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Control Over the Microstructure of Vapor-Deposited
CsPbBr; Enhances Amplified Spontaneous Emission

Qimu Yuan, Weilun Li, Ford M. Wagner, Vincent J.-Y. Lim, Laura M. Herz,

Joanne Etheridge, and Michael B. Johnston*

Inorganic cesium-based metal halide perovskite (MHP) semiconductors have
great potential as active layers in optoelectronic devices, such as perovskite
light-emitting diodes (PeLEDs) and perovskite lasers. However, precise control
of crystal type, quality, and thickness is required to create high-performance
and reproducible devices. Vapor-phase vacuum deposition enables fabrication
of MHP thin films and devices with excellent uniformity and control over layer
thickness, although a full understanding of crystal growth mechanisms and
products has proved elusive. Here, conditions of vapor co-deposition of CsBr
and PbBr are related with the optical performance and atomic microstructure
of resulting CsPbBr; thin films. It is found that the structure is predominantly
photoactive y-CsPbBr; over a wide range of conditions, but the presence of
impurity phases and Ruddlesden—Popper (RP) planar defects both degrade
optical performance as quantified through measured amplified spontaneous
emission (ASE) thresholds. Furthermore, the atomic structure of the

such as high photoluminescence quan-
tum yield (PLQY), tuneable emission
wavelengths with suitable linewidths,
and long charge-carrier diffusion length,
have poised PeLEDs as a favorable display
technology.>”"! In addition, the impressive
optical gain coefficient, high refractive
index, and strong inter-band absorption
of MHPs, have facilitated the rapid de-
velopment of optically driven perovskite
lasers with different cavity designs.[®11]

In particular, all-inorganic MHPs of
CsPbX; (X = Br, Cl, or I) have garnered
significant attention as competent gain
mediums in designs of distributed feed-
back cavity,213] distributed Bragg reflector
cavity,!*1]  and Fabry-Perot cavity(!®7]

dominant impurity phases is resolved: CsPb,Br; and Cs,PbBr. It is revealed
that a small nominal excess of CsBr-precursor flux during co-evaporation can
significantly enhance the nucleation of thin films, resulting in well-defined
grains greater than 500 nm in size and the relative suppression of RP planar
defects. Such films exhibit intensified photoluminescence (PL) emission and a

reduced ASE threshold of 30.9 p) cm=2.

1. Introduction

In the last decade, MHPs have emerged as excellent candidates
of both efficient photovoltaic absorbers and luminescent light-
emission mediums."* The outstanding properties of MHPs,

lasers. Compared with their organic-
inorganic counterparts, MHPs of CsPbX;,
especially CsPbBr;, exhibit enhanced ther-
mal stability and structural durability as
volatile and hygroscopic organic cations
of formamidinium and methylammo-
nium are avoided.®1819 Nevertheless, the
majority of recently reported inorganic
MHP gain mediums are deposited through
lab-based solution-processing methods,
which may be less applicable for the scalability and reproducibil-
ity required from industrial-scale fabrication.[*?]

Alternatively, vapor deposition is an established vacuum
technique enabling the solvent-free processing of MHP thin
films through either multi-source co-evaporation or sequential
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sublimation of individual precursors.21-2*] Vapor deposition is
well suited to the fabrication of perovskite gain mediums and
their incorporation into often complex and delicate optical cav-
ities for a broad range of reasons including i) excellent unifor-
mity and morphology over large areas, ii) the capability to grow
multiple layers of different thin films without affecting any un-
derlying layers, and iii) the flexibility to tune the deposited layer
thickness precisely and reproducibly from tens of nanometres to
over a micron.[2025-28] Moreover, vapor-based processing is widely
employed in commercial semiconductor fabrication, for example
organic light-emitting diodes and displays, which offers promis-
ing prospects for the future up-scaling of MHP-based optoelec-
tronics and lasers.[12!]

Although less commonly reported, vapor-deposited CsPbBr,
thin films have been shown to exhibit amplified sponta-
neous emission (ASE) characteristics and were successfully
incorporated into different laser cavities with a low lasing
threshold.['%142°] For example, Huang et al. recently presented
a vertical surface-emitting laser cavity with CsPbBr, sandwiched
between layers of SiO,. They achieved a lasing threshold of
13 yJ cm™? by passivating defects in the gain medium by in-
troducing triphenylphosphine oxide (TPPO) during the MHP
co-evaporation.['] Indeed, passivation of the vapour-deposited
CsPDbBr, layer with organics, such as TPPO, polyethylene oxide,
2-phenylethanamine bromide are typically employed in the par-
allel PeLED research in regulating crystallization dynamics, con-
trolling perovskite morphology and dimensionality, and spatially
confining charge-carriers to enhance emission efficiency.[20-321
However, the use of organic additives will likely hinder the ther-
mal stability of MHPs, especially under high-temperature optical-
pumping operations.I®! In addition, for organics, owing to their
low evaporation temperature (<100 °C) and undesirable subli-
mation dynamics of condensing partially outside the evaporation
cone, even a small flux of organics vapor will often result in the
possibility of chamber contamination. Therefore, alternative ap-
proaches in optimizing vapor-deposited CsPbBr; as a laser gain
medium need to be considered.

A viable and facile method to improve the optical performance
of CsPbBr; films formed by co-evaporation of CsBr and PbBr,
is the direct tuning of the molar precursor flux ratio of CsBr
to PbBr, (abbreviated as Cs:Pb flux ratio here on) during film
growth.[233] Under either Pb-rich or Cs-rich preparation condi-
tions, impurity phases of CsPb,Brs or Cs,PbBr, will form re-
spectively, in addition to CsPbBr,.°) It has been reported that
these impurity phases can enhance the emission efficiency of
CsPDbBr; thin films in PeLEDs, either from the confinement of
charge-carriers owing to the wider bandgap of impurities or from
the surface passivation of non-radiative recombination centres
by Cs,PbBr,.>**] Moreover, Bolink et al. recently reported that
the formation of CsPb,Brs impurity will encase the single-source
thermal-evaporated CsPbBr, perovskites, leading to undesirable
effects of quantum confinement.35] As the ASE performance of
a laser gain medium is highly correlated with the stoichiomet-
ric composition, morphology, grain size and boundary, and crys-
tal defects,[10143336] it is important to scrutinize vapor-deposited
CsPbBr; and assess the role of its impurity phases in relation to
these factors.

Transmission electron microscopy (TEM) is a powerful tech-
nique for revealing the atomic structure of materials.*”] How-
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ever, its application to halide perovskites has been limited by elec-
tron beam-induced damage.®®! In particular, structural studies
of CsPbBry and its impurity phases, CsPb,Br; and Cs,PbBr,—
which could offer valuable insights into phase formation and
control during crystal growth—remain scarce. We have recently
reported the presence of RP planar defects, which acts as a
major source of non-radiative recombination centers, in vapor-
deposited y-CsPbl, thin films under Cs-excess co-evaporation
conditions, even with a molar CsI:Pbl, precursor flux ratio as lit-
tle as 1.03.%] As y-CsPbBr; has the homologous unit cell struc-
ture as y-CsPbls, it is critical to examine the role of RP defects
in influencing the ASE performance of CsPbBr, films with Cs-
excess.

In this work, we systemically tuned the nominal Cs:Pb pre-
cursor flux ratio during co-evaporation of CsPbBr; perovskite
films from Cs-deficient to Cs-rich, and we examined the im-
pact on crystal growth and spontaneous emission (SE). Utiliz-
ing scanning transmission electron microscopy (STEM), we re-
veal stunning differences in thin-film crystallization by resolving
atomic microstructures. We highlight that CsPbBr, films grown
with a Cs-deficiency led to the formation of CsPb,Br. impurity
phase and undesirable morphology including “snowflake”-like
features, indicating insufficient nucleation. At the other extreme,
CsPDbBr, film growth under excessively Cs-rich conditions results
notjustin the Cs,PbBr, impurity phase, but also a high density of
RP planar faults and inconsistent microstructures. As a result, co-
evaporated films with both Cs-deficient and significant Cs-excess
precursor fluxes exhibit poor optoelectronic properties and high
ASE thresholds. In contrast, we elucidate that a Cs:Pb precursor
flux ratio of 1.5:1 yielded intensified PL emission and optimized
ASE performance, which we attribute to the microstructural and
atomistic prerequisites of complete crystallization, homogenous
surface morphology, and relative suppression of impurities and
planar defects. This study demonstrates a facile method in opti-
mizing vapor co-deposited CsPbBr; thin films for laser applica-
tions, and more importantly, unveils novel interconnections be-
tween ASE thresholds and atomic structures.

2. Results and Discussion

2.1. Tuning of Cs:Pb Precursor Flux Ratios

We prepared two sets of co-evaporated CsPbBr; thin films (35 and
200 nm) on blank z-cut quartz substrates and TEM grids concur-
rently in which nominally targeted Cs:Pb precursor flux ratios
spanned a broad parameter range from 0.85:1 (Cs-deficient) to
3:1 (Cs-rich). The thinner 35 nm film type has been optimised for
atomic-resolution STEM studies,**l while 200 nm is representa-
tive of a typical gain medium thickness in a film-based perovskite
laser. By examining two thicknesses together, we simultaneously
elucidate impacts on optical, structural, and atomistic properties
when precursor flux ratios are varied. We have here chosen to
report changes in stoichiometry via precursor flux ratios from
considering the real deposition rate of each individually tooled
precursor on z-cut quartz substrates for ease of reproducibility,
with full parameters summarized in Table S1 (Supporting Infor-
mation).

We first examined the set of 200 nm-thick CsPbBr; films
through X-ray diffraction (XRD), with normalized spectra
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Figure 1. Characterisation of 200 nm-thick CsPbBr; films with varied Cs:Pb precursor flux ratios. a) X-ray diffraction spectra (XRD) illustrate changes
in preferred grain orientations and presences of impurity phases which correspond to a gradual transition from Cs-deficient to Cs-rich preparation
conditions. The X-ray source was Cu-K, 4 = 1.54 A and each spectrum was corrected for sample displacement. b) Normalized photoluminescence (PL)
spectra from photo-excitation of a 398 nm-wavelength continuous-wave laser at a power of 1.1 W cm™2, well below amplified spontaneous emission
thresholds of all films. c) Normalized absorption spectra elucidate minimal variations in the optical bandgap despite changes in the nominal Cs:Pb flux
ratio. PL and absorption data for different Cs:Pb flux ratios are offset vertically for clarity. Unprocessed PL and absorption data are shown in Figure S6
(Supporting Information). d) Extracted absorption coefficient values at the excitonic peak and integrated PL intensity both plotted against the respective

Cs:Pb flux ratio. Solid and dashed lines are indicative guides for eyes only.

presented in Figure 1la (unnormalized data are provided in
Figure S3, Supporting Information). It is evident that all films ex-
hibit clear features of the orthorhombic y-CsPbBr, phase, and we
assigned perovskite diffraction peaks at 26 of 15.1°,21.6°,25.3 °,
and 30.8 ° to 110, 112, 210, and 220 reflections, respectively.[*0-*2]
Meanwhile, XRD peaks corresponding to impurity phases of
CsPb,Br; (260 of 11.7 ° and 29.4 °) and Cs,PbBr, (20 of 12.6 °,
20.1 °, 25.5 °, and 28.6 °) are consistent with Cs:Pb flux ratios
employed in co-evaporations.[?>*3] Specifically, diffraction peaks
of CsPb, Br; are observed at Cs-deficient (Cs:Pb = 0.85:1), nomi-
nally stoichiometric (Cs:Pb = 1:1), and low Cs-excess preparation
conditions up to Cs:Pb = 1.1:1. Meanwhile, Cs,PbBr, character-
istic XRD peaks are detected at higher Cs-excess parameters at
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and above Cs:Pb = 1.5:1. It is important to note that the average
Cs:Pb stoichiometry of the film is not expected to exactly match
the precursor flux ratio as the relative sticking coefficient of a pre-
cursor may change in the presence of another precursor or with
the target film material.[*44°]

We observe that the Cs:Pb precursor flux ratio not just con-
trols impurity phases but strongly influences the preferred crys-
tal orientation of the predominant y-CsPbBr; phase. Atlow Cs:Pb
flux ratios, y-CsPbBr, growth in the [110] direction dominates,
however as the Cs:Pb ratio increases the growth planes become
more randomized, as indicated by the appearance of 112 peak
in XRD results from the Cs:Pb = 1.25:1 to 3:1 films (Figure 1a).
This appears to be a general phenomenon as a review of
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published XRD spectra from vapor-deposited CsPbBr; with sim-
ilar thicknesses!?*3] reveals similar changes in orientation with
growth conditions (although this trend was not specifically men-
tioned in these works).

When comparing XRD spectra of thinner 35 nm-thick films
(normalized in Figure S4a and unnormalized in Figure S5, Sup-
porting Information), orientational preference of perovskite crys-
tals are considerably different compared to thicker 200-nm films.
In thinner films, grains of y-CsPbBr; are always preferentially
aligned along the [110] direction, despite drastic variations in
their Cs:Pb flux ratios. Nevertheless, diffraction peaks corre-
sponding to CsPb, Br are only observed until a Cs:Pb flux ratio of
1:1, which evince that the transition in the final stoichiometry of
formed y-CsPbBr; from Cs-deficient to Cs-rich still holds. Differ-
ences uncovered in XRD spectra across two thicknesses suggest
that in the vapor deposition of all-inorganic perovskites, vertical
growth of films may not be uniform and there are potentially re-
crystallization processes as the film thickens. Therefore, a tem-
plating approach with a seeding layer, analogously employed in
the co-deposition of organic-inorganic perovskites, *#¢] could be
considered in further precisely tuning the preferential growth di-
rection of y-CsPbBrj;.

Meanwhile, only minimal shift in emission centres of PL spec-
tra of 200 nm-thick films are observed across the full range of
Cs:Pb precursor flux ratios, as indicated by the less than 5 nm
spectral shifts in Figure 1b). This is consistent with measure-
ments of absorption coefficient in Figure 1c and associated El-
liot fits (Figure S8, Supporting Information), in which changes
in the electronic bandgap is less than 0.013 eV across all compo-
sitions. These findings suggest that although there are impuri-
ties of CsPb,Br; or Cs,PbBr, there is no evidence of any strong
confinement effect, which would cause both the optical and elec-
tronic bandgap to change more considerably.[?’! Moreover, these
observations also indicate that even under the most Cs-rich co-
evaporation condition, the volume fraction of the Cs,PbBr, im-
purity phase is relatively small compared to the dominant y-
CsPbBr; phase. All co-deposited films exhibit a strong excitonic
peak at around 2.45 eV and a clear absorption onset, with an elec-
tronic bandgap of 2.48 eV and an excitonic binding energy E, of
~50 meV, extracted from Elliot fittings. Similar measurements
on the set of thinner 35-nm films demonstrate an identical trend,
in which their PL emission centers and absorption onsets are
mostly independent of Cs:Pb flux ratios (Figure S4b, Supporting
Information).

Nevertheless, there are significant changes in the intensity of
PL emission and absorption coefficient values of both the 35 nm
and 200 nm films across varying Cs:Pb flux ratios (Figure 1d and
Figure S4d, Supporting Information). In particular, PL emission
is strongly quenched under Cs-deficient conditions, whilst the
integrated emission intensity increases by an order of magni-
tude for Cs:Pb = 1.5:1 films of both thicknesses. Further incre-
ments of Cs-excess do not lead to any additional enhancement
of PL emission in films of both thicknesses. Similarly, values of
absorption coefficients at the excitonic peak show the same be-
havior, in which CsPbBr; is most strongly absorbing when there
is a small Cs-excess, with a maximum value obtained between
the Cs:Pb flux ratio of 1.25:1 and 1.5:1. We also considered the
number of photons absorbed at the excitonic peak based on the
Beer’s law for each composition (Figure S10a, Supporting Infor-
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mation) and corrected the integrated PL intensity of all 200 nm-
thick films (Figure S10b, Supporting Information) to be indepen-
dent of number of photons absorbed. We obtained the similar
trend to the integrated PL intensity presented in Figure 1d.

Overall, the optimal photo-physical properties of y-CsPbBrj;,
i.e. maximum PL emission intensity and absorption coefficient,
are found for films grown with a Cs:Pb precursor flux ratio of
1.5:1. These conditions also corresponds to the minimal pres-
ence of CsPb,Br; and Cs,PbBr, impurities. Therefore, we hy-
pothesize that there is a strong correlation between enhanced
photo-physical properties and the relative suppression of impu-
rity phases. As will be discussed in the next section, in conditions
of excess Cs where RP defects are observed, it is also important
to minimize the density of RP defect to achieve optimal photo-
physical properties.

2.2. Microstructural and Atomic-Scale Analysis

From photo-physical and structural measurements, it is clear that
a full understanding of thin-film growth, crystallization, and mor-
phology on both microstructural and atomic scales are essential
to explain these observed differences across varying Cs:Pb flux
ratios. Therefore, we performed low-dose STEM imaging on va-
por co-deposited CsPbBr; films of both thicknesses. Figure 2 il-
lustrates an overview of the microstructure of thin films with
three distinct Cs:Pb flux ratios at low and high imaging magni-
fication. We further identified the perovskite phase in TEM us-
ing atomic-resolution Annular Dark Field (STEM-ADF) and four-
dimensional scanning transmission electron microscopy (4D-
STEM) for thinner 35-nm film specimens (Figure S11, Support-
ing Information), and 4D-STEM for thicker 200-nm specimens
(Figure S12, Supporting Information). In conjunction, we have
conducted atomic-resolution STEM-ADF imaging to confirm the
presence of impurity phases (CsPb,Brs and Cs,PbBr,) and to
gain atomic-level insights into their structures, which have not
been thoroughly investigated previously, as presented in Figure 3.

Phase analyses of perovskite grains indicate that co-deposited
CsPDBr;, across all Cs:Pb precursor flux ratios and thicknesses,
exhibit the orthorhombic y-phase, consistent with observations
from XRD. Meanwhile from thinner 35-nm films, grains corre-
sponding to CsPb, Brs impurities can be found in specimens with
a Cs:Pb flux ratio up to 1.25:1 (Figure S11a, Supporting Informa-
tion), while impurities of Cs,PbBr, are present in samples with a
Cs:Pb flux ratio of 2:1 or higher (Figure S11b, Supporting Infor-
mation). In the 200 nm-thick film with Cs:Pb = 1.5:1, a number
of grains with higher imaging intensity are seen from the STEM-
ADF image in Figure 2g. Results from 4D-STEM elucidate that
a small proportion of these “brighter grains” exhibit character-
istic electron reflections that can be specifically indexed to the
Cs,PbBr, phase (Figure S12, Supporting Information), which in-
dicate the presence of such an impurity and is in good agreement
with XRD spectra in Figure S3 (Supporting Information).

We first highlight atomic structures of y-CsPbBr, and its asso-
ciated impurity phases. Figure 3d presents a representative im-
purity grain observed in 35 nm CsPDbBr; films with a Cs:Pb flux
ratio of 0.85:1. The atomic arrangement is consistent with the
CsPb,Br; phase viewed along the [110] zone axis. In this struc-
ture, Cs/Br mixed columns are surrounded by eight columns

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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200 nm CsPbBr;

Figure 2. Annular Dark Field (STEM-ADF) images of vapour-deposited CsPbBr;. Studied specimens are co-evaporated with conditions of a,b) 35 nm-
thick with a Cs:Pb precursor flux ratio of 1:1; ¢,d) 200 nm-thick with a Cs:Pb flux ratio of 1:1; e,f) 35 nm-thick with a Cs:Pb flux ratio of 1.5:1;
g,h) 200 nm-thick with a Cs:Pb flux ratio of 1.5:1; i,j) 35 nm-thick with a Cs:Pb flux ratio of 3:1; k,I) 200 nm-thick with a Cs:Pb flux ratio of 3:1. Red
circles indicate representative grains corresponding to the y-CsPbBr; phase; blue circles or green circles indicate representative grains with an impurity
phase of CsPb,Brs or Cs,PbBrg, respectively. Orange boxes highlight “snowflake”-like microstructural features in films with a Cs:Pb flux ratio of 1:1.

containing alternating Cs and Pb atoms, accommodating the ex-
cess PbBr, composition in the unit cell relative to the stoichio-
metric CsPbBr; perovskite phase.

In contrast, all grains in 35 nm-thick Cs:Pb = 1.5:1 films are
identified as the y-CsPbBr; phase, predominantly aligned along
the [110] zone axis, as shown in the example in Figure 3e. Further
increases in the Cs content (Cs:Pb > 1.5:1) lead to the formation
of the Cs,PbBr, impurity phase, which is illustrated in Figure 3f.
When viewed along the [201] zone axis, the high-intensity Pb
atomic layers are sandwiched between lower-intensity Cs layers,
consistent with the crystal model in Figure 3c. Based on the unit
cell structure, two additional Cs layers surround each Pb layer,
although they are not clearly resolved in the image due to their
close lattice spacing. These observations suggest that Cs-excess at
higher Cs:Pb flux ratio is accommodated by the formation of the
Cs,PbBr, phase, which possesses a Cs-rich unit cell structure.

In the meantime, we uncover stunning differences in mi-
crostructures of y-CsPbBr; films when Cs:Pb flux ratios are var-
ied. Considering images from 35 nm-thick specimens, it is ev-
ident that morphological homogeneity is promoted from intro-
ducing Cs-excess during co-depositions. In Cs-deficient (Cs:Pb

Adv. Optical Mater. 2025, 02160 €02160 (5 of 10)

= 0.85:1) and nominally stoichiometric (Cs:Pb = 1:1) condi-
tions, “snowflake” features (highlighted with orange boxes) have
formed in these films (Figure 2a; Figure S13a,b, Supporting In-
formation). Indeed, upon closer examination with a higher mag-
nification, a different image intensity for grains corresponding to
CsPb,Br; and y-CsPbBr; is identified (Figure 2b; Figure S14a,b,
Supporting Information). These features indicate rather poor
and possibly incomplete crystallization dynamics of the resulting
film, in which mixed-phase grains are formed in random shapes.
In contrast, with further increments of the Cs:Pb flux ratio, more
consistent and uniform microstructures are uncovered, particu-
larly for the Cs:Pb = 1.5:1 flux films in Figure 2e,f. Not only the
specimen is free of all secondary impurity phases, but also per-
ovskites with well-defined shapes are seen. Some of these grains
are in excess of 100 nm wide, indicating an excellent crystalliza-
tion process, especially when the film is only 35 nm thick. Further
addition of Cs-excess (Cs:Pb > 2:1) results in the considerable
presence of Cs,PbBr, impurity phase intermixed with y-CsPbBr,
grains, which is suggested by the significant difference in im-
age intensity associated with different grains in Figure 2i,j and
Figures S13e,f and S14ef (Supporting Information).
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Figure 3. Atomic-resolution studies of CsPbBr; and its impurity phases. Schematic diagram illustrating the unit cell structure of a) CsPb,Brs in the [001]
direction, b) y-CsPbBr; in the [110] direction, and c) Cs,PbBrg in the [201] direction. STEM-ADF image of d) CsPb,Brs, €) y-CsPbBrs, and f) Cs,PbBrg.
g) Zoomed in STEM-ADF image of CsPb,Brs and overlaid with its crystal model. h) Fourier Transform (FT) image of CsPb,Brs. i) Zoomed in STEM-ADF
image of Cs,PbBrg and overlaid with its crystal model. j) FT image of Cs,PbBrg.

For thicker 200-nm films, almost identical differences in mi-
crostructures are observed. Under preparation conditions of both
Cs:Pb = 1:1 and 3:1, in which either the CsPb,Br; or Cs,PbBr,
impurity phase is present, undesirable morphological features
are obtained. For example, “snowflake”-like microstructures in
Figure 2c¢,d entail that grains are stacked and piled together ran-
domly in both vertical and horizontal directions. Similarly, with a
large Cs-excess flux ratio, in Figure 2k 1, films have failed to crys-
tallize into distinctive large-size and well-defined shape grains.
In contrast, for films with Cs:Pb = 1.5:1 flux ratio in Figure 2g,h,
changing deposition thickness from 35 to 200 nm results in the
further enlargement of grains with a well-defined shape, with
some grains being almost 500 nm in size. These findings indicate
an excellent crystallization process in Cs:Pb = 1.5:1 films with
both thicknesses. As a result, a homogenous, uniform, and com-
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pact film morphology with highly oriented growth was achieved.
These features are highly beneficial in relation to both observed
enhancement in PL emission and absorption coefficient in films
of the same flux ratio (Cs:Pb = 1.5:1) in Figure 1 and Figure S4
(Supporting Information), respectively owing to the consequen-
tial reduction of both radiative recombination centers and light
scattering from improved crystallization.

We further scrutinized STEM images corresponding to a sin-
gle grain in search of RP defects (Figure S15, Supporting In-
formation), which act as non-radiative trapping-sites for photo-
excited charge carriers.??) In a RP defect, there is a displacement
of lattice planes by half a unit cell in the in-plane direction paral-
lel to the defect, leading to an insertion of an additional Cs-plane,
or equivalently, the removal of a Pb-plane.[3**748] Therefore, an
excess of CsX is the most important prerequisite in forming RP
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defects as these defects lead to a locally Cs-rich composition.3*4]
We do not observe any RP defects for Cs-deficient or nominally
stoichiometric conditions, and RP defects only begin to emerge
on grain boundaries for flux ratios of Cs:Pb > 1.5:1. The planar
defects observed under Cs-excess conditions are identified as RP
defects, corresponding to a local Cs,PbBr, structure, i.e., the n =
1 member of the general RP formula A, , ,B,X,,, ;. Linear den-
sity of RP defects from the representative grain increases signif-
icantly for Cs:Pb = 2:1 and 3:1 specimens, in which defects can
be observed both near all grain boundaries and in the center of
the grain. Here, we deduced the RP defect density via account-
ing the sum of the atomic length of each RP fault, and factored
over the size of the STEM imaging spot.[**] Additional images of
different grains of the 35 nm-thick specimens with Cs:Pb flux ra-
tio of 3:1 are presented in Figure S16 (Supporting Information),
which all illustrate consistent presence of a significant number of
planar faults. The trend observed for RP-defect density is consis-
tent with previous phase analysis: for precursor flux conditions of
both Cs-deficient and Cs:Pb < 1.5:1, the CsPb, Brs impurity phase
forms and there is no RP fault; and whilst for Cs:Pb > 1.5:1, Cs-
rich parameters promote formations of the Cs,PbBr, impurity
phase and therefore leading to an increase in the RP-defect den-
sity. More importantly, as uncovered in the analogous y-CsPbl,
system, RP defect density directly correlate with both quenched
PL emission and shortened charge-carrier lifetimes, owing to en-
hanced rate of trap-assisted recombination.[*) Thus, increasing
density of RP faults formed in y-CsPbBr; specimens with higher
Cs-excess contributes to the reduction in both thin-film absorp-
tion and PL intensity (Figure 1 and Figure S4, Supporting Infor-
mation) when the Cs:Pb flux ratio is incremented beyond 1.5:1.

2.3. Correlation to Amplified Spontaneous Emission
Characteristics

From both photo-physical and STEM investigations, we identi-
fied that vapor-deposited films with a Cs:Pb precursor flux ratio
of 1.5:1 for both thicknesses of 35 and 200 nm were the most
promising optical gain media. Hence, we probed ASE character-
istics of the same sets of thin film excited by 35 fs duration and
3.1 eV (400 nm in wavelength) photon energy laser pulses. As
the ASE threshold has been shown to be dependent on an array
of factors including pump beam spot size and geometry of pump
and collection optics,*?°! we kept measurement conditions the
same for all films to probe any relative changes when the Cs:Pb
flux ratio or the film thickness is varied. In our system, the pump
beam photo-excites the sample at normal incidence, with emit-
ted PL collected at an approximate angle of 45° relative to the
incident laser beam (full details in Supporting Information). Ex-
tracted ASE thresholds for both 200 nm- and 35 nm-thick sets of
CsPbBr, films are displayed in Figure 4a,b.

For thicker 200-nm films, higher ASE thresholds are observed
in CsPbBr; films with Cs-deficient and nominally stoichiomet-
ric preparation conditions. The ASE threshold further reduces
as the Cs:Pb flux ratio is increased, in which a lowest threshold
fluence of 30.9 pJ cm~2 is deduced at a Cs:Pb flux ratio of 1.5:1,
as expected from previous optical and structural characterisation
results. At higher Cs-rich flux ratios of 2:1 and 3:1, ASE thresh-
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olds increase slightly, which is consistent with a reduction of their
respective integrated PL intensity in Figure 1d and formation of
RP defects (Figure S15, Supporting Information). These findings
suggest that at higher Cs-excess conditions, correlation of opti-
cally driven emissions may be much more nuanced than just the
presence of Cs,PbBr, impurities previously reported.??33] The
set of thinner 35-nm films exhibit very similar ASE behaviours
to thicker 200-nm films. A decreasing trend in thresholds is ob-
served between the Cs:Pb = 1:1 and Cs:Pb = 1.5:1 films, and the
ASE threshold further increases when additional CsBr is incorpo-
rated. No characteristic ASE peak was identified for 35 nm-thick
films with a Cs:Pb flux ratio of either 0.85:1 or 3:1, even when
the exciting laser fluence was increased to either 425.2 pJ cm=2
or 543.6 pJ cm™? respectively. The lowest ASE threshold recorded
for thinner films is 34.9 yuJ cm™2, also at a Cs:Pb flux ratio of 1.5:1.

Figure 4c presents power-dependent PL spectra of the 200 nm-
thick film with an optimal flux ratio Cs:Pb = 1.5:1 near its ASE
threshold. The broad SE peak, which has a full width half maxi-
mum (FWHM) of ~#40 nm is quickly overtaken by the presence
of a narrower and strongly emissive ASE peak with a FWHM of
10 nm. The inset also illustrates the extraction of ASE threshold
through fitting the fluence-dependent SE peak or ASE peak in-
tensities. Corresponding spectra, emission intensity, and FWHM
analysis of the thinner 35-nm film with a Cs:Pb flux ratio of 1.5:1
are shown in Figure S18. Full power-dependent PL spectra and
fitting of ASE thresholds for all studied CsPbBr; thin films are
included in Figures S19-S22 (Supporting Information).

Finally, we hypothesize possible correlations between atom-
istic findings and ASE thresholds of vapor-deposited CsPbBr,
when Cs:Pb flux ratios are varied. Under both Cs-deficient and
large Cs-excess precursor flux conditions, formation of CsPb,Br;
and Cs,PbBr, impurity phases are associated with poor crystal-
lization of specimens during vapor co-depositions of y-CsPbBrj;.
This inhibits the uniform and homogenous growth of perovskite
grains, in which the poor surface morphology contributes to a
suppressed radiative recombination and undesirable ASE thresh-
old. Considerable linear density of planar RP defects also forms
under high Cs-excess preparation parameters, acting as a major
source of non-radiative recombination centers, further reducing
the luminescence efficiency and increasing ASE thresholds. Nev-
ertheless, we identified that at a Cs:Pb flux ratio of 1.5:1, films
possess a complete crystallization process, as exhibited from
large and consistent grains with clearly defined shapes and di-
mensions. It is possible that a small amount of excess-Cs during
growth assists with more complete nucleation owing to higher
kinetic energy from the CsBr vapor.?? Therefore, these excellent
microstructures in films grown under a flux ratio of Cs:Pb =1.5:1
attribute to lower light-scattering in the 200 nm-thick films, and
hence reduced photon-out-coupling, which is supported by a low
ASE threshold.

Looking ahead, observation of a small density of secondary
Cs,PbBr, phases in these films (Figure 2g) and RP defects
(Figure S15, Supporting Information) even in the best (Cs:Pb
flux = 1.5:1) films suggest further fine-optimisation in Cs:Pb pre-
cursor flux ratios during vapor co-deposition and post-deposition
processing. Such optimization is likely to further reduce of the
ASE threshold and improve the photo-physical properties of y-
CsPbBr, through removal of Cs,PbBr; phases and RP defects.
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Figure 4. Amplified spontaneous emission (ASE) characteristics of CsPbBr; films. a) ASE thresholds of 200 nm-thick CsPbBr; films with different Cs:Pb
precursor flux ratios in co-evaporation. b) ASE thresholds of 35 nm-thick CsPbBr; films. c) Power-dependent PL spectra of 200 nm optimal Cs:Pb = 1.5:1
thin film with excitation density near the ASE threshold. The inset illustrates the spontaneous emission peak intensity and the full width half maximum
(FWHM) plotted against the pump fluence. Photo-excitation was from a pulsed Ti:Sapphire laser frequency-doubled with BBO to 400 nm-wavelength,
and error bars in ASE thresholds indicate uncertainties from linear fits of spontaneous emission peak intensities.

3. Conclusion

To summarize, we performed a novel study on vapour co-
deposited y-CsPbBr; thin films with varying Cs:Pb stoichiome-
tries, and investigated their photo-physical, structural, and
atomic-scale properties. We highlighted that across two film
thicknesses, films with a molar Cs:Pb precursor flux ratio of
1.5:1 exhibit most optimal microstructures, including homoge-
nous and uniform morphology as well as the relative suppres-
sion of planar RP defects. As a result of these improvements,
enhanced PL emission and optimized ASE threshold were mea-
sured. From STEM, we further revealed the formation dynamics
and precise atomic structures of impurity phases of CsPb,Br;
and Cs,PbBr, through unambiguous atomic-resolution imag-
ing. This study demonstrates a facile method of optimizing y-
CsPDbBr; from vapor-processing, yielding films suitable for low
threshold lasers.

4. Experimental Section

Sample Preparation
Z-cut quartz substrates (UQG Ltd.) were sonicated for 5 min each in
fresh Decon-90 solution (1% volume in de-ionized water), de-ionized wa-
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ter, acetone, and isopropyl alcohol sequentially. Prior to thin-film deposi-
tion, quartz substrates and TEM grids (Agar scientific, Cu-400 mesh) were
O,-plasma treated for 10 min and 0.3 min, respectively.

CsPbBrj thin films were co-deposited in our custom-built thermal evap-
orator. The chamber was pumped down to a base pressure less than 3x
10~ mbar before the commencement of all depositions. The surround-
ing walls of the evaporation chamber were maintained at 17 °C, while the
rotating substrate was kept at 20 °C through two separate chillers. A cus-
tomized interface was employed for deposition control and deposition
rates were monitored through gold-plated quartz crystal microbalances.
PbBr, (Alfa-Aeser, 99.998%, metals base) and CsBr (Alfa-Aeser, 99.9%
metals base) were chosen as precursors. Starting from the stoichiomet-
ric composition, where Cs:Pb precursor flux ratio was aimed at nominally
1:1, further changes to the nominal Cs:Pb ratios were achieved by holding
the PbBr, evaporation rate constant and only varying the CsBr evaporation
rate. All deposition rates were halved for the thinner films. As-deposited
films were annealed at 200 °C in N, atmosphere for 2 min (thinner, nom-
inally 35-nm films) or 10 min (thicker, nominally 200-nm films). Detailed
methods and evaporation parameters are elaborated in the Supporting In-
formation.

Thin-Film Characterization and Microscopy

Transmission-Reflection measurements were performed on a Bruker
Vertex 80v Fourier Transform interferometer, with a tungsten-halogen near-
infrared source, CaF, beam splitter, and a silicon diode detector.

XRD patterns were measured with a Panalytical X'pert powder diffrac-
tometer with copper X-ray source (Cu-K, 4 = 1.54 A set at 40 kV and
40 mA).

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Steady-state PL measurements were performed through photo-
excitation of CsPbBrj thin films with a 398 nm-wavelength continuous
wave laser (PicoHarp, LDH-D-C-405M) with a power density of 1.1 W cm™2
from the perovskite side.

Power-dependent steady-state PL were further measured to probe ASE
characteristics of CsPbBr; on a separate pulsed laser system. Thin films
under investigation were photo-excited at 400 nm-wavelength by an ampli-
fied and frequency-doubled Spectra-Physics Spitfire Ti:Sapphire laser with
a repetition rate of 2.5 kHz. The pump laser is directed at normal inci-
dence to all thin films, with PL collected an angle of 45° relative to the
incident laser beam. Average incident power was varied from 0.26 mW to
10.29 mW, through changing a ND filter wheel.

STEM-ADF and 4D-STEM data were taken using a Thermo Fisher Scien-
tific Spectra ¢ FEG-TEM and a FEI Titan® 80-300 FEG-TEM, both equipped
with probe and imaging spherical aberration correctors. Images were ac-
quired at 300 kV, using a 15 mrad probe-forming aperture, and a detector
collection angle between 39 and 200 mrad. 4D-STEM datasets were col-
lected using an electron microscope pixel array detector, with 256x256
probe positions, 128x128 pixel diffraction patterns acquired at 1 kHz.
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