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Abstract
Ion migration is one of the prime reasons for the rapid degradation of metal halide perovskite solar cells (PSCs), 
and we report on a method for quantifying mobile ion concentration (No) using a transient dark current 
measurement. We perform both ex-situ and in-situ measurements on PSCs and study the evolution of No in films 
and devices under a range of temperatures. We also study the effect of device architecture, top electrode 
chemistry, and metal halide perovskite composition and dimensionality on No. Two-dimensional perovskites are 
shown to reduce the ion concentration along with inert C electrodes that do not react with halides by ~99% while 
also improving mechanical reliability by ~250%. We believe this work can provide design guidelines for the 
development of stable PSCs through the lens of minimizing mobile ions and their evolution over time under 
operational conditions.
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INTRODUCTION
Currently, commercialized solar panels operate at approximately 21% efficiency with top consumer brands 
boasting ~24.9% efficiency[1]. However, the manufacturing process for consumer solar panels is expensive 
with limited efficiency improvements possible for incumbent technology[2]. To combat this, researchers are 
investigating alternative solar technologies including different photovoltaic semiconductor materials such as 
metal halide-based perovskite solar cells (PSCs). PSCs offer promising prospects due to their cost-
effectiveness and near-comparable efficiency to traditional silicon-based cells[3] with the current highest 
efficiency being 26.1%[4]. The main reason for their lack of widespread use in industry is their limited 
lifespan. PSCs in their current form degrade more quickly to replace silicon-based solar cells at the 
consumer level but there is ongoing research into the underlying mechanisms that cause this degradation 
including ion migration[5-7].

Ion migration is a phenomenon that happens in metal halide perovskites (MHPs) because of the soft crystal 
lattice of the material leading to the formation of ionic defects (such as vacancies and interstitials) that act as 
mobile ions in the lattice[8,9]. The primary mechanism for this is through halide vacancies that exhibit low 
activation energies in the MHP lattice both intrinsically and under the influence of external stimuli such as 
heat and light. The consequences of ion migration are phase separation and electrochemical reactions with 
transport layers and electrodes, affecting their extraction properties that induce material degradation and 
electronic losses[7,10-13]. It has been shown in our previous work that ion migration in PSCs and MHPs can be 
quantified in terms of a mobile ion concentration (No)[6].

Compositional changes to the structure of the perovskite such as two-dimensional (2D) MHPs where the 
A-site cations of the MHP are replaced by larger organic cations leading to the formation of a layered 
structure with increased bandgaps are more stable than their three-dimensional (3D) counterparts[14-16]. Part 
of this effect is due to the reduced volatility and hydrophobicity of the bulky 2D cations that can improve 
the operational stability of PSCs in terms of chemical, thermal, and environmental stability[17,18]. To enable 
improved stability without reducing the performance of PSCs, 2D/3D heterostructures are commonly 
used[19].

Metal top electrodes in PSCs, particularly silver (Ag), are prone to irreversible corrosion due to ion 
migration by the reaction of metal with the halide components in the MHP, leading to PSC performance 
losses[20-22]. It has also been shown that metal ions can diffuse into the MHP and cause irreversible 
degradation[23,24]. Alternative metal electrodes, such as copper (Cu), gold (Au), and aluminum (Al), are also 
known to form metal-halide complexes with the MHP and are also prone to oxidation in the presence of 
oxygen and moisture that degrade PSC performance[25,26]. Carbon (C) electrodes in place of their metal 
counterparts are shown to be more stable thermally and chemically and are less prone to oxidation and 
corrosion[20,27,28]. PSCs utilizing C electrodes offer a promising solution due to their potential for extended 
durability and cost-effectiveness. Various C-based materials have been used, including pure carbon ink, 
graphite, carbon nanotubes, and graphene[29-33]. C-based materials safeguard the perovskite layer from both 
moisture and heat-induced degradation, thereby enhancing the long-term stability of these solar cells[34,35]. 
However, the performance of PSCs utilizing C electrodes typically lags behind that of those employing 
metal electrodes. This is primarily attributed to the elevated resistivity of C materials and the relatively lower 
quality of the C/hole-transport layer (HTL) interface compared to the metal/HTL interface. Although 
C-based materials are generally more economical than noble metals, the large-scale industrial production of 
high-performance C-based PSCs continues to be a challenge[36,37]. In this work, we selected a low-cost, 
commercially available C-based ink as the top electrode for PSCs to quantify the impact that C electrodes 
have on the ionic and thermomechanical stability of PSCs.
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In this work, we demonstrate how a transient dark current response is used to extract No from MHP thin 
films or PSCs, and how No can serve as a metric to determine the onset of degradation in MHP thin films 
based on its evolution with aging. Compositional effects of No such as dependence on the dimensionality of 
the MHP and compositional tuning are demonstrated. We also report on using C electrodes in place of Ag 
electrodes to reduce No in the PSCs over a wide range of temperatures and with aging along with an increase 
in the mechanical robustness.

EXPERIMENTAL
The substrate preparation steps before depositing the perovskite precursors or any of the transport layers 
are as follows: Indium tin oxide coated glass (ITO-glass) substrates (Xin Yan Technologies) are initially 
cleaned with an industry-grade soap solution of Extran mixed with water in the ratio of 1:10 for 10 min in 
an ultrasonic cleaner. After that, the ITO-glass slides are cleaned with de-ionized water, and the surface of 
the slides is cleaned with a brush to remove the residual soap. The glass slides are then cleaned with 
isopropyl alcohol (IPA) and acetone (Alfa Aesar - 99.5%+) separately for 10 min and then subjected to 
ultraviolet and ozone treatment for 10 min.

Cesium formamidinium lead iodide (Cs0.2FA0.8PbI3)
The perovskite precursor solution for Cs0.2FA0.8PbI3 films is prepared by mixing 0.2% Cesium Iodide (CsI) 
(Sigma-Aldrich - 99.999% trace metals basis), 0.8% Formamidinium Iodide (FAI) (Greatcell Solar 
Materials), and Lead Iodide (PbI2) (TCI America - 99.99% trace metals basis). A measure of 1 mL, 1 M 
concentration solution is made by mixing 0.0519 gm of CsI, 0.1375 gm of FAI, and 0.461 gm of PbI2 in a 
solvent of 4:1 Dimethylformamide (DMF) (Sigma-Aldrich - Anhydrous 99.8%) and Dimethyl Sulfoxide 
(DMSO) (Sigma-Aldrich - Anhydrous ≥ 99.9%) with 800 µL of DMF and 200 µL of DMSO. A vortex mixer 
is used to mix the solution until a clear solution is formed. Cs0.2FA0.8PbI3 films on ITO-glass were fabricated 
using spin coating. A two-step spin coating process with anti-solvent quenching was used where a measure 
of 100 µL of perovskite precursor was deposited on the glass substrate and spun at a speed of 1,000 rpm and 
acceleration of 500 rpm/s for 10 s and then the speed was stepped up to 5,000 rpm and acceleration of 
1,500 rpm/s for 10 s. A measure of 100 µL of chlorobenzene (anti-solvent) (Sigma-Aldrich - 
Anhydrous 99.8%) was dropped on the sample at the last 3-5 s of the second step, and then the samples 
were annealed at 150 °C for 10 min.

Methylammonium lead iodide (MAPbI3)
The precursor solution for methylammonium lead iodide (MAPbI3) is prepared by mixing 
methylammonium iodide (MAI) (Greatcell Solar Materials) and PbI2. A measure of 1 mL, 1 M 
concentration solution is made by mixing 0.159 gm of MAI and 0.461 gm of PbI2 in a solvent of 4:1 DMF to 
DMSO with 800 µL DMF and 200 µL DMSO, and the solution is mixed in a vortex mixer until a clear 
solution is formed. MAPbI3 films on ITO-glass were fabricated following the same procedure showcased in 
previous work[6].

Ruddlesden popper 2D perovskite
The precursor solution for [Ruddlesden Popper (RP), with butylammonium] phase n = 1 [(BA)2PbI4] 2D 
perovskite is prepared by mixing butylammonium iodide (BAI) (Greatcell Solar Materials) and PbI2. A 
measure of 1 mL, 1 M concentration solution is made by mixing 0.201 gm of BAI and 0.461 gm of PbI2 in a 
solvent of 2:3 DMF to DMSO with 0.4 mL DMF and 0.6 mL DMSO. A 4 wt% polyvinylpyrrolidone (PVP 
with 10,000 average molecular weight) (Sigma-Aldrich) is then added to the solution and mixed in a vortex 
mixer until a clear solution is formed. A similar process is used to make RP phase n = 2  [(BA)2(MA)Pb2I7] 
2D perovskite by mixing 0.201 gm of BAI, 0.0795 gm of MAI, and 0.461 gm of PbI2.
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Dion-jacobson 2D perovskite
The precursor solution for [Dion-Jacobson (DJ), with propane-1,3-diammonium] phase n = 1 2D 
perovskite is prepared by mixing propane-1,3-diammonium iodide (PDAI2) (Greatcell Solar Materials) and 
PbI2. A measure of 1 mL, 1 M concentration solution is made by mixing 0.3295 gm of PDAI2 and 0.461 gm 
of PbI2 in a solvent of 2:3 DMF to DMSO with 0.4 mL DMF and 0.6 mL DMSO. A 4 wt% PVP (with 10,000 
average molecular weight) is then added to the solution and mixed in a vortex mixer until a clear solution is 
formed. A similar process is used to make DJ phase n = 4 [PDA(MA)3Pb4I13] 2D perovskite by mixing 
0.0824 gm of PDAI2, 0.119 gm of MAI, and 0.461 gm of PbI2.

Using spin coating, 2D MHP thin films (both RP and DJ phases) on ITO-glass were fabricated. A single-
step spin coating process was used where 200 µL of perovskite ink was deposited on the substrate and spun 
at a speed of 2,000 rpm and acceleration of 500 rpm/s for 30 s and annealed at 100 °C for 10 min.

Cesium lead iodide (CsPbI3)
The precursor solution for CsPbI3 films is made by mixing CsI and PbI2 following the recipe in the 
literature[38]. A measure of 1 mL, 0.8 M concentration solution was made by mixing 0.2076 gm of CsI and 
0.3688 gm of PbI2 in a solvent of 1:4 DMF and DMSO with 200 µL DMF and 800 µL DMSO. A 3 wt% PVP is 
then added to the solution and mixed in a vortex mixer until a clear solution is formed. CsPbI3 films on 
ITO-glass were fabricated following the same procedure showcased in previous work[38].

Double halide perovskite (Cs0.05FA0.85MA0.1PbI2.55Br0.45)
The solution for the Cs0.05FA0.81MA0.14PbI2.55Br0.45 precursor was prepared using molar ratios of PbI2 (1.1 M), 
PbBr2 (0.2 M), FAI (1 M), MABr (0.2 M), and CsI (1.5 M dissolved in DMSO). These compounds were 
dissolved in a mixed solvent of DMF and DMSO, with a volume ratio of 4:1. Subsequently, the prepared 
perovskite precursor underwent stirring at 70 °C for 4 h.

Nickel-oxide (NiOx)
NiOx solution for depositing the hole transport layer (HTL) is prepared by mixing 1 M NiNO3. (H2O)6 
(99.999% trace metals basis) in 94% ethylene glycol (EG) (thermo scientific - anhydrous 99.8%) and 6% 
ethylenediamine (EDA) (Thermo scientific - 99%); the vial is then placed in a vortex mixer, and the solution 
is mixed until it turns into a dark blue color indicating the solubility of the precursor into the solvent.

Perovskite solar cells (PSCs)
PSCs with the composition of MAPbI3 with a device structure of Glass/ITO/NiOx/perovskite/C60/Ag and 
with the composition of (Cs0.25FA0.75)Pb(I0.8Br0.2)3 + 4 mol% MAPbCl3

[39] with a device structure of Glass/ITO/
poly-TPD/PFN/perovskite/C60/Ag were fabricated in a p-i-n format following the same procedure 
showcased in the previous work[6]. After the substrate preparation, the PSCs are fabricated in a step-by-step 
procedure where HTL and the perovskite absorber layers are deposited using spin coating, and the electron 
transport layer (ETL) and Ag top contact are deposited using evaporation in that order. A C top electrode is 
formed on the PSC by depositing it from the solvent-based C paste (solvent C) which is a mixture of 
graphite and carbon black (PELCO conductive carbon glue - Ted Pella).

PSCs with the composition of Cs0.05FA0.81MA0.14PbI2.55Br0.45 with a device structure of Glass/ITO/SnO2/
perovskite/2D MHP/solvent-free C were fabricated in an n-i-p format following the procedure showcased 
in the previous work[40]. A 2D MHP precursor was made by making a solution containing 2.5 mg of 
phenethylammonium iodide (PEAI) dissolved in 1 mL of IPA. Additionally, 60 mL of this 2D solution was 
spin-coated onto the perovskite film at 3,000 rpm for 30 s. A 75 mm free-standing carbon film was created 
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and 80 °C for 1 min[40].

Characterization
All the ionic and electronic measurements were performed with PAIOS, an all-in-one measurement 
equipment for photovoltaic devices and light-emitting diodes (LEDs). In-situ ionic measurements were 
performed with the temperature control stage and module (LTS-420E) from Linkam in integration with 
PAIOS. The LTS-420E provided higher temperatures to the samples (from -195 to 420 °C with integrated 
electrical probes). A flow of liquid nitrogen (LN2) through the stage was used for cooling. A heating pad was 
used to age the MHP thin films and PSCs (aged as is) at 45 or 65 °C in a N2 glovebox for the period they 
were aged with ex-situ measurements on PAIOS at 24 h intervals. The aging process followed for MHP thin 
films involved aging a layer stack of ITO-Glass/MHP and then adding the electrode on the sample after 
aging while making the measurements; this was done to avoid any involvement from the solvents present in 
the C paste used for the electrode during aging. No was measured and calculated using the transient dark 
current method as described in our previous work[6] in which a voltage bias of 800 mV is applied to the PSC 
in the forwards-bias configuration in the form of a pulse with the following characteristics: 1 ms settling 
time, 10 ms pulse time, 1 ms follow-up time. The entire measurement lasts around 13 ms with the 
measurement cut-off around 1 ms after the bias is taken away which gives the mobile ions in the PSC 
enough time to fully drift. The measured drift current can be time-integrated and divided by the elementary 
charge, area, and thickness of the MHP layer, respectively, to determine No.

Fracture energy (Gc) was measured with a standard fracture specimen configuration called a double 
cantilever beam (DCB). To create a DCB fracture sample, a layer of thin epoxy was applied to cover glass 
with the identical dimensions as the substrate glass for the device/stack and then bonded to the device/stack 
to create a sandwich-like structure with the device layers bonded between glass at room temperature. Gc was 
then calculated and averaged based on the method showcased elsewhere[42].

RESULTS AND DISCUSSION
We first conducted ex-situ No and current-voltage (I-V) measurements on MAPbI3 films with the layer stack 
of ITO-Glass/MHP/solvent C before and after exposure to 85 °C for a total of 96 h following the 
aforementioned aging procedure of the MHP thin films in a N2 glove box to prevent moisture-induced 
degradation. The results of the I-V response and transient dark current shown in Figure 1A and B were 
obtained before any exposure. From the I-V curve, the film operated normally with around a 1.1 V turn-on 
voltage and a No value of 1.55 × 1012 cm-3 before exposure. However, after heat exposure, as shown in 
Figure 1C and D, there was no ionic (drift current) response due to the resistor-like behavior of the 
degraded MHP generating a current at the applied bias of 0.8 V. Since the No measurement comes from 
integrating the drift current response, there was no possible way to extract No after exposure. 
Supplementary Figure 1 shows images of the MHP throughout the heat exposure revealing noticeable visual 
changes as the film degraded.

To study the effect of mobile ion changes in a more thermally stable MHP absorber under temperatures 
closer to operation, ex-situ No measurements were performed on Cs0.2FA0.8PbI3 films with a layer stack of 
ITO-Glass/MHP/solvent C [Figure 2 (inset)] before and after exposure to 45 and 65°C separately for 96 h in 
a N2 glovebox following the transient dark current method to understand the evolution of No with aging. 
Note that in all cases, the solvent C electrode was added after each aging step to prevent interactions with 
the MHP layer. The films were aged with a glass substrate placed on top to simulate encapsulation/device 
integration without adding layers that could electrochemically interact with the MHP. This prevented the 
expulsion of iodine from the MHP lattice with a surface directly above the film and may explain why the 

using a solvent exchange technique[41]. The electrode was then hot-pressed onto the 2D MHP layer at 100 psi 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/em4026-SupplementaryMaterials.pdf
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Figure 1. (A) I-V response of pristine MAPbI3 films with voltage applied from 0 to 1.5 V, (B) Transient dark current response of pristine 
MAPbI3 films. (C) I-V response after 24 h exposure at 85 °C. (D) Transient dark current response after 24 h exposure at 85 °C, where 
no ionic response is detectable after degradation.

Figure 2. No vs. time of Cs0.2FA0.8PbI3 films after exposure to heat at 45 and 65 °C with black scatter points representing exposure to 
45 °C and blue scatter points representing exposure to 65 °C respectively. An initial increase in No is observed due to vacancy 
activation with exposure to heat and an eventual decrease in No due to degradation of Cs0.2FA0.8PbI3 films with exposure to heat for the 
temperatures 45 and 65 °C, respectively. Inset - Device stack structure of Cs0.2FA0 . 8PbI3  f i lms in the form of 
ITO-Glass/MHP/solvent-C, with the arrows representing the contact points for probes and the signs representing polarity of the bias 
(forward bias).
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film degraded significantly more without the additional glass substrate (as shown by the redshift in the 
photoluminescence peaks in Supplementary Figures 2 and 3, Supplementary Table 1).

Figure 2 shows the evolution of No in Cs0.2FA0.8PbI3 films vs. time with aging, where the value of No has an 
initial increase after exposure to heat and then plateaus before eventually reducing in value with aging. 
Cs0.2FA0.8PbI3 films did not have a No measurement at 96 h when subjected to 65 °C as the films did not have 
any electronic response after the aforementioned exposure. We hypothesize that the initial increase in the 
value of No is due to the creation of more iodide vacancies from heating and the eventual reduction is due to 
the degradation of the film with external stimuli leading to a loss of electronic response (corroborated by the 
decreased photoluminescence peaks in Supplementary Figures 4 and 5, Supplementary Table 2), which, in 
turn, affects the ionic measurement (as in Figure 1C) rather than an inherent reduction in the number of 
halide vacancies.

To understand the effect temperature has on No in PSCs, in-situ transient dark current measurements were 
taken as the PSCs underwent heating and cooling in a N2 glovebox with a comparison of the highly mobile/
reactive Ag electrode compared to an inert solvent-free C electrode. As shown in Figure 3, both PSCs 
showed a strong positive correlation with No vs. temperature with the C electrode PSC exhibiting ~10× less 
mobile ions than the Ag electrode PSC. At the higher temperatures, the Ag electrode PSC had 
approximately ~1.0 × 1015 and 1.0 × 1013 cm-3 mobile ions at lower temperatures while the C electrode device 
contained ~1.0 × 1014 and ~5.0 × 1012 cm-3, respectively. The PSCs exhibit higher activation energies at lower 
temperatures and activation energies at higher temperatures based on the distinct slopes of No in Figure 3 
for both Ag and C electrode PSCs where the slope of No vs. temperature is higher below 10 °C and is lower 
above 10 °C which is similar to the behavior of ion conductivity vs. temperature[43]. The C electrode PSC had 
a lower ion concentration dependence on temperature with less than two orders of magnitude change from 
higher to lower temperatures as compared to the full two orders of magnitude change in the Ag electrode 
PSC. This may be attributed to the inertness of the C as compared to Ag but the difference in device 
composition (as the C electrode device had a 2D MHP layer) may also have had an effect in this case.

To study the effect of the top electrode on No in the same device architecture, we performed a follow-up 
study where solvent-free C and Ag electrodes were deposited on different parts of identical substrates, and 
No measurements were conducted. MAPbI3 PSCs were subjected to heat for 72 h in which ex-situ/in-situ 
dark I-V and No measurements were conducted. Measurements were made either in-situ at 65 °C while 
aging or ex-situ at room temperature after aging at 65 °C. Note that in all cases, the in-situ values were 
higher than the ex-situ values, an expected result due to ion activation at the higher temperature and 
observed in Figure 3 for both Ag and C electrodes.

There were three Ag electrodes and one C electrode on the PSC where each was measured separately 
depicting a more accurate comparison of the experiment as a whole. In Figure 4A, the C electrode showed a 
much tighter range of No values with the in-situ and ex-situ measurements residing within one order of 
magnitude of each other as compared to the wider range seen in Ag.

This contributes to the claim that Ag plays a large role in No at elevated temperatures due to its inherent 
ionic properties. The large overall increase in No from ex-situ to in-situ shown in Ag is hypothesized to be 
Ag ions becoming mobile in the PSC in conjunction with the already mobile halide ions[24]. More 
investigation is needed to validate this possible effect, but the results indicate a clear effect of electrode 
composition on No. The dark I-V curves in Figure 4B and C further illustrate the degradation occurring in 
the Ag electrode PSCs compared to the thermally stable C electrode PSCs.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/em4026-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/em4026-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/em4026-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/em4026-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/em4026-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/em4026-SupplementaryMaterials.pdf
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Figure 3. No vs. temperature in the range of 230 to 340 K of PSCs with an Ag top electrode and solvent-free C top electrode. The PSC 
with C top electrode displayed lower No throughout the tested temperature range when compared to PSC with Ag top electrode. Inset - 
Top left - Device stack structure of PSC with Ag top electrode-ITO-Glass/Poly-TPD/PFN/Cs0.22FA0.78Pb(I0.85Br0.15)3 + 4% 
MAPbCl3/C60/Ag, Bottom right - Device stack structure of PSC with C top electrode-ITO-Glass/SnO2/Cs0.05FA0.81MA0.14PbI2.55Br0.45

/PEAI(2D MHP)/solvent-free C.

Figure 4. (A) No vs. time of PSC after exposure to 65 °C for 72 h with grey scatter points representing No measured from Ag top 
electrode and black scatter points representing No measured from C top electrode on the same substrate with in-situ and ex-situ 
measurements having circle and square shapes respectively. The C top electrode displays lower and more consistent No values when 
compared to Ag top electrode throughout the tested period. Inset - Device stack structure of PSC - ITO-Glass/NiOx/MAPbI3/C60/Ag 
or C, both the electrodes are deposited on the same substrate. (B) I-V response vs. time of the PSC when measured from the Ag top 
electrode showing degradation with aging. (C) I-V response vs. time of the PSC when measured from the C top electrode showing good 
current response throughout the tested period.

The dark I-V curves were obtained by measuring the same electrode at each time stamp in the heat 
exposure process. The 48 h I-V measurement for the Ag electrode in Figure 4B shows a heavily decayed 
response compared to the 72 h measurement. This is possibly due to uneven degradation of the measured 
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Ag electrode surface causing slight variations in measurement due to probe contact location. This was not 
present in the C electrode where there was no variation across the surface as shown with the identically 
shaped I-V curves in Figure 4C. Note that when focusing on the higher voltage section of the curves (past 
turn-on voltage), we can see that both electrodes show a decrease in slope as aging time increases indicating 
an increase in series resistance across the PSC[44], an effect that is more dramatic for Ag than C 
[Supplementary Table 3]. In addition, Supplementary Figure 6 shows the changes in electronic and ionic 
properties of PSCs with Ag electrode with exposure time at 65 °C, where Jsc drops continually over the 
course of the 72 h exposure. These results show that with this MAPbI3 PSC, the C electrode is more stable 
both ionically and electronically.

To understand the effects of No on other MHP properties such as mechanical durability and material 
composition, we hypothesized that the reduction in No resulting from robust bonding in the MHP would 
lead to fewer chemical changes in the MHP and hence could improve interfacial adhesion. Gc is a key metric 
of thermomechanical reliability and quantifies adhesion in thin film materials and devices. No 
measurements of the PSCs [Figure 5A and B] were performed along with Gc measurements of the PSCs by 
sandwiching them between glass substrates [Figure 5C] to correlate GC with No. The following device stacks 
were used for the above measurements ITO-Glass/NiOx/MAPbI3/C60/(Ag/solvent-C/solvent-free C). These 
device stacks were chosen to measure and understand the variation in No based on the top electrode 
observed from our previous work[6]. From Figure 5C, the No with a Ag top electrode is ~6.0 × 1014 cm-3 and 
GC is 0.8 J m-2, the No with a solvent-free C electrode is ~2.0 × 1013 cm-3 and GC is 2.8 J m-2, and the No with a 
solvent C electrode is ~5.0 × 1011 cm-3 and GC is 2.3 J m-2. As such, PSCs with an Ag top electrode have a 
higher No and lower Gc than PSCs with a C top electrode, which has a lower No and higher Gc. Using C as 
the top electrode instead of Ag is beneficial because it suppresses ion migration and improves bonding. The 
main challenge limiting the usage of C electrodes in PSCs is to achieve comparable electronic conductivity 
to Ag[40].

Lastly, No measurements were performed on MHP films of different compositions to correlate mobile ions 
with the composition of the MHP [Figure 6 (inset)]. No was quantified for various compositions of 2D 
MHPs such as RP phase (with butylammonium) n = 1, n = 2, and DJ phase (with propane-1,3-
diammonium) n = 1, n = 4[45], and 3D MHPs such as CsPbI3 in addition to MAPbI3. From Figure 6, No of the 
2D MHPs is lower than the 3D MHPs, where the former ranges from ~9.0 × 109 to ~1.0 × 1011 cm-3, and the 
latter falls between ~1.8 × 1011 and ~2.5 × 1011 cm-3 for the measured samples. These values of No across 
different compositions of MHPs indicate variation according to the composition. We conclude that 2D 
MHPs have lower No than the 3D MHPs, indicating that MHP dimensionality and structure also affect No in 
these materials. This could be due to the 2D MHP lattice creating more tightly bound halides due to the 
constraint imposed by the bulky organic cations, thus reducing the concentration of mobile halide vacancies 
that dominate the MHP film[14]. As shown in Figure 6, n = 1 2D RP MHP exhibits a lower No than n = 1 2D 
DJ MHP. Additionally, Figure 6 illustrates the slope change in No with increasing n-value, which is lower for 
2D DJ MHP than for 2D RP MHP. We attribute this difference in behavior to the hydrogen bonding with 
weak Van Der Waals forces of the monoammonium cation (butylammonium) in RP phase 2D MHP and 
the strong hydrogen bonding of the diammonium cation (1,3-propanediammonium) between the inorganic 
layers which we hypothesize can more effectively prevent the activation and movement of mobile ions[46].

CONCLUSIONS
We demonstrated that our mobile ion characterization platform can quantify MHP properties in films and 
devices, where the dimensionality and composition of the MHP play a role on No. Additionally, No can 
characterize stability over time through vacancy formation and subsequent degradation. The use of C-based 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/em4026-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/em4026-SupplementaryMaterials.pdf
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Figure 5. (A and B) Device stack structure of PSC used for No measurement in (C), (A) ITO-Glass/NiOx/MAPbI3/C60/solvent or 
solvent-free C electrode, (B) ITO-Glass/NiOx/MAPbI3/C60/Ag electrode, Arrows in (A and B) represent probe contact points while 
performing the measurement, (C) Gc vs. No of PSCs with C or Ag top electrodes showing lower No and higher Gc with Ag top electrode. 
Inset - Device stack structure (sandwich structure) used for Gc measurements - Glass/ITO/NiOx/MAPbI3/C60/Ag or C 
electrode/epoxy/glass.

Figure 6. No vs. composition of MHP thin films with black dotted line distinguishing No values of 3D and 2D perovskite compositions. 
Inset - Device stack structure of MHP thin films in the form of ITO-Glass/MHP/solvent C.
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electrodes was shown to significantly reduce No across a range of temperatures and device architectures 
while simultaneously improving the mechanical reliability of the device stack. Future work will include 
efforts to correlate changes in power conversion efficiency to No in PSCs using higher conductivity C-based 
electrode materials with improved band alignment to the underlying layers that facilitate higher 
efficiencies[47]. Although we hypothesize that halide vacancies comprise the mobile ion species, more work is 
necessary to determine the precise chemistry of the ions and how they change with aging.

We also speculate that the presence of metal (specifically Ag) directly contributes to the increase in No 
values. Future work will involve efforts to quantify the link more closely between No and stability using a 
larger variety of tools/methods. The fundamental understanding from this work can help inform stable 
device design in MHPs and PSCs.
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