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SbSel is a promising quasi-one-dimensional chalcohalide for optoelectronic applications, but its strong
tendency to form needle-like structures makes thin-film morphology difficult to control. Here, we
investigate the temperature- and time-dependent evolution of SbSel formed by the reaction of Sb,Ses
thin films with Sbls vapour under elevated pressure. Systematic SEM, XRD, and cross-sectional EDS
analyses reveal two distinct growth regimes. At low temperature, incomplete conversion and limited
lateral mass transport yield dense, thin needles and thickness distributions that evolve towards Weibull-
like behaviour. At higher temperatures, conversion occurs largely during the heating ramp, resulting in
the formation of a continuous SbSel-rich underlayer, and subsequent mass redistribution promotes
thicker needles with lognormal thickness statistics. These results support a two-interface growth

Received 9th January 2026, mechanism in which the accessibility of iodine-rich species and thermally activated surface mass

Accepted 7th May 2026 transport together govern the transition from thin to thick needles. These findings provide practical
DOI: 10.1039/d6ma00048g guidelines for tuning the temperature, time, and pressure to engineer the morphology of SbSel films and

offer a mechanistic framework that may be transferable to other quasi-one-dimensional chalcohalides
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1. Introduction

van der Waals (vdW) chalcogenides are an emerging class of
materials that have attracted growing attention due to their
promising properties for applications in photovoltaics, photo-
detection, photoelectrochemistry, and sensing.'” These mate-
rials are characterized by strong covalent bonding along one or
more crystallographic directions, with the remaining directions
held together by weaker vdW interactions. This structural
anisotropy results in direction-dependent properties, such as
enhanced carrier mobility and thermal conductivity along the
covalently bonded axes. Such anisotropy is common to other
well-known (layered) 2D materials, such as MoS,, MoSe,, and
WS,.%7

Among these materials, those with covalent bonding along a
single crystallographic direction, such as Sb,Se; and Sb,S;, are
referred to as quasi-one-dimensional (Q-1D) materials. Recent
research has demonstrated their potential as absorber layers
within solar cells and highlighted the importance of
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orientation-engineering strategies to achieve power conversion
efficiencies above 10%.%"> A promising approach to expand the
chemical tunability and functional versatility of these Q-1D
materials involves substituting one chalcogen atom (oxidation
state —2) in the binary compound with two halogen atoms
(oxidation state —1) to form a ternary chalcohalide compound.
This family of materials has the general formula MChX (where
M = Sb, Bi; Ch = Se, S; X = Br, I) and shows band gaps ranging
from 1.2 to 2.2 eV, high optical absorption coefficients, and
excellent environmental stability."*™*°

At present, a major challenge to the further development of
chalcohalide materials is the inability to adequately control
their thin-film morphology. Their inherently anisotropic crystal
structure strongly favours the formation of needle or rod-like
structures. While there have been many attempts to fabricate
compact thin films, none have succeeded in producing films of
sufficient quality for subsequent integration into optoelectronic
devices (solar cells, sensors, and electrodes) with conventional
planar architectures.

Antimony selenoiodide (SbSel) is a promising chalcohalide
semiconductor that meets key criteria for optoelectronic appli-
cations, including a suitable bandgap of 1.69 eV, strong optical
absorption (~10°cm™"), and low carrier effective masses.*"'*"'®
In addition, SbSel exhibits a high dielectric constant, which is
known to favour long carrier lifetimes, large diffusion lengths
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and high mobility-lifetime product (ut) values."” Structurally,
SbSel consists of quasi-one-dimensional chains, and thin films
therefore form needle-like crystallites that are several micro-
meters long and only a few hundred nanometres in diameter,
typically with random orientation relative to the substrate. The
strong thermodynamic driving force for needle formation
makes it challenging to identify synthesis conditions that
provide good control over both morphology and crystallo-
graphic orientation. Therefore, detailed investigations to
understand the growth mechanism are essential to rationally
tailor SbSel films suitable for high-performing optoelectronic
applications.

Several synthetic strategies have been reported for the
fabrication of SbSel. Nowak et al. employed sonochemical
techniques to produce nanowires and observed a preferred
growth direction along [001] over [110].'® Wibowo et al. synthe-
sized single crystals using the vertical Bridgman growth
method, reporting intrinsic n-type behaviour and comparable
electron and hole ut (~10* ecm® V'), comparable to those of
leading semiconductor detector materials.'” Further work has
explored spin-coating and annealing approaches using mole-
cular inks, demonstrating the potential for one-step
deposition.'® Balakrishnan et al. proposed a topotactic trans-
formation mechanism from Sb,Se; needles to SbSel needles,
contributing valuable insight, however, without achieving mor-
phological control.*® Dolcet et al. reported the formation of
vertically aligned SbSel films via reactive annealing of Sb,Se; in
a sealed quartz ampoule under Sbl; vapor and analysed the
influence of synthesis parameters but stopping short of a
mechanistic explanation.>* More recently, R. Nie et al. demon-
strated the photovoltaic potential of SbSel using a two-step spin-
coating method. The authors circumvented the morphological
challenges by generating SbSel within a mesoporous TiO, matrix.
They achieved a solar cell power conversion efficiency of 4.1% and
reported excellent thermal, moisture, and photostability.>* Finally,
our group has demonstrated the viability of synthesizing this
compound and related members of the family using both PVD-
based processes and purely chemical routes, underscoring the
versatility of these materials.">'* Despite these excellent advances
in synthetic methods and applications, a detailed understanding
of the needle-growth mechanism and the influence of synthesis
parameters on film morphology remains lacking.

Here, we investigate the morphological and structural evolu-
tion of SbSel films synthesized via reactive annealing, in which
Sb,Se; films are exposed to SbI; vapor within a semi-confined
environment under elevated pressure. Operating at elevated
pressures (> 1 atm) prevents the rapid loss of Sbl; and enables
controlled SbSel formation. This high-pressure approach has
been barely explored in the context of SbSel synthesis and
enables a systematic study of the transformation pathways
governing film morphology and crystal structure. To probe
these pathways, we conduct time-resolved annealing experi-
ments across a range of temperature regimes. The resulting
films are characterized at each stage using scanning electron
microscopy (SEM) and X-ray diffraction (XRD). Detailed ana-
lyses, including texture coefficient (TC) -calculations,
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microstructural examination, and the application of diffusion-
based crystal growth theory, allow us to propose a reaction
mechanism linking processing conditions to the morphology
and crystal structure.

Previous studies have already established pressure-assisted
synthesis routes for SbSel and related chalcohalides, as well as
parameter-dependent preparation of SbSel thin films. The aim
of the present work is therefore not to introduce a fundamen-
tally new synthesis route, but to resolve how temperature, time,
and pressure influence phase evolution and morphology during
reactive annealing. By combining SEM, XRD, and cross-
sectional EDS, we identify distinct low- and high-temperature
growth regimes and propose a cautious mechanistic interpreta-
tion linking conversion, underlayer formation, and subsequent
needle thickening.

2. Experimental section

2.1. Materials and precursor film deposition

Antimony selenide (Sb,Se;) precursor films were deposited
onto commercially available 2.5 x 2.5 cm® FTO (TEC 15)
substrates, coated with a compact TiO, layer. TiO, typically
serves as an electron transport layer (ETL) in many devices. The
fabricated (superstrate) architecture was selected to ensure
compatibility with future integration into functional optoelec-
tronic devices.

Substrates were first cleaned using a sequential protocol
consisting of (1) mechanical scrubbing with Liquinox detergent,
(2) 10 minutes in an ultrasonic bath with isopropanol, (3)
10 minutes in Milli-Q water, and (4) 10 minutes of UV-O; surface
treatment. The TiO, (35 nm) layer was deposited by spray pyrolysis
using a CNC-controlled system. The precursor solution was pre-
pared by mixing titanium(diisopropoxide)bis(2,4-pentanedionate)
75% with ethanol 98% in a 1:19 volume ratio. After deposition,
the films were crystallized by annealing in air at 500 °C for
20 minutes and allowed to cool naturally to room temperature.

The Sb,Se; precursor layer was deposited by co-evaporation
of high-purity elemental Sb and Se in a state-of-the-art co-
evaporation system. The base pressure was maintained below
5 x 10”7 mbar. Effusion cells were heated to 550 °C for Sb and
230 °C for Se, while the substrate temperature was held at
270 °C to promote crystal formation. This process enables
precise control of film thickness by adjusting the deposition
time. The film composition and thickness were verified by X-ray
fluorescence spectroscopy. For this study, all films were fabri-
cated with a nominal thickness of ~450 nm. Composition
measurements consistently revealed a slight selenium excess
(+5%), with Se accounting for approximately 65% of the atomic
ratio. This Se-rich composition is beneficial, as it helps sup-
press the formation of selenium vacancies and promotes
improved optoelectronic quality in the resulting films.*

2.2. Reactive annealing process

After deposition, the samples were subjected to reactive anneal-
ing treatment in a semi-confined environment to promote the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conversion of Sb,Se; into SbSel. Each sample was placed inside
a borosilicate glass Petri dish, which provides partial confine-
ment of the vapor-phase Sbl; reactant. High-purity antimony(ur)
iodide (SbI; 99.999%) powder was evenly distributed around the
sample to enable homogeneous interaction during the reaction.
The Petri dish assembly was then placed inside a high-pressure
tubular furnace. To ensure oxygen-free conditions, the chamber
was pump-purged three times with high-purity argon. After
purging, argon was introduced to an initial pressure of 5.5 bar
(absolute), corresponding to 4.5 bar gauge as measured using a
pressure sensor (referenced to 1 atm). Annealing experiments
were conducted at various temperatures and durations as
described in the main manuscript. In all cases, the furnace
was ramped at a constant rate of 10 °C min ", followed by
isothermal holds at the target temperature. After annealing, the
system was allowed to cool naturally to room temperature.

2.3. Characterization techniques

The thickness and composition of all Sb,Se; precursor layers
were determined by X-ray fluorescence (Fischerscope X-Ray
XDAL 237 SSD, 50 kv, Ni10 filter), using calibrated standards.
In contrast, no measurements were performed on the resulting
SbSel films, as their irregular surface morphology prevented
reliable quantification with this technique, which requires flat
and uniform films. Cross-sectional SEM-EDS line scans were
used to assess the elemental distribution across representative
samples. Morphological and structural characterization of the
SbSel samples was performed using SEM and XRD. SEM images
were acquired using a Zeiss Auriga Series field-emission micro-
scope operated at 5 kV. XRD measurements were conducted
using a Bruker D8 Advance diffractometer in the Bragg-Bren-
tano configuration, using Cu Ko radiation (2 = 1.54187 A).
Patterns were collected over a 20 range of 10° to 80°, with a
step size of 0.02°, and analysed using X’Pert HighScore soft-
ware. The PDF patterns used for indexing are (01-075-1723) for
SbSel and (01-075-1462) for Sb,Ses.

Statistical analysis was performed using Image] for image-
based measurements and OriginPro for data processing. For
each sample, all visible columns within a selected region were
measured until a sample size of N > 300 was reached to ensure
statistical reliability. The resulting data were fitted to appro-
priate statistical distributions. Each fit was evaluated using the
modified Kolmogorov-Smirnov (K-S) goodness-of-fit test,
accompanied by Q-Q plots for visual verification of the model
(Table S3 and Fig. S13-S24, SI).

3. Results and discussion

A schematic overview of the synthetic protocol is shown in
Fig. 1A, which summarizes the main steps involved in the
preparation of SbSel films: precursor deposition (1), reaction
assembly (2), and high-pressure reactive annealing (3). As
schematically summarized in Fig. 1B and C, the morphological
evolution with temperature is interpreted in terms of a shift in
the dominant transport regime, from Sbl; vapor diffusion at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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low temperatures to an increasing contribution of Se solid-state
diffusion at higher temperatures. In all experiments, the Sbl;
charge was fixed at 50 mg to ensure a fair comparison across
annealing conditions. Whether this mass is sufficient to satu-
rate the volume of the Petri dish depends on the saturation
vapor pressure of Sblz, Pg,(7T), and the vessel volume V =
43 cm®. Using the ideal gas law, the minimum mass required
to saturate the volume at temperature 7 is estimated as follows:

Pot(T)-V-M

msat(T) = R-T

where M is the molar mass of Sbl; (502.5 g'mol ~), and R is the
universal gas constant. This yields mg, &~ 16.3 mg at 250 °C
(523 K) and 60 mg at 300 °C (573 K). Therefore, the 50 mg charge
is sufficient to saturate the volume at 250 °C but becomes
subsaturated at 300 °C and above (the saturation values for all
annealing setpoints are provided in the SI, Table S1). In practice,
this means that the low-temperature regime operates near vapor
saturation, while at higher temperatures the Sbl; fully evapo-
rates, but still maintains a Sbl;-rich atmosphere sufficient to
sustain the reaction.

An additional factor is the slow vapor loss from the Petri dish
to the cooler regions of the reactor (cold sides of the metallic
tubular furnace). However, at elevated total pressures, the gas-
phase diffusivity of SbI; decreases D oc 1/P,, which effectively
slows vapor transport and reduces loss to cold regions.

All syntheses at temperatures above 250 °C were carried out
under intentionally sub-saturated Sbl; vapor conditions, using
a fixed 50 mg precursor mass. Despite the sub-saturation,
conversion proceeded efficiently, suggesting that high vapor
concentrations are not strictly necessary. The stoichiometric
mass required for the reaction, given the volume of the Sb,Se;
precursor used, is less than 2 mg.

During exploratory experiments conducted at lower pres-
sures in the 1-3 bar range, it was observed that extended
treatments led to film degradation whenever no residual Sbl;
was present in the Petri dish upon completion of the reaction,
i.e., the reagent had been fully consumed or lost. The use of
elevated pressure mitigates this issue by slowing SbI; vapor loss
and helping to preserve an Sbl; partial pressure above the
equilibrium value required for SbSel stability, even at high
temperatures. This stabilizing effect creates a more controlled
reaction environment and allows a more systematic investiga-
tion of the influence of temperature and annealing duration on
the morphology and structural quality of the resulting SbSel
films. Notably, all experiments were initiated at an initial
absolute pressure of 5.5 bar; and due to thermal expansion,
the final pressure increased significantly with temperature,
reaching up to ~ 8 bar at 450 °C.

3.1. Reaction-driven evolution of morphology and crystal
structures

To investigate the effects of annealing time and temperature on
structural and morphological evolution, selected SEM micro-
graphs and XRD patterns are shown in Fig. 2. These images
highlight the main differences occurring during the conversion

Mater. Adv.
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Fig. 1 Schematic representation of the synthesis protocol used in this study. (A) (1) Co-evaporation of antimony and selenium to form the Sb,Ses
precursor film. (2) Assembly of a semi-closed Petri dish system with Sbls powder and the precursor film. (3) High-pressure annealing (pg ~ 4.5 bar gauge)
in a tubular furnace at 250-450 °C to promote the vapor-solid reaction forming SbSel. (B) Summary of the two main approaches explored in this work: a
morphological study (left), which reveals strong temperature dependence on the resulting nanostructures, and a kinetic study (right), highlighting the role
of both gas-phase diffusion of Sblz and Se solid-state diffusion in controlling the growth mechanism.

of Sb,Se; to SbSel under different annealing conditions. A com-
plete dataset, including all combinations of time-temperature, is
provided in the SI (Table S2). Fig. 2A illustrates the thermal
profiles used for the key experiments outlined here. A consistent
ramp of 10 °C min ' was applied to a set target temperature.
These data are accompanied by the isothermal reaction at differ-
ent temperatures for various durations. Two main regimes were
explored: (i) a low-temperature (low-7) regime at 250 °C with
(isothermal) reaction times from 1 to 45 minutes and (ii) a high-
temperature (high-7) regime at 450 °C over the same time period.
Additionally, three intermediate temperatures (300, 350, and
400 °C) were examined with a fixed dwell time of 5 minutes to
effectively capture the transition between regimes. This experi-
mental design enables the assessment of how thermal energy and
processing time affect both reaction kinetics and film evolution,
as well as whether changes in morphology correlate with reaction
completeness.

Fig. 2B shows selected SEM micrographs illustrating the
morphological evolution across different conditions at key
points in the reaction process. Four representative images were
chosen to exemplify the typical morphologies observed within
the low-temperature and high-temperature regimes. The full
series of SEM images is available in the SI (Fig. S1-S3) for a
more comprehensive view. A clear contrast is observed between
images 1 and 2, corresponding to the start and end of the low-T
regime (250 °C isothermal reaction). Fig. 2B (image 1) displays

Mater. Adv.

the sample annealed for only 1 minute (after reaching the
target temperature), and the reaction has just initiated, as
evidenced by the appearance of short SbSel needles on top of
a clearly visible Sb,Se; substrate (see Fig. S1 for a more detailed
view). These data reveal that SbSel nucleates as discrete islands
on top of the substrate layer, suggesting a Volmer-Weber
growth mode. From these islands, single needles emerge,
suggesting that each needle originates from a localized nucleus
rather than from a continuous SbSel wetting layer. This
nucleus-to-needle transition is a key morphological signature
that supports a reaction-diffusion model (vide infra). Specifi-
cally, local interaction between Sb,Se; and SbI; first produces
compact SbSel nuclei, after which anisotropic growth along the
quasi-1D axis rapidly dominates. This image also confirms that
the nucleation temperature of SbSel is below 250 °C, consistent
with TGA results of Sbl; sublimating at 200 °C.>** Cross-
sectional SEM images (Fig. S4) confirmed that this initial
transformation is limited to the surface. With prolonged
annealing at 250 °C, both the population density and the length
of the needles increase gradually. After 30 minutes, the sub-
strate is no longer visible in top-view SEM (Fig. S1), with the
final sample (Fig. 2B image 2) displaying the complete coverage
of SbSel needles.

To further investigate the effect of temperature, annealing
was performed at 300, 350, and 400 °C for 5 minutes each.
Representative SEM images are included in the SI (Fig. S2).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) Thermal profile and annealing conditions. (B) SEM images showing morphological evolution under different conditions. (C) XRD patterns of the

precursor and annealed samples. The PDF patterns for indexing are SbSel (01-075-1723) and Sb,Sesz (01-075-1462). (D) Possible needle orientations with
respect to the substrate obtained from the calculation of the texture coefficient.

Similarly, short annealing at 350 °C produces a clear morpho-
logical shift: the needles also become denser and longer. In
contrast, as the temperature increases beyond 350 °C, the
needle density decreases while their diameter increases, parti-
cularly at the base, indicating the onset of a different growth
regime. At 450 °C, the morphology transitions into thick
needles. A quantitative analysis of needle dimensions as a
function of temperature in this transition regime is presented
in Section 3.2.

Fig. 2B (images 3 and 4) shows the beginning and end of the
high-T regime (450 °C isothermal anneal). The morphology
changes only slightly from 1 to 45 min and is already similar
to the 400 °C sample (Fig. S2). The main change in the grain

© 2026 The Author(s). Published by the Royal Society of Chemistry

size and needle thickness therefore occurs when moving from
the low-T to the high-T regime and is largely insensitive to
processing time, indicating that the morphological transition is
essentially completed by ~400 °C. Further thermal input
mainly affects structural metrics such as crystalline quality
(FWHM), texture (TC), and grain size.

In Fig. 2B (image 3), a continuous layer with an appearance
distinct from the Sb,Se; precursor is observed around the
needles. Cross-sectional EDS line scans collected across both
the underlayer and individual needles confirm the presence of
Sb, Se and I in both regions, supporting the assignment of this
continuous layer as a converted SbSel-rich underlayer. Together
with XRD, these data indicate that high-temperature processing
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promotes not only needle formation but also a more extensive
background conversion prior to the later-stage thickening of
the needles. In Fig. 2B (image 4; 450 °C, 45 min), some regions
of the substrate become exposed, consistent with needle growth
drawing material from this layer, locally thinning it and unco-
vering the underlying substrate.

The XRD patterns in Fig. 2C (corresponding to images 1-4)
provide an overview of the phase evolution. Pattern 1 (image 1)
is dominated by Sb,Se;, indicating minimal reaction progress,
in agreement with SEM. By contrast, patterns 2 and 3 show an
almost single SbSel phase. The markedly different morpholo-
gies in images 2 and 4, despite similar phase purity, indicate
distinct growth regimes. Finally, Fig. 2D illustrates possible
needle orientations relative to the substrate. We quantify this
using the texture coefficient, calculated from 14 representative
peaks, which shows only a slight preferential orientation
(Fig. S6). TC values above one for multiple (kk1) planes are
consistent with a moderate population of tilted needles, as
schematically indicated in green in Fig. 2D; this interpretation
is also supported by the cross-sectional SEM images (Fig. S4),
where inclined needle growth can be directly observed.

To evaluate the structural transformation during annealing,
X-ray diffraction (XRD) measurements were performed. The full
series of diffraction patterns is provided in the SI (Fig. S7-S9),
while representative patterns are shown to highlight the main
structural differences.

Fig. 3 includes a focused analysis of the XRD patterns (28° to
32°) across the three distinct temperature regimes: high
(Fig. 3A, 450 °C), transition (Fig. 3B, 300-400 °C), and low
(Fig. 3C, 250 °C). This angle region contains important reflec-
tions that permit the obtention of an estimation of the reaction
completeness. Reaction progress, X, is qualitatively estimated
from the bounded, reference intensity ratio (RIR) corrected
peak areas of Sb,Se; (r) and SbSel (p) using the following

equation X = , where o = RIR,/RIR,. Here, A, and A,

4p
Ap +aA,
correspond to the SbSel (211) and Sb,Se; (212) reflections,
respectively. These reflections were selected because they cor-
respond to the most intense peaks when the analysed phase is
dominant, i.e., at very short times (precursor phase) or very long
times (final product). This choice simplifies peak deconvolu-
tion and area integration, enabling reliable extraction of the
respective peak areas. This representation is useful for compar-
ing trends across the dataset, but it should not be interpreted
as an absolute conversion fraction because the intensities may
also be affected by preferred orientation, overlap, and
morphology-dependent scattering. Within these limitations,
the low-T series follows an approximately linear dependence
on sqrt(t), which is consistent with diffusion-limited reaction
progress in this regime. The results of this analysis are shown
graphically in Fig. 3D and allow for the visualization of reaction
progress in different temperature regimes.

At 250 °C, the XRD patterns show a clear progression with
time. For short annealing durations (1, 5, and 10 min), the
dominant reflections belong to the precursor phase Sb,Se;,
consistent with the limited morphological transformation
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observed in SEM. After 30 minutes, the main peak corre-
sponds to the SbSel orthorhombic phase, although residual
Sb,Se; peaks persist. Even after 45 min, complete conversion
is not achieved, indicating that the reaction remains kineti-
cally hindered at this temperature and pressure. Given that
the reaction proceeds far more efficiently at higher tempera-
tures, long-duration low-temperature treatments are less
practical.

Between 250 and 300 °C, the reaction shows a clear accel-
eration, shifting from an Sb,Se;-dominated phase to predomi-
nantly SbSel. SEM observations (Fig. S2) corroborate this
change, showing a strong increase in needle density, while
the overall needle morphology remains largely unchanged.
Between 300 and 400 °C, the reaction continues more gradually,
and the morphological differences described above begin to
emerge (Fig. S3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3A shows the high-T regime (450 °C) where the reaction
evolution is substantially different from the other regimes. The
XRD patterns in the high-T remain essentially unchanged
between 1 and 30 minutes. This indicates that the conversion
of Sb,Se; into SbSel is already complete before the system
reaches the final setpoint of 450 °C. Indeed, as shown pre-
viously, annealing at 400 °C for just 5 minutes already results in
almost fully formed SbSel, confirming that the phase transition
occurs during the heating ramp or very early in the dwell. An
alternative strategy for accessing the high-temperature regime
would be required to decouple it from the effects of slow
heating, since with the present approach, early nucleation will
inevitably influence the final morphology. Therefore, this high-
temperature series primarily captures post-reaction processes
such as structural rearrangement, grain growth, and preferred
orientation. Notably, the stability of the SbSel phase is pre-
served up to 30 minutes at 450 °C under these conditions. At
the longest annealing time (i.e., 45 min), signs of decomposi-
tion emerge, including the reappearance of Sb,Se; peaks. We
attribute this degradation to the significant depletion of Sbl;
vapor after extended high-temperature annealing, which causes
a partial reversion (back reaction) to the precursor phase.

In addition, to assess the crystallinity of the synthesized thin
films, the full width at half maximum (FWHM) of the main
SbSel diffraction peaks was analysed across all samples. After
accounting for peak broadening due to overlapping phases
(and weak signal intensity), a slight narrowing trend is observed
with increased reaction time in both low- and high-T regimes
(Fig. S10), indicating a moderate improvement in crystallinity
with reaction time.

3.2. Growth kinetics and needle formation

To quantitatively assess SbSel morphological changes across
synthesis conditions, we performed a statistical analysis of
needle thickness (width) extracted from SEM images. It should
be noted that the needle thickness is systematically measured
at the base or, when it is not clearly accessible, at the thickest
observable section of the structure. This choice is motivated by
the growth morphology, as material incorporation occurs pre-
ferentially near the root of the needles, making this region the
more representative of their growth state. This consideration is
particularly relevant in the low-T regime, where pronounced
tapering is observed. At higher temperatures, the increased
mass redistribution (discussed below) leads to more uniform
needle geometries, reducing the sensitivity of the measurement
to the exact location along the structures. Importantly, the
resulting thickness distributions were found to be reproducible
across different regions of the same sample and across
repeated syntheses performed under the same nominal condi-
tions, supporting the robustness of the observed statistical
trends. Fig. 4 shows the evolution of the needle-thickness
distributions as a function of processing conditions and time.
Each regime yields a distinct statistical signature, providing
insight into the growth kinetics. Two main distribution types
are observed: Weibull (low-T) and lognormal (high-T).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The Weibull distribution is a two-parameter model for
positive-valued quantities. Its survival function is:

sr=on] ()]

With the corresponding hazard function:

-4

Here, k is the shape parameter. Values of k > 1 imply that
the stopping hazard increases with thickness; i.e., conditional
on having reached a thickness x, the probability that a needle
stops growing per additional increment of thickness becomes
larger as x increases. The scale parameter A sets a characteristic
thickness (since F(1) =1 — e ' ~ 0.63, ~63% of values lie
below 2).

In the present system, changes in k can be interpreted as
changes in the degree of size-dependent growth limitation. At
the earliest stage (Fig. 4A), the morphology is still sparse and
growth is weakly constrained by impingement, leading to a
distribution that deviates from the Weibull form. At longer times
(Fig. 4B and C), the needle population density increases, and
available free space becomes limited. The continued population
in the first histogram bin at all processing times indicates that
new needles keep nucleating heterogeneously throughout the
process, rather than nucleation occurring only at early times. In
this crowded regime, simultaneous growth promotes needle-
needle impingement and competition for reagents. As a result,
thicker needles, requiring more material flux and more space to
continue growing, exhibit a higher stopping hazard. The observed
increase of k with processing time indicates that this size-
dependent limitation becomes progressively more pronounced.

In contrast, the high-temperature regime is well described
by a lognormal thickness distribution. In this case, the histo-
grams shift systematically to larger values, and the minimum
needle thickness increases with temperature, indicating that
the population of very thin needles progressively disappears.

A lognormal variable X is such that:

InX ~ N(y, ¢°)

Physically, this behaviour is consistent with multiplicative
growth, where the thickness evolves through many small,
independent percentage-like increments. The median thick-
ness is exp(u), and the geometric standard deviation is exp(s),
controlled by the spread parameter o.

The loss of counts in the low-thickness bins seen in Fig. 4E
and F suggests a change in the nucleation/growth regime.
Rather than continuous formation of new thin needles, the
morphology points to a more homogeneous deposition back-
ground, visible as the continuous layer surrounding the needles
in Fig. 4F (see also Fig. S3). In this scenario, the pre-formed
needles act as preferential sinks for material redistribution,
while the surrounding layer progressively feeds their thickening

Mater. Adv.
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Fig. 4 Needle thickness distributions for SbSel films synthesized under different annealing conditions. Panels A—C correspond to the low-temperature
regime (250 °C). Panels D-F correspond to higher-temperature processes (300-450 °C). Each histogram is fitted with either a Weibull or lognormal
distribution, as indicated. Insets show the representative SEM images of the corresponding morphology.

via coarsening, suggesting an Ostwald ripening process. This
process naturally suppresses small features and amplifies size
differences, leading to a lognormal distribution and, at long
annealing times, to fewer, thicker, and more isolated needles.
Consistently, Fig. 2B already shows regions where the FTO
becomes exposed, indicating that the background layer locally
thins as the mass is transferred to the growing needles.
Further insight into the growth mechanism is obtained from
the evolution of the converted fraction («), as approximated
from XRD peak intensity ratios. In typical diffusion-limited
systems, a square root dependence is inferred from the pro-
gression of a well-defined interface; here, the material grows as
disconnected, high-aspect-ratio needles. As such, the XRD-
derived ratio serves as an approximate metric to track conver-
sion over time. It is also important to note that no strong
preferential orientation was observed across the samples, mak-
ing the use of peak intensity ratios valid for this purpose. The
observed o oc 4/ trend is linear at low temperatures, indicating
diffusion-limited growth (Fig. S11). Since the reaction was
already complete before reaching the high-T regime, no kinetic

Mater. Adv.

law is assigned to those conditions. Likewise, because kinetic
laws are time-dependent, no kinetic law is assigned to the
transition regime either.

The physical origin of this diffusion-limited behaviour may
be deduced from a simplified reaction-diffusion model based
on solid-state kinetics.>® Fig. 5 shows a schematic representa-
tion of the proposed interpretation supported only by indirect
evidence. After an initial period of local interaction between the
Sb,Se; substrate and Sbl; vapor, the system can be approxi-
mated as comprising three regions: (A) the Sb,Se; substrate, (B)
the Sbl; vapor phase, and (C) the growing SbSel product. Two
distinct interfaces are then defined: interface 1, between (A)
and (C), and interface 2, between (B) and (C). For simplicity, it is
assumed that Sb is available throughout the system, which is
reasonable as it is supplied by both precursors. This framework
is focused on rationalizing the main reaction (Sb,Se; + Sbl; — 3
SbSel) and the emergence of anisotropic needles. The subse-
quent coarsening of SbSel at high temperatures may then be
addressed qualitatively in terms of mass redistribution within
the product layer. Growth at interface 1, between Sb,Se; and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic representation of the two growth regimes identified in this work. Top row: the low-temperature regime with continuous
heterogeneous nucleation and diffusion-limited conversion (A/B/C framework), leading to a dense forest of needles with a Weibull thickness distribution.
Middle row: the high-temperature regime, where nucleation becomes temporally confined and rapid background conversion forms a SbSel layer that
subsequently feeds the coarsening of established needles, resulting in lognormal thickness statistics and thick isolated columns. Bottom row: schematic
of the proposed diffusion-limited reaction model. Interface 1 (Sb,Sez/SbSel) drives axial needle elongation via iodine-rich species vapor diffusion (purple
arrows). Interface 2 (Sbls/SbSel) governs radial thickening (green arrows), which is confined to the needle base to highlight the limited selenium supply

and restricted lateral growth.

SbSel, is associated with the advance of the reaction front into
the precursor and contributes primarily to the elongation of the
needles. In the low-temperature regime, this axial growth is
favoured because iodine-rich vapor species can sustain the
reaction at the base of the needles, where the product remains
in direct contact with the precursor. However, the approxi-
mately linear dependence of the reaction-progress metric with
J/t in this regime suggests that the global conversion rate is
limited by a diffusive process. A plausible origin of this limita-
tion is the restricted transport of Sbl; vapor under the com-
bined low-temperature and high-pressure conditions, even
though this vapor-phase transport remains the dominant chan-
nel sustaining growth. At the same time, selenium redistribu-
tion within the solid is expected to occur but to remain strongly
hindered. As a result, radial propagation of the product and

© 2026 The Author(s). Published by the Royal Society of Chemistry

thickening away from the substrate region are limited, while
local radial growth is mainly observed near the needle base,
where slowly redistributed selenium can still be incorporated.
This interpretation is consistent with the SEM observations,
where the base of the needles is systematically thicker than the
tip, indicating that material incorporation is kinetically
favoured close to the substrate while radial development
farther from the base remains restricted.

This anisotropic growth is also consistent with the crystal
structure of SbSel. As a quasi-one-dimensional material, SbSel
is expected to grow more readily along its covalently connected
structural direction than across the less strongly bonded van
der Waals sides. Although this argument does not by itself
determine the rate-limiting step, it provides a thermodynamic
and structural basis for why the available mass is preferentially
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expressed as needle elongation rather than lateral widening
under kinetically constrained conditions.?®

As the temperature increases, the simple diffusion-limited
picture identified at low temperatures becomes progressively
less adequate, as the overall reaction rate increases and no clear
kinetic law can be inferred. What remains clear, however, is
that processes associated with interface 2, between the vapor
phase and the SbSel product, become increasingly relevant
because atomic mobility within the converted layer improves.
Under these conditions, selenium redistribution through the
product becomes more efficient, facilitating access to the
needle flanks and promoting lateral thickening. This effect is
already suggested in the transition regime, where the first clear
increase in needle diameter is observed. At still higher tem-
peratures, the enhanced accessibility of iodine-rich species to
the base region is accompanied by increasingly relevant sele-
nium transport within the product, leading not only to faster
overall conversion but also to substantial mass redistribution
within the SbSel layer. In this regime, the continuous SbSel
layer observed in Fig. 4F at intermediate stages can act as a
local mass reservoir, progressively feeding the most stable
needles and contributing to the pronounced thickening and
partial disappearance of the background layer observed after
long annealing times.

Prior studies of solid-state diffusion identify a critical tem-
perature T. separating the regimes of limited and activated
surface mobility.>” Empirically, T, often scales with the material’s
melting temperature T

Te/Timere = 0.65-0.75.

SbSel has a melting point near 460 °C, which places T. in the
range of 300-350 °C."7 This matches well the temperature
window where a marked increase in needle diameter is
observed (Fig. S5). While this relationship should be taken as
an empirical guideline rather than a strict proof, it is consistent
with the morphological transition identified here. As atomic
mobility becomes sufficiently activated for T > T, selenium
redistribution within the SbSel layer increasingly favours the
thickening of the needles. In the high-temperature regime,
where the system approaches the melting point more closely,
this enhanced mobility is expected to promote stronger mass
transfer towards the most stable crystal shapes, consistent with
the formation of larger and thicker needles.

This empirical T, estimate provides a physical rationale
when lateral thickening becomes kinetically activated. How-
ever, it does not address the role of the Sb,Se; precursor on
transformation. Previous work has suggested that the transfor-
mation from Sb,Se; to SbSel may be topotactic.>® A topotactic
reaction implies a clear crystallographic relationship between
the precursor and the product, such that specific directions or
planes of the product remain quasi-parallel to those of the
precursor and part of the underlying atomic skeleton (e.g., sub-
anion networks, chains, or layers) is preserved. Importantly,
preservation of the macroscopic morphology is not a strict
requirement. Therefore, the marked morphological evolution
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observed here, from a compact Sb,Se; layer to a needle-like
SbSel film, does not contradict a topotactic transformation.?®

Given that both Sb,Se; and SbSel are strongly anisotropic,
quasi-1D materials built from Sb-Se ribbons, or chain-like
motifs, it is natural to consider a local topochemical pathway
in which the coordination within individual Sb,Se; ribbons is
reorganized upon iodine incorporation, yielding SbSel domains
structurally related to the precursor. Consistent with this
picture, early-stage SEM images (Fig. S4) acquired at low
temperatures and short reaction times show isolated SbSel
needles emerging from an otherwise continuous Sb,Se; back-
ground. This morphology suggests that nucleation may be
spatially selective, potentially occurring at specific sites where
the local structure, orientation, or defects favour the anisotro-
pic growth of SbSel. While we cannot directly resolve such local
crystallographic relationships with the present dataset, this
interpretation offers a plausible working hypothesis that will
be explored in future works.

4. Conclusions

This study identifies the key parameters that govern the growth,
morphology, and crystallinity of SbSel thin films synthesized
via reactive annealing. Notably, we identify two distinct statis-
tical distributions of grain size, each associated with a different
synthesis regime. These findings support a solid formation
model that explains how processing parameters affect growth
dynamics. According to our model, columnar structures origi-
nate at the substrate interface via a kinetically limited process
governed by Sbl; vapor diffusion and solid-state selenium
diffusion. A critical temperature threshold is identified, above
which atomic mobility becomes sufficiently active to promote
significant lateral growth, resulting in the formation of large,
well-defined needles.

A clear distinction between low- and high-temperature
regimes is established. At low temperatures, continuous hetero-
geneous nucleation combined with limited lateral diffusion
yields densely packed, high-aspect-ratio needles. In contrast,
access to higher temperatures shifts the nucleation mode and
promotes multiplicative growth and coarsening of existing
structures. When coupled with enhanced lateral diffusion, this
leads to the formation of thicker, more crystalline needles.
Despite the improved control over morphology and crystal-
linity, no strong preferential orientation was achieved under
the tested conditions. Further studies are needed to understand
and manipulate the crystallographic alignment of SbSel films,
an essential step toward optimizing performance in anisotropic
optoelectronic applications.

The heating ramp rate emerges as a major limitation in
accessing purely high-temperature regimes. The relatively slow
ramp (10 °C min ') used in this work causes the reaction to
initiate and largely complete at lower temperatures, limiting
the ability to probe uninhibited high-temperature growth. In
addition, this ramp appears to define a broad nucleation
window, such that needles that nucleate early experience

© 2026 The Author(s). Published by the Royal Society of Chemistry
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substantially more growth time and different local conditions
than those that nucleate later. In the low-temperature regime,
this likely contributes to a wide diameter distribution that
includes both very thin and comparatively thick needles,
whereas a narrower distribution may be desirable for improved
morphological uniformity. To overcome these limitations, the
implementation of rapid thermal processing (RTP) is proposed
for future studies, enabling sharper control over reaction onset,
a more confined nucleation window, and better access to high-
temperature growth pathways.

Importantly, this work has demonstrated that using elevated
pressures proves beneficial by suppressing the Sbl; vapor loss
through reduced gas-phase diffusivity. This stabilization allows
for longer processing times, which correlates with increased
crystallite size and improved structural order, as evidenced by
narrower XRD peak widths.

Overall, the insights presented here offer a foundation for
tailoring synthesis parameters to engineer desired SbSel film
morphologies. These principles may also extend to the broader
class of quasi-one-dimensional materials, where diffusion-
limited kinetics and anisotropic growth play critical roles.
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