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ABSTRACT: Additive engineering is a common strategy to Amino/Ammonium Acid Additives  HCl @+

c
improve the performance and stability of metal halide perovskite P 0/ 2
through the modulation of crystallization kinetics and passivation M 5
of surface defects. However, much of this work has lacked a ¢ v O ¢ ¢ 9 ol
systematic approach necessary to understand how the functionality S-AVAI S-AVACH » Annealing Time
and molecular structure of the additives influence perovskite 'Y ‘&Y E——
performance and stability. This paper describes the inclusion of low ﬂ S

concentrations of S-aminovaleric acid (5-AVA) and its ammonium
acid derivatives, S-ammoniumvaleric acid iodide (5-AVAI) and §- ool
ammoniumvaleric acid chloride (5-AVACI), into the precursor inks ~ ++§ 3¢
for methylammonium lead triiodide (MAPbI,) perovskite and Metal Halide Perovskite 5-AVA Aging Time
highlights the important role of halides in affecting the interactions

of additives with perovskite and film properties. The film quality, as determined by X-ray diffraction (XRD) and photoluminescence
(PL) spectrophotometry, is shown to improve with the inclusion of all additives, but an increase in annealing time from S to 30 min
is necessary. We observe an increase in grain size and a decrease in film roughness with the incorporation of 5-AVAI and 5-AVACI
with scanning electron microscopy (SEM) and atomic force microscopy (AFM). Critically, X-ray photoelectron spectroscopy (XPS)
measurements and density functional theory (DFT) calculations show that S-AVAI and S-AVACI preferentially interact with
MAPDI; surfaces via the ammonium functional group, while 5-AVA will interact with either amino or carboxylic acid functional
groups. Charge localization analysis shows the surprising result that HCI dissociates from S-AVACI in vacuum, resulting in the
decomposition of the ammonium acid to 5-AVA. We show that device repeatability is improved with the inclusion of all additives
and that 5-AVACI increases the power conversion efficiency of devices from 17.61 + 1.07 to 18.07 + 0.42%. Finally, we show
stability improvements for unencapsulated devices exposed to 50% relative humidity, with devices incorporating 5-AVAI and 5-
AVACI exhibiting the greatest improvements.

Efficiency

v v v

KEYWORDS: hybrid organic—inorganic lead halide perovskites, perovskite solar cells, ammonium halide salt additives,
multifunctional additives, surface passivation, halide exchange, first principles

1. INTRODUCTION pathways for additive engineering are to add the additives
either directly into the precursor ink or after film formation in
a postprocessing step. When the additives are added directly
into the perovskite precursor solution, they will interact with
the perovskite precursors, forming adducts that regulate the
perovskite crystallization, which can lead to improved film
quality.” If these additives are not volatilized during film
growth, they can passivate surface defects by interacting with
the perovskite grain surfaces through coordination bonding—
e.g, Lewis acid/base interactions.’>”'° While the general

Metal halide perovskites, or simply “perovskites,” are promising
materials for next-generation photovoltaic applications due to
their excellent optoelectronic properties, such as direct and
tunable band gaps, long carrier-diffusion lengths, high charge-
carrier mobilities, and high absorption coefficients. " These
properties have resulted in perovskite-based solar cells (PSCs)
achieving power conversion efficiencies (PCEs) on par with
more mature technologies such as crystalline silicon in just
over a decade.””” However, poor chemical and thermome-
chanical stabilities remain an obstacle that must be addressed

for these promising technologies to ever achieve commercial Received: January 31, 2023
viability. "~ ° Accepted: April 26, 2023

Additive engineering is commonly used in metal halide
perovskite-based materials to address instabilities, predom-
inantly through two mechanisms: (1) controlling crystalliza-
tion kinetics and (2) passivating surface defects.”'" The two
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strategy of additive engineering has been shown to be highly
effective, there are still many remaining questions about how
additives interact with perovskite precursors and films on the
molecular level. These questions must be answered to
understand how to best implement this strategy—i.e., selecting
the most appropriate additives for a given material
composition and application—especially as the field moves
toward increasingly complex metal halide perovskites that
incorporate mixed cations, metals, and halides.

One particularly common class of additives that have
frequently been shown to improve material properties are
additives with amino and ammonium functional groups.'>'*'°
These additives typically interact with the perovskite through
Lewis acid—base interactions between the amines and the soft
Lewis acid Pb*" or through the hydrogen bonding between the
hydrogens on ammonium and halide species on the surface of
perovskite grains to improve chemical stability by reducing
surface reactivity.'”'*"” One exemplary family of these
additives is S-aminovaleric acid (5-AVA) and its ammonium/
halide salts S-AVAX (X = I, Cl, or Br). These bifunctional
additives include amino (or ammonium) and carboxyl groups,
which enable the passivation of multiple defect types and
linking of adjacent grains via Lewis acid—base coordination
and hydrogen-bonding interactions, thus improving the
stability and performance of perovskites. In 2014, Mei et al.
first added S-AVAI as an additive into methylammonium lead
triiodide (MAPbI;) perovskite precursor solution and built
mesoscopic perovskite solar cells with a certified PCE of 12.8%
and stability >1000 h in ambient air under full sunlight.'® The
enhanced PCE and stability were attributed to the templating
role of 5-AVAI in perovskite crystal nucleation and vertical
growth, where carboxyl groups anchored to mesoporous TiO,
and ZrO, substrate, and amino groups promoted nucleation
and filled the pores. Later, Grancini et al. reported a two-
dimensional/three-dimensional (2D/3D) (S-AVA),Pbl,/
MAPDI; perovskite and realized an outstanding long-term
stability over one year (>10,000 h) without any loss in PCE."
More recently, 5-AVAI was also shown to produce better
stability and higher PCEs in formamidinium (FA)-based” and
Sn-based perovskite.”' Furthermore, both 5-AVAI and 5-AVA
have also been demonstrated to improve the mechanical
properties—i.e., the cohesive energies—of MAPbI,.*"*

Although there are a significant number of reports
demonstrating the incorporation of 5-AVA®'****? or 5-AVAI
into metal halide ?erovskites to enhance efficiency or
mechanical stability, **”*"**** S.AVACI has been rarely
used as an additive, despite previous demonstrations of
chloride (Cl7) alloying significantly improving the quality of
perovskite by increasing grain size and reducing the number of
trap states.”*">' Furthermore, despite the significant body of
literature, a detailed understanding of how the S-AVA/S-
AVAX family of additives interacts with perovskite precursors
or grain surfaces is still lacking, and in particular, there is a
dearth of studies that have explicitly focused on the effect of
the halides in this additive family. In many cases, the identity of
the halide species is omitted and both the amino and
protonated ammonium acid forms of S-aminovaleric acid are
referred to as 5-AVA.

In this work, we aimed to understand how the modification
of amino/ammonium halide functionality influenced the
performance and stability of perovskite films and devices by
comparing a series of amino/ammonium additives with
changes to the halide composition. We therefore wanted to

compare the influence of the halide counterions, iodide and
chloride, on the perovskite films. To avoid confusion, we will
refer to S-aminovaleric acid as 5-AVA and the ammonium acid
forms as 5-AVAX as a generalized form, or 5-AVAI and 5-
AVACI for S-ammoniumvaleric acid iodide and S-ammonium-
valeric acid chloride, respectively.

To reduce the complexity of the system to better isolate the
effects of the halides in the additives, we focused on MAPbI,
perovskite given its simpler chemistry than mixed cation/anion
perovskites. We introduced 5-AVA and two of its halide salts,
S-AVAI and 5-AVACI], into MAPbI; perovskite precursor
solutions to study their interaction with perovskite through
experiment and density functional theory (DFT) calculations.
Our results showed that the halides played different roles in the
properties of MAPDI; films. At concentrations of 1 mol % $-
AVA/5-AVAX relative to Pb*", generally beneficial effects were
observed. At higher concentrations—35 or 10 mol %—S5-AVA
and 5-AVAX were detrimental to PCE. Moreover, we observed
stronger interaction energies between perovskites and the S-
AVAX ammonium/halide salts than with the 5-AVA amino
acid, which resulted in slower crystallization and larger grain
size. As a result, devices incorporating 5-AVAI and S-AVACI
exhibited the highest stability and reproducibility. The addition
of 5-AVACI also significantly reduced nonradiative recombi-
nation, as evidenced by photoluminescence measurements, and
enhanced the average PCE from 17.61 + 1.07 to 18.07 +
0.42%.

2. EXPERIMENTAL METHODS

2.1. Materials. Indium tin oxide (ITO)-coated glass slides (R, ~
10 Q [J7") were purchased from Xin Yan Technology. Lead(II)
acetate trihydrate (PbAc,-3H,0, 99.999%) and anhydrous N,N-
dimethylformamide (DMF, 99.8%) were purchased from Sigma-
Aldrich. Methylammonium iodide (MAI) was purchased from
GreatCell Solar Materials. S-Aminovaleric acid (5-AVA, 98%), 5-
ammoniumvaleric acid chloride (5-AVACI, 98%), and S-ammonium-
valeric acid iodide (S-AVAI, 97%) were purchased from TCI
Chemicals. Tin(IV) oxide (SnO,, 15% in H,O colloidal dispersion),
lithium bis(trifluoromethylsulfonyl)imide (LiTFSI, 98%), and anhy-
drous toluene (99.8%) were purchased from Alfa Aesar. 4-tert-
Butylpyridine (tBP, 96%) was purchased from Shanghai Shaoyuan
Co., Ltd. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA,
M,,: 40 kDa) was purchased from Solaris Chem. 2-Propanol (certified
ACS) and acetone (certified ACS) were purchased from Fischer
Scientific. All chemicals were used as received without further
purification.

2.2. Preparation of Samples for XRD, PL, UV-Vis, SEM,
AFM, and XPS. Microscope glass substrates (1 X 1 in.) were
sequentially cleaned by ultrasonication in 1 wt % Alconox detergent
solution, deionized water, acetone, and isopropanol for 10 min each
and then exposed to oxygen plasma at 120 W for S min. The MAPbI,
perovskite precursor solution was prepared in a N,-filled glovebox by
dissolving 341.4 mg mL™' PbAc, and 429.3 mg mL™' MAI in
anhydrous DMF with continuous stirring on a 70 °C hotplate for 1 h,
forming a 0.9 M (with respect to Pb**) perovskite solution.

After cooling to room temperature, the perovskite solution was
filtered with a 0.2 um poly(tetrafluoroethylene) (PTFE) filter and
then spin-coated onto the glass substrate at 2000 rpm (2000 rpm s
ramp rate) for 75 s (after 15 s, N, was flowed at 20 psi into the spin
coater to improve film morphology). The wet films were then
annealed at 100 °C for 2—30 min. For films fabricated from inks with
additives, different amounts of 5-AVA, S-AVAC], or 5-AVAI (1-10
mol % with respect to Pb?*) were directly mixed with the precursor
solution and the films were prepared following the same procedure
described above. These films were used for XRD, PL, ultraviolet—
visible (UV—vis), SEM, and AFM characterization.
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Figure 1. (a) Chemical structures of S-AVA, S-AVAI, and S-AVACI and fabrication process schematic. (b) XRD spectra of the pristine MAPbI; film
and the films incorporated with 1 mol % S-AVA, 5-AVAI, and 5-AVACI after 30 min of annealing at 100 °C. (c) XRD spectra of 1 mol % S-AVACI-
modified films at different annealing times. (d) (110)/(310) intensity ratio in MAPbI, films with and without additives as a function of annealing

time.

Films for XPS were prepared differently; pristine perovskite films
were coated with a 0.01 mmol ml™' 5-AVA, 5-AVACI, or 5-AVAI
solution in IPA by spin-coating at 2000 rpm for 30 s and then
annealed at 100 °C for 5 min.

2.3. X-ray Diffraction Measurements. The crystal structure of
the perovskite films was characterized by powder XRD measurements,
using a Phillips X'Pert Pro MPD X-ray diffractometer with Cu Ko
radiation (4 = 1.54 A). XRD spectra were collected from S to 50° with
a step size of 0.017° and a scan speed of 0.209° s™.

2.4. Photoluminescence and UV—Vis Absorption Spectros-
copy. Steady-state photoluminescence spectra were measured at
room temperature using a Horiba Fluorolog-3 Spectrofluorometer
equipped with a 450 W xenon lamp. The perovskite films were excited
with the 430 nm line of the Xenon lamp. Time-resolved photo-
luminescence (TRPL) was performed using a DeltaHub time-
correlated single photon counting (TCSPC) module with a
NanoLED pulsed diode laser source at 639 nm (Horiba NanoLED
DD-63SL, 60 ps pulse duration) and a repetition rate of 20 MHz.

UV—vis absorption spectra of the sample films were collected using
a Cary 5000 UV—vis-NIR spectrophotometer in the range of 400—
850 nm with 1 nm intervals. A blank glass substrate was used as the
reference slide for baseline correction.

2.5. Scanning Electron Microscopy and Grain Size Measure-
ments. The morphology and grain sizes of the perovskite films were
characterized by a Hitachi S-4800 SEM, operated at 10.0 kV and 10
uA. Samples were coated with S nm of Pt prior to microscopy to
improve conductivity and minimize image distortion by charging
effects.

The obtained micrographs with magnifications of 25,000X and
50,000% were processed, and the grain sizes were estimated using
Image]. In ImageJ, the grains were manually outlined using the
polygon selection tool to build the grain boundary map. The grain
sizes were then calculated by running the “Analyze — measure”
routine in Image]J. For each film composition, at least 100 grains were
analyzed.

2.6. Atomic Force Microscopy. Surface morphology and
roughness characterization of the perovskite films were conducted
on a Park NX20 AFM using Al-coated silicon cantilevers
(HQ:NSC15/Al BS) with the frequency of 325 kHz, a force constant
of 40 N m™, 125 um length, 30 ym width, and operating under
noncontact mode.

2.7. X-ray Photoelectron Spectroscopy Measurements. XPS
spectra were acquired on a Kratos Axis Ultra Photoelectron
Spectrometer with a monochromated Al Ka radiation (1486.6 eV),
operated at 15 kV/20 mA and pass energy of 20 eV.

2.8. Modeling Intermolecular Interactions. Adsorption
calculations were performed using the Perdew—Burke—Ernzerhof
(PBE) generalized gradient approximation (GGA) with Grimme’s
DFT-D3 dispersion correction as implemented in the Vienna Ab
initio Simulation Package (VASP).*>*” Valence—core interactions
were treated with the projector augmented wave (PAW) method, and
the energy cutoff for plane waves was 520 eV. All structures were fully
relaxed using a conjugate-gradient algorithm until the force on each
constituent atom was less than 0.01 eV A™". A T'-centered 4 X 4 X 1
and 8 X 8 X 8 Monkhorst—Pack k-point mesh was used for all slab
calculations and unit cells, respectively.*® MA-I- and Pb-I-rich surfaces
were prepared by cleaving supercells of pseudocubic perovskite along
the (001) direction and introducing 25 A of vacuum in the direction
normal to the slab surface. The optimal cleaved surface area for
adsorption was determined by increasing the supercell size until
calculated energies were converged for all 5-AVAX species. For all of
the calculations, the bottom layer of unit cells was fixed and the
number of mobile layers was varied to ensure the convergence of
relative adsorption energies. Dipole corrections were applied in the
direction normal to the slab surface corresponding to IDIPOL = 3 in
VASP.

When DFT calculations were performed on isolated molecules for
subsequent adsorption calculations with VASP, geometrically
optimized energies were produced by placing each adsorbate in the
center of a cubic simulation cell of side length 30 A. A I'-centered 1 X
1 X 1 Monkhorst—Pack k-point mesh was used for Brillouin zone
integration, and dipole corrections were applied in all Cartesian
directions. All atomistic visualization was performed with the
Visualization for Electronic and Structural Analysis (VESTA) software
package.*

Electrostatic potential maps for 5-AVA/5-AVAX were calculated
using the Gaussian 16 software package. All molecular configurations
were relaxed using the wB97X-D range-corrected hybrid functional at
the def2-TZVP level of theory,'®"" and frequency analysis was
performed to check for the presence of saddle points during
optimization.
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Figure 2. Photoluminescence properties of MAPbI, films with and without additives. (a) Steady-state PL of films of pristine MAPbI; and MAPbI,
incorporating 1 mol % S-AVA, S-AVAI and S-AVACL (b) PL spectra of MAPbI; with 1 mol % S-AVACI at different annealing times. (c) PL
intensity of MAPbI, films with and without additives as a function of annealing time. (d) Time-resolved PL of MAPbI; films with and without

additives.

2.9. Preparation and Characterization of Solar Cells. ITO-
coated glass substrates (2 cm X 2 cm) were cleaned as described in
Section 2.2. A diluted 4 wt % of SnO, solution was spin-coated on
ITO substrate at 4000 rpm (4000 rpm s~' ramp rate) for 30 s and
annealed at 150 °C for 1 h, resulting in a 30 nm thick SnO, film. The
perovskite ink (with/without additives) was spin-coated onto the
SnO, layer following the same procedure described in Section 2.2.
Subsequently, 15 mg mL™' of PTAA in anhydrous toluene, doped
with 10 uL mL™" of LiTFSI solution (170 mg mL™") and 6 uL mL™"
of tBP, was spin-coated on top of the perovskite layer at 4000 rpm
(2000 rpm s~' ramp rate) for 45 s and annealed at 75 °C for 5 min,
resulting in a 30 nm thick doped PTAA film. Next, the devices were
placed in a desiccator and oxidized overnight to improve hole
transport in the PTAA layer. Finally, 150 nm of Ag was e-beam
evaporated on top of the devices through a shadow mask, giving a
PSC device with the structure ITO/SnO,/MAPbI;/PTAA/Ag with
an active area of 0.12 cm?.

Devices were characterized by current density—voltage (J—V)
curves measured using a Keithley 2400 source meter with a scan rate
of 0.02 s per step (0.01 V) under simulated solar illumination (AM
1.5G, 100 mW cm™2) generated by OAI TriSol TSS-100US AAA
solar simulator, which was calibrated by a silicon reference cell.

3. RESULTS AND DISCUSSION

3.1. Characterization of Perovskite Crystallinity.
Amino/ammonium acid additives are commonly reported
surface or interfacial passivators, typically incorporated into the
films by a second step of processing where they are spin-coated
onto the surface of a perovskite film.'"”** In this study, we
focused on incorporating amino/ammonium acid additives—
5-AVA, 5-AVAI, and 5-AVACI with varying concentrations
(from 1 to 10 mol % relative to Pb)—directly into the
precursor solution since single-step processing is more directly
translatable to scalable fabrication (Figure 1a).

We evaluated the quality of the perovskite in both pristine
and additive-incorporated films using X-ray diffraction (XRD)
(Figure 1b). The largest diffraction peaks for the pristine
(control) MAPbI, sample were at 26 = 14.0, 28.2, and 31.6°,
which corresponded to the (110), (220), and (310) crystal

planes of a typical tetragonal structure of 3D MAPbL,.** The
peaks were at identical locations for all films with 1 mol % 5-
AVA/5-AVAX, indicating that the crystal structure was not
affected by the inclusion of additives at low concentrations.
Moreover, at similar film thicknesses, the intensity of the (110)
peak in films incorporating 5-AVA/S-AVAX was approximately
twice as high as for the pristine film (Table S1), suggesting that
the additives slowed down crystallization and improved the
long-range order of the perovskite films.'**"**** We studied
the structural evolution of perovskite films by varying the
annealing time and tracking the increased intensity of the
(110) peaks for all samples over 30 min of annealing (Figures
Ic, S2, and S3). In pristine MAPbI, films, the crystallization
process was nearly completed within 5 min and there was only
a slight increase of the (110) peak intensity in the subsequent
samples after 15 and 30 min of annealing (Figures S2 and S3,
and Table S1). Conversely, in the films incorporating S-AVA/
5-AVAX additives, a notable monotonic increase in (110) peak
intensity was observed throughout the 30 min of the annealing
process (Figure 1c and Table S1). This increase in (110) peak
intensity indicated a continuing improvement of perovskite
crystallinity with longer annealing times, which could again be
explained by the slowing of perovskite crystallization and
templated growth by the incorporation of the additives.'®
Similar increases in (110) peak intensity as a function of
annealing time were also observed in S and 10 mol % additives
samples (Figure S3), although the (110) intensity dropped
after the 30 min of annealing for the 10 mol % S-AVACI
sample, which was attributed to the partial conversion of three-
dimensional perovskite to two-dimensional slabs (Figure S1b).
Furthermore, the full width at half-maximum (FWHM) of
(110) peaks narrowed with the inclusion of additives as well as
increased annealing times (Table S2).

Previous reports have used the ratio of the intensities of the
(110) and (310) peaks to indicate the extent of crystal
orientation;*** in our films, the additive-modified films
showed much higher (110)/(310) intensity ratios—7.21,
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Figure 3. Morphologies of MAPbI, films with and without S-AVA/S-AVAX additives. (a) SEM micrographs and (b) AFM micrographs of pristine
MAPbI,; and MAPbI; with 1 mol % of S-AVA, 5-AVAI, and S-AVACI after 30 min of annealing, and (c) their average grain size and surface

roughness.

12.55, and 10.22 with the inclusion of 5-AVA, 5-AVAI, and 5-
AVAC], respectively—than the pristine MAPbI; (1.94),
consistent with enhanced preferential crystal orientation
along the (110) plane induced by the inclusion of 5-AVA/S-
AVAX additives (Figure 1d). Notably, the films incorporating
S-AVAI and S-AVACI exhibited higher (110)/(310) ratios
than films incorporating S-AVA, which we attributed to the
additional benefits from the hydrogen bonding between
ammonium groups and iodide in the perovskite.

Similarly, at higher concentrations of additives, we observed
that the crystallinity and crystal orientation were further
enhanced (Figures S1 and S3). Furthermore, at concentrations
of 10 mol %, the emergence of a new small diffraction peak at
20 = 5.7° was observed in films with 5-AVA and S-AVACI
(Figure S1b), indicative of 2D perovskite formation according
to previous theoretical and experimental reports of 5-AVAX
incorporation.'”?>***” Interestingly, this peak was not visible
in the 5-AVAI films, suggesting that the 5-AVAI does not form
2D perovskite as readily.

3.2. Characterization of Perovskite Optical Proper-
ties. We measured both the steady-state and time-resolved
photoluminescence (PL) properties of the perovskite and
perovskite/additive films on glass to better understand the
influence of 5-AVA/S-AVAX on defect passivation. Given that
the additives were expected to passivate surface defects and
influence the extent of radiative and deleterious nonradiative
recombination of excited electrons and holes, we expected
pronounced changes in the photoluminescence characteristics
of these films.

The steady-state measurements were performed with an
excitation wavelength of 430 nm, which allowed us to probe
photoemission from 3D perovskite, which occurs around 760—
780 nm, as well as any 2D perovskite that may have formed,
which has lower emission wavelengths ranging from 500 to 600
nm.*® Compared to pristine MAPbL;, all additives resulted in
increased PL intensity, which was consistent with a passivation
of surface defects that result in nonradiative recombination.
The inclusion of just 1 mol % 5-AVA doubled the PL intensity,
while the inclusion of 5-AVAI resulted in a 4-fold increase in
intensity and S-AVACI increased the intensity nearly 6-fold
(Figure 2a). The location of the maximum intensity peaks for
films with S-AVAX species was essentially identical to the
pristine control, while the inclusion of 5-AVA did result in a
slight blue shift (0.0105 eV), which we attributed to the
smaller grain size and poorer crystalline quality of films
containing 5-AVA.*” The FWHM was 48.93 nm for the control
film, and 44.84, 49.85, and 50.25 nm for the films with 5-AVA,
S-AVAI, and 5-AVAC], respectively. The reduction in FWHM

for the films with 1 mol % S5-AVA might be related to a
narrower grain size distribution.>’

We also observed that the PL emission evolved with
prolonged annealing time (Figures 2b,c, and S4a—c). In
pristine MAPDI; films, the PL intensity increased for the first
15 min of annealing and then decreased after 30 min of
annealing, possibly due to the thermal decomposition of the
perovskite.”' Films incorporating additives either continued to
exhibit increased PL intensity after 30 min of annealing (-
AVA) or stabilized after 15 min of annealing (S-AVAI and S-
AVACI). These longer annealing times were likely necessary
for films incorporating additives due to slower crystallization
kinetics. At higher concentrations of additives, the maximum
PL emission peaks blue-shifted slightly with increasing additive
concentration (Figure S4d—f), which was attributed to better
passivation of surface defects.”> Moreover, at a concentration
of 10 mol %, we observed some PL emission at 500—600 nm
wavelength in the films with S-AVA and S-AVACI (Figure S4f),
confirming the low-dimensional perovskite formation observed
with XRD as discussed above,* while no 2D perovskite
emission was detected in films with 5-AVAL

We then measured the time-resolved photoluminescence of
these films with an excitation wavelength of 639 nm (Figure
2d) and used a biexponential fit to determine the photo-
luminescence lifetimes (Table S3). All films with additives had
improved lifetimes compared to the pristine MAPDI,, although
the pristine MAPDI; films and those with S-AVAI had very
similar 7, lifetimes of 239.14 and 267.18 ns, respectively.
Adding 5-AVA increased the lifetime to 414.43 ns and an even
larger lifetime improvement to 493.53 ns was observed with
the inclusion of S-AVACI. The similarity in photoluminescence
lifetimes between pristine MAPDbI; and films containing $-
AVAI was unexpected. Previous reports suggest that these
lifetime similarities could be attributable to the formation of
iodide interstitial and Frenkel defects near the surface of
perovskite grains, which can facilitate the self-trapping of
polarons on Pb-I-rich surfaces that would likely occur with the
additional iodine provided to the perovskite by the 5-AVAL™>
In the case of 5-AVACI, the addition of the more electro-
negative chloride species likely localized to the deleterious
defects at grain boundaries, where it has been demonstrated to
destabilize tr%&ped polarons that lead to fast nonradiative
combination.”*

Similar absorbance spectra were measured for all thin-film
samples in the wavelength range of 400—850 nm, with the
band-edge absorption around 780 nm. We estimated the
optical band gaps of all films using Tauc plots and found that
they were relatively invariant, ranging from 1.594 eV for the
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pristine MAPDbI; to 1.597 eV for the perovskite with 5-AVA
(Figure SS). These band gaps were in the typical range for
MAPDI,,*® with the slightly larger bandgap of films
incorporating the additives possibly attributable to charge
transfer between the additives and perovskite surface shifting
trap states and band edges.'

3.3. Characterization of Perovskite Morphology. We
characterized the perovskite film surfaces with scanning
electron microscopy (SEM) and atomic force microscopy
(AFM) (Figure 3a,b). We used SEM micrographs to calculate
the grain sizes with Image] (Figure S6). All films were
polycrystalline with varying grain sizes; the average grain size in
the pristine films was 339.38 + 142.43 nm, while the addition
of 5-AVA resulted in a decreased average grain size to 310.89
+ 92.79 nm (Figures 3c and S7), but with a more uniform
distribution. We attributed the decrease in grain size with the
addition of the 5-AVA to the presence of the amino groups
acting as nucleation sites, leading to more small crystallites, in
agreement with previous work by Durrant, McLachlan, and co-
workers.”” Conversely, films incorporating 5-AVAI and S-
AVACI exhibited markedly larger grain sizes of 508.00 =+
15391 and 524.55 + 167.15 nm (Figures 3b and S7),
indicating that these additives effectively improved the
morphology of the perovskite through the mediation of
crystallization kinetics and possibly templated growth.

Moreover, AFM measurements showed a decrease in surface
roughness from 33.06 nm in the pristine perovskite to 20.53,
21.93, and 17.62 nm for the films with 5-AVA, 5-AVAI, and §-
AVAC], respectively (Figure 3b). When comparing the effects
of 5-AVAX additives, the slightly larger grain size and lower
surface roughness observed in films with 5-AVACI were
attributed to slower crystallization kinetics due to a multistep
process to form MAPbI;. Li et al. previously suggested that the
perovskite precursors will preferentially interact with CI™ over
I" due to the smaller ionic radius and greater electronegativity
of CI7, forming MAPbCI, first before converting to MAPbI;.**

3.4. Characterization of the Interaction between
Perovskite Surfaces and Additives. We performed a series
of DFT adsorption calculations and XPS experiments to
determine how incorporated additives interact with the

MAPbDI; surfaces. Adsorption calculations revealed the
preferential adsorption energy for each functional group in $-
AVA/5-AVAX, while XPS confirmed these predictions.
Previous studies on the incorporation of chloride or bromide
ions into MAPDI; perovskite have demonstrated that
incorporating these halide species into pristine grains is
energetically unfavorable, suggesting that halide exchange
may occur during the thermal annealing process.”””* Building
upon this observation, we hypothesized that the halide species
X~ would remain electrostatically bound to the positively
charged 5-AVA" cation and remain free to passivate any
undercoordinated lead species on the surface of the perovskite
grains.

We characterized the molecular interactions between S-
AVA/S-AVAX and perovskite surfaces with first-principles
calculations using Kohn—Sham density functional theory
(DFT). Starting with a pristine 2 X 2 X 2 supercell of
pseudocubic MAPDI; perovskite, methylammonium iodide-
rich, and lead iodide-rich surfaces were prepared by cleaving
along the (001) direction at different planes. Next, 5-AVA, S-
AVAI, and S5-AVACI were adsorbed to these surfaces, allowing
only one functional group to interact with the perovskite
surface at a time to determine the relative strength of
interaction. Additionally, we performed adsorption calculations
with 5-AVA in its zwitterionic state, as this conformation is
possible, despite the excess of MAI present in the perovskite
precursor solutions. While it has been reported that the
preferred surface termination is MA-I rich in pristine MAPbI,
perovskites, the presence of additives which form adducts in
the precursor solution could potentially kinetically trap
different surface terminations, so we explored both MA-I-
and Pb-L-rich surface terminations.””” We defined the
adsorption strength of the additives on both the MA-I- and
Pb-I-rich (001) surfaces of MAPbI, perovskite by eq 1

Eads = Eslab+additive - (Eslab + Eadditive) (1)

where E 4 is the adsorption energy of the additives to the
surface, Egp,aqdiive 1S the energy corresponding to the
optimized adsorption geometry in vacuum, Eg,, is the energy
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Figure S. XPS spectra of the (a—c) N 1s and (d—f) O 1s signal of pure additives and MAPbI, films with S-AVA, S-AVAL and 5-AVACI additives.
An oxidative shift when the additives are added to films was observed in all N 1s spectra, indicating the nitrogens interacted with the MAPbI;
surface. Conversely, an oxidative shift in the O s spectra was only observed with the 5-AVA additive, indicating that it was the only additive in

which the C=O0 interacted with the MAPbI; surface.

of the geometrically optimized vacuum slab, and E, 44, is the
energy of the isolated adsorbate.

These results indicated that the preferential adsorption
geometry of the 5-AVAX was independent of the halide
species. That is, the most energetically favorable configuration
for 5-AVAX was for the ammonium rather than the carboxyl
functional group to be interacting with lead in the perovskite
through —NH;*~I" or X --Pb*" interactions (Figure 4a).
Conversely, 5-AVA exhibited similar adsorption energies with
both the amino and carboxyl functional groups interacting with
the surface. Moreover, S-AVAX species interacted more
strongly with the perovskite surface (ie, more negative
adsorption energies) than S-AVA because of the increased
X~--Pb* interaction strength over the —N---Pb** and = O---
Pb** interactions in S-AVA, along with stronger hydrogen-
bonding interactions with iodide species present on the
perovskite surface, ie, —NH;"-L Interestingly for S5-AVA,
the strongest interaction was between the carboxyl group and
the MA-I termination. Here, the carbonylic oxygen coordi-
nated surface MA" cations, while OH---I hydrogen bonding
coordinated surface iodine (Figure 4b). For zwitterionic S-
AVA, we observed that —COO™--H hydrogen bonding and
—COO™+Pb** coordination bonding dominate adsorption
energy for MA-I and Pb-I surfaces terminations, respectively,
which is consistent with the discussion of zwitterionic capping
ligands by Kovalenko and co-workers.”” We note that in the
case of zwitterionic 5-AVA on the MA-I surface termination,
no stable configuration was found for the isolated surface
interaction of the ammonium functional group due to the
strong electrostatic attraction between —COO™ and the mobile
surface methylammonium cations.

Of particular interest was 5-AVACI, which exhibited
different behavior than the other additives. With 5-AVAC],
all energy-optimized adsorption geometries with the ammo-

nium halide functional group pointing away from the
perovskite surface exhibited the dissociation of 5-AVACI into
5-AVA and HCI, where the chloride ion was protonated by the
ammonium species (Figure S8). We further confirmed this
observation by analyzing the electron localization function
(ELF) of the S-AVA/S-AVAX molecules and then looking at
the 5-AVACI adsorption geometries on the MAPbI; surface
(Figure S9). From the DFT calculations, we predict that the
dominant interactions between 5-AVA/decomposed 5-AVACI
and perovskite could be —N--Pb** or = O---Pb** coordination
bonding, while the interaction between S5-AVAI/intact $-
AVACI and perovskite could be X ---Pb*" ionic bonding and
—NH;"I" hydrogen bonding. We explored this behavior
more thoroughly by performing DFT calculations of isolated
molecules in vacuum and creating electrostatic potential maps
for S-AVAI and S-AVACI (Figure 4c). Our calculations
revealed an interesting deviation in behavior between the
halogenated 5-AVAX species. During geometry optimization,
the iodide in S-AVAI remained coulombically bound to the
ammonium group, while 5-AVACI dissociated into 5-AVA and
HCl as previously described (Figure 4c). This degradation of
5-AVACI was attributed to the higher electronegativity of the
chloride ion relative to the iodide ion, leading to a pronounced
N/H-Cl bonding character.””*" Additionally, the formation of
HCI by the dissociation of 5-AVACI is consistent with the
decomposition of chloride-containing organic/inorganic metal
halide perovskites, such as MAPDbCl;, which have been
demonstrated to form gaseous methylamine and hydrogen
chloride as decomposition products.®

We also probed the possibility of halide exchange in the case
of S-AVACI addition by performing adsorption calculations
with chloride ion incorporation within the top layer of each
perovskite termination. Our calculations suggested that this
halide exchange is energetically unfavorable, with a change of
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Figure 6. Solar cell characteristics of MAPbI; and additive devices. (a) Device configuration of the perovskite solar cell. (b) J—V curves of MAPbI,-
based solar cells without and with additives. (c) Statistical distribution of PCE without and with additives at different annealing times. (d) Moisture
stability of unencapsulated devices without and with additives under 50% RH at room temperature.

0.1315 and 0.0865 eV for the MA-I- and Pb-I-rich surfaces,
respectively (Figure S10).

The interactions between 5-AVA/S-AVAX and the MAPDI,
were further confirmed by XPS. The XPS results with 1 mol %
additives incorporated in the bulk films are shown in Figure
S11. However, the low concentration of the additives made it
challenging to detect the additives’ signals and determine their
interactions with the perovskite. To enhance the interaction
strength of perovskite with additives and amplify the signals,
the films used for XPS measurement were prepared by spin-
coating 5-AVA/S-AVAX (0.01 mmol mL~! in anhydrous IPA)
on top of pristine MAPDI; films. As a control, pure IPA was
spin-coated onto pristine MAPbI; to account for any
interactions between the IPA and perovskite. To determine
which functional groups of the additives interacted more
strongly with the perovskite surface, we compared the XPS
binding energies for N 1s and O 1s of films with additives to
the pure additives. In the N 1s spectra of the films, an oxidative
shift was observed in all cases—0.7, 0.6, and 0.7 eV shift for 5-
AVA, 5-AVA]I, and 5-AVACI films, respectively—compared to
the pure additives, suggesting that the amino/ammonium
groups in all additives interacted with the perovskite surface.
Conversely, binding energy shifts of O 1s peaks showed
different behaviors in 5-AVA and 5-AVAX films. The binding
energy of the C=O group in MAPbI; with 5-AVA was blue-
shifted to 531.9 eV compared to pure S-AVA (530.8 eV),
suggesting a coordination interaction of the C=0 group with
pPb>*.* Conversely, in films with 5-AVAX additives, the C=0
group binding energies were relatively unchanged compared to
the pure additives, indicating fewer C=O---Pb*" interactions
in these films (Figure S). These observations agreed with the
DEFT calculations of additive adsorption energy, indicating that
while amino acids interacted with MAPbI; surfaces through
both functional groups, while ammonium acids exhibited
strong preferential interactions through the ammonium groups.

A comparison of the C 1s, Pb 4f, N 1s, O 1s, I 3d, and Cl 2p
XPS peaks for the control and S5-AVA/S-AVAX samples is

shown in Figure S12. The binding energy was calibrated by
setting the aliphatic hydrocarbon C 1s peak to 284.8 eV. The C
Is peaks at 285.9—286.1 eV were assigned to the MA" group in
MAPDI;. In all films with additives, there was an increased C=
O signal in C 1s and O 1Is spectra, indicating that the additives
remained present in the films and were not volatilized. In
pristine MAPbI;, oxygen and some non-MA" carbon were also
detected because of the residual IPA and adventitious adsorbed
carbon and oxygen. The CI 2p signal confirmed that chloride
was only present in the films with added 5-AVACIL The peaks
of Pb 4f;,, and Pb 4f; , in the pristine MAPbI; were at binding
energies of 138.3 and 143.1 eV, but with the inclusion of the S-
AVA/5-AVAX additives, these peaks shifted to lower binding
energies—138.2 and 143.0 eV in films with 5-AVA and S-
AVACI and 138.0 and 142.9 eV in films with 5-AVAL In films
with additives, the small shoulder peaks around 136.4 and
141.3 €V were assigned to metallic Pb.°> The Pb° impurities
are likely decomposition byproducts of lead halides, often
observed in the lead halide-rich perovskite films from post-
high-photon-energy measurement processes such as XPS.">**
The increased Pb° peak in the films with additives indicated
that these additives might accelerate the decomposition of Pb**
to Pb® under high-energy light. This observation was consistent
with a previous study by Hu et al. that showed that amine- and
ammonium-based additives can reduce Pb*" to Pb if there is
an accessible f-carbon hydrogen that can react with iodine in
the perovskite to form HL®

The Pb 4f peak was red-shifted in films with 5-AVA and 5-
AVACI, which we attributed to C=0---Pb** or —N---Pb*"
coordination and Pb—Cl ionic bonding passivating the
undercoordinated Pb**. The further reduction observed in
the Pb 4f binding energy in films with S-AVAI suggested its
interaction with Pb*" was the strongest, which was consistent
with the DFT calculations. Element quantification (Table S4)
showed that the atomic concentration ratio of I/Pb in 5-AVAI
film was about 3.24, which was larger than the I/Pb ratio of 3
in an ideal MAPbI;, implying that there was an excess of iodine
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Table 1. Power Conversion Efficiencies (PCEs) of ITO/SnO,/MAPbI, (with or without 1 mol % Additive)/PTAA/Ag

avg. PCE (%)
17.606 + 1.071
17.361 + 0.645
17.481 + 0.40S
18.074 + 0.422

perovskite composition
MAPDI,
w/1 mol% S-AVA
w/1 mol% 5-AVAI
w/1 mol% S5-AVACI

1.034 + 0.020
1.038 + 0.007
1.027 + 0.007
1.039 + 0.008

Voe (V) Jie (mA em™) EF (%)
22.984 + 0.503 74.03 + 2.88
22.404 + 0.308 74.65 + 2.80
22.535 + 0215 75.53 + 117
22452 + 0.172 7747 + 1.07

present on the surface. Given the surface sensitivity of XPS, it
is likely that our deposition technique for these measure-
ments—spin-coating of the additives on top of the film to
amplify the signals—resulted in deviations of the I/Pb ratios in
all films with additives; however, the inclusion of 5-AVAI was
the only case that showed an increase in I/Pb ratio relative to
the pristine MAPDI;. This excess free I on the perovskite
surface could form stronger Pb—I bonding compared to the
C=0--Pb*" or —N:--Pb** coordination bonding in films with
5-AVA and 5-AVAC], resulting in further increased electron
density and reduced oxidation of Pb*". A slight red shift was
also observed for I 3d peaks in films with S-AVAI (630.5 and
619.0 eV), while films with S-AVA and S-AVACI samples
showed identical binding energies of 630.6 and 619.1 eV with
the control sample (Figure S12), which also provided evidence
for the presence of excess I on the surface of the film with $-
AVAL

The N 1s peaks at 401.9—402.1 eV were assigned to
ammonium groups (—NH;") in MA*, S-AVAX, or zwitterionic
5-AVA.®® An additional peak was observed at 400.2—400.5 eV,
which was assigned to amino groups (—NH,); this amino
group could be from either S-AVA (or S-AVACI that
decomposed to S-AVA) or CH;NH, that has decomposed
from MAL®*®” The increased —NH," and decreased —NH,
intensity and in the film with 5-AVAI indicated that the N
atoms in 5-AVAI were mainly in a —NH;" form, while N in 5-
AVA and S-AVACI included significantly more —NH,, in
agreement with the simulation predictions discussed above.
Since the —NH," signal was a convolution of the
methylammonium and ammonium groups in 5-AVAI and 5-
AVACI, it was difficult to identify the peak shift only
attributable to the additives to determine their interaction
with perovskite. However, for the films with 5-AVAI and $-
AVACI], the —NH;" peaks shifted toward lower binding
energies compared to the pristine MAPbI, film (with an
FWHM of 1.14) with slightly broadened FWHMs of 1.16 and
1.19, so we speculated there were chemical interactions
between the ammonium groups of the 5-AVAX and the iodide
in the perovskite, likely through hydrogen bonding.”’

3.5. Device Performance and Stability. We fabricated
solar cells with an n—i—p architecture (Figure 6a) to test the
performance and stability of MAPDI; with the inclusion of 5-
AVA/5-AVAX additives. The averaged current density—
voltage (J—V) curves of the MAPbI;-based solar cells with
and without 5-AVA/S-AVAX additives are shown in Figure 6b,
and their corresponding statistics of the photovoltaic
parameters, which were measured for a minimum of six
devices of each type, are summarized in Figure 6¢ and Table 1.
We observed that with the inclusion of additives, device
performance was more repeatable—i.e.,, had a tighter
distribution of PCEs—than with pristine devices (Figure
6b,c). PSCs with pristine MAPbI; had an average power
conversion efficiency (PCE) of 17.606 + 1.071%, with an
open-circuit voltage (V,.) of 1.034 + 0.020 V, a short-circuit
current density (J,.) of 22.984 + 0.503 mA cm™2, and a fill

factor (FF) of 74.03 + 2.88%. The average PCEs for the
devices incorporating 1 mol % S-AVA (17.361 + 0.645%) and
S-AVAI (17.481 + 0.405%) were similar to pristine MAPbI,
devices. For the devices with 1 mol % 5-AVACI, the average
PCE increased to 18.074 + 0.422%, an ~4% efliciency
improvement, which was mostly attributed to a significantly
increased fill factor from 74.03 + 2.88 to 77.47 + 1.07%
(Table 1). At concentrations of 5% and above, all three
additives showed detrimental effects to PCE. The average
PCEs dropped to 10.285 + 4.201, 12.921 + 1.476, and 15.026
+ 0.319% for the devices incorporating S mol % 5-AVA, S-
AVAL and 5-AVAC], respectively (Figure S13). This decrease
in PCE induced by higher concentrations of additives was
likely due to their insulating nature hindering interfacial charge
transport.2>

Passivation of defects in perovskites has been shown to not
only imgrove device performance but also improve device
stability.”* ™" We therefore tested the moisture stability of
unencapsulated devices in air at 50% relative humidity and
room temperature. The normalized PCE vs time is shown in
Figure 6d, and the raw PCE values are reported in Table SS.
All devices used in this experiment had been fabricated and
then stored in a glovebox (nitrogen environment in the dark)
for 15 days before beginning the stability tests. After 70 h of
aging in a moist environment, the average PCE retention of the
pristine MAPDI; devices was only 26.3 + 12.1%. With the
inclusion of 5-AVA, after 70 h, 45.6 + 4.6% of the initial PCE
was retained. Adding ammonium acids resulted in significantly
improved stability, with 70 h PCE retention of 74.2 + 5.3%
with 5-AVAI and 80.5 + 3.0% with 5S-AVACIL

4. CONCLUSIONS

In this work, we studied a series of amino and ammonium
acids to show how halides influence the performance and
stability of metal halide perovskite films and devices. The
inclusion of 5-AVAI and 5-AVACI resulted in films with larger
grain sizes, which we attributed to slower crystallization, and
potential templating. With respect to device performance, the
inclusion of additives resulted in greater reproducibility, and
with the inclusion of 5-AVACI, noticeably improved average
device efficiencies compared to devices comprising pristine
perovskite. Furthermore, we observed improved stability to
mild aging conditions (50% RH and 25 °C) by incorporating
all additives, but with ammonium acid-based devices having
significantly improved lifetimes.

This study is the first to introduce S-AVACI into perovskite
precursor solutions to synthesize 3D perovskite films, building
on previous studies that had demonstrated the inclusion of -
AVAI was beneficial for MAPbI; device efficiency and stability
and others that had shown that chloride inclusion increases the
size of perovskite grains.”® We used DFT to show that this 5-
AVACI additive acts similarly to 5-AVAI while in solution
state, and to S5-AVA while in solid state after solvent
evaporation due to the CI™ reacting with hydrogen on the
ammonium group to form HCI, which then results in Lewis
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acid—base interactions between surface Pb** and the remaining
NH, functional group. This observation of HCI evolution is
likely translatable to other molecular additives incorporating
ammonium chloride groups, such as methylammonium
chloride, and could be a useful strategy for improving device
efficiency, stability, and processing repeatability.
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