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Liu et al. apply surface ligands with varying dipole moments to influence the
energy-level alignment between the perovskite and Cgg. They show that increased
perovskite solar cell performance results for surface ligands that maximize this
interfacial energy gap, highlighting a key ligand design guideline.
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Tuning interfacial energetics with surface ligands
to enhance perovskite solar cell performance

Tuo Liu," Rebecca A. Scheidt,” Xiaopeng Zheng,” Syed Joy," Qi Jiang,” Harindi R. Atapattu,’
Min Chen,? Henry Pruett,’ Kai Zhu,” Joseph M. Luther,” Matthew C. Beard,”*
and Kenneth R. Graham':3*

SUMMARY

Surface ligands are often used to improve perovskite solar cells
(PSCs). Here, a series of surface ligands with varying dipole
moments are applied at the methylammonium lead iodide
(MAPbI3)/Cg interface to vary the energy-level alignment. All inves-
tigated surface ligands improve PSC performance, with
4-fluorophenethylammonium iodide (FPEAI) displaying the greatest
improvement. Transient absorption and reflectance measurements
show similar recombination dynamics in all ligand-treated MAPbI3/
Cso bilayer films. Transient photovoltage measurements also show
similar recombination lifetimes at similar charge-carrier densities;
however, differential capacitance measurements indicate that
FPEAI shifts the differential capacitance curve to higher voltages.
In situ ultraviolet photoemission spectroscopy measurements
show that the interfacial energy gap at the MAPbI3/C,¢ interface in-
creases from 1.19 eV with phenethylammonium iodide (PEAI) to
1.50 eV with FPEAI, corresponding to the shift of the differential
capacitance curve. This increased interfacial energy gap is respon-
sible for the increased open-circuit voltage (Voc) and should be
considered in surface ligand selection.

INTRODUCTION

Metal halide perovskite solar cells (PSCs) have garnered tremendous attention in
photovoltaic research due to their low cost and excellent power conversion effi-
ciencies (PCEs), which increased rapidly from 3.8% to 26.0% over the last decade.’®
Inverted p-i-n architecture PSCs are regarded as more amenable to low-temperature
solution processing, thereby improving the ease at which flexible PSCs and tandem
solar cells can be fabricated.” " Thus, the development of inverted PSCs is attract-
ing increasing interest.'**

Interfacial nonradiative recombination and nonoptimal energy-level alignment (ELA)
between the perovskite and charge-transport layers are two main factors limiting the

PCE of inverted PSCs.">"? Previous studies reveal that nonradiative recombination 1Department of Chemistry, University of
and bending of the quasi-Fermi level splitting (QFLS) at the perovskite/electron Kentucky, Lexington, KY 40506, USA
transport layer interface significantly decreases the device's open-circuit voltage *National Renewable Energy Lab, Golden, CO

80401, USA

(Voo) in inverted PSCs.'®?92? To increase this interfacial QFLS, strategies such as
3Lead contact

doping and interface modification are applied to minimize the Vo loss associated
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with interfacial recombination.>'”?%-?° The influence of the ELA is more ambiguous, Correspondence
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Despite interfacial modification being a commonly used method to improve device
performance, the details behind how device performance relates to surface ligand
structure remain unclear. For example, both electron-withdrawing and -donating
groups on the ligands have been shown to improve the performance of n-i-p
PSCs, with varying arguments for the mechanism of improvement. In one instance,
the addition of electron-donating groups to phenethylammonium iodide (PEAI)
improved the PSC performance, which was suggested to arise from increased coor-
dination strength between undercoordinated Pb?* and PEA derivatives with more
electron-rich phenyl groups.?” In another example, extended m-conjugated surface
ligands with more electron-donating end groups were observed to result in the
largest enhancement of Ve and PCE in p-i-n PSCs.?® However, in other examples,
surface ligands with electron-withdrawing fluorine groups were observed to increase
the PSC performance.””?*?? Based on the data presented in these reports and the
fact that these surface ligands should result in opposite trends in ELAs, variations in
surface defect state passivation appear to be the dominant contributor to Voc and
PSC performance increases in these reports.

In reports where PSC improvements are ascribed to optimized ELAs, the ELA is typi-
cally inferred based on the ionization energies (valence band maxima/highest occu-
pied molecular orbitals [HOMOs]) or electron affinities (conduction band minima/
lowest unoccupied molecular orbitals [LUMOs]) measured on the isolated mate-
rials.’* 23931 Such measurements fail to account for interfacial dipoles and band
bending, thus reducing their direct translation to interfaces within the PSC. Reports
that directly probe the ELA in the interfacial region rely on sequential deposition of
the electron-transport layer (ETL) on the perovskite, which reveals a more complete
picture of ELAs between the perovskite and the charge-transport layer.”*’ How-
ever, these detailed studies of ELAs do not directly connect the ELAs to measure-
ments of recombination dynamics. For example, transient absorption (TA) and
transient reflectance (TR) spectroscopies are often used to investigate recombina-
tion dynamics in perovskites but have yet to be connected with detailed ELA
measurements.’®~*° The same is true for device-level measurements of recombina-
tion dynamics, including transient photovoltage (TPV) and transient photocurrent
(TPC).""*? Without such complementary measurements, it is difficult to understand
the relationships between ligand structure, interfacial energetics, recombination
dynamics, and PSC performance.

Here, we introduce three PEAI derivatives with different functional groups at the
para position on the benzene ring, PEAI, 4-fluorophenethylammonium iodide
(FPEAI), and 4-methoxyphenethylammonium iodide (MeOPEAI), at the interface be-
tween methylammonium lead iodide (MAPbIl3) and Cgg. These ligands are selected
to vary the interfacial energy landscape owing to the significant differences in the
strength of the electron-donating or -withdrawing group in the para position. The
enhancements of PSC performance depend on the surface ligand structure, with
FPEAI showing the greatest Voc and PCE. To examine the relationships between de-
vice performance, interfacial energetics, and charge-carrier recombination dy-
namics, we combine ultraviolet and inverse photoemission spectroscopy (UPS and
IPES, respectively) measurements of interfacial energetics with TA, TR, TPV, and dif-
ferential capacitance measurements to probe recombination dynamics. Using these
complimentary techniques in combination allows us to disentangle how surface
ligands inserted between the perovskite and the electron transport layer, Cgq,
impact recombination processes and device physics. The TR and TA measurements
indicate that structural variations between these surface ligands have a minimal
impact on recombination rates in bilayer films of MAPbl; and Cgg; rather, UPS,
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Figure 1. Surface ligand treatments on perovskite films and PSC devices

(A) Device structure of a p-i-n PSC with different surface ligands.

(B and C) Low-energy ion scattering spectra for the control and treated MAPb; films collected with
helium (B) and neon (C) ions.

TPV, and differential capacitance measurements indicate it is the increased interfa-
cial energy gap that is responsible for the higher Voc and improved PV performance
observed with FPEAI modification.

RESULTS AND DISCUSSION

MAPDbI; surface modification with PEAI derivatives

In this work, MAPbl; films were prepared using the previously reported one-step
spin-coating method.** The surface modification was carried out by a post-film treat-
ment method by casting an isopropanol solution (0.5 mg/mL) of PEAI, FPEAI, or
MeOPEAI onto the thermally annealed MAPbI; films. Another 5 min thermal anneal-
ing process was further employed following ligand treatment. The whole process of
MAPbl; film fabrication and treatment is illustrated in Figure S1. The inverted device
architecture adopted in this work and the molecular structures of ligands are dis-
played in Figure TA.

The impact of surface modification on the chemical and optoelectronic characteris-
tics is partially related to the surface coverage of the ligands.** We firstly performed
X-ray photoelectron spectroscopy (XPS) measurements to probe the elemental
composition on the MAPbI; surface before and after surface treatments. The fluorine
1s peak at 687.85 eV and the oxygen 1s peak at 532.87 eV (Figure S2) indicate that
FPEAI and MeOPEAI are anchored on the MAPbI; surface, respectively. The XPS
data also show that PEAI is adsorbed on the surface, as the intensity of the carbon
1s signal from alkyl and aryl carbons at lower binding energies is increased relative
to the methylammonium carbon at higher binding energies with PEAI treatment. The
XPS spectral regions for nitrogen, lead, and iodine are displayed in Figure S2.
Following surface ligand treatment, the XPS peaks for all elements shift slightly,
which is attributed to changes in work function (WF) after surface treatment. More-
over, small Pb® peaks are found in all samples, with the FPEAIl-treated sample
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displaying the least amount of Pb®. The presence of Pb? is attributed to excess Pbl,
on the surface degrading to Pb® under X-ray illumination.*

To further investigate the surface coverage with different ligands, we performed low-
energy ion scattering spectroscopy (LEIS), which is only sensitive to the outermost
atomic layer and thereby provides a more accurate probe of surface termination.*®
Here, helium ions (He™) in LEIS (Figure 1B) were used to probe for oxygen and fluo-
rine atenergies of ~1,100 and ~1,300 eV, respectively. Neon ions (Ne™) in LEIS were
used to probe the surface composition of Pb and |. The spectra reveal that in all films,
there is some amount of exposed Pb and | at the film surface, indicating incomplete
ligand surface coverage (Figure 1C). As the surface coverage of the ligands is directly
proportional to the signal intensity decrease of the covered elements,*® we can
easily quantify the surface coverage of each ligand by the reduced signal of the
Pb peak (Figure S3). The fitted data are displayed in Table S1. Interestingly, though
the three ligands are structurally identical near the ammonium binding group, FPEAI
exhibits a higher surface coverage (83%) than PEAI (42%) and MeOPEAI (44%). We
suspect that the higher surface coverage of FPEAI leads to the more stable
MAPblI; surface under X-ray exposure.

To determine if the surface ligands altered the surface morphology of the MAPbI3
films, top-view scanning electron microscopy (SEM) images were recorded. All films
show similar morphologies, as displayed in Figure S4. The modified MAPbI; surfaces
in Figure S4 show some small particles on smooth-textured crystalline grains, which
are commonly found in low-dimensional capping layers.*”*® We further probed for
low-dimensional phases or other structural changes using X-ray diffraction (XRD;
Figure S5), and no significant structural changes or low-dimensional phases are de-
tected. The lack of observable XRD peaks from reduced dimensionality phases is
attributed to the low ligand concentration (0.5 mg/mL) and short reaction time; how-
ever, these ligands can form 2D phases, and our results only indicate that 2D phase
formation does not occur to an extent that can be detected with XRD. Increased
ligand concentrations and increased reaction times were not pursued, as they
decreased photovoltaic device performance.

Interfacial energetics at MAPbI3/C,( interfaces

The application of PEAI, FPEAI, or MeOPEAI results in a significant change of the sur-
face electronic structure among the pristine and modified MAPbI; films, as probed
by UPS and IPES. The energy levels presented in Figure 2A are shown with respect to
the vacuum level (Ey.c at 0 eV). The WF, valence band maximum (VBM; equated with
the ionization energy), and conduction band minimum (CBM; equated with the elec-
tron affinity) are obtained from the UPS and IPES spectra, respectively (Figure 2B).
Both the VBM and the CBM of the MAPbI; samples are determined using a Gaussian
fit to the highest occupied and lowest unoccupied features in UPS and IPES spectra,
as described in previous work and displayed in Figure S6.%* This fitting procedure
results in a VBM of 5.65 eV and a CBM of 4.11 eV for the pristine MAPbl; film with
aWF of 4.93 eV. A large change in WF from 4.93 to 5.35 eV results from FPEAI treat-
ment, which is attributed to the surface dipole introduced by FPEAI. The VBM and
the CBM of FPEAI-modified MAPbI; increase to 5.95 and 4.24 eV, respectively.
Only slight decreases in WF are found for both PEAI- (—0.05 eV) and MeOPEAI-
modified (—0.07 eV) samples relative to the untreated MAPbI3, and both the VBM
and the CBM exhibit the same decreasing trend as the WF. The band gaps for all
samples fall between 1.50 and 1.71 eV, with the MeOPEAI and FPEAI treatments re-
sulting in the largest band gaps of 1.70 and 1.71 (+0.10) eV, respectively. These in-
creases are at the edge of the uncertainty window and may be attributed to

4 Cell Reports Physical Science 4, 101650, November 15, 2023

Cell Rerrts )
Physical Science



Cell Reports

Physical Science
A B
E —— No Treatment E
i —— PEAI F
3.74 . — FPEAI
2 H ] —— MeOPEAI
......... 2 X
493 P Tie ] 7))
b T T T T

PEAI MeOPEAI 7 6 5 4 3

MAPbI, indi
e Binding energy (eV)

Figure 2. Surface energetics of perovskite films

(A) Energy levels for MAPbl; films with and without surface treatments.

(B) UPS and IPES spectra for MAPbl; films. Solid lines display Gaussian fits to the VBM and CBM
onset regions.

differences in the extent of surface 2D phase formation, slight differences in surface
chemistry, and/or differences in the electrostatic environment.

The modified MAPbI; energetics provide an important starting point for under-
standing interfacial energetics, but they do not capture effects such as band bending
or interfacial dipoles introduced upon addition of the charge-transport layer. They
also do not account for electrostatic induced shifts in the HOMO or LUMO of the
organic semiconductor.**-** Therefore, we directly probed the interfacial energetics
atthe modified MAPbI3/Cqg interface by in situ UPS measurements during incremen-
tal deposition of Cgq.

Figure 3A shows the measured UPS spectra of the secondary electron cutoff (SECO)
and the VBM/HOMO region as the thickness of Cy is increased from 0 to 256 Aon
FPEAI-modified MAPbls. The measurements clearly show that the HOMO feature in-
tensity of C¢o gradually increases and the VB feature intensity of MAPbl; decreases
as the Cyg layer thickness increases. The SECO region shows that bare FPEAI-modi-
fied MAPblI; gives a WF of 5.35 eV, which decreases by 0.05 eV as the C4p thickness is
increased to 256 A. In contrast to the FPEAI-treated film, Figures 3B and 3C show
dramatic increases in WF during Cso deposition for both PEAI- (0.29 eV) and
MeOPEAI-modified (0.36 eV) MAPbI3. The majority of the WF shift for PEAI- and
MeOPEAI-modified MAPbI3 occurs during the formation of a Cgq bilayer (~16 A),
which is interpreted as an interfacial dipole. Herein, the interfacial dipole values
shown in Figures 3E and 3F are taken as the WF difference between the modified
perovskite film and the 16 A Cyo-coated film. Figure S7 shows the evolution of the
UPS spectra in the VB/HOMO region for PEAI- and MeOPEAI-modified MAPbI; films
as the Cyg thickness is increased from 0 to 256 A.

The UPS spectra were fit using a linear combination of the bare MAPbl3 spectrum
and the Cy spectrum at 256 A thickness to extract the energy levels of both mate-
rials at varying Ceg thicknesses, as illustrated in Figure S8. Combining all values ex-
tracted from the spectral fittings results in the energy diagrams presented in
Figures 3D-3F. In addition to the differences in the WF changes observed with the
different surface ligands, the energy diagrams show a slight upward bending of
the C4o HOMO and LUMO near the interface with Cso for FPEAI and a slight
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Figure 3. Interfacial energetics between modified perovskites and C¢o layers

(A) UPS spectra of FPEAI-modified MAPbI; with stepwise deposition of Cgo from 2 to 256 A.

(B and C) SECO regions of UPS spectra for PEAI- (B) and MeOPEAI-modified (C) MAPbI3 as the Cy4g
thickness increases.

(D-F) Schematic diagrams of interfacial energetics between MAPbI3 and Cyo with FPEAI (D), PEAI
(E), and MeOPEAI (F) treatments. The WF is calculated by the equation WF = hv(UPS) — SECO,
where hr(UPS) is the energy of the excitation photons, 10.2 eV. All UPS spectra are presented with
respect to (w.r.t.) the Fermi energy at 0 eV.

downward bending of the C40 HOMO and LUMO near the Cy interface for PEAl and
MeOPEAI. These band-bending trends effectively increase the interfacial energy
gap between the MAPbl3; VBM and the C¢o LUMO for FPEAI treatment and decrease
this energy gap for PEAI and MeOPEAI treatments. The energy diagrams for the
modified MAPbl3/Cg interfaces (Figures 3D-3F) show that the LUMOs of Cy4q lay
lower in energy than the CBMs of MAPbl; by 0.31, 0.21, and 0.46 eV for PEAI-,
FPEAI-, and MeOPEAI-modified interfaces, respectively, as determined at 16 A of
Ceo. The HOMO of Cqg is also lower than the VBM of MAPbl;, thus forming a type
2 heterojunction that favors electron transfer and hinders hole transfer from
MAPb|3 to Céo.

Nonoptimal ELAs at interfaces in PSCs can result in a smaller interfacial energy gap,
leading to a dramatic bending of the quasi-Fermi level close to the interface, as
determined by simulations, and consequently a Ve loss.'®*7°? In an ideal photo-
voltaic cell, the Voc limit is directly related to the optical gap of the absorber;
however, the interfacial energy gaps at the absorber/charge-transport layer (CTL) in-
terfaces can limit the Voc if they are smaller than the optical gap of the material."®
The interfacial energy gaps between the MAPbl; VBM and the C¢o LUMO at the
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Table 1. Photovoltaic performance of the control device and the surface-modified devices
Jsc (MA-cm™2) VOC (V) FF PCE (%)

Control RS 22.47 £ 0.26 (22.82) 1.03 £ 0.01 (1.03) 0.778 £+ 0.009 (0.787) 18.0 + 0.4 (18.5)
FS 22.37 £ 0.22 (22.80) 1.02 + 0.01 (1.03) 0.761 £+ 0.012 (0.752) 17.3 £ 0.11 (17.6)
With PEAI RS 22.19 + 0.12(22.34) 1.07 £ 0.01(1.07) 0.790 £+ 0.014 (0.797) 18.7 £ 0.3 (19.0)
FS 22.20 £+ 0.11(22.34) 1.07 £+ 0.01 (1.06) 0.759 + 0.013 (0.776) 18.0 + 0.3(18.4)
With FPEAI RS 22.05 £+ 0.11(22.17) 1.10 £ 0.01 (1.11) 0.811 £ 0.006 (0.814) 19.6 + 0.2 (20.0)
FS 22.01 £ 0.14 (22.08) 1.09 £ 0.01(1.10) 0.797 + 0.006 (0.798) 19.2 £ 0.2(19.3)
With MeOPEAI RS 2213 £ 0.14 (22.18) 1.07 £+ 0.01(1.07) 0.800 + 0.013 (0.813) 18.9 + 0.3(19.3)
FS 22.13 £ 0.15(22.17) 1.07 £ 0.01 (1.07) 0.782 £+ 0.011 (0.789) 18.4 + 0.3(18.7)

Champion device parameters are shown in parentheses.

MAPbI3/Cgq interfaces can be determined from the stepwise UPS measurements (us-
ing the UPS-/IPES-determined band gap of pure Cg to estimate the LUMO) at small
Ceo thicknesses, where both the MAPbl; VBM and the C,o HOMO energy can be ex-
tracted. Here, at a Cyg thickness of 16 A, the FPEAI-modified sample exhibits a
greater interfacial energy gap (i.e., the difference between the MAPbl; VBM and
the Cgo LUMO) of 1.50 eV, as compared to only 1.19 and 1.24 eV for the PEAI-
and MeOPEAI-modified samples, respectively. The interfacial energy gaps of 1.19
and 1.24 eV for PEA- and MeOPEAI-modified interfaces are significantly lower
than the band gap of MAPbls and thus may limit the QFLS in the PSC device.'®

Enhanced photovoltaic performance of PSCs by surface modification

To investigate the impact of surface modification on photovoltaic performance, we
fabricated planar PSCs with an inverted architecture of indium tin oxide (ITO)/poly
[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA)/PFN-Br/MAPbls/surface ligand/
Ceo/bathocuproine (BCP)/Ag. Herein, the poly[(9,9-bis(3"-((N,N-dimethyl)-N-ethyl-
ammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]-dibromide (PFN-Br)
thin layer was spun cast on PTAA to enhance the wettability of the MAPbl; precursor
solution, leading to dense and pinhole-free MAPbI; films. The device efficiencies in-
crease to varying extents with the different surface ligands, as displayed in Table 1.
The champion PCE is obtained in an FPEAI-modified device, achieving a reverse-
scanned (RS) PCE of 20.0% with a Voc of 1.11 V, a short-circuit current density
(Js) of 22.17 mA/ecm?, and a fill factor (FF) of 0.814 (Figure 4A), with a small hyster-
esis index (HI) of 3.74%. The Hl is calculated via Equation S1. In contrast, the best
control device delivered an RS PCE of 18.5%, with a Voc of 1.03 'V, a Jsc of 22.82
mA/cm?, an FF of 0.787, and an HI of 6.42%. The best RS PCEs from PEAI- and
MeOPEAI-modified devices are 19.0% and 19.3%, respectively. In addition,
steady-state power output of the champion cell shows a stabilized PCE of 19.7%
from the FPEAIl-modified device, agreeing with the average of RS and forward-
scanned (FS) PCEs (Figure 4B). The device Jsc experiences a slight decrease after
all surface ligand treatments, which is verified by the distinguishable drop in the
external quantum efficiency (EQE) for all three modified devices in comparison
with that of the control devices (Figure 4C). A box and whisker plot of device Voc
and PCE from 20 cells for each surface ligand and the control are displayed in
Figure 4D.

Charge-carrier behavior at MAPbI3/C,o interfaces

Steady-state and transient optical measurements are applied to investigate the
impact of surface ligands on charge-carrier recombination. Photoluminescence
(PL) spectra were collected on ligand-treated MAPbl; with and without Cgo. As
shown in Figure S9, the PL peaks are centered at 770 nm for all samples. For sur-
face-treated MAPDblI; films without C4o, PEAl and MeOPEAI enhance the PL intensity,
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Figure 4. Performance of PSC devices
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(A) J-V characteristics of champion devices for FPEAI modification and with no surface ligand treatment (control).

(B) Stabilized power outputs (SPOs).
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while the intensity with FPEAI treatment is similar to unmodified MAPbl;. When a
30-nm-thick layer of Cgg is present, the differences between the films are greatly
enhanced. Here, all ligands increase the PL intensity by at least a factor of six relative
to the untreated bilayer, with the FPEAI-treated MAPbI3/Cyg bilayer showing the
highest PL intensity, which is approximately 20 times more intense than the un-
treated sample. These intensity enhancements with ligand treatment are attributed
to reduced interfacial recombination relative to the untreated MAPbI3/Cq bilayer.

To further investigate the charge transfer and recombination dynamics at the inter-
face between MAPbI3 and C60, we employed TA and TR on the MAPbI3/Cgq bilayers,
as illustrated in Figure 5A. In these measurements MAPbl; is directly deposited on
glass substrates. Firstly, TA was performed on the modified MAPblI; to investigate
the impact of ligands on charge recombination dynamics throughout the whole
MAPbI; film (Figure S10). The spectral range considered spans from 550 to
850 nm, with the negative change in optical density (AOD) centered at 758 nm rep-
resenting the ground-state bleach (GSB) of MAPblIs. In the normalized TA kinetic
profiles (Figure S11), the control and modified films display nearly identical decay
dynamics over the 2.5 ns probing range among 4 different films. As TA probes the
full film thickness, the influence from the thin modified layers may be overshadowed
by the dynamics in the bulk.***? To determine how the surface ligands impact

8 Cell Reports Physical Science 4, 101650, November 15, 2023

External quantum efficiency (EQE) spectra and the corresponding integrated short-circuit current density (Jsc).
Box and whisker plot of the open-circuit voltage (Voc) and power conversion efficiency (PCE). Red circles represent individual photovoltaic cells.
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Figure 5. TA and TR spectra of the MAPbI;/C, bilayer films

(A) Schematics of TA and TR spectroscopies on MAPbI3/Cgg samples.

(B) TA kinetics for Cgo-coated MAPDI; films with and without surface ligands.
(C) TR kinetics for Cgo-coated MAPblI; films with and without surface ligands.

recombination dynamics at the interface with C4o, 25 nm C,o was thermally evapo-
rated onto the pristine and modified MAPbl; films. The TA decay curves displayed
in Figure S12 show that the deposition of Cgo on pristine MAPbI; accelerates the
decay of the GSB in MAPbI3, which can be attributed to electron transfer from
MAPbl; to Cgo.>'°? Further comparison was carried out among Cgg-coated
MAPbI; films with different surface ligands, as shown in Figures 5B and S13. No
peak shift or shape change was noticed for the GSB, which remains centered at
758 nm for the ligand-treated films. Spectra in the first 2.5 ns indicate similar decay
dynamics for all ligand-treated films and show that ligand treatment increases the
excited-state lifetime. The longer excited-state lifetime for all ligand-modified
MAPDbI3/Cgp bilayers indicates that the surface ligands decrease the charge recom-
bination rate, which agrees with the increase in Voc for the ligand-treated PSCs.
We attribute this ligand-independent increase in lifetime to the suppression of
interfacial defects. Interestingly, even though the Voc is 0.02-0.04 V larger for
FPEAI-treated MAPbl; compared with PEAI- or MeOPEAIl-treated MAPbI;, all
ligand-treated films show nearly identical recombination dynamics via TA analysis.
Here, excited-state lifetimes of 5.43 + 0.36 ns are observed for the ligand-treated
films, while a lifetime of only 1.15 ns is observed for the control. The fitting results
are displayed in Table S2.

TA is useful for understanding the bulk excited-state properties of materials since
the probe beam directly passes through the entire material. However, TR is a sur-
face-sensitive technique where only the first tens of nanometers are optically
excited and probed. Therefore, we conducted TR measurements to isolate the ef-
fects of the ligand treatments. The TR measurements were conducted by moni-
toring the pump-induced changes of the reflection (AR/R) from the front surface,
corresponding to the real part, n, dominating the refractive index near the band
edge of semiconductors.*®**° TR measurements were performed using the same
Ceo-coated films as used for TA (Figure 5C). By the inherent relation between
steady-state absorption and reflection, we convert as-measured TR to TA spectra
using the Kramer-Kronig (K-K) transformation, as shown in Figure S14.°® By
comparing the K-K transform of TA and experimental TR, the 400-nm-thick
MAPDbI; films appear free of thin-film interference effects in the spectral range of in-
terest.”” From the normalized TR results representing the decay kinetics (Figure 5C),
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(A) Differential capacitance as a function of Voc.

(B) Charge-carrier density in the devices as a function of Voc.

(C) TPV charge-carrier lifetime vs. charge-carrier density for devices with and without surface ligands.

the ligand-treated films exhibit longer-lived GSB signals within 2.5 ns as probed at
760 nm than the nontreated MAPbI; films, indicating that charge-carrier recombi-
nation rates are reduced upon ligand treatment. However, like the TA results, the
overall excited-state TR lifetime is independent of the ligand used. These data
thus lead us to question the origin for the Voc enhancement from the FPEAI treat-
ment relative to PEAI and MeOPEAI.

TPV/TPC and differential capacitance analysis of PSC devices
TA and TR show that recombination differences in the bilayer films cannot explain
the Voc differences. Thereby, we turn to TPV and TPC measurements on complete
devices to better understand recombination dynamics in PSCs and the origin of the
Voc change. A combination of TPV and TPC measurements enables the differential
capacitance to be extracted.”'*?>? Briefly, a small perturbation from a laser pulse is
applied to a device under illumination from a steady-state light source, with the Voc
held at different values through varying the steady-state light source intensity. A
range of light intensities from 0.01 to 1 sun equivalency were employed during
the measurements. The excess charge carriers generated by the laser pulse then re-
combine at open circuit in TPV or are collected at short circuit in TPC. The excess
charges (Aq) can be calculated by the integration of the TPC response. The differen-
tial capacitance is calculated as

Aq

4V = oo

(Equation 1)
where AV(Voc) is the amplitude of the TPV transient measured at various Voc,
corresponding to different background light intensities. Typically, Aq is indepen-
dent of background light when measured at a lower light intensity, suggesting
that the recombination process is negligible at short circuit. As illustrated in Fig-
ure 6A, without any background light, dC(0), reflecting the electrode capacitance
(Colectrode), is similar for all devices at around 80 nF/cm?. The electrode capacitance,
where charge carriers are accumulated at the ITO and Ag contacts, appears inde-
pendent of light bias under low background light illumination.”’>* As the back-
ground light intensity increases, dC exponentially increases with respect to Voc.
This capacitance can be assigned to the MAPbI; active layer and the interface re-
gions between MAPbI; and charge-transporting layers.”' The total excess areal
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charge density (Q) stored in the device at open circuit can be estimated by inte-
grating dC over Voc via Equation 2.

Voc
Q = / dC(V) — CelectrodedV (Equation 2)
0

where AV(Voc) is the amplitude of the TPV transient measured at various Voc,
corresponding to different background light intensities. Typically, Aq is indepen-
dent of background light when measured at a lower light intensity, suggesting
that the recombination process is negligible at short circuit. As illustrated in Fig-
ure 6A, without any background light, dC(0), reflecting the electrode capacitance
(Colectrode), is similar for all devices at around 80 nF/cm?. The electrode capacitance,
where charge carriers are accumulated at the ITO and Ag contacts, appears inde-
pendent of light bias under low background light illumination.*’** As the back-
ground light intensity increases, dC exponentially increases with respect to Voc.
This capacitance can be assigned to the MAPbI; active layer and the interface re-
gions between MAPbI; and charge-transporting layers.”’ The total excess areal
charge density (Q) stored in the device at open circuit can be estimated by inte-
grating dC over V¢ via Equation 2.

Figure S15 plots Q as a function of Voc, and the charge-carrier density can be
derived by Equation S1. Figure 6A shows that the differential capacitance curve
shifts to the right (to higher voltages) for all surface-ligand-modified PSCs, with
the FPEAI-modified sample showing the greatest shift. Correspondingly, Figure 6B
shows that for a similar charge-carrier density FPEAI will show the highest Voc and
the unmodified film the lowest Voc. Such results agree with the UPS measurements,
where the energy gap at the MAPbI3/Cqq interface is greatest for FPEAI-treated
MAPbI3. This combination of results indicate that it is the interfacial energetics
that are dominating the Vo changes based on ligand structure and not variations
in defect states or interfacial electronic coupling.

We further investigated the corresponding charge-carrier lifetime with respect to
charge-carrier density as displayed in Figure 6C. The lifetimes are extracted from
TPV transients, indicating the charge recombination rate. All TPV transients decay
monoexponentially as presented in Figure S16. An approximate power-law correla-
tion was observed for all devices as expected for a bimolecular charge recombina-
tion process.’” Under 1 sun equivalent light irradiation, the three modified PSCs ex-
hibited similar recombination rates with TPV transient lifetimes of 424 ns for PEAI-,
433 ns for FPEAI-, and 392 ns for MeOPEAI modified devices, while the TPV transient
decayed with a lifetime of 262 ns for the control device (Figure S17). Figure S18
shows the light intensity dependence of Voc, which allows the identification of the
ideality factor, nig, by Equation S2. Comparable ideality factors indicate similar
recombination processes with and without surface ligands,*® which further supports
thatinterfacial energetic differences are the primary variable influencing the Vo, as
opposed to differences in interfacial defect states.

In this article, the TA and TR results presented show that all ammonium ligands inves-
tigated here increase the recombination lifetime in MAPbI3/C,q bilayers; however,
the TA- and TR-determined lifetimes do not depend on surface ligand structure,
as all three ligand-treated interfaces show nearly identical recombination dynamics.
Similarly, TPV measurements of the PSCs show increased recombination lifetimes
upon ligand treatment but minimal differences between the different surface ligands
at comparable charge-carrier densities. This information shows that ligand treat-
ment can reduce recombination and boost solar cell performance just through
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surface passivation and that the variations in ligand structure investigated here exert
only minimal differences in recombination dynamics when these dynamics are
compared at similar charge-carrier densities. Understanding the PSC performance
variations between the different surface ligands requires consideration of the UPS
and differential capacitance results, which show that the V¢ varies in accordance
with the energy gap at the MAPbI3/Cq interface. Our work suggests that, while
ligand treatments passivate the interface between perovskites and charge-transport
layers, variations in interfacial energetics can be a major contributor to performance
variations observed upon surface ligand treatment of PSCs.

This work also highlights that the application of multiple transient methods,
including those performed on complete devices, is often necessary to understand
the device physics that leads to performance variations in PSCs. For example, sur-
face ligand modification may improve device performance through shifting the inter-
facial energetics, as demonstrated here, while there may be other systems where
surface ligands have minimal effect on energetics and instead alter the recombina-
tion dynamics at comparable charge-carrier densities to shift the Voc. From a surface
ligand design standpoint, adjusting the dipole moment of the surface ligand pro-
vides a straightforward way to manipulate the interfacial energy gap and increase
the Voc. Many questions related to surface ligands still remain, including how
both the extent of surface coverage and 2D phase formation impact recombination
dynamics. Moving forward, after the energetic alignment is optimized in a particular
system, further gains in Voc and PCE could be achieved through more effective
defect state passivation or reduced interfacial electronic coupling to further reduce
the interfacial recombination rates.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for the resources are available from the lead con-
tact, Kenneth R. Graham (kenneth.graham@uky.edu).

Materials availability
This study did not generate new unique materials.

Data and code availability
All data during this study can be accessed in the article and its supplemental
information.

Materials

All reagents were directly used without further purification. Methylammonium
iodide (MAI), PEAI, FPEAI, and MeOPEAI were purchased from Greatcell Solar Ma-
terials. PTAA was obtained from Solaris Chem. C¢q was purchased from Lumtec.
PFN-Br was acquired from 1-Material. BCP and all solvents, including N, N-dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO), methanol (MeOH), toluene, and iso-
propanol (IPA) were from Sigma-Aldrich.

Film and device fabrication

ITO-coated glass substrates (15 Q/[J) were cleaned with sodium dodecyl sulfate so-
lution, water, acetone, and IPA sequentially and then treated with UV-ozone for
15 min before film fabrication. The PTAA layer was spin-coated onto the ITO sub-
strates (2 mg/mL in toluene) at 6,000 rpm for 30s and annealed at 100°C for
10 min. The MAPbI; precursor solution was prepared by dissolving 238.5 mg MAI

12 Cell Reports Physical Science 4, 101650, November 15, 2023

Cell Rer_)orts )
Physical Science


mailto:kenneth.graham@uky.edu

Cell Rer_)orts .
Physical Science

and 726.1 mg Pbl, in 1 mL DMF/DMSO mixed solvent (v/v 9/1). PEN-Br was dis-
solved in MeOH at 0.5 mg/mL. The thin PFN-Br layer was deposited on PTAA by
spin-coating at 4,000 rpom for 30 s to enhance the wettability of the MAPbl; precursor
solution. The MAPbl; layer was fabricated by spin-coating 150 uL MAPbl; precursor
solution at a speed of 4,000 rpm for 30 s. During spinning, 200 pL toluene was drop-
ped onto the film at the 10* second following the start of spinning. The as-cast films
were further annealed at 100°C for 10 min. For surface modifications, all ligands were
dissolved in IPA at 0.5 mg/mL. The surface ligand solutions were spun cast on
MAPbI; films at 3,000 rpm for 30 s, followed by a 5 min annealing process at
100°C. Finally, 25 nm Cgo, 6 nm BCP, and 100 nm Ag were deposited through ther-
mal evaporation. The device active area by evaporation was 0.122 cm?, which was
masked during the J-V measurement with a 0.059 cm? metal aperture mask.
MAPbI; films for TA and TR measurements were fabricated on glass substrates under
the same conditions.

Device characterizations

The J-V curves were recorded with a scan rate of 0.34 V s~

in an N -filled glovebox
under light illumination from a Newport Oriel Sol3S class solar simulator with a
xenon lamp, calibrated with a silicon cell under a KG2 filter before measurements.
The stabilized power outputs (SPOs) of the devices were measured by monitoring
the current density output under a bias potential set at the maximum power point.
EQE spectra were obtained in ambient air using a Newport Oriel IQE200 system
with monochromatic light scanning from 300 to 800 nm.

UPS and IPES measurements

Photoemission spectroscopy measurements were carried out in a PHI 5600 ultrahigh
vacuum (UHV) system under a base vacuum of 5 x 107'° mbar. All as-prepared
MAPblI; films were transferred into the UHV chamber without air exposure through
a glovebox under N, atmosphere. UPS measurements were conducted with an
11-inch-diameter hemispherical electron energy analyzer and multichannel detector
with a pass energy of 5.85 eV. Photons with energies of 10.2 eV, as produced by an
Excitech H Lyman-a lamp (E-LUX 121), were used as the excitation source. A =5V
bias was employed in all UPS measurements. IPES measurements were performed
in the same UHV chamber. During the data collection, the chamber was blacked
out to eliminate external photons. IPES spectra were obtained in the isochromat
mode with a 254 nm optical band-pass filter coupled to a photomultiplier tube.
The low-energy electron beam was generated by a Kimball Physics ELG-2 electron
gun equipped with a BaO cathode. To minimize sample damage, electron kinetic en-
ergies were kept at <5 eV after —20V bias deceleration, and emission currents were
setat 2 pA. Samples for PES measurements were prepared on nonpatterned ITO sub-
strates with the PTAA hole-transporting layer (HTL) and PFN-Br layers. During the in-
cremental depositions of Ceo, the rate was maintained at <0.5 A/s and the pressure at
<5 x 1077 mbar, with the samples kept under vacuum between measurements.

PL

PL spectra of thin films were acquired by an Ocean Optics QE Pro high-performance
spectrometer under 532 nm laser (Thorlabs, CPS532) irradiation with 1,100 ms inte-
gration time and 200 pm slit width.

TA measurement

TA measurements were collected using a PHAROS Yb:KGW laser with an output of
1,028 nm at 1 kHz. The laser beam was directed into an ORPHEUS optical parametric
amplifier to generate a pump laser pulse (<190 fs), modulated at 500 Hz through an
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optical chopper. Femtosecond TA spectra were probed up to 7 ns by a Helios system
(Ultrafast Systems) with a visible white light continuum generated by a sapphire
crystal.

TR measurement

TR measurements were conducted with a Coherent laser (800 nm fundamental
beam, 1 kHz repetition rate, 3 mJ pulse, and 100 fs pulse width). The laser beam
was split into pump and probe pulses. The pump laser pulse was directed into a Pal-
itra Duo optical parametric amplifier to obtain a 400 nm pump laser. The probe was
directed through a sapphire crystal to generate a white light continuum with a delay
of up to 2.5 ns. The pump and probe pulses were aligned spatially at an approxi-
mately 45° angle to the sample surface. A Helios ultrafast spectrometer was em-
ployed to collect TR signals with a 90° angle to the probe and pump beams.
The excitation density for all TR measurements was kept the same at 6 x 10"
photons-cm™2. Films for TR measurements are the same as for TA measurements.

TPV/TPC measurement

TPV/TPC measurements were carried out in a home-built system. Background white
light illumination with variable intensity was provided by a LUXEON SP-12-W5 LED
module, consisting of a cool white Rebel LED on a SinkPAD-II square base and a 9°
optic. An extra convex lens is located between the LED and the PSC to concentrate
the light onto the active area of the devices. By controlling the working voltage for
the LED module, the light intensity on the device can reach up to 2 sun intensity
equivalence. A Thorlabs L520P50 laser diode, exciting at 520 nm, was chosen as
the source of the laser pulse perturbation. Both the white light LED and the green
laser diode are powered and controlled by an arbitrary waveform generator, Key-
sight 33522B. Normally, to obtain a distinguishable TPV signal at high light intensity,
the pulse was set with a width of 200 ns and an 8.4 ns pulse edge and was repeated
every second (1 Hz). All TPV and TPC transients were probed via a Tektronix
MDO3024 oscilloscope in trigger mode.

LEIS

The LEIS technique was used to study the coverage of surface ligands on perovskite
films. LEIS measurements were performed using an IONTOF Qtac100 tool under a
base vacuum of 1 X 107'° mbar. He* and Ne* ion guns were installed for LEIS mea-
surement at a normal incidence angle. The He" ion beam was generated at 3 keV ki-
netic energy with 3 nA ion current, and the Ne™ ion beam was generated with 3 keV
kinetic energy and 5 nA current. All samples were transferred into the system with
limited air exposure. No sputtering or cleaning processes were conducted before
measurements. The He™ ion source was used to measure the low-atomic mass ele-
ments, including O and F, and an Ne* ion source was used to measure Pb and I.

XRD measurement
XRD was performed to assess the crystal structures of MAPbl; films using a Rigaku
D-Max 2200 X-ray diffractometer.

SEM measurements
SEM was used to characterize the morphology and microstructure change of the
MAPblI; films using a Hitachi S-4800 scanning electron microscope.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101650.
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