, 270 K, 240 K and 210 K, but these measurements were
inconclusive.
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Figure 25— Capacitance-Voltage plots of a 2D/3D device based on FEA spacers at 300 K (forwards sweep

in green, backward sweep in blue), built-in voltage and doping density determined by fitting the linear
regime to Equation 2. CV was also performed at, 270 K, 240 K and 210 K, but these measurements were

inconclusive.
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Figure 26 — Capacitance-Voltage plots of a 2D/3D device based on mixed PEA+FEA spacers at 300 K

(forwards sweep in green, backward sweep in blue), built-in voltage and doping density determined by
fitting the linear regime to Equation 2. CV was also performed at, 270 K, 240 K and 210 K, but these
measurements were inconclusive
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Figure 27 — DLTS transients of one batch of devices, all transients were obtained after applying a filling
voltage of 1.2 V for 2 ms. Cut off at 0.2 s for enhanced visibility. Note that not every device shows
capacitance rise event R1. This was not observed consistently for the same systems throughout different
batches.

Table 3 — Extracted parameters from fitting procedure of DLTS data. Data shown is extracted from one
batch of cells and only the DLTS measurements using a 1.2 V filling pulse.

Reference 3D 2D/3D: PEA 2D/3D: FEA 2D/3D: Mixed

DD1(cm?/s)  7.7E-10 2.1E-7 1.1E-9 7.8 E-8
DD2(cm%s)  8.8E-8 3.2E-8 1.4 E-7 2.4E-7

D R1 (cm?/s) 7.8 E-7 5.4 E-5 6.3E-6 43 E-6

EaD1 (eV) 0.24 0.92 0.21 0.075

EaD2 (eV) 0.15 0.24 0.088 0.064

EaR1 (eV) 0.065 0.0099 0.025 0.019
ND1(%ofN)  0.039 0.025 0.11 0.011
ND2(%ofN)  0.12 0.0056 0.23 0.021
NR1(%ofN) 0.8 0.44 11 5.1
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