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22 Abstract

23 Colloidal halide perovskite nanocrystals (NCs) have the possibility of easy scale-up due to
24 their batch synthesis and have demonstrated excellent optoelectronic properties. In particular,
25 perovskite NCs have remarkably high photoluminescence quantum yields in solution and as thin
26 films and impressive open circuit voltages in photovoltaic devices. Despite these promising results,
;é little work has been done to understand the stability of CsPbl; NCs for optoelectronic device
29 applications. It has been previously shown that the ligands impart tensile surface strain which
30 stabilizes the black 3D perovskite phase against phase degradation, making CsPbl; NCs some of
31 the most structurally robust inorganic halide perovskites to date. However, understanding exactly
32 how CsPbl; NCs degrade under ambient conditions is critical. We demonstrate that the degradation
33 mechanism of NCs is unique from, and two orders of magnitude slower than, their polycrystalline
34 thin film counterparts. Under specific conditions, CsPbl; NC films show a compositional
22 instability instead of the phase instability seen in large grain CsPbl;. This is mediated through
37 reactions with superoxide and other reactive oxygen species which are initiated from surface defect
38 states, O, and light. We then use this mechanistic insight to identify multiple strategies to prolong
39 the lifetimes of CsPbl; NC films, by going beyond surface strain to mitigate key surface
40 chemistries. We demonstrate that 1) minimizing the number of surface defects 2) using an
41 alkylammonium bromide ligand surface treatment and 3) encapsulation with an oxygen
g scavenging layer all increase NC film lifetimes by inhibiting various steps in the photo-oxidation
44 degradation reaction.

45

46 Introduction

47 Metal halide perovskite (ABXj3: A=methylammonium (MA), formamidinium (FA) or Cs™;
jg B=Pb?" or Sn*"; X=I", Br,, Cl") nanocrystals are uniquely suited for deployment in large scale
g? applications. First, perovskite nanocrystals (NCs) are crystallized in large batches during colloidal
gg synthesis, removing the constraint of any preferential crystallization processes that are necessary
54 during polycrystalline (PC, defined by grains >100 nm) perovskite thin film fabrication.! Second,
gg perovskite NCs are processed using benign, green solvents such as octane, hexane or methyl
57
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acetate (MeOAc) instead of dimethyl formamide (DMF) or dimethyl sulfoxide (DMSO), which
are toxic and common solvents for thin-film deposition.* Combined, these two attributes allow for
facile, substrate-independent, large-area deposition using scalable techniques, such as spray
coating.’> This enhances the utility of the well-known optoelectronic benefits of perovskite NCs
including near-unity photoluminescence quantum yield and remarkably low open circuit voltage
(Voc) losses. 68 These properties have ignited interest into their use in light-emitting diodes
(LEDs) and have led to the current record quantum dot (QD) solar cell with a certified power
conversion efficiency (PCE) of 16.6%.19-13

Despite the promise of perovskite NCs, only a handful of studies have investigated their
stability as high conductivity absorbers for photovoltaic (PV) applications. This is in contrast to
the ample amount of progress in perovskite NC stability that has been achieved for LED
application.'*!® The majority of work for PV applications thus far has been on phase stability
because a-CsPbl; (or an alternate 3D perovskite phase) is known to be metastable at room
temperature, and CsPbl; NCs have shown improved phase stability over CsPbl; polycrystalline
(PC) thin films due to their tensile surface strain.!?%-2! Enhanced phase stability has recently lead
to an uptick in research on PV device stability, through introducing doping (Yb?"), modifying the
surface ligands (phenyltrimethylammonium bromide; PTABr) and the device architecture
itself.>6:1122 For example, a recent report used SnO, as the electron transport material instead of
the traditional TiO,, reaching impressive perovskite NC device stabilities, akin to what has been
shown for PC perovskite thin films.!-23

While these improvements in stability are critical to the success of perovskite NCs, there
has been little to no work to understand the underlying degradation mechanisms of CsPbl; NCs
and if or how this differs from PC film degradation. It has been shown that PC perovskite films
typically degrade either through a compositional or phase instability when exposed to H,O, O,
heat and/or light.>#34 For example, MAPbI; PC films are known to compositionally degrade into
methylamine, HI and Pbl,, which can ultimately degrade to PbCO; and I, whereas CsPbl; PC films
are phase unstable.!343 Without understanding the exact degradation pathway, it is difficult to
systematically improve the stability of any active layer or ultimately an entire PV device.’¢ For
example, by determining that H,O is a major degradation initiator for PC perovskite films,
modifications to the device architecture aimed at minimizing water ingress through the use of

hydrophobic surface treatments or contact layers resulted in 1000s of hours of device operational
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2 stability.3” Understanding the relevant degradation initiators in perovskite NCs can directly
5 inform the selection of durable device components to improve device stability for optoelectronic
? devices such as PVs or LEDs.

S Here, we deliberately expose CsPbl; NCs to controlled environmental atmospheric
1(1) stressors (i.e. H,O, O,, light) with in-situ characterization to probe optical and structural properties
12 of perovskite NCs and compare the results to CsPbl; PC films. We find that CsPbl; NCs undergo
:i photo-oxidation initiated by superoxide (O,") and other reactive oxygen species (ROS) that causes
:2 NC optical bleaching — distinct from phase changes found for bulk PC CsPbl;. Thus, the materials
17 degrade via completely different pathways, at different timescales and into different products
12 despite having a similar composition, emphasizing the uniqueness of NCs. We then target ligand
;? treatment strategies to mitigate superoxide and ROS interactions with the surface through the use
;g of an alkylammonium bromide (ABr) salt surface ligand treatment. Similar effects are found using
24 the oxygen scavenging triarylamine-based hole-transport material (HTM) spiro-OMeTAD, which
;2 is commonly used in PV applications, promoting the NC advantageous stability.

28

gg Results and Discussion

31 Photoinduced spectral bleaching of thin films. Perovskite NC films were prepared
gg following previously published methods via spin-coating from octane and treated by immersion in
gg a Pb(NOs),/MeOAc solution to exchange surface-bound oleate (OA-) for acetate (Ac”), forming an
36 Ac/OAm™ (oleylammonium) surface, unless otherwise noted.!* PC CsPbl; thin films were
2573 prepared following previously published methods using a MeOAc antisolvent.*!

zg First, the optical properties of CsPbl; NCs and PC CsPbl; are probed while aging at low
2; humidity (~20% RH) and under constant illumination. This was done via a custom-built in-situ
43 optical characterization tool (see methods section) that tracks film absorption over time during
fé continuous illumination under a halogen light source to enable long-term photostability studies.
j? Absorptance spectra (Figure 1) are collected at constant time intervals as noted in the legend of
48 the figure. Here, t;; is defined as the time (in hours) it takes for the absorptance of the film just
gg above the bandgap (E,) edge to drop to 50% of the starting absorptance. The absorptance at 650
g; nm is completely bleached for PC CsPblj; films (Figure 1A) within an hour of ageing, with a t;),
;31 of 0.17 hrs. The PC films maintain a strong yellow color (Figure 1D) due to the absorptance at
55 ~450 nm. This color change is indicative of an a (black) to § (yellow) phase transition which is
s
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further confirmed by X-ray diffraction (XRD) (Figure S1), fully consistent with previous
reports.!*> However, we do note that over prolonged periods of time, bleaching of PC films does
occur (Figure S2). Conversely, CsPbl; NC films (Figure 1B) take hours longer for the E, edge
absorptance to completely bleach in the same ambient conditions (20% RH), with a t;, of 14.7 hrs
(86x that of the PC thin film), whereupon the films appear colorless (Figure 1E) due to the lack
of an absorptance feature at ~450 nm. This lack of color suggests that the observed changes cannot
be attributed to a & phase transition nor formation of Pbl,, in stark contrast to the PC films.?**> We

note that ageing in the dark significantly reduces the degradation rate of NC films (Figure S3).
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Figure 1: Ageing of PC and Ac/OAm™ NC thin-films in ambient atmosphere. Absorptance spectra over
time of A) PC films under illumination, 20% RH, B) NC films under illumination, 20% RH, C) NC under
illumination, 45% RH. Each absorptance spectrum shown is taken at an equal time interval (hrs) until the
last time point as noted in the legend. Photographs of an aged D) PC and E) NC film. F) Normalized E,
absorption bleach over time for PC (green) and NC films (red: low humidity, black: high humidity) under
various ageing conditions.

H,O is often cited as a degradation initiator for PC perovskite films, thus the NC films were
studied under more humid conditions (45% RH) with illumination (Figure 1C).!9:23:37.3943
Remarkably, the t;,; is 22.4 hrs, demonstrating that humidity does not exacerbate nor expedite NC
degradation, although completely submerging NC films in H,O does exacerbate degradation
(Figure S4). Instead, degradation at higher humidity (45% RH) leads to the formation of an

additional degradation product with an absorptance peak at ~370 nm which is attributed to
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2 Cs4Pbls-H,0,* even though this feature eventually disappears and the final absorptance spectrum
5 is identical to that of NCs aged at a lower humidity. The bleaching rates just above the bandgap
3 for PC films are compared to NC films in Figure 1F, validating that CsPbl; NC films degrade at
g a rate two orders of magnitude slower than their PC counterparts. The results indicate that while
1(1) humidity does not further exacerbate NC degradation, the introduction of light does (Figure S2).
12 The lack of effect of humidity on degradation rate is in contrast to what has been shown for
:i MAPDI;, where over the same humidity ranges the t;, decreases by more than 50 percent.?® We
:2 do note that the bleaching rate is slightly longer at elevated humidity and postulate that the formed
17 intermediate, Cs4Pbls-H,0, may slow down the bleaching reaction. Thus, we conclude that CsPbl;
12 NCs films primarily undergo a photo-catalyzed degradation. The lack of phase change to §-CsPbl;
;? and the long t;, both confirm that the ageing process of CsPbl; NCs is unique and markedly
;g different than that of PC films, and as we will discuss, is heavily influenced by their unique surface
24 chemistry.

;2 Chemical, Structural, and Morphological Characterization. To further understand the
;é chemical interactions associated with the spectral bleach, the fully aged colorless NC films were
gg characterized in depth using a suite of morphological and analytical techniques. As we will show
31 below, we can conclusively state that the ageing process for CsPbl; NCs results in 1) the loss of I,
gg presumably as Iy, 2) loss of N from oleylammonium (OAm®) and 3) a photo-catalyzed reaction
gg to form a Pb/Cs oxide and/or carbonate.

36 We first used XRD to identify any changes in the crystal structure (Figure 2A). The most
2573 prominent change is significant XRD peak broadening, which makes conclusive XRD analysis
ig difficult. However, the XRD pattern of the aged NC films matches better with PbCO5-H,O than
2; with §-CsPbl;, particularly at higher angles. We note that the lack of phase change further supports
43 arguments that there is ample surface strain in CsPbl; NCs to prevent significant phase
jg degradation.?! This suggests that the degradation, surprisingly, occurs via a compositional
j? instability instead of a phase instability. Again, this is in stark contrast to what is seen for CsPbl;
jg PC films. X-ray photoelectron spectroscopy (XPS) was then conducted to probe surface chemical
50 and binding states of the fresh and degraded NC films. All XPS core level peaks (Figure 2B-G)
g; as well as the VBM (Figure S5) of the aged NC films show a substantial shift to a higher binding
;31 energy, which signifies an increase in the difference between the valence band maximum and
55 Fermi level of the material, plausibly due to a bandgap increase. The aged samples show broader
s
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full width half maximum Cs 3d (Figure 2B) and Pb 4f (Figure 2C) core level peaks, representative
of multiple chemical binding/electronic environments. Most notably, the I 3d peak (Figure 2D)
and the N 1s peak (Figure 2F) completely disappear after ageing and an O 1s peak (Figure 2E)
emerges. The loss of the N 1s signal from the oleylammonium (OAm™) ligand is further confirmed
by the disappearance of the vyp3+ peak at 3150 cm! in the Fourier transform infrared spectroscopy
(FTIR) spectrum (Figure S6). The main O 1s peak at 532.3 eV is attributed to a carbon-oxygen
(C-0O) bond, as is the 286.6 eV peak in the C 1s spectra (Figure 2G). The additional shoulder at
~530.6 eV in the O 1s spectra is due to a metal-oxygen (M-O) bond. This is further confirmed by
the shift in the FTIR vcoo. peak from 1560 cm™! to ~1600 cm-!, which occurs when a carboxyl
group switches from being bound to a carbon, as it is as a ligand, to a metal (Figure S7) as well as
the XRD (Figure 2A) that suggests PbCO3°H,0 is the degradation product.** MAPbI; PC films
have been shown to degrade to PbCO; under similar ambient conditions.>* We also note that over
prolonged periods of time, PC CsPblj; also bleaches (Figure S2). Overall, it appears that there are
iodine and nitrogen losses at the NC surface concomitant with oxygen growth, while the chemical

environments of cesium, lead, and carbon significantly change over the course of ageing.
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Figure 2: Structure and morphology characterization of a fresh (black) and fully degraded (blue) Ac
/OAm* NC film. A) XRD with relevant standard patterns (grey). XPS spectra of B) Cs 3d, C) Pb 4f, D) |
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3d, E) O 1s, F) N 1s, G) C 1s. Representative SEM images of a H) fresh (top down and cross section) and
an I) aged (top down and cross section) thick, 4 layer, Ac/OAm*™ NC film.

As a result of chemical and structural changes of the NCs during ageing, the morphology

oNOYTULT D WN =

9 of the material also changes; Figures 2H and 2I show scanning electron microscopy (SEM)
11 images of fresh and aged NC films, respectively. After ageing, rod-like features and large voids
are evident throughout the NC film, which coincides with a significant loss in film thickness by
14 ~45% shown in the SEM cross-sectional images (Figure S8). These observations align with the
16 compositional changes we observe. For instance, the growth of rod-like morphologies has been
seen when PC MAPDbI; films degraded into MA4Pbls-2H,0, and the formation of voids has
19 previously been reported for PC perovskite films and is attributed to the loss of volatile degradation
21 products, namely I().2%% The reduction in film thickness also matches well with the loss in crystal
23 structure volume when transitioning from the black 3D perovskite y-phase CsPbl; to Pb/Cs
carbonates.?! 4247

26 Photoinduced ROS-mediated NC Degradation Mechanism. Undercoordinated sites on
28 any perovskite surface have been theoretically and experimentally identified as key regions of the
30 structure where degradation or passivation processes can occur.3346:48-30 It has been shown for PC
MAPDI; films that O, preferentially localizes at these sites, where photoinduced electrons can also
33 be trapped, leading to generation of superoxide (O,™) by electron transfer from the conduction
35 band of the perovskite to 0,.26:33:4849.51-33 In perovskite NCs, the existence of some under-
coordinated surface sites is likely caused by an imperfect ligand exchange of oleate for acetate.?6->4
38 36 Thus, we propose the following photo-oxidation degradation mechanism for CsPbl; NCs based

40 on existing literature, experimental support and plausible intermediate reactions (Figure 3):
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A) Superoxide Formation
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(8) Pb*" +CO2 — PbCO,  (9) 2Cs’ + CO.> — Cs,CO,

(10) Pb(CH,COO), + CO, H22-Q PbCO, + additional products
Figure 3: Proposed CsPbl; NC photo-oxidation mechanism. A) O,™ is formed either by photoinduced
electron transfer from the NC to adsorbed O, in an I vacancy or during the formation of I, ) from two
interstitial I. B) O,™ can then react with H,O to form additional reactive oxygen species (ROS). These
ROS C) readily deprotonate oleylammonium, D) can further drive I, ,) formation and E) cause the
formation of Pb/Cs carbonate species.’’

First, we mention that in this case the electron involved in reducing molecular oxygen
comes from photoexcitation, as has been shown for Pb based perovskites, which is entirely
different from oxidation of the metal atom in the lattice that others have observed for tin-based
perovskites in the dark.’®>° Figure 3A shows two routes to O, formation at the NC surface: (1)
reduction of adsorbed O, at vacancy sites as discussed above, and (2) light-induced formation of
I, from interstitial I ligands.>® This is often shown to dominate for PC perovskites. Once O,™ is
formed through either route, it could then react with H,O and form additional ROS such as
perhydroxyl (HO;"), hydroxide (OH-), and hydrogen peroxide (H,0,) (Figure 3B, eq 3, 4) under
illumination.®®%! These ROS then initiate a cascade of self-propagating reactions, which on short
timescales have shown to be beneficial.®2-%* But, over longer timescales, radical ROS can degrade
the organic ligands by deprotonating oleylammonium (R-NH3") to form oleylamine (R-NH,) and
additional ROS or H,O and leave an undercoordinated I- surface site (Figure 3C, eq 5).33-6%-66
Additionally, hydrogen peroxide, with H* available from a deprotonated R-NH;*, is well known

to cause I" to react, forming I, (,) (Figure 3D, eq 6), again leaving behind under-coordinated Pb

sites.®! The loss of I, vapor has been shown to be a significant component of PC perovskite
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2 degradation because the resulting under-coordinated Pb sites will continue to self-propagate
5 degradation through the formation of more superoxide and other ROS.?7:4367.68 Finally, the
3 hydroxide can react with CO, and form carbonate (COs%) and H,O (Figure 3E, eq 7). CO;> can
g then react with under-coordinated Pb?>* and Cs" sites to form a Pb- or Cs-carbonate species (Figure
1(1) 3E, eq 8, 9).34 It is also possible that the surface Pb-Ac- directly reacts with CO, to form PbCO;
12 (Figure 3E, eq 10).>7 While it is not necessary to have some molecular H,O present for PC
12 perovskites to degrade via methylamine and/or I, evolution, to the best of our knowledge,
:2 carbonate species cannot form without some available hydroxyl or water species.?*>’ We also note
17 that most perovskite degradation mechanism studies stop at a degradation to Pbl, and do not
12 continue to the PbCO; formation, plausibly because upon degradation to Pbl, the perovskite is
;? already photo-inactive.?#26-273435 Here Pbl, is not formed because this reaction requires the
;g evolution of volatile A-site cation degradation products and Cs is not volatile.>> Each reaction
24 either forms an additional ROS, H,O or leaves an under-coordinated site that will continue to
;2 propagate degradation of the NC. We emphasize that once superoxide has formed, these reactions
;é require only one H,O molecule to be present to propagate the formation of other ROS, after which
gg H,O0 is a by-product that further feeds a cascade of degradation reactions. Thus, while the existence
31 of a few H,O molecules is critical for this proposed degradation reaction to occur, a large increase
gg in humidity will not further expedite degradation.

gg Photoinduced Spectral Bleaching of Multi-layer NC films. The proposed
36 photooxidation degradation mechanism understood thus far focuses on the photooxidation of a
2573 single layer (~40 nm) of perovskite NCs, but it is unclear how this degradation mechanism applies
zg to a thick NC film used in solar cells. In typical perovskite NC solar cell fabrication, multiple NC
2; layers are consecutively deposited to build the solar cell active material.l:!%!! Each layer adds a
43 film of NCs ~ 50 nm thick. To investigate the thickness dependence of the proposed degradation
fé mechanism, NC films with 2 layers (2L, ~100 nm thick, Figure 4A), 3 layers (3L, ~150 nm thick,
j? Figure 4B), and 4 layers (4L, ~ 200 nm thick, Figure 4C) were aged under illumination and humid
48 (~45% RH) conditions. Similar to the 1 layer thick films (Figure 1C), the spectra for multilayer
gg films also show the signature photobleaching of the intermediate Cs4Pbls-H,O at ~370 nm.** In
g; the thickest NC films (3L and 4L), there is an additional intermediate peak at ~415 nm, which is
g i likely the formation of a 2D layer, potentially from the acetate (Ac") ligand, and not §-CsPbl;.!-%°
55
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There is an increase in absorptance above the E, at 800 nm due to enhanced diffuse scattering

associated with the aforementioned morphological changes in the NC film (Figure 2H, I).
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Figure 4: Absorptance spectra over time for ageing times of varying thickness Ac/OAm* NC films under
illumination at 45% RH for A) 2 layers, B) 3 layers and C) 4 layers of QDs. Each absorptance spectrum
shown is taken at an equal time interval (hrs) until the last time point as noted in the legend. D)
Normalized E, absorption bleach over time for Ac/OAm* NC films with 1-4 layers under illumination at
45% RH. E) t,), lifetimes of CsPbl; Ac/OAm™* NC films as compared to starting film E, absorptance. The
dashed line has the equation: y=17125.8x+5.5. F) ToF-SIMS of a partially (55%) degraded CsPbl; QD film
on glass probing the composition. G) NC monolayer by NC monolayer degradation mechanism.

As shown in Figure 4D, the t;,, for 2L is 40.5 hrs, 3L is 47.1 hrs and for 4L is 61.4 hrs.
Figure 4E plots the linear increase in t;, with an increase with the starting E, absorptance, which
we use as a proxy for thickness as it normalizes out any optical density differences. Thus, for every
0.1 (10%) increase in the film E, absorptance, the 7, is extended by 12.5 hours in the highest
quality films. This linear relationship suggests that the degradation occurs layer by layer, initiated

by a film surface mediated reaction that is only accessible through voids in the film created once
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1

2

2 the layer of NCs above have been fully photo-oxidized (Figure 4G). We emphasize that this
5 reaction is initiated at the film surface and not uniformly at the NC surface which are available
6

7 throughout the entire film depth. To test this notion, a time of flight-secondary ion mass
g spectrometry (ToF-SIMS) depth profile (Figure 4F) was performed on a partially degraded
1(1) (Figure S9) NC film on glass. The Pb signal stays relatively constant across the depth of the film,
12 whereas there is an increase in O and a decrease in I at the surface as compared to the middle or
13

14 bottom of film. This is in contrast to a fresh NC film, where there is minimal change in the I or O
:2 signal throughout the entire depth of the NC film (Figure S9). The aged ToF-SIMS depth profile
17 confirms that degradation in a thick NC film occurs NC monolayer by NC monolayer (Figure
18

19 4G). The observation is fully consistent with our proposed chemical degradation mechanism via
2(1) photo-oxidation that is initiated by surface defects and adsorbed surface species. In the thicker
;g films, buried layers may initially have the benefit of being less accessible to the various adsorbed
24 species contributing to the photo-oxidative degradation process, but will inevitably degrade if
25

26 catalytic moisture remains present. This also indicates that any imperfections in the NC film, such
;é as variations in the packing density, pinholes or areas of aggregates, all of which can vary
gg dramatically with processing, will impact the photo-oxidation rate as seen by the shorter t;, at a
31 given E, absorptance in Figure 4E.

32

33 Strategies to Mitigate NC Surface Chemistries Associated with Degradation. Based
gg on our proposed mechanism concerning all aspects of the photo-oxidation processes for thick, solar
36 cell relevant CsPbl; NC films, we identify four rationally designed strategies for mitigating these
37

38 deleterious reactions. First, simply by increasing the NC film thickness, the lifetime can be
zg extended significantly (Figure 4D). Beyond this, the three additional strategies involve judicious
2; control over the surface chemistries that minimize oxidation, which include 1) minimizing the
43 number of under-coordinated surface sites, 2) slowing down the volatilization of surface species
44

45 or 3) scavenging O, from the surface. We emphasize that these methods focus on minimizing the
j? formation of O, which is in contrast to the commonly argued method of improving stability
48 through removing H,O since we have shown that humidity does not exacerbate CsPbl; NC
49

50 degradation.> Again, all NC films were aged under illumination and at high humidity (~45% RH).
51

52

53

54

55

56

57

58

59

60 ACS Paragon Plus Environment

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



oNOYTULT D WN =

Improved Surface Coverage

A 10

0.8
0.6

0.4

Absorptance

0.2

0.0

Chemistry of Materials

- Improved Surface Termination

Y

Oxygen Scavenging

OA-/OAmM*
— Ohr
-5

— 45

Ac/FAl
Ohr
1

-8

Ac-/FABr
— Ohr
-5

-85

1T T T 11

D

AcTMA
= Dhr
-5

=110

Ac/OAm*+Spiro
Ohr
10

.

- 170

T T T T 1T T T T

I N I N N I

350 450 550 650 750
Wavelength (nm)

350 450 550 650 750
Wavelength (nm)

350 450 550 650 750
Wavelength (nm)

350 450 550 650 750
Wavelength (nm)

350 450 550 650 750
Wavelength (nm)

Page 12 of 25

*45% RH, Light

— Ac/OAm*

— OA-/OAm*

= Ac/FAl

— AcfFABr T
— Ac/TMA
Ac/OAm*+Spiro

N N N AN N N TN AN SN N N |
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

Time (hrs.)
Figure 5: Absorptance spectra over time of NC films testing methods for improve stability by A)
minimizing undercoordinated surface species with unwashed NCs (OA/OAm*), additional ligand
treatments utilizing B) formamidinium iodide (FAI), C) formamidinium bromide (FABTr) salts, D)
trimethylaluminum (TMA) and E) encapsulation with a layer of an O, scavenging material spiro-
OMEeTAD (Spiro). Each absorptance spectrum shown is taken at an equal time interval (hrs) until the last
time point as noted in the legend. F) Normalized E, absorption bleach over time for Ac/OAm™ (black),
OA/OAm* (pink), Ac/FAI (light blue), Ac/FABr (dark blue), Ac/TMA (purple) and Ac/OAm*™+Spiro
(yellow) treated NC films under illumination at 45% RH.

E, Bleach (norm.) T

To probe the influence of under-coordinated surface sites, we compared photobleaching
dynamics of unwashed NCs with the native oleate and oleylammonium (OA/OAm*) ligands intact
to washed NCs after ligand exchange. While the ligand exchange of oleate for acetate is critical
for improving the charge transport in NC films, the ligand exchange typically leaves under-
coordinated surface species, as evidenced by the shorter time-resolved photoluminescence
lifetimes (Figure S10) as well as smaller relative photoluminescence (PL) intensities (Figure
S11).19% Thus, the OA/OAm* NCs are a good model system to understand the influence of
surface coverage/undercoordinated surface sites on NCs. The t;, for OA/OAm*" NCs is 20.5 hrs
(Figure 5A), which is comparable, if not slightly better when thickness is taken into account
(Figure S17), to that of Ac/OAm*, either meaning that the post-synthesis washing increases the
number of under-coordinated sites or that even the existence of a few under-coordinated sites will
cause full degradation by a self-propagating photo-oxidation.*¢~* Regardless, a real, but not

dramatic difference is observed between the bleaching dynamics of washed versus unwashed NCs.
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1

2

2 To slow down the volatilization of surface species by improving termination at the NC
5 surface, we tested three different, previously reported, ligand treatments (Figure S12) by varying
? both the ligand salt A and X ions: formamidinium iodide (FAI) (Figure 5B), formamidinium
S bromide (FABr) (Figure 5C) and trimethylaluminum (TMA) (Figure 5D).>%70 We note that the
1(1) X site interaction is not a ligand exchange, but an additional surface treatment that occurs from the
12 ligand salt treatment. The FAI salt ligand exchange is commonly used in high efficiency perovskite
12 NC solar cells to improve the NC film conductivity and has led to the champion quantum dot solar
:2 cell efficiency of 16.6%.%1%12 NC films treated with each of these ligand salts photo-oxidize to a
17 bleached spectrum dominated by a strong peak at ~410 nm, again, likely due to the formation of a
12 2D species.®® However, Ac/FAI treated NC films have a t;, of only 2.7 hrs as compared to Ac
;? /FABTr treated NC films which have a long t;, of 71.1 hrs. This suggests that the A site in the AX
;g ligand treatment plays a less critical role than the X site in improving the stability, beyond its
24 propensity to be deprotonated by the ROS (Figure S13). This is further confirmed by comparing
;2 NC films treated with a significantly larger A site ligand salt treatments, phenyltrimethyl
;é ammonium (PTA) iodide and bromide salts, where the former has a t;, of 1.2 hrs and the latter has
gg a t;, of 60.4 hrs (Figures S14, S15). We note that these ligand salt treatments do not improve the
31 relative PL intensity (Figure S11), suggesting that the large changes in t/, are not primarily driven
gg by the amount of surface passivation. This ligand exchange is different from the ligand surface
gg treatments often used in PC films, where the exchange swaps NC surface ligands and often
36 decreases the PL whereas a PC treatment often improves the PL.>* Possible reasons bromide
2573 surface termination could slow down photo-oxidation include the Pb-Br bond being stronger than
zg the Pb-I bond, increasing the energy necessary to remove Br-.”! The success of the ABr surface
2; treatments found here is consistent with a range of literature reports on bromide-containing or
43 bromide-terminated polycrystalline perovskites that demonstrate stability improvements against
fé degradation mediated by moisture, oxygen and light.?73271=8 To further improve NC surface
j? termination, a TMA vapor phase post treatment was tested. TMA is a Lewis acid that often
48 undergoes reacts with surface -OH and -H species in AL,O; atomic layer deposition (ALD)
gg processes, leaving a -Al(CH3), (x=1,2) terminated surface behind, akin to a ligands exchange.””-%0
g; As a result, the TMA treated film had the longest t;, of 82.4 hrs. The success of TMA is likely
g i due to the low volatility of Al and ability to passivate under-coordinated surface species, thereby
55 sufficiently stabilizing the NC films. In addition to this benefit, the -Al(CHj), (x=1,2) surface
s
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groups can readily react with H,O and/or ROS radicals at ambient conditions, leading to aluminum
oxide-like species on the NC surface, further aiding the surface stabilization. Excellent solar cell
passivation properties have been attributed to nanometer thin Al,O5 films, and we expect that
similar Al-surface structures also contribute to the stability observed in the TMA-treated
samples.!¥8! Clearly, strategies that improve the surface termination of perovskite NCs are quite
effective for also enhancing stability.

Arguably, reactive oxygen species play by far the most destructive role in our perovskite
NC degradation mechanism, and therefore mitigating their presence should lead to an equally large
improvement in stability. Unfortunately, stopping O, from forming O,™ and subsequent ROS
through photo-oxidation reactions means removing light from the equation, which is not ideal for
a photovoltaic material. Alternatively, O, adsorbed to the NC surface could be scavenged before
initiating any degradation. To test an oxygen scavenging strategy, we encapsulated an Ac/OAm*
NC film with a known oxygen scavenger (Figure S5E): doped (LiTFSI, tBP) spiro-OMeTAD 8283
The spiro-OMeTAD encapsulated NC film only degraded to ~90% of the initial absorptance and
never reached t;, during the 170 hr long experiment. It is also possible that spiro-OMeTAD could
be scavenging holes, slowing down the degradation reactions. We also encapsulated NC films with
polystyrene to deconvolute the effect of encapsulation against both oxygen and water versus
oxygen-scavenging effects and found ~80% degradation with polystyrene over the same time
period (Figure S16), suggesting that the additional scavenging from spiro-OMeTAD is indeed

effective.

Conclusion

We report here that CsPbl; NC films show pronounced stability compared to thin film all-
inorganic polycrystalline CsPbl;. Rather than a metastable perovskite phase relaxation, NC films
retain the perovskite phase yet follow a slow surface mediated photo-oxidation bleaching that can
be mitigated. Reactive oxygen species are responsible for the bleaching of CsPbl; NC films, which
causes the deprotonation of ligands, evolution of iodine and formation of metal carbonate species.
Based on all of the ageing experiments (Table S1, Figure S17) we postulate that the most stable
CsPbl; NC film for optoelectronic devices would either maintain the native oleylammonium as
the amine ligand or utilize terminating ligand salts containing bromide (such as FABr, PTABr) or

TMA to reduce volatile, undercoordinated sites that contribute significantly to photo-oxidative

ACS Paragon Plus Environment

The published version of the article is available from the relevant publisher.

Page 14 of 25

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.



Page 15 of 25 Chemistry of Materials

1

2

2 degradation. Since surface chemistries are crucial in degradation rates at both the nanocrystal and
5 bulk levels, the films should be thick, compact, and uniformly continuous. The use of simple
? encapsulants such as polystyrene will also significantly extend the lifetime. Beyond encapsulation,
S incorporating an O, scavenger, such as Spiro-OMeTAD provides additional protection against
1(1) photobleaching by reducing chemistry manifolds that lead to highly destructive ROS. By moving
12 beyond controlling surface strain to tailoring the surface chemistry, we have shown multiple
12 methods that stabilize CsPbl; NCs in ambient atmosphere that should translate to improvements
" in both PV and LED stability.®

17

18

19 Experimental Methods

20 Materials. All chemicals were used as received from Sigma-Aldrich, unless otherwise specified.
21 Cesium Carbonate (Cs,COj3; 99.9%), Oleic Acid (technical grade, 90%), Oleylamine (technical
22 grade, 70%), 1-Octadecene (1-ODE; technical grade, 90%), hexane (reagent grade, >95%),

;i Octane (anhydrous, >99%), Methyl Acetate (MeOAc, anhydrous, 99.5%), Lead Nitrate

25 (Pb(NOs3)3, 99.999%), Cesium lodide (Csl, 99.999%), Chlorobenzene (anhydrous, 99.8%), 4-

26 tert-Butylpyridine (tBP; 96%). 2,2",7,7'- tetrakis(N,N-di-p methoxyphenylamine)-9,9'-

27 spirobifluorene (spiro-OMeTAD; >99.5% was purchased from Lumtec. Pbl, (99.9985%) was

28 purchased from Alfa Aesar.

29

2(1) CsPbI; NC synthesis. CsPbl; NCs have been synthesized using high temperature colloidal

32 method and purified as reported by earlier literature.!? Briefly, 500mg Pbl, was taken in 25 ml 1-
33 ODE and degassed under vacuum at 120 °C for 30 minutes. A mixture of 2.5 ml oleylamine and
34 2.5 ml oleic acid, preheated to 120 °C, was injected into the reaction flask. The mixture was

35 briefly degassed until the Pbl, dissolved to form a light yellowish clear solution. Then the

36 reaction mixture was switched to N, and heated up to 180 °C. At 180 °C, 2 ml of the Cs-oleate

37 solution prepared by mixing 0.407 g of Cs,CO3, 20 ml 1-ODE and 1.25 ml oleic acid was swiftly
g g injected into the Pbl, mixture, and the reaction mixture was immediately quenched in an ice-

40 water bath. The CsPbl; NCs were isolated by adding 70 ml of MeOAc and centrifuging at 7500
41 RPM for 5 minutes. The precipitate was then dispersed in 5 ml hexane, reprecipitated with 5 mL
42 MeOAc and centrifuged again at 7500 RPM for 5 minutes. The NCs were finally dispersed in 15
43 ml hexane and stored at around 2-3 °C until used. The final ink for film deposition was prepared
44 by centrifuging the CsPbl; NCs stock solution at 7500 RPM for 5 minutes, discarding the

45 precipitate, evaporating the hexane from the supernatant and the finally re-dispersing the NCs in
j? 1-2 ml of octane. The NCs ink was filtered through 0.20 pm nylon filter just before spin-casting.
22 CsPblI; NC film fabrication. Glass slides were cleaned by sonicating in isopropyl alcohol for 15
50 minutes followed by UV-ozone for 15 minutes. ~40 ul of a concentrated solution (~60 mg/mL)

51 of CsPbl; NCs in octane was deposited onto glass, unless otherwise noted, and then spun at 1000
52 r.p.m for 20 s followed by 2000 r.p.m for 5 s in air at a controlled humidity of 15-22%.

>3 Immediately after the sample was done spinning, the substrate was swiftly dipped in a solution of
gg PbNOj; in anhydrous methyl acetate (1 mg/1 mL) and then rinsed in a solution of anhydrous

56 methyl acetate and finally dried with a stream of N,. This exchanges the oleate (OA") ligand for
57
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acetate (Ac"). For thicker films, this was repeated to build up the desired number of layers (1-4
used here).

Polycrystalline (PC) CsPbl; thin film deposition. Glass slides cleaned as done for NC film
fabrication and then the deposition of the perovskite polycrystalline film was done in a nitrogen
glovebox. The precursor solution is a 1M solution with a 1:1.05 CsI:Pbl, mole ratio in a 4:1
DMF:DMSO solvent mixture. The solution was vortexed until dissolved and filtered using a 200
nm nylon filter before deposition. The films were deposited by spin-coating 45 pl of solution at
1500 r.p.m. for 45 sec and with 10 s of time remaining in the spin procedure 150 ul of methyl
acetate was added, as previously reported.*! The films were annealed at 330 °C for 10 min.

CsPbI; NC alkylammonium ligand exchange. CsPbl; NC films were brought into air at
controlled humidity 0-5%. Films were dipped into 5 mM solution of AX salt (FAI, FABr, PTAI,
PTABr) in methyl acetate for 10 s, followed by a 5 s wash in methyl acetate, to exchange OAm™*
ligands with AX ligands.

Film Encapsulation. A 10mg/mL solution of polystyrene dissolved in toluene was used. The
spiro-OMeTAD solution is identical to what is commonly used in devices: 72 mg/ml Spiro-
OMeTAD, 28.8 ul/ml tert-butylpyridine (tBP), 17.5 ul LiTFSI stock solution (520mg/ml in
acetonitrile) dissolved in chlorobenzene. Solutions were spun in air at low humidity (<10 %) at
5000 rpm for 30 s.

CsPbl; NC trimethylaluminium (TMA) surface treatment. The CsPbl; Ac/OAm* NCs were
inserted in Beneq TFS 200 ALD reactor at a temperature T~45°C and were pumped on to reach a
base pressure of ~1 mTorr. Subsequently, the NC samples were subjected to 15 pulses of
trimethylaluminum (TMA) of 2 s each and separated by 1-min N, purging steps.

Time-dependent absorptance. The same custom-built instrument used in this work is described in
detail in our previous work.?’ It essentially consists of a halogen lamp array (Sylvania 58321)
outputting 120 mW/cm? and two spectrometers (Ocean Optics HR2000) fitted with a ‘six around
one’ reflectance probe (Ocean Optics R400-7-SR) and a collimating lens to capture reflectance
and transmission measurements respectively which were used to calculate true absorptance.

x-ray diffraction (XRD). Measurements were collected in air on a zero-background single-
crystalline Si XRD plate using a Bruker D8 Discover diffractometer with a GADDS 4-circle
detector (General Area Detector Diffraction System) and a Cu Ka (1.5406 A, 8.04 eV) X-ray
source. ISCD reference patterns were used to compare against experimentally measured XRD
patterns, specifically PbCO;°H,0 (280932), PbCO; (6178) and Cs,CO; (14156)

x-ray photoelectron spectroscopy (XPS). XPS measurements were performed in a Kratos AXIS
Nova system (base pressures below 2 x 10~° Torr) using monochromatic Al Ka X-ray excitation
(hv =1486.7 eV). Measurements were performed with 40 eV pass energy, and spectrometer
binding-energy scale was calibrated by measuring valence-band and core-level spectra from
sputter-cleaned Au, Ag, and Cu foils (Er = 0.00 eV, Au 4f;, = 83.96 eV, Ag 3d;5, =368.26 eV,
and Cu 2ps;, = 932.62 eV).86
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1

2

2 Fourier transform infrared spectroscopy (FTIR). FTIR measurements were done using a Bruker
s Alpha FTIR spectrometer using a diffuse reflectance infrared Fourier transform spectrometer

6 (DRIFTS) attachment with a resolution of 4 cm! on gold-coated, polished Si wafer substrates.

7 Background measurements were taken on blank substrates and subsequent sample measurements
8 were taken as an average of 24 scans. Spectra were baseline-corrected using the concave

9 rubberband correction method. To obtain FTIR of a partially degraded NC film, a fresh NC film
10 was drop-cast on the substrate and first a FTIR spectra was taken of the fresh sample. The

1; sample was then allowed to degrade under ambient conditions (low humidity and in the dark)

13 without being removed from the FTIR until it had partially degraded and then a FTIR spectra

14 was taken. For the fully degraded FTIR, NCs were spincoated on the substrates and fully

15 degraded (humid, light) before FTIR was taken in an Ar glovebox.

16

17 Time of flight — secondary ion mass spectrometry (ToF-SIMS). An ION-TOF TOF-SIMS V Time
18 of Flight SIMS (TOF-SIMS) spectrometer was utilized for depth profiling and chemical imaging
;g of the perovskite utilizing methods covered in detail in previous reports.®’% Analysis was
2 completed utilizing a 3-lens 30kV BiMn primary ion gun. Depth profiles were completed with the
22 Bis* primary ion beam, (0.8pA pulsed beam current), a 50x50um area was analyzed with a 128:128
23 primary beam raster (below a primary ion dose density of 1 x 10'? ions cm™ to remain at the static-
24 sims limit). Sputter depth profiling was accomplished with 1KeV Cesium and 1KeV oxygen ion
25 sputter beams (4.6 and 3.5 nA sputter current, respectively) with a raster of 150x150 microns.
26 After completion of the SIMS measurements the depth of the craters was determined by optical
;é interference light microscopy, to convert the SIMS sputter time scale to a sputter depth scale.

2

33 Time resolved photoluminescence spectroscopy (TRPL). Time-resolved photoluminescence
31 (TRPL) films was measured using a supercontinuum fiber laser (NKT Photonics, Super K)
32 operating at 5 MHz as the excitation source. Films were excited at 500 nm at a low fluence (<<
33 10'° s'')y and a Hamamatsu C10910—-04 streak camera was used to collect time-resolved spectra. Bi-
34 exponential fits of the TRPL decays were weighted to calculate the average PL lifetime using the
35 .

36 equation: Ty = (Ao7o + A171)/(Ao + A1).

37

38

39 Supplemental Information:

2(1) The supplemental information includes additional characterization of fully aged CsPbl;
42 polycrystalline, partially and fully aged nanocrystal films (XRD, XPS, FTIR, SEM, ToF-SIMS).
43 Additional characterization of ligand treated NC films (TRPL, PL, FTIR). Stability of CsPbl; NC
44 films aged in the dark, in water, with PTAI and PTABr salt ligand treatments as well as
22 encapsulated with polystyrene. Finally, a summary of all stability data reported herein is compiled.
47
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