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ABSTRACT: The formation kinetics of the 2D-layered InSe crystalline phase in thin
amorphous InSe films was studied by means of differential scanning calorimetry,
Raman spectroscopy, X-ray diffraction analysis, and X-ray absorption spectroscopy. All
measurements were performed on as-deposited films (thicknesses ranging between
200 and 1500 nm), with Kapton foil used as a substrate. In the films with thickness ≥
1000 nm, the formation was found to proceed via two steps: the exothermic re-
organization of the amorphous phase (activation energy of 420 kJ·mol−1), followed by
the exothermic formation of the crystalline phase (activation energy of 227 kJ·mol−1).
For InSe films with thickness ≤ 500 nm, the two processes merged, but their reaction
mechanism was still found to consist of two sequential phase transformations, with the
reorganization in the amorphous phase being the necessary preliminary step. Both
kinetic processes were found to be slowed down by the presence of mechanical defects
and by the surface/interface imperfections. The possibility of two-step preparation of
ideally layered flexible 2D InSe ceramics is suggested based on the separated high-
temperature amorphous phase reorganization, followed by a low-temperature crystal growth step (during which excellent 2D InSe
layering could be achieved).

1. INTRODUCTION
Indium selenide (InSe) has recently become a major focus of
research on 2D semiconducting materials.1 The structure of
2D materials is characterized by strong chemical bonds within
the layer and weak van der Waals bonds between neighboring
layers. This type of atomic arrangement leads to a reduction in
the importance of thermal processes and interface lattice
mismatch in the growth of heterostructures in the absence of
dangling bands, leading to the reduced scattering of carriers.2−7

The popularity of InSe lies in its practically ideal bond
saturation in the absence of dangling bonds,8 ultra-high
intrinsic electron mobility (up to 1000 cm2·V−1·s−1),9 and
small effective electron mass. In addition, the adjustable band
gap (by means of variable layering) of InSe allows the
optimization of the photoelectric response as well as nonlinear
absorption and refraction properties.10,11 Indium selenide also
has very good mechanical properties, exhibiting excellent
flexibility and Young’s modulus of ∼2312 (an order of
magnitude lower than that of the majority of similar 2D
materials, only comparable to GaTe, Bi2Se3, and Bi2Te3

13−15).
Also noteworthy is the robust piezoelectric response and the
excellent thermoelectric performance of InSe.16−19

Considering the aforementioned unique properties, InSe has
great potential for numerous novel applications. In the field of
photosensing devices, the large optical absorption and
nonlinear optical effects of 2D multilayered InSe can be
utilized for the fabrication of photoconductors,20−22 photo-
transistors,23−25 self-powered photodetectors26−28 as well as

avalanche photodetectors.29−31 The piezoelectricity and high
carrier mobility of InSe is highly beneficial for the fabrication
of field-effect transistors (FET) and artificial synapses.32−35 A
particularly interesting finding was that from refs 36, 37 where
an InSe transistor fabricated on a PMMA/SiO2 dielectric
bilayer showed 2 orders of magnitude increase in field-effect
mobility due to the screening of interfacial Coulomb impurities
and surface polar phonon scattering at an oxidized dielectric
interface. The piezoresistivity and piezopotential of InSe have
also been utilized for the construction of strain and pressure
sensors;38,39 the interaction of a 2D InSe structure with gases
was used for the construction of a NO2 detector;40,41 and the
electronic properties of InSe can be even utilized in memory
and artificial synapse devices.42−44 Last, but not the least, 2D-
layered InSe appears to be highly efficacious for the
construction of highly efficient ternary solar cells based on
the polymeric PBDB-T:ITIC blend films.45

For the applications of 2D materials, the structural
parameters (layer ordering, intralayer distance, purity, etc.)
are of paramount importance. The synthesis of ideally 2D-

Received: May 19, 2023
Revised: July 26, 2023
Published: August 8, 2023

Articlepubs.acs.org/JPCC

© 2023 The Authors. Published by
American Chemical Society

16132
https://doi.org/10.1021/acs.jpcc.3c03390

J. Phys. Chem. C 2023, 127, 16132−16147

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
PA

R
D

U
B

IC
E

 o
n 

Se
pt

em
be

r 
13

, 2
02

3 
at

 0
7:

18
:5

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roman+Svoboda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lenka+Durc%CC%8Ci%CC%81kova%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Pr%CC%8Cikryl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keisuke+Hamano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+J.+Fons"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Milos+Krbal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.3c03390&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03390?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03390?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03390?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03390?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03390?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/127/32?ref=pdf
https://pubs.acs.org/toc/jpccck/127/32?ref=pdf
https://pubs.acs.org/toc/jpccck/127/32?ref=pdf
https://pubs.acs.org/toc/jpccck/127/32?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c03390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


layered InSe material may be challenging, considering the
complicated In−Se phase diagram,46 the number of InSe
polymorphic phases (β, γ, and ε),1,45 and the sensitivity of InSe
to ambient conditions.1,47 Despite the 2D-functional InSe films
being formed almost exclusively by the crystallization of the
amorphous phase, there are only few, rather qualitative, reports
on the actual crystal growth kinetics during the heat-induced
amorphous-to-crystalline transformation.48,49 This may be due
to the inability to accurately measure/record the in situ
crystallization process for the as-deposited thin films. Note that
the most common way to study the crystallization kinetic
measurements is to employ differential scanning calorimetry
(DSC)50 for films scraped off of a substrate. However, the
removal of the substrate/film interface and the possible
introduction of mechanically induced defects51 may signifi-
cantly alter the subsequently observed nucleation and growth
rates, or even change the preferentially formed crystalline
phase.

Recently, the methodology for DSC measurements of as-
deposited thin films with increased accuracy was introduced.52

This method introduced the concept of the stacking of
carefully selected and preprocessed substrates (e.g., white glass,
polymeric foils, mica, and so forth) with the as-deposited thin
films in the DSC pan, allowing sufficient film mass to obtain a
reliable heat flow signal but, at the same time, not altering the
film uniformity and structure. In addition, the method employs
a regular heat-flow DSC system (benefiting the well-perform-
ing verified features of a commercial high-end instrument), the
calibration of which is accustomed to a specific type of the
sample with low thermal conductivity. Based on this type of
measurement, it was found that the substrate physicochemical
properties are critical for the nucleation and crystal growth
processes occurring in the observed chalcogenide thin
films.52−54 In the present paper, we will focus on the kinetics
of the crystalline phase formation in an amorphous InSe thin
film deposited on Kapton foil (poly-[4,4′-oxydiphenylene-
pyromellitimide]). Although the fabrication of the 2D-layered
InSe structure on the polymeric material can be directly related
to the latest emerging hi-tech applications (flexible electronics
and optoelectronics,55,56 polymeric solar cells,57,58 and polymer
capping of the InSe layer in FETs), no information about the
crystal growth rate associated with the formation of the 2D
InSe crystalline phase has been published. In addition to
reporting on the InSe crystallization kinetics for films
deposited on a polymeric Kapton foil, these findings will be
further compared to the data obtained by traditional DSC
techniques using the material scraped off from an InSe thin
film grown on a substrate. The crystallization behavior was
studied for InSe thin films with thicknesses in the 200−1500
nm range.

2. EXPERIMENTAL SECTION
A standard melt-quench method was used to prepare a
polycrystalline In48Se52 ingot from the pure elements: In (5 N,
Hi-Chem, pellets) and Se (5 N, Hi-Chem, pellets). Elements
were placed in a fused silica ampoule, which was evacuated to
10−3 Pa, sealed, and heated to 900 °C for 24 h in a rocking
furnace. An ampoule with the melt was slowly cooled in air,
and the formed polycrystalline ingot was cut into the form of a
cylindrical target for pulsed laser deposition (PLD). The Se-
rich In48Se52 target was designed to obtain thin films with the
stoichiometric InSe composition. Amorphous InSe thin films
with thicknesses (df) of 200, 500, 1000, and 1500 nm (±2%)

were deposited by pulsed laser deposition in an off-axis
geometry using a KrF laser (Lambda Physik COMPex 102)
with the wavelength of 248 nm, pulse length of 30 nm, laser
frequency of 5 Hz, and laser output intensity of 2.1 J·cm−2. The
deposition rate was 0.22 nm·s−1. The distance between the
target and the substrate holder was approx. 5 cm. Planetary
rotation of the substrates in the PLD chamber ensured the
structural and compositional homogeneity as well as constant
df for the deposited films. DuPont Kapton HN foil and
standard soda-lime microscopic slides (the main components
being SiO2, Na2O, and CaO) were used as substrates and were
kept at room temperature. Prior to opening the PLD chamber,
the deposited films were maintained under vacuum for
additional 2 h to cool and relieve stress. While the InSe
films deposited on the Kapton foil were used in the as-prepared
state, the films deposited onto the soda-lime substrates were
scraped off (powdered) with a razor blade.

The crystal growth of both InSe sample types (as-deposited
films on the Kapton foil and powdered InSe films scraped off of
soda-lime substrates) was studied using DSC, using a Q2000
calorimeter (TA Instruments, USA) equipped with a cooling
accessory, an autolid, an autosampler, and T-zero technology.
In the case of InSe films deposited onto Kapton foil substrates,
they were carefully cut into rectangular strips and stacked into
hermetically sealed low-mass T-zero aluminum pans. Approx.
5−20 pieces were used for each measurement (depending on
the film df and experimental conditions) to maintain a
satisfactory signal-to-noise ratio for the measurement of the
heat associated with the crystallization process. The influence
of preprocessing (cutting and stacking) on the quality of the
InSe film was checked by means of optical microscopy−−no
cracks were observed, and the portion of mechanically
damaged film (basically film edges) was estimated to be
<0.1%. The measurements of the InSe powder (material
scraped off of the soda-lime substrates) were performed for
masses ∼0.3 ± 0.1 mg, accurately weighed to 0.01 mg. The
crystallization measurements were performed using the linear
heating rates q+ of 1, 2, 5, 10, and 20 °C·min−1 in the 150−370
°C temperature range. Usage of the DSC autosampler enabled
all the measurements to be completed within hours (rather
than days) from the deposition, eliminating the danger of their
long-term storage oxidation or heat−/light-induced nuclea-
tion/crystallization. The capacity of the autosampler also
allowed for extensive repeatability checks that confirmed the
reproducibility of the film’s thermokinetic characteristics.

Apart from DSC, XRD (Empyrean Malvern Panalytical) was
used to characterize the amorphous and crystallized (in DSC)
InSe films. The XRD instrument was operated in 2-theta/
omega using Bragg−Brentano geometry. Both amorphous and
crystalline films were also subject to Raman spectroscopy
measurements, using a DXR2 Raman microscope (Thermo
Fisher Scientific), equipped with a 785 nm diode laser for
excitation (laser spot size, 1.6 μm; laser intensity ranging up to
0.5 mW; 10 s per scan; 100 scans averaged) and a CCD
detector. In and Se K-edge X-ray absorption spectra for the as-
deposited amorphous InSe samples, and samples prepared in
DSC by annealing at 300 and 350 °C, were measured in
fluorescence mode using a 45° incidence geometry at beamline
BL01B1 at SPring-8. XAS data were processed and fitted using
the Athena and Arthemis software packages.
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3. RESULTS
The section will be split into two sub-sections, underscoring
the need for complementary structural characterization
measurements as a supplement to the calorimetric data.
3.1. DSC Measurements. The bulk of the present research

was carried out using a DSC technique that records the heat
flow Φ as a function of temperature T and/or time t (note that
temperature in °C will be denoted “T”, and temperature in K
will be denoted “T*”). Typical DSC curves obtained for InSe
amorphous films deposited on a Kapton foil are shown in
Figure 1. Upon heating of the amorphous phase, the first
thermally initiated phenomenon is the glass transition−−a
crossover between the rigid (glassy) and soft (undercooled
liquid) states. For the case of InSe, the glass transition
manifests itself as a simple endothermic step-like change of
heat capacity in the 265−280 °C temperature range, with no
associated relaxation peak (note that the effect at 275 °C on
the 10 °C·min−1 curve in Figure 1B is a baseline twitch, not a
glass-transition effect). This indicates the so-called strong
confirmation of Angell’s fragility concept,59 an event that is
usually connected with only tenuous relaxation movements.60

The observation of a glass transition during the heating process
was closely followed by a sharp exothermic signal correspond-
ing to an (supposedly, the exact nature of the exothermic
effects will be explored later in the article) amorphous-to-
crystalline transformation. As can be seen, the crystallization
signal is complex, consisting of two separate crystallization

peaks. Interestingly, the second crystallization peak decreases
in magnitude with df−−and is only just recognizable for the
case of the 500 nm film, with no evidence of a second
crystallization peak present for the 200 nm film. Note that the
crystallization peaks occasionally exhibit an irregular shape,
which is a consequence of the sample stacking; as shown by
the repeated measurements, the position of the peaks remains
unchanged regardless of the shape. The melting of InSe occurs
at ∼611 °C,61 i.e., outside of the standard DSC measurement
range.

DSC observations of powdered InSe (films scraped off the
soda-lime substrate) are shown in Figure 2. The glass-
transition and crystallization DSC peaks for powdered InSe
occur in a similar temperature range as for the films deposited
on the Kapton foil. However, there are two differences
apparent between the two types of InSe samples: the
crystallization of the powdered InSe manifests itself through
significantly smoother DSC peaks (i.e., the morphological
quality of the powdered film and the thermal gradients within
the DSC pan are more uniform compared to the case of
stacked samples), and the second crystallization peak is less
pronounced for powdered InSe. Note that only three DSC
measurements of the powdered 200 nm film were performed
due to the less amount of the material (as dictated by its low df,
given the geometry of the PLD chamber, and the requirement
to perform parallel deposition on the Kapton foil and soda-
lime substrate for each df).

Figure 1. (A−D) DSC curves obtained for amorphous InSe thin films deposited on a Kapton foil; each graph corresponds to a different film df. The
exothermic effects evolve in the upward direction.
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A direct comparison of the DSC curves obtained for the two
InSe sample forms is shown in Figure 3−−data measured at 1
and 20 °C·min−1. The curves obtained at 20 °C·min−1 appear
similar for both sample forms; the sharper crystallization peaks
in the case of films deposited on the Kapton foil are indicative
of the higher uniformity of the crystallization centers present in
the as-deposited film; the weaker manifestation of the
secondary (high-T) crystallization peak corresponds either to
the different distribution of phase/morphological crystalliza-
tion centers or to a change in the crystallization mechanism
(growth rate altered by experimental conditions and/or the
sample form). Note that a detailed explanation of this
observation will be provided in Section 4, based on structural
characterization. Contrary to the DSC curves obtained at high
q+, the data for low q+ differ markedly for both sample forms.
Not only are the secondary crystallization peaks completely
absent, but the position of the main/primary crystallization
peak significantly shifts to higher temperatures as well.

The q+ dependence of the characteristic temperatures (glass-
transition temperature Tg, maximum of the first crystallization
peak Tc1, maximum of the second crystallization peak Tc2, and
melting temperature Tm

61) evaluated for the InSe films
deposited on the Kapton foil are depicted in Figure 3C.
Note that the two dependences shown for each of the
crystallization peaks correspond to the lower and upper limits
obtained within the set of films with different dfs. The higher
thermal stability of the amorphous phase, i.e., the higher Tc1

value, is generally found in InSe films with lower df. However,
the overall stability of the InSe amorphous phase is poor, as is
qualitatively evidenced by the crystal growth process starting
immediately after the glass transition (the onset of Tc1 is only
few °C above Tg). To quantify the amorphous phase stability,
the Hruby criterion KHruby

62 is often used:

K T T T T( )/( )H c g m c= (1)

Whereas the Tg and Tm values are usually almost independent
from various experimental and measurement conditions, the
crystallization process can exhibit large changes with q+ and the
sample form, atmosphere, amount of mechanically introduced
defects, stress within the sample, aging, and so forth.63−66 In
addition, no consensus has been reached in the scientific
community also regarding the exact determination of Tc: the
onset of the peak should be technically used instead of the
peak maximum (as the glassy matrix ceases to be “stable” with
the first occurrence of the crystalline phase); the first
occurrence of crystallites itself is however disputed as some
opinions advocate for the state of the sample being fully
crystalline. Note that the latter not only disregards the fact that
the Hruby criterion is a measure of glass stability, but this
approach also further complicates the interpretation of
materials that do not fully crystallize or which exhibit
recrystallization into multiple crystalline phases. This ambi-
guity of KHruby utilization thus requires the report to always
state the exact conditions for which the calculation was

Figure 2. (A−D) DSC curves obtained for amorphous InSe thin films deposited on soda-lime substrates and subsequently scraped off; each graph
corresponds to a different original film df. The exothermic effects evolve in the upward direction.
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performed.67 For the present data, the KHruby criterion was
evaluated in conformity with Figure 3C; note that the Tc values
obtained for the powdered InSe films fall into the temperature
ranges used for the measurements of the films deposited on the
Kapton foil. As is apparent from Figure 3D, the value of KHruby
can range from 0.05 to 0.3 depending only on the evaluation
method. All these results indicate very low glass stability, but a
comparison to the literature data should always be made with
extreme caution, and the best way to use this criterion is to
compare the measurements performed by the same person in a
single lab.

To conclude the first subsection, the following findings have
been deduced from DSC data. The complexity of the
crystallization process decreases with the film df, with the
second crystallization peak being absent for low q+ and df. The
powdering of the films results in a shift of the crystallization
peaks to higher T and further fading of the second
crystallization peak.
3.2. Structural Characterization. In the previous section,

the DSC data revealed information on two important
questions: (1) what is the physicochemical nature of the two
crystallization peaks (i.e., what crystalline phases form); (2)
what is the background for the different crystallization process
manifestations for the as-deposited film and powdered

material. The main instrumental technique employed to
answer these questions was Raman spectroscopy. In Figure
4A, Raman spectra of the amorphous and several DSC-
crystallized InSe thin films (as-deposited) on the Kapton foil
are shown. Note that the DSC-crystallized samples are the
samples from the measurements depicted in Figures 1 and 2,
i.e., heated to 350 °C−−if not explicitly specified otherwise.
The amorphous spectrum shows a typical broad band at ∼103
cm−1. The majority of the InSe films deposited on the Kapton
foil and crystallized in the DSC cell exhibit bands characteristic
of the γ-InSe crystalline phase: A1

1g at 114 cm−1, E1
2g at 177

cm−1, A1
1g(LO) at 200 cm−1, E1

2g(LO) at 210 cm−1, and A2
1g

at 225 cm−1.1,36,45,68 The Raman spectra obtained for samples
with slow crystallization rates are recognizably better evolved,
which suggests a higher structural uniformity of the crystalline
phase. All the spectra of the DSC-crystallized InSe films
displayed in Figure 4A also do not show signals suggestive of
the amorphous phase being present. However, the 1500 nm
InSe film crystallized at 20 °C·min−1 exhibited additional
bands at 71 and 103 cm−1, which are indicative of the In4Se3
crystalline phase,69,70 and a band at 84 cm−1, which can be
attributed to the γ-In2Se3 crystalline phase.71 The presence of
additional minor crystalline phases indicates the instability of
the crystal growth process,72 where under the highly

Figure 3. (A) Comparison of DSC curves obtained at 1 °C·min−1 for either as-deposited (on Kapton foil) or powdered (scraped off soda-lime
substrates) InSe films of different dfs’. The exothermic effects evolve in the upward direction. (B) Comparison of DSC curves obtained at 20 °C·
min−1 for either as-deposited or powdered InSe films of different df’s. The exothermic effects evolve in the upward direction. (C) Characteristic
temperatures evaluated from the DSC data obtained for InSe thin films deposited on a Kapton foil. (D) Values of the Hruby criterion calculated
from the DSC data depicted in Figure 3C.
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nonequilibrium conditions (overheating associated with
surplus energy during the fast heating), the kinetically
preferred phases may form at the expense of the
thermodynamically stable one. This is particularly relevant in
the case of InSe with its complicated phase diagram,46,73 where
(instead of the formation of equimolar InSe) the amorphous
structure can break down into In-rich and Se-rich domains,
resulting in the preferential formation of correspondingly
compositionally shifted crystallites. The Raman spectrum
displayed in Figure 4A shows no bands in the 260−270
cm−1 range that would indicate the presence of isolated Se
structures (chains and rings).74,75 Similarly, no bands are
present at 130 and 303 cm−1, which would correspond to the
oxidation product In2O3.76 Note that the 200 and 500 nm films
as-deposited on the Kapton foil and crystallized in DSC
exhibited similar Raman bands as their thicker counterparts,
but the signal was heavily overlaid by that of the Kapton foil.

In contrast to the InSe films deposited on the Kapton foil,
the powdered InSe films exhibited a strongly q+-dependent
behavior−−see Figure 4B. At a high q+, the thickest InSe film
(1500 nm) typically crystallized into the γ-InSe phase.
However, already under these conditions, the dominant band
at 114 cm−1 exhibits a weak shoulder at ∼123 cm−1. This
shoulder corresponds to the γ-In2Se3 crystalline phase formed

at low temperatures (note that this phase can form even during
annealing at 250 °C).77 With the decreasing film df, the
shoulder at ∼123 cm−1 increases in intensity, and for the 500
nm powdered film, new bands at 150 cm−1 (dominant) and
241 cm−1 (weak) appear−−these bands are character-
istic71,78,79 of the well-developed γ-In2Se3 crystalline phase.
For the case of low q+, the γ-In2Se3 phase dominantly forms for
all film df’s. Note that for the 1500 and 1000 nm thick films,
the presence of a very weak band at 227 cm−1 suggests traces
of the InSe crystalline phase−−this band is replaced by the γ-
In2Se3 band at 241 cm−1 for thinner films (500 and 200 nm).

In a series of Raman measurements, the origin of the two
crystallization peaks was explored, together with the resilience
of the InSe films to laser-induced photo- and thermo-
crystallization. The Raman spectra obtained under different
laser intensities from the amorphous InSe film (1500 nm, as-
deposited on the Kapton foil) and the same film heated in the
DSC system just above the first kinetic peak (20 °C·min−1 to
309 °C, denoted as “treated”) are shown in Figure 4C. At
higher laser intensities (<2 mW), both films crystallize into the
β-InSe phase (the missing modes at 200 and 210 cm−1 rule out
the γ-InSe phase71,78). At lower laser intensities, the Raman
spectra remain unaltered, revealing differences between the
amorphous and treated films−−see Figure 4D for a magnified

Figure 4. (A) Raman spectra of amorphous and DSC-crystallized InSe thin films deposited on a Kapton foil. The film df and q+ applied during the
DSC measurement are indicated. (B) Raman spectra of DSC-crystallized powdered InSe thin films. The film df and q+ applied during the DSC
measurement are indicated. (C) Comparison of Raman spectra obtained at different laser intensities for amorphous and treated (heated to 314 °C,
i.e., above the first exothermic DSC peak) InSe films deposited on a Kapton foil. (D) Magnified Figure 4C−−spectra obtained at the lowest laser
intensity used are displayed.
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version of the spectrum obtained at 0.5 mW. The Raman
spectra of the treated InSe films show several small bands (84,
103, 177, and 186 cm−1) on an amorphous InSe background,
which indicates the formation of an α-In2Se3 nanocrystalline
phase.71,80 No evidence of InSe Raman vibrations can be seen
in the spectra of the treated films.

X-ray diffraction was used as a complementary technique to
Raman spectroscopy−−see Figure 5. For the case of InSe films

deposited (and crystallized) on the Kapton foil, the diffraction
lines seen at 10.6, 21.2, and 45.2° 2θ are consistent with the
002, 004, and 011 planes of the γ-InSe phase.45 The
preferential orientation of these planes indicates the formation
of a 2D crystalline structure. In addition to the InSe crystalline
signal, the patterns display a diffuse diffraction peak at 25.8°,

which may (apart from InSe with 25.4 and 25.9°) also indicate
the presence of the γ-In2Se3 phase.72,79 Interestingly, none of
these peaks were present for the case of the treated film, i.e.,
the sample heated just above the first kinetic peak (to 309 °C
at 20 °C·min−1). The XRD pattern of the treated film was
almost identical to that of the as-deposited amorphous InSe
film, with only a very weak line at 28.9°, which is consistent
with the formation of nanocrystalline α-In2Se3 (as also
confirmed by Raman spectroscopy).80 Note that the presence
of additional phases (apart from InSe) was also required to
describe the X-ray absorption data, as will be discussed below.

A study of the local structure by X-ray absorption (XAS)
provides information on the electronic transitions around the
X-ray absorption edge, as represented by XANES spectra and
the coordination numbers, bond lengths, and mean-square
relative displacements (determined from the Fourier-trans-
formed EXAFS (extended X-ray absorption fine structure) data
fits). Figure 6A,B shows the normalized experimental X-ray
absorption spectra for both the In K- and Se K- edges,
including zoomed-in figures showing oscillations right above
the absorption edges. Interestingly, while the first exothermic
peak at 300 °C seen on the DSC curve had a larger intensity
than the second peak (see Figure 1), there were few strong
differences in the shape of both the In K- and Se K-edge
XANES spectra between the as-deposited amorphous InSe
sample and a sample annealed at 314 °C. This finding is
consistent with the XRD and Raman spectroscopy data,
showing similar amorphous diffraction patterns for both states,
with only very minor amount of α-In2Se3 crystalline phase
being formed at 314 °C. In contrast, the In K- and Se K-edge
XANES spectra of the annealed sample at 350 °C differ
significantly from the latter XANES spectra. The insets of
Figure 6A,B clearly demonstrate both the broadening of the

Figure 5. XRD patterns of treated and fully DSC-crystallized InSe
thin films deposited on a Kapton foil. The film df and q+ applied
during the DSC measurement are indicated.

Figure 6. (A, B) Normalized experimental XANES spectra of as-deposited amorphous InSe and films annealed at 300 and 350 °C. (A) In:K-edge
and (B) Se:K-edge. The inset figures show enlarged regions of the XANES spectra near the In:K- and Se:K- absorption edges. (C, D) InK- and
SeK-edge Fourier-transformed spectra of as-deposited amorphous and annealed InSe at 300 and 350 °C.
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WL InK-edge manifested by the formation of three oscillations
above the absorption edge and the narrowing of WL at the Se
K-edge with the formation of a new intense peak at 12,665 eV
as well as a broad band in the energy range 12,669−12,700 eV,
with the maximum at 12,684 eV being divided into three
clearly distinguishable peaks with maxima at 12,673, 12,683,
and 12,688 eV. All these unambiguous changes indicate a
phase transition, which agrees well with the XRD and Raman
spectroscopy data, manifested by the formation of the
hexagonal InSe phase.

Figure 6C,D shows the Fourier-transformed experimental
XAS data for the In K- and Se K-edges for an InSe thin film
annealed at 350 °C, which was found to be in the hexagonal
InSe phase. Although the InSe film annealed at 350 °C is
crystalline, the second coordination shell is only clearly present
at the In K-edge, while only first nearest neighbors are visible
at the Se K-edge. The missing higher coordination shells may
be due to the formation of a nanocrystalline fraction, crystal
defects, and static or thermal disorder, since the XAS data were
collected at room temperature. The insets in Figure 6C,D
provide a deeper look into the evolution of the first
coordination shell during the phase transition from the as-
deposited amorphous InSe through the samples annealed at
300 and 350 °C, respectively. From the In site, the radial
distribution function is asymmetric with a tail at a longer bond
length, which may be associated with the presence of In−Se
and In−In bonds.81 After annealing amorphous InSe at 300
°C, the peak maximum shifts to lower R with a small increase
in intensity, and simultaneously, the intensity of the tail region
decreases for R values between 2.5 and 3 Å. Additional
annealing of InSe at/above 350 °C leads to a significant
increase in the intensity of the radial distribution function. The
Fourier-transformed Se K-edge data show a gradual increase in
the intensity of the first coordination shell of Se atoms in InSe
from the as-deposited amorphous material to the crystalline
phase formed during annealing at 350 °C.

To obtain information about the short-range order, we
analyzed the EXAFS data measured at both edges. Real-space
fitting of the Fourier-transformed EXAFS data for the In and
Se K-edges was carried out simultaneously to increase the
reliability of the results by reducing the number of variables fit.
We assumed, in the fitting model, that the number of In−Se
pairs was equal to the Se−In pairs. The fit quality at both edges
and the three studied phases can be found in the Supporting
Information (Figure S1); the corresponding values from the
EXAFS analysis are summarized in Table 1.

The local structure of the as-deposited InSe phase consists of
homopolar In−In and heteropolar In−Se bonds with
coordination numbers of 0.57 and 2.63, respectively. It is
important to point out that the typical uncertainty in the
determination of coordination numbers is about 20%.
Compared to a previous report,81 no evidence of homopolar
Se−Se bonds was observed. The overall coordination numbers
were found to be 3.2 for the In edge and 2.63 for the Se edge,
suggesting that In atoms are present in both pyramidal and
tetrahedral coordinations, and the Se atoms exist in two- and
threefold (pyramidal) coordinated structural units. The
interatomic distances for In−In and In−Se were found to be
2.77 and 2.62 Å, respectively, values that are in good
agreement with the literature data.81

The local environment of the InSe phase annealed at 300 °C
is very close to that of the as-deposited InSe, with the
coordination numbers for In−In pairs being 0.72 and In−Se

pairs being 2.70. To achieve the best quality fit, however,
additional In−Se (2) paths had to be included with the
corresponding coordination number fit of 0.95 ± 0.49 with a
bond length of 2.81 Å. This longer In−Se distance is
attributable to the In−Se bond length present in the crystalline
In2Se3 phase,82 which agrees well with our results from XRD
and Raman spectroscopy.

The local structure of InSe annealed at 350 °C, in contrast,
clearly satisfies the hexagonal InSe phase.83 The coordination
numbers obtained, 3.98 for the In edge and 2.90 for the Se
edge, confirm that In atoms exclusively form tetrahedral units
and Se atoms pyramidal units. Surprisingly, the interatomic
distances do not change during the phase transition from the
amorphous to the crystalline InSe phase. The mean-square
relative displacement (MSRD) corresponds to static and
thermal disorder. One can see from Table 1 that the MSRD
value is the largest for amorphous InSe (0.0067), which
gradually decreases with the increasing annealing temperatures
of 300 and 350 °C to 0.0043 and 0.0037, respectively. These
findings indicate that the crystallization of amorphous InSe is
associated with a decrease in the static disorder, which was also
observed in InSb.84

4. DISCUSSION
The amorphous phase is intrinsically interlinked with two
physicochemical phenomena: the glass transition (the trans-
formation between the kinetically frozen-in glassy structure
and mobile undercooled liquid in kinetic equilibrium) and cold
crystallization (the heating-induced transformation from the
thermodynamically unstable amorphous phase into the
thermodynamically stable crystalline phase). The primary
motivation to investigate the kinetics of these processes is to
enable predictions of the stability of the material (during long-
term storage or material processing) and to enable the
controlled formation of the crystalline phase (crucial for
ceramics and glass−ceramics applications).

Starting with the structural relaxation kinetics, this process is
conventionally described in terms of the phenomenological
Tool−Narayanaswamy−Moynihan (TNM) model:85−87

Table 1. Coordination Numbers (CN), Bond Lengths (BL),
and Mean-Square Relative Displacement (MSRD) of As-
Deposited and Crystallized InSe at 300 and 350 °C

as-dep CN BL/Å MSRD/Å2

In−In 0.57 ± 0.21 2.77 ± 0.02 0.0022 ± 0.0025
In−Se 2.63 ± 0.15 2.62 ± 0.01 0.0067 ± 0.0005
Se−In 2.63 ± 0.15 2.62 ± 0.01 0.0067 ± 0.0005
Se−Se
300 °C
In−In 0.72 ± 0.25 2.79 ± 0.02 0.0021 ± 0.0033
In−Se 2.70 ± 0.3 2.62 ± 0.01 0.0043 ± 0.0008
Se−In 2.70 ± 0.3 2.62 ± 0.01 0.0043 ± 0.0008
In−Se (2) 0.96 ± 0.49 2.81 ± 0.02 0.0015 ± 0.0047
Se−In (2) 0.96 ± 0.49 2.81 ± 0.02 0.0015 ± 0.0047
Se−Se
350 °C
In−In 1.08 ± 0.24 2.77 ± 0.02 0.0009 ± 0.0044
In−Se 2.90 ± 0.15 2.62 ± 0.01 0.0037 ± 0.0003
Se−In 2.90 ± 0.15 2.62 ± 0.01 0.0037 ± 0.0003
Se−Se
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where Tf is the fictive temperature in K (corresponding to the
structural state of the relaxing glass), τ is the relaxation time,
Δh* is the apparent activation energy of the structural
relaxation, A is the pre-exponential constant, x is the
nonlinearity parameter (0 < x ≤ 1), and β is the
nonexponentiality parameter (0 < β ≤ 1). The fictive
temperature is used to calculate the normalized heat capacity
Cp

red via the extrapolation of Cpl and Cpg (the material heat
capacities in the undercooled liquid and glassy states,
respectively). As the glass-transition signal does not exhibit
any recognizable relaxation peak, only the activation energy
Δh* can be determined based on the present data. Normally,

one would utilize the so-called constant-ratio (CR) DSC cyclic
experiments88 to determine Δh* in accordance with the
methodology introduced in ref 89. However, the present
material is not stable enough for several CR cycles to be
performed−−cycling through Tg would result in material
degradation due to the close proximity of the first kinetic peak.
Hence, a different procedure for the estimation of Δh* based
upon the heating scans of the as-deposited material is required.
This procedure is generally not utilized,90,91 as the material
history and the associated state of low-T structure are not
known, leading to Δh* calculated using the standard
approach92 to be variable (dependent on previous thermal
history) and not a material constant. However, the findings
introduced in ref 91 can be used to reverse-engineer the
estimation of true Δh* with the knowledge of x and β. For the
case of the present data, the nonexponentiality TNM
parameter β is very small, as evidenced by the lack of a
relaxation peak−−the large distribution of relaxation times
associated with low β results in the glass-transition effect being
spread over a broader temperature interval−−with no major
cooperation of the structural units (that would result in an
abrupt change and the corresponding overshoot in Cp). The
nonlinearity TNM parameter x must be large in the case of the

Figure 7. (A) Evaluation of uncorrected Δh* obtained from simple heating scans of InSe thin films deposited on a Kapton foil. The Δh* value
corrected according to [x] is indicated. (B) Kissinger plot for the two DSC kinetic peaks recorded for the as-deposited and powdered InSe thin
films. (C) Activation energy calculated from Figure 7B using eq 7. (D) Left axis shows αmax,z values determined for the two DSC kinetic peaks
recorded for as-deposited and powdered InSe thin films. The horizontal dashed lines indicate the applicability range for the nucleation growth JMA
model. The right axis indicates the averaged specific enthalpies calculated for the exothermic DSC signals measured for the InSe films deposited on
the Kapton foil.
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present data, as again evidenced by the lack of a relaxation
peak−−this indicates that the amorphous InSe structure
relaxes almost solely as the consequence of the temperature
changes via sequences of independent structural changes, with
little influence from memory effects and structure coopera-
tion.93 With this knowledge, the magnitudes of the systematic
errors associated with the evaluation of the as-prepared
materials (introduced in91) can be used to estimate the true
Δh* value based on the application of the standard Moynihan
equation:

q
h

RT
ln( ) const

g
=

*
++

(5)

The uncorrected Δh* value determined by means of eq 5 is
636 ± 20 kJ·mol−1 (see Figure 7A), which is unprecedentedly
high for a chalcogenide glass. The Δh* values for chalcogenide
materials usually fall into the 300−450 kJ·mol−1 range (with
very few exceptions above 500 kJ·mol−1). A correction of this
value based on ref 91 (in particular, Figure 4 of this reference)
yields Δh*corr. ≈ 375 ± 50 kJ·mol−1, a value consistent with the
literature data for amorphous chalcogenide materials. Note,
however, that kinetic calculations aimed at predicting the q+

dependence of the glass-transition position can still be
performed using the 636 kJ·mol−1 value, as the linearity and
consistency of the raw data in Figure 7A are sufficient.

Moving on to the exothermic kinetic peaks, these types of
solid-state transformations are commonly described in terms of
the basic kinetic equation94 (eq 6A). Note that this equation is
a product of three general equations, pairing the universal
solid-state equation (eq 6B) with the expression for the
autocatalytic Šestaḱ-Berggren (AC) model95 (eq 6C) and with
the relation interconnecting the conversion rate with the DSC
signal (eq 6D):

H A e (1 )E RT M N/= · · ·*
(6A)

t I A fd /d e ( )E RT/= · · ·*
(6B)

f ( ) (1 )M N
AC = (6C)

t Hd /d /= (6D)

where Φ is the DSC heat flow, ΔH is the enthalpy change
associated with the kinetic process, A is a pre-exponential
factor, E is the apparent activation energy of the kinetic
process, R is the universal gas constant, T* is temperature in K,
α is the degree of conversion, dα/dt is the rate of conversion, I
is a general expression for the area under the kinetic peak, f(α)
is a general expression for a solid-state kinetic model, and M
and N are the kinetic exponents of the empirical Šestaḱ-
Berggren (AC) model.95 Considering the variety of asymme-
tries and shapes exhibited by the DSC data (see Figures 1 and
2), the flexible AC kinetic model had to be chosen as the initial
option to obtain an accurate representation of the experimental
data. As will be shown later, none of the relevant physically
meaningful macroscopic solid-state models can describe the
present data.

The standard approach, nowadays, to the kinetic analysis of
the DSC crystallization data is as follows. First, the activation
energy E needs to be determined, either by the linearization or
the isoconversional method. Second, the applicability of the
physically meaningful kinetic models needs to be either
confirmed or disproved. Third, the DSC data are modeled

by means of eq 6B, with the appropriate kinetic model
included; in this step, the possible T or q+ trends in kinetics
need to be revealed, and the kinetic modeling needs to reflect
them. If the crystallization kinetics is consistent across the
explored range of the experimental conditions, the multivariate
kinetic analysis96 can be used with a proper reaction scheme
implemented. If some significant kinetic trends are identified,
then the single-curve multivariate kinetic analysis sc-MKA97

with E fixed at the corresponding values is used. In the
following text, this sequence will be followed.

The key quantity in eq 6A is the activation energy E, which
is responsible for the changes in the process localization on the
temperature axis. This quantity is usually determined by means
of the linearization Kissinger method:98
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where Tp* denotes the temperature in K corresponding to the
maximum of the DSC peak.

The so-called Kissinger plot for the present InSe films and
powders is depicted in Figure 7B. It is immediately apparent
that there is a striking difference in the slopes associated with
the Kissinger dependences of the first and second kinetic
processes. Applying eq 7 to the data from Figure 7B provides
the E values shown in Figure 7C. Whereas the second kinetic
process is characterized by E ≈ 230 kJ·mol−1 (which is on the
upper side of typical chalcogenide glasses but is still reasonable
for the crystallization process of a chalcogenide glass), the
activation energy for the first kinetic process is extremely high,
reaching between 400 and 550 kJ·mol−1. Such high E values
are typical for solid−solid phase transformations in amorphous
chalcogenides or for the crystallization of metallic or oxide
glasses (crystallizing at much higher temperatures than that of
InSe). Considering the presence of such a high E value for the
present InSe material, the large evolution of heat associated
with the first kinetic peak appears to correspond to a structural
reorganization of the amorphous phase, as also suggested by
the XAS, Raman spectroscopy, and XRD characterization
techniques. In particular, the fundamental basis of the 2D InSe
structure may be formed at the molecular level during the
transformation process, together with the segregation (and the
consequent crystallization into the α-In2Se3 phase) of Se-richer
structural domains. It is also very important to bear in mind
that the intensity of the second DSC peak diminishes with
decreasing df, but the structural and morphological character-
istics of the final (high-T) crystalline product remain
unchanged. This unambiguously indicates that under these
conditions, larger portions of the 2D γ-InSe phase are being
gradually formed immediately after the short-range reorganiza-
tion of the amorphous phase and also suggests that these two
processes are sequential (and indirectly implies the converging
course of the two types of Kissinger dependences seen in
Figure 7B) and are not independent. The partition of the two
processes at higher df also indicates that greater InSe film
thickness slows down the crystallization (second) process, and
progressively, a larger fraction of the 2D-layered structure
forms independently, at a higher temperature. The slowdown
of the crystalline phase formation may also be explained by the
rigidity of the thicker InSe films, not yielding to the
macroscopic bending force introduced through the difference
in thermal expansion coefficients (CTEKapton = 20 × 10−6

°C−1,99 CTEInSe = 10−17 × 10−6 °C−1100). This internal

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c03390
J. Phys. Chem. C 2023, 127, 16132−16147

16141

pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c03390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tensile stress may be the reason for the hindered crystal growth
of the highly ordered 2D layers−−akin to the changes in the
crystal growth behavior recently observed for Se−Te52 and
Sb2Se3

53 thin films.
Apart from the large difference in the slopes of the Kissinger

dependences obtained for the two kinetic peaks, Figure 7B also
shows the evolution of Tp*s with respect to df. With the
decreasing film df, both the reorganization of the amorphous
phase and the formation of the crystalline 2D InSe phase shift
to (slightly) higher temperatures. Two possible explanations
can be offered for this observation: (1) thinner films have a
higher surface-to-volume ratio and are more prone to free-
surface and interfacial defects, which can aggravate the
formation of the layered 2D structure; (2) thinner films
exhibit a higher degree of intermingling of the two processes
involved (reorganization of the amorphous phase and the
consequent formation of the crystalline phase), where the
immediate concurrent formation of crystallites may disturb and
retard the reorganization of the amorphous phase in the
adjacent structural domains. An increase of Tp*s is also clearly

apparent for the powdered InSe films, when compared to
comparably thick films deposited on a Kapton foil. This can be
interpreted as a consequence of mechanically induced defects
introduced into the film structure during powdering−−the
induced fractures and mechanical stress may also be
responsible for the reduction in the formation of the layered
2D structure.

As described above, the linearization Kissinger method was
used in the present study to determine E and its q+/T
dependences. Another option may be the isoconversional
methods,92 which can be, however, less reliable and more
difficult to interpret−−especially in the case of unideal,
complex, or scattered experimental data (such as the present
ones). Despite the isoconversional methods being less
beneficial/appropriate in the present case, the course of the
dependences may be interesting to explore−−the correspond-
ing analyses are included in the Supporting Information.

Regarding the above-modeled kinetic behavior (the kinetic
function “αM(1 − α)N” in eq 6A), it is clear from Figure 1 that
both exothermic peaks show asymmetry and occasionally

Figure 8. (A) Kissinger plot from Figure 7B with linearly extrapolated values of the first and second exothermic DSC peaks obtained for a 1500 nm
InSe film deposited on a Kapton foil. The vertical dashed line indicates the temperature (245 °C) of the isothermal annealing experiment. (B, C)
Kinetic prediction for the 1000 min isothermal annealing experiment carried out at 245 °C. The simulations were performed using the AC model
parameters and a value for E determined by the low-q+ (0.5 °C·min−1) DSC data of the first (B) and second (C) exothermic processes exhibited by
the 1500 nm InSe film deposited on a Kapton foil. The values of eqs 6A−6C used for each simulation are depicted in the corresponding graphs.
The solid lines correspond to simulations utilizing the average E values; the dashed lines correspond to calculations using the average E ± standard
deviation as confidence intervals. (D) Comparison of the Raman spectra of an amorphous InSe film and a sample that underwent the isothermal
annealing experiment (1000 min at 245 °C).
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exhibit a complex behavior (split exothermic signals signifying
multiple overlapping subpeaks). In such circumstances, the
kinetics are first best characterized by means of the
characteristic kinetic function z(α)101 to reveal the possible
correspondence with the physically meaningful solid-state
models:

z g f T( ) ( ) ( ) 2= · · * (8)

which indicates the overall asymmetry of the kinetic signal.
Note that g(α) is the integral form of the f(α) function (note
that the right-hand side of eq 9 is missing a negligible term that
is omitted for practical purposes). The degree of conversion
corresponds to the maximum of the z(α) function, αmax,z, and
is a fingerprint used in numerous physically meaningful solid-
state kinetic models.92 The values of αmax,z determined for the
present InSe films are shown in Figure 7D, together with the
applicable range (as indicated by the dashed lines)102 for the
most common kinetic model describing the nucleation growth-
based crystal formation, the Johnson−Mehl−Avrami (JMA)
model.103−106 Note that the other major physically meaningful
kinetic models−−the contracting geometry, diffusion, and nth

order models−−are characterized by even higher values of
αmax,z than the JMA model. As is apparent, the asymmetry of
the InSe kinetic DSC peaks is indeed significantly more
positive (as indicated by the lower value of αmax,z) than that of
the physically meaningful models, resulting here in the usage of
the empirical AC model (eqs 6A−6C). Considering the
magnitude of the error bars associated with the datapoints
(αmax,z values were averaged over all applied q+), both the
evaluated kinetics (reorganization of the amorphous phase and
the growth of the 2D InSe crystalline phase) are reasonably
uniform, suitable for potential predictions of the kinetic course
of the corresponding physicochemical processes.

In addition to the αmax,z values, Figure 7D also displays the
enthalpy changes associated with the two exothermic kinetic
processes, as recorded on the DSC curves obtained for InSe
films deposited on the Kapton foil. The evolved heat is referred
to the overall sample mass, i.e., the Kapton + InSe film. The
film mass is negligible compared to that of the underlying
Kapton foil, but both masses are proportional via the shared
overall area of the samples input into the DSC pan; note that
only the samples of the Kapton foil fully covered with the InSe
film were measured. Therefore, one would expect a linear
relationship (with the dependence going through the 0/0
coordinate) between df and the overall ΔH calculated as a sum
of both exothermic peaks: if the fundamental nature of the
process remains unchanged, the released/consumed specific
heat should remain constant. This assumption is fully
supported by the experimental data, as displayed in Figure
7D. On the other hand, the same is not valid for each of the
two exothermic peaks, when evaluated separately. The
intercepts of the two supposedly linear models are not equal
to 0. In comparison with the overall ΔH−df dependence, this
unambiguously confirms that the second kinetic peak gradually
merges with the first as df decreases.

The main reason for determining the formal solid-state
kinetics is to predict the kinetic behavior under extrapolated
experimental conditions (usually at lower T, where the
experimental kinetic data are difficult or impossible to obtain).
In practice, kinetic predictions can be used to determine
qualities such as the long-term stability of the material, the
acceptable conditions for material processing, and/or the time/
temperature program for the preparation of ceramics and

glass−ceramics from the amorphous phase. The present case of
crystallite formation in an InSe thin film is very specific from
the point of view of the prediction of material kinetics.
Whereas the majority of joint crystallization processes is in
general kinetically independent, for InSe films, the formation of
the crystalline phase appears to be directly dependent on the
preceding reorganization of the amorphous phase−−resulting
in the dependence of the consequent reaction process in terms
of formal kinetics. Since the first reaction step, the
reorganization of the amorphous phase, has a large activation
energy, it is expected to be the necessary preliminary kinetic
step, if the two processes are truly kinetically consequent.

To verify this hypothesis, a long-term isothermal annealing
experiment was performed for the 1500 nm InSe film
deposited on the Kapton foil. The extrapolated Kissinger
dependences of the first and second kinetic processes occurring
in the sample show that at ∼278 °C (the intersection of the
two extrapolated lines), the reaction rate for the two
mechanisms is similar (see Figure 8A). If the two processes
were independent of each other, the formation of the InSe
crystalline phase would become dominant below 278 °C. To
avoid ambiguity and misrepresentation, we have chosen a
temperature of 245 °C (well below the intersection) for the
long-term annealing experiment−−represented by the dashed
vertical violet line in Figure 8A. The kinetic predictions for the
1000 min isothermal annealing at 245 °C were calculated
based on the corresponding kinetic data (obtained at 0.5 °C·
min−1 for the two kinetic peaks) using the sc-MKA (single-
curve multivariate kinetic analysis) methodology.96,97 The two
kinetic equations used for these simulations (with the
enumerated quantities determined by the combination of the
Kissinger equation and the sc-MKA method) were:

td /d 10 e (1 )RT
1

37.41 420,000/
1

0.709
1

0.839= · ·* (9)

td /d 10 e (1 )RT
2

18.63 227,000/
2

0.634
2

1.289= · ·* (10)

Note that the indices 1 and 2 correspond to the reorganization
of the amorphous structure and the consequent formation of
the 2D InSe crystalline phase, respectively. The sc-MKA
determination, i.e., the fits produced by the nonlinear
optimization, is shown in the Supporting Information.

The kinetic prediction for the reorganization of the
amorphous structure (first exothermal peak) is depicted in
Figure 8B, and the prediction for the formation of the 2D InSe
crystalline phase is shown in Figure 8C. In each graph, the
three dependences of the degree of conversion α on the
annealing time ta are displayed. The legends in the graphs show
the activation energies (taken from Figure 7C) and the AC
model parameters (see eqs 6A−6C) determined by the sc-
MKA method that was used for the given kinetic simulations.
The simulation results for the average E values are represented
by the solid lines; the dashed lines represent the confidence
interval calculated using the variance represented by the E
error bars. Note that E has several orders of magnitude larger
influence on the kinetic predictions than other quantities; thus,
the statistical variation of M and N can be neglected. The
predictions in Figure 8B,C show that if the two processes were
independent, the formation of the InSe crystalline phase would
proceed up to 55−75% conversion, whereas the reorganization
of the amorphous phase would be only a few percent from
completion. Verification of the structural state of the sample
after annealing was carried out by means of Raman
spectroscopy (see Figure 8D). The Raman spectrum of the
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sample annealed for 1000 min at 245 °C is practically identical
to the spectrum of the amorphous InSe film, indicating that no
InSe crystalline phase has formed and proving that the two
processes are indeed consequent (with the reorganization of
the amorphous phase being a mandatory condition for the
formation of the 2D InSe crystalline phase).

5. CONCLUSIONS
The formation of the 2D-structured InSe crystalline phase was
extensively studied by means of DSC, XRD, Raman spectros-
copy, and XAS. Whereas the DSC heating curves of the thin
amorphous InSe films deposited on the Kapton foil exhibit the
manifestation of two neighboring exothermic kinetic processes
(exothermic signals are usually attributed to the amorphous-to-
crystalline transformation), the temperature-resolved XRD and
Raman spectroscopy data reveal that the first kinetic process is
associated solely with the changes in the amorphous phase.
The very high activation energy (akin to that of the glass
transition) determined for the DSC data corresponding to the
first kinetic peak also suggests that the transformation
mechanism relates to the structural (dis)order of the
amorphous phase. In fact, the close vicinity of Tg and the
first kinetic peak may indicate that the glass transition
(resulting in a loosened and more reactive liquid-like
structure) can be an initiator for the exothermic structural
reordering. The large enthalpy change characterizing the first
kinetic process together with the XAS results (indicating a
homogeneous distribution of the bonding arrangements)
confirms that the first kinetic process occurs in the whole
volume of the amorphous InSe thin films and involves a major
rearrangement of the amorphous structure. Based on these
observations, the first kinetic process is most probably
associated with the fundamental basis of the formation of the
layered 2D InSe structure, which is only in the second step,
followed by the formation of a true long-range-ordered
crystalline structure.

A detailed kinetic analysis of the DSC crystallization data has
shown that the reordering of the amorphous phase as well as
the consequent crystal growth of the InSe phase is hindered by
the presence of mechanical defects and by the surface/interface
imperfections (increasingly introduced via the lowered
volume/surface ratio of the thinner films). The kinetic
predictions based on the basic kinetic equation with the
Sestak−Berggren model have allowed the determination of the
reaction mechanism, confirming that the two processes are
indeed consequent, with the reorganization in the amorphous
phase being the necessary preliminary step. Due to the very
high activation energy of this step, both processes essentially
merge at low q+ and/or T. On the other hand, the separation of
the two processes achieved at high q+ offers an interesting
possibility of a two-step preparation process for ideally layered
flexible 2D InSe ceramics: In the first step, the thin film would
be shortly heated (285 °C for 2 min) to complete the
reordering of the amorphous phase. In the second step, the
formation of InSe ceramics could be controlled solely based on
the crystal growth process kinetics−−e.g., via annealing at
significantly lower T.
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