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Controlling the Crystallization Kinetics of Low Loss Phase
Change Material Sb,S;

Felix Hoff,* Julian Pries, Jan Kéttgen, Pierre Lucas, and Matthias Wuttig

their use as reconfigurable compo-
[1-5]

Optoelectronics are crucial for developing energy-efficient chip technology,
with phase-change materials (PCMs) emerging as promising candidates for
reconfigurable components in photonic integrated circuits, such as
nonvolatile phase shifters. Antimony sulfide (Sb,S;) stands out due to its low
optical loss and considerable phase-shifting properties, along with the
non-volatility of both phases. This study demonstrates that the crystallization
kinetics of Sb,S; can be switched from growth-driven to nucleation-driven by

nents in photonic integrated circuits.
These materials are distinguished by
the high contrast in physical properties
between the amorphous and crystalline
phases and their rapid and reversible
interconversion.[%”] The high switching
speeds and pronounced changes in opti-
cal and electrical properties, coupled with

altering the sample dimension from bulk to film. This tuning of the
crystallization process is critical for optical switching applications requiring
control over partial crystallization. Calorimetric measurements with heating
rates spanning over six orders of magnitude, reveal that, unlike conventional
PCMs that crystallize below the glass transition, Sb,S; exhibits a measurable
glass transition prior to crystallization from the undercooled liquid (UCL)
phase. The investigation of isothermal crystallization kinetics provides
insights into nucleation rates and crystal growth velocities while confirming
the shift to nucleation-driven behavior at reduced film thicknesses—an
essential aspect for effective device engineering. A fundamental difference in
chemical bonding mechanisms was identified between Sb,S;, which exhibits
covalent bonding in both material phases, and other PCMs, such as GeTe and
Ge,Sb,Te;, which demonstrate pronounced bonding alterations upon

crystallization.

1. Introduction

In recent years, technological applications of amor-
phous/crystalline phase-change materials (PCMs) have un-
dergone a significant transformation, with a notable shift toward
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the non-volatility of the two states, have
previously made PCMs an appealing
option for data storage applications.1]
While the rapid switching speed is par-
ticularly important in these applications,
photonic components have somewhat
different requirements. For use in pho-
tonic integrated circuits, low optical
losses (extinction coefficient k close to
zero) for both phases at the application
wavelength (usually 1550 nm) is a key
requirement. Concurrently, the refractive
index should exhibit a significant con-
trast at the operating wavelength upon
the phase transition (An >> 0).1112
These different requirements for pho-
tonic applications have resulted in a
notable shift in the type of PCM com-
pounds utilized. While chalcogenides
containing tellurium are predominantly employed in electronic
data storage applications, chalcogenide compounds contain-
ing selenium and sulfur are often preferred for photonic
applications.[1317]

A notable difference in reflectivity exists between the amor-
phous and crystalline states of Te-containing PCMs. This sur-
prisingly large change exceeds what is expected by the Clausius—
Mosotti relation, which describes the impact of the change in
density upon the change of optical properties.['#1%] The signif-
icant optical contrast observed, can be attributed to a signifi-
cant change of their chemical bonding upon crystallization.[20!]
In the amorphous phase, these compounds exhibit covalent
bonding, while in the crystalline phase, they display metava-
lent bonding.[2*2!l Literature shows that this transition from
amorphous covalent to crystalline metavalent bonding plays
a crucial role in explaining the pronounced changes in op-
tical properties observed during crystallization.[?223] Interest-
ingly, significant differences are also observed in the bond
rupture as observed by atom probe tomography (APT).21:24]
Metavalent bonded materials are distinguished by a dis-
tinctive interplay between the tendency to delocalize elec-
trons, which is characteristic of metallic bonding, and the
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tendency to localize electrons, which is typical of covalent
bonding.[?]

However, the situation is rather different in Se and S-based
chalcogenides as these materials exhibit covalent bonding in both
the amorphous and crystalline phases.['! The resulting optical
contrast is therefore only determined by the change in density,
obeying the Clausius—Mosotti rule, and is consequently moder-
ate, but it is still sufficient to induce phase retardation for applica-
tions in optoelectronic signal processing. But most importantly,
the large band gaps even in the crystalline state of sulfides and
selenides in comparison to Te-based compounds, result in min-
imal optical losses in the infrared spectrum which enables low
loss (extinction coefficient k close to zero), in particular near the
operational wavelength 1550 nm.

A large body of literature has recently addressed the optical
properties of the amorphous and crystalline phases of Sb,S,
and their potential applications in photonic components.[26->°]
While the crystallization speed of sulfide compounds is unlikely
to reach that of telluride counterparts, the speed of crystalliza-
tion is still an important parameter for device optimization. In
that respect it was recently shown that a correlation exists be-
tween the crystallization mechanism of PCMs, i.e., growth ver-
sus nucleation control, and the overall speed of crystallization.>"]
Nucleation-driven compounds were found to crystallize several
orders of magnitude faster. Additionally, a pronounced increase
in crystallization stochasticity was observed in pulsed experi-
ments of growth-driven materials.3% Stochasticity is problem-
atic for applications requiring fine control of the crystallization
fraction such as neuromorphic devices.[*!l Accessing interme-
diate states between the binary 0 and 1 open a broad range of
advanced applications which may then be prohibited in growth-
driven materials. Hence, clarifying the crystallization process in
Sb, S, is important for technological applications. Yet, a compre-
hensive understanding of the transition mechanism in Sb, S, be-
tween the amorphous and crystalline phase is still lacking. Fur-
thermore, crystallization speeds reported in the literature vary
considerably.'*!*] Hence, we conduct a detailed investigation of
this transition in relation to glass dynamics and crystallization
kinetics with a focus on determining characteristic parameters
for both using differential scanning calorimetry (DSC) and op-
tical microscopy. To that aim, we apply both conventional DSC
and ultrafast (flash) DSC (FDSC) to access a sufficiently broad
range of heating rates allowing for a clear identification of the
relevant thermodynamic features of the phase transition includ-
ing glass dynamics and crystallization kinetics. The excess heat
capacity C,” is conventionally obtained by subtracting the heat
capacity of the crystal from the heat capacity of the glass.[3?] This
is based on the approximation that the vibrational heat capacity
of the crystal is equivalent to that of the glass. The excess heat ca-
pacity C, therefore constitute the configurational component
of the heat capacity of the glass. It provides insight on the con-
figurational changes that occurs throughout the glass structure
during reheating. Analysis of the glassy and undercooled liquid
(UCL) state over a similarly wide range of heating rates uncov-
ers the non-Arrhenius behavior determined by fragility m of the
UCL from the determination of the fictive temperature T.[333*
By applying heating rates spanning over six orders of magni-
tude from 0.03 to 7500 K s7!, the temperature dependence of
crystallization is analyzed using Kissinger’s method*>3¢! from
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which the activation energy E; and the temperature-dependent
crystallization rate constant k are obtained for bulk glasses. Fur-
thermore, the results from Kissinger’s analysis are confirmed us-
ing isothermal calorimetric crystallization measurements which
yield additional insights on the rate constant k as well as the
Avrami exponent n. Isothermally crystallizing thin films of Sb, S,
and microscopically observing the crystallization steps of nucle-
ation and growth, also yield the incubation time of nucleation
7, nucleation rate I, crystal growth velocity v, final grain den-
sity p;, and complete transformation time (CTT). It is found
that the phase transformation of glassy powder samples with
a bulk thickness of 3 pum is growth-driven, while nucleation
plays a more dominant role in the crystallization of thin films
with a thickness of 30 nm, especially when the temperature is
raised.

2. Results

2.1. Glass Dynamics

The excess specific heat capacity C,*(T) measured over a wide
range of heating rates for the as-deposited and pre-annealed
Sb,S; powder samples is shown in Figure 1a. At the lowest heat-
ing rate of 100 K s~! in Figure 1a, the excess specific heat ca-
pacity C,*(T) is initially constant but eventually becomes nega-
tive, which is a sign of exothermic heat release due to structural
relaxation. C,¥(T) then shows an endothermic peak (endother-
mic overshoot) upon transition from the glassy to the UCL state
(glass transition). This is followed by a plateau of the UCL and
a steep exothermic decent once crystallization commences. All
these features increase in temperature as the heating rate is in-
creased, i.e., from 0.03 K s! (=2 K min™!) up to 7500 K s*
(= 450 000 K min~!). Measured data from the lowest heat-
ing rates are shown in Figure S2 (Supporting Information). The
fact that the endothermic overshoot (peak) of the glass transition
is observed, demonstrates that Sb,S; crystallizes from the UCL
phase similar to Ge;sTegs or Ge;Sb,Tes[3337] while contrasting
the behavior of conventional Te-based PCMs such as Ge, Sb,Tes,
GeTe, and AIST.3340]

These measurements thus also demonstrate that Sb,S; is in
the glassy state at room temperature. Figure 1a furthermore in-
dicates that the endothermic overshoot associated with the glass
transition is much more pronounced in the pre-annealed sam-
ples. Glasses are known to be prone to aging induced by the
mechanism of so-called structural relaxation causing physical
properties such as enthalpy, density, or refractive index to evolve
with time.[*!] The pre-annealing step is therefore expected to in-
duce a significant enthalpy relaxation relative to the as-deposited
sample. The recovery of that relaxed enthalpy during reheating
then gives rise to the pronounced endothermic overshoot. To in-
vestigate that process more systematically, and thus demonstrate
how structural relaxation affects the glassy phase of Sb,S;, its
thermal response is studied as a function of increasing anneal-
ing temperature during reheating at 0.67 K s™! (=40 K min™")
in Figure 1b. Here, measurements of the as-deposited (i.e., un-
annealed) material are compared to samples that experienced
isochronal pre-annealing for 1 h at temperatures T, ranging from
50 °C to 200 °C. In the as-deposited phase, exothermic heat re-
lease upon structural relaxation of the glassy phase during the

© 2025 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH

85UB017 SUOWIWOD BAIIe8ID 3|cedldde sy Aq peussnob afe safoie YO 8sn Jo S3|nJ Joy AkeiqiT8uluO 481 UO (SUOTPUOO-PUe-SW.B)W0Y" A3 | 1M Aelq 1 puljuo//:Sdy) SuonipuoD pue swis 1 a1 89S *[520z/90/20] uo Akeiqiqauliuo Ae|im ‘Buebuesbunuyosy Benusz AIsAIUN UsydeY YIMy AQ G0000SZ02 1Xde/Z00T OT/I0p/woo" A8 | 1M Akelq | puljuo"peoUeApe//:Sdny Wo.y papeoiumod ‘0 ‘002TTS.Z


http://www.advancedsciencenews.com
http://www.advphysicsres.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHYSICS
RESEARCH

Open Access,

www.advancedsciencenews.com

(@) (b)

www.advphysicsres.com

8F ... as-dep. 1 0.8 9 =40 K/min
——1h @ 200°C as-deposited
7t 4 —~ 06 _jh@so°c
7500.00 K/s o 04l —1h@100°C
6000.00 K/s S 7 —ih@1s0°C
5000.00 K/s S oal —1h@200°C
_ [ 4000.00KIs §al
< 5} 3000.00 K/s
o 0
S =2 —
T 0.2 ) ) ) )
%2 [1500.00 K/ 50 100 150 200 250
3r1250.00K/s Temperature T [°C]
[1000.00K/s ( s T
5| 750.00K/s — 5[ H™9=.12.74 Jig = -8.97 meV/atom ]
|.500.00 K/s B olom o &
350.00 K/s i ° 3
T 2 o 5 E
T 10 ) w?;
‘ < s o {10 ="
100 150 200 250 300 350 400 50 100 150 200
T [°C] T, [°C)

Figure 1. Excess specific heat capacity of Sb,S; for a) heating rates ranging from 100 to 7500 K s~ of the as-deposited and pre-annealed amorphous
phase and b) a pre-annealing series measured at 40 K min~". Increasing the heating rate leads to a change in features of glass dynamics such as a
reduction of the exothermic heat release prior to glass transition and an increase in endothermic overshoot. Increasing the pre-annealing temperature
in b) while keeping the pre-annealing time fixed at 1 h, structural relaxation occurs whereby enthalpy is released leading to a reduction in the exothermic
(negative) regime prior to the glass transition ultimately resulting in an enhancement of the endothermic overshoot upon glass transition. The release

of enthalpy in the structural relaxation compared to the as-deposited phase

upscan is observed to initiate at about 75 °C. This pre-glass tran-
sition exotherm is the well-known consequence of the distribu-
tion of relaxation times in rapidly quenched glasses.[*?! During
slow reheating, the fast-relaxing domains of glasses trapped in a
high enthalpy state can release enthalpy as they regain mobility
and relax toward equilibrium. However, pre-annealing induces
relaxation of these domains prior to reheating and should an-
nul that process. Indeed, after pre-annealing at 50 °C, 100 °C,
and 150 °C, initiation of enthalpy relaxation is shifted to 100 °C,
140 °C and 190 °C respectively (Figure 1b). After pre-annealing
at 200 °C for 1 h, the pre-T, exotherm is entirely removed and in-
stead a pronounced endothermic overshoot upon the glass tran-
sition is observed. This observation indicates that pre-annealing
at increasing temperature T, induces relaxation of increasingly
slow domains thereby lowering the fictive temperature T; as well
as the enthalpy state until eventually, no exothermic relaxation
can occur at the specified heating rate and all the relaxed en-
thalpy is instead regained at the glass transition (endothermic
overshoot).[*13] The enthalpy release can be quantified from the
integral of the difference between the pre-annealed and the as-
deposited excess specific heat capacity and is indeed found to
increase with increasing T, as illustrated in Figure lc. At pre-
annealing temperatures higher than 200 °C, the crystallization
process is already initiated during pre-annealing, as shown in
Figure S1 (Supporting Information).

The behavior observed in Figure la—c shows that the glassy
phase is strongly influenced by the thermal history. Structural
relaxation leads to several different glassy states which vary over
a broad range of physical properties such as viscosity, electrical
conductivity, density, and others.[414446]
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is shown in (c).

2.2. Cooling Rate Dependent Fictive Temperature and
Calorimetric Fragility

The data of Figure la—c also establish that Sb,S; undergoes a
clear calorimetric glass transition and that the UCL state can be
accessed. This permits to study the glass dynamics in more de-
tail to determine the (standard) glass transition temperature T,
and thermodynamic fragility m. These parameters are in turn suf-
ficient to describe the temperature dependence of the viscosity
7(T) of the UCL, which is useful to simulate and possibly opti-
mize crystallization. Figure 2a shows that there is a plateau in
the temperature range between the glass transition and the onset
of crystallization. Entering this plateau means that the material
is in now its UCL phase where the thermal history of the glassy
state is erased. Since the UCL of Sb,S; can be accessed, well-
defined glassy states can be generated by cooling from the UCL
state at various constant cooling rates 9. If the same rate is then
used to reheat the newly created glass state, the resulting glass
transition temperature is then equal to the fictive temperature of
the glass formed at this (cooling) rate T¢(8).>**’] This permits to
measure the (cooling) rate dependence of the fictive temperature
T¢(9) which in turn yields the thermodynamic fragility of (un-
dercooled) liquid Sb,S; as shown below. This also provides the
(standard) glass transition temperature T,* defined as the fictive
temperature T(9) at 20 K min~.

The data obtained from these 9. = 9, measurements are pre-
sented in Figure 2b. As illustrated, the shift of the glass transition
to higher temperatures for higher heating rates is also evident
in this instance. This behavior is linked to the kinetic nature of
the glass transition.*! By employing an onset determination
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Figure 2. a) Excess specific heat capacity of Sb,S; at heating rate of 40 K min~. Three distinct temperature ranges can be identified, within which the
three different material phases (glass, UCL, and crystal) are present. The arrows indicate the process for generating defined glass states. b) Upscan glass
transition peaks at which the heating rate corresponds to the rate at which the glass state was generated. c) Dependence of the fictive temperature as
a function of the heating rate, scaled to the standard fictive temperature and the standard heating rate of 20 K min~" respectively. Fit using the Wang,
Velikov, and Angell (WVA) equation shown as a dashed line, fit using the extension with the Vogel-Fulcher—=Tammann (VFT) modell*3! shown as a solid

line, provides values for the thermodynamic fragility m.

methodology to measure the glass transition temperature, it is
possible to determine the fictive temperatures T; as a function of
the cooling rate 9. Given that the heating rate at which the data
was recorded is equal in magnitude to the cooling rate at which
the glassy states are generated (9, = 9.), it can be concluded
that the fictive temperatures are equal to the glass transition
temperatures (T; = T,) that are determined from the data.*”) The
glass transition (fictive) temperature at the standard heating rate
9, of 20 K min~? (0.33 K s7!) is designated as the standard glass
transition temperature T,° and was determined thereby to be
217.4 °C.

For heating rates close to this standard heating rate, a
model proposed by WVA can be employed to find the ther-
modynamic fragility m, which describes how rapidly the dy-
namics of the system accelerate when it is heated above
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its glass transition temperature as described by the WVA
equation.[>]

log,, <§> =m - <1 —%) (1)
s £

where T,* = T¢*. Figure 2c shows the fictive temperatures deter-
mined as a function of the heating rate using the WVA. The data
points close to the standard heating rate J, are shown as triangles
pointing upwards. A linear regression using the WVA equation
can be used to determine the fragility, resulting in a value of m
= 68 and the corresponding dashed line in Figure 2c. While the
dashed line describes the data close to 9, well (upward-pointing
triangles), the data measured at high rates (downward-pointing
triangles) are not described adequately. To address these apparent
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limitations of the WVA equation’s heating rate range, an exten-
sion incorporating the non-Arrhenius behavior of the UCL as de-
rived in literature!®3! is adopted here which states

logy, (g) zlogw(n(n_;)) 2)
s f

where 7, is the viscosity at the standard glass transition tempera-
ture and 5(Tj) is the viscosity of the UCL at the fictive temperature
T; of the glass formed during cooling at 9.33 Now a function de-
scribing the temperature dependence of the viscosity of the UCL
like the VFT model for T = T; can be inserted into Equation (2).
Its parameters can then be optimized to fit the experimental data.
Using the VFT equation of n(T) = #,, exp(—f;—TT‘;),[Sl‘“] where 77,

is the (extrapolated) viscosity of the UCL in the infinite tempera-
ture limit and D and T, are fitting parameters, Equation (2) can
be fitted to the data. Since D and T, are linked to the standard
fictive temperature T; (= standard glass transition temperature)
and the fragility m,[*>* its values can be calculated from the fit-
ting results. Thus the extension proposed in literature!**) enables
the inclusion of data points at elevated cooling and heating rates
differing largely from 9§, as is the case for FDSC (downward-
pointing triangles in Figure 2c) by adopting the non-Arrhenius
behavior of the UCL. Fitting the equation from literaturel**! to
the data obtained around and far away from 9, yields the solid
line in Figure 2c, which describes all the data quite well and re-
sults in a value for the fragility of m = 73.

Other studies have reported similar values for the glass tran-
sition temperature (T, = 219 °C* and T, = 232 °CP%) and a
fragility of m = 59.5°1 This value is consistent with the classifi-
cation of the material in a region between those that are ideally
strong (low m), such as SiO, with m = 20,758 and those that are
fragile (high m), such as antimony and tellurium-based PCMs
(e.g., Ge,Sb, Tes, m = 98138)). The reduced glass transition temper-
ature T, = T, /T,, for Sb,S; is approximately 0.60 (using melting
temperature from literaturel>®)), which is at the upper end of the
values typically found for tellurium-based, metavalently bonded
PCMs, ranging from 0.48 to 0.61.01%5% This indicates that Sb,S,
is an effective glass-former, suggesting it possesses high thermal
stability and low volatility, but also exhibits a slower crystalliza-
tion rate.

The heating rate dependence of the fictive temperature across
a broad range of heating rates has been established in this study.
These insights are crucial for photonic applications, which in-
volve high heating and cooling rates. Consequently, the ability to
predict vitrification and thus switching from crystalline to amor-
phous (glassy phase) via the UCL is essential.

2.3. Calorimetric Crystallization at Constant Heating Rate

PCMs are usually observed to crystallize from the glassy phase
where crystallization initiates prior to the glass transition.[?¥0l
As a consequence, an alteration in glassy state, e.g., by structural
relaxation during pre-annealing, will lead to a reduction in crys-
tallization speed.[38-40.60-63] Given that the crystallization speed of
Sb, S, is reported to be less than that of other PCMs,[13] a further
reduction in crystallization speed caused by structural relaxation
of the glassy phase would be detrimental to the viability of Sb, S,

Adv. Physics Res. 2025, 2500005 2500005 (5 of 12)

www.advphysicsres.com

107 p— - - - - - - -

N

g\ = O

107 ) = o E
’}\. =0
W
I
o
4l \ ]
< 10 \
&
S~ A}
= S
T \ m O
:: 107 vv m O E
¥ as-dep. \ ®O
2.72+£0.07 eV % L
6 mO
108} |- 132+ 0405:, eV yv o ]
v 1h@ 200°C ¥ o
--257+0.10eV AN
107k [+~1312015ev A 4 = i
v Crystallization Tx
o Glass Transition T
8 8

13 1.4 1.5 1.6 1.7 1.8 19 2 2.1 2.2 23
103/Tp [1/K]

Figure 3. Kissinger plot showing the peak temperature of crystallization
T, (triangles) for both as-deposited and pre-annealed Sb,S; obtained at
constant heating rates. The curvature of the data indicates that there is no
strict Arrhenius behavior exhibited over the entire heating rate range un-
der consideration. In order to determine the activation energy, it was as-
sumed that Arrhenius behavior would be exhibited over two distinct heat-
ing rate ranges. As can be observed, the activation energy decreases as
the heating rate increases. It is notable that the activation energies of the
as-deposited and pre-annealed phases are in alignment within their re-
spective error margins. Furthermore, it is evident that the glass transition
onset temperatures T, are considerably lower than the peak temperature
of crystallization across all applied heating rates.

for data storage and photonic applications. Conversely, if crystal-
lization in Sb,S; occurs from the UCL phase, where the thermal
history of the glassy phase has been erased upon entering the
UCL, it can be reasonably assumed that crystallization should
not be affected by pre-annealing (assuming that a change in sub-
critical grain distribution does not significantly impact crystal
nucleation behavior and hence remains small). To test for any
changes in crystallization speed induced by structural relaxation
of the glassy phase, the measurements presented in Figure la
were repeated for at least another nine times at each heating
rate applied and the crystallization peak temperature T, was mea-
sured. Additional data of the excess specific heat capacity in the
low heating range regime are shown in Figure S2 (Supporting In-
formation). A Kissinger’s analysis of these measurements yields
the heating rate 9 dependence of the crystallization temperature
T, from which the temperature dependence of crystallization can
be inferred using Kissinger’s equation:

9 _ EK kB
11’1(?}{2) ——kBTX+1n (kOE—K (3)

where Ey is the Kissinger activation energy of crystallization, k;
the Boltzmann constant and k, the prefactor of the rate constant
k(T).135:36.64-66]

The heating rate dependence of the crystallization peak tem-
perature T, of as-deposited and pre-annealed Sb,S; is depicted
in Figure 3 (orange and purple triangles, respectively). For all ap-
plied heating rates, the values for T, are almost identical for both
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glassy phases. This observation is in line with the finding from
above of crystallization occurring from the UCL subsequent to
the transition from a glassy state to undercooled melt where the
glassy state and its thermal history is erased. This observation is
incompatible with crystallization from the glassy phase prior to
glass transition, where structural relaxation upon pre-annealing
would have caused the viscosity to increase, largely hampering
atomic diffusivity and thus slowing down crystallization. In such
case, a shift in T, to higher temperatures compared to the un-
annealed (as-deposited) case at the same constant heating rate
would be expected but is not observed.

Additionally, the values of T, with and without pre-annealing
show a curved behavior where the slope is reduced at higher
heating rates. By fitting the Kissinger equation (Equation 3) to
the crystallization temperature data, the activation energy of the
crystallization process can be determined for the low and high
end of heating rates applied, see Figure 3. The activation energy
of crystallization at low 9 in the range of 0.03 to 3.33 K s™! was
found to be 2.72 eV + 0.07 eV for the as-deposited phase and
2.57 €V £ 0.10 eV for the pre-annealed phase, as is illustrated by
the dashed lines. For the high heating rates (1000 to 7500 K s7!),
the activation energy was found to be 1.32 + 0.05 eV for the as-
deposited phase material and 1.31 + 0.15 eV for the pre-annealed
material. For both heating rate regimes, the activation energies
are found to be similar or almost identical within the limits of
experimental error for the two distinct amorphous glass phases.
At the higher heating rates, the agreement is even more evident.
The equality of the Kissinger activation energy combined with the
similarity in T, values of as-deposited and pre-annealed Sb,S; in
both heating rate regimes demonstrates that the temperature de-
pendence of crystallization is identical for both material phases at
all heating rates. As stated above, this behavior is to be anticipated
for materials that do not crystallize from the glass phase directly,
but rather from the UCL phase. Given that the UCL exhibits
quasi-ergodic behavior,[®’] the temperature dependence must be
identical for both, as-deposited and pre-annealed measurements.
Consequently, the distinct glassy states have no impact on the
crystallization process Sb,S; unlike in conventional PCMs such
as Ge,Sb,Tes, AIST, and GeTe.[384068] Any observed differences
may only arise from alterations in the initial sub-critical nuclei
distribution induced by thermal treatment and difference in ini-
tial nucleation rate I that it causes. However, as can be seen from
Figure 3, this effect seems to be rather low in Sb,S,, if present at
all.

From the excess specific heat capacity C,*“ measurements at
the various heating rates applied, the glass transition tempera-
ture can be measured from the apparent onset of the glass tran-
sition. The results are also presented in Figure 3 for as-deposited
and pre-annealed Sb,S; (orange and purple squares, respec-
tively). Like the behavior of the glass prior to the glass transition
seen in the C_® curves, the apparent onset of the glass transi-
tion is also heavily affected by thermal treatment and thus the
structural relaxation the glassy state experienced. Glassy states
are especially susceptible to sub-glass transition pre-annealing
when the fictive temperature T; of the glassy phase is high, which
implies a low relaxation time  allowing for fast structural re-
laxation. The amorphous phases investigated here were not pro-
duced by rapid cooling from a liquid phase; rather, they were cre-
ated through magnetron sputter deposition. Additional research
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on chalcogenide glasses and their properties prepared by mag-
netron sputter deposition also demonstrated elevated fictive tem-
peratures of the as-deposited amorphous state which indicate
small relaxation times 7 of the as-deposited phase, accompanied
by a considerable release of enthalpy through structural relax-
ation preceding the glass transition.®*373% If the as-deposited
amorphous phase shows much smaller relaxation times, the ap-
parent onset of the glass transition should be observed earlier
upon heating at a constant rate compared to pre-annealed glasses
where the relaxation time is larger and changes induced to the
glass during the upscan appear later causing the apparent onset
of glass transition to shift to higher temperature explaining the
observation shown in Figure 3. In summary, the pre-annealing
process, which results in a significant structural relaxation of the
glassy phase (see Figure 1c), exerts a pronounced influence on
the apparent onset of the glass transition but not on the crystal-
lization peak temperature T, in Sb,S; as crystallization occurs
from the UCL.

2.4. Calorimetric Crystallization at Isothermal Conditions

To gain further insight into the crystallization process, crystal-
lization kinetics were studied at isothermal conditions at five dif-
ferent heating temperatures while the heat flux was measured
calorimetrically. Thereby the rate of enthalpy release was mea-
sured by DSC and then integrated over time. As stated by Bor-
chardt and Daniels, the enthalpy released during crystallization
is directly proportional to the crystallized volume fraction y (£).[%!
Accordingly, the crystallized volume fraction y(t) as measured
from the released enthalpy is shown in Figure 4a. As expected,
the material crystallizes faster the higher the temperature. As-
suming the crystal growth rate at isothermal conditions is con-
stant and shows no transient behavior, a simple expression can
be used to describe the crystalline volume fraction!”%74]

x () =1—exp(—(k-1)") 4

The exponent n is the Avrami exponent. The crystallized vol-
ume fraction data in conjunction with this equation can be used
to construct an Avrami plot as shown in Figure 4b. Linear re-
gression, which is able to describe the data reasonably well, al-
lows to determine the Avrami exponent n and the rate constant
k71731 The results for the rate constant of these fits are shown
in Figure 4c. An Avrami exponent n being very close to 3 (as
can be seen in Figure S3, Supporting Information) indicates con-
stant (time independent) crystallization behavior driven by crystal
growth rather than transient nucleation.”>7%! Additional analysis
of how temperature affects incubation time can be found in Sup-
porting Information.

The activation energy resulting from the rate constant of
isothermal crystallization in the considered temperature range is
2.64 +0.13 eV. This value is in good agreement with the Kissinger
activation energy of 2.52 to 2.72 eV in the low heating rate regime
(Figure 2). This shows consistent crystallization behavior for crys-
tallization under constant heating rate in the low heating rate
regime and isothermal crystallization at the selected (low) tem-
peratures. Interestingly, the activation energy agrees with the re-
sults of isothermal crystallization on about 150 nm thick films
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Figure 4. a) Isothermal crystallization at five temperatures. As expected, the material crystallizes more rapidly at higher temperatures. b) Avrami plot of
crystallized volume fraction y (t). Linear regression in the Avrami plot leads to the Avrami exponent n and the rate constant k, as shown in the Arrhenius

plotin (c).

from the literature.l’’”! An activation energy of 2.64 eV is found
there, as well as a low Avrami exponent of less than 3. The crys-
tallization temperatures in this study are 20 °C higher, which is
to be expected with the reduction in film thickness.[””]

2.5. Isothermal Crystallization of Thin Films

From the Avrami exponent determined in the previous section,
the dimensionality of the crystallization process as well as the in-
terplay of the activation energy of nucleation and crystal growth
velocity can be inferred: n = 3 in a three-dimensional crystalliza-
tion process means that crystallization occurs from a fixed num-
ber of nucleation sites from which grains grow (expand in size)
and that the activation energy determined above describes the ac-
tivation energy of the crystal growth velocity E,. Therefore, these
results suggest that the vast majority of grains should nucleate at
the beginning of the crystallization process and that the tempera-
ture dependence of the crystal growth velocity in Sb, S, should be
determined by E, = Ey = E,. To substantiate this hypothesis, crys-
tallization is investigated microscopically where it is possible to
measure nucleation rate I and crystal growth velocity v, directly
at various isothermal heating temperatures and observe the tem-
perature dependence of v, this way. This approach will moreover
allow for the determination of the incubation time 7 of crystal
nucleation, the final grain density py, the complete crystallization
time (CTT) and the rate constant k as well as their temperature
dependence and will thus yield a more detailed and integrated
picture.

Specimen for the investigation of crystallization kinetics in
Sb, S, by optical microscopy were prepared by thin film deposi-
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tion with an approximate thickness of 30 nm on a Si;N,-coated
Si substrate. Additionally, a sandwich layer of (ZnS)g,:(SiO,),, is
applied to the Sb, S, to prevent oxidation. Having the Sb,S; sand-
wiched in between the same material ensures that the surface en-
ergy of the Sb,S; is the same for both interfaces. If the surface
energy of both interfaces is identical so should be the nucleation
behavior of both interfaces. The layer thicknesses of all layers in-
volved were selected to maximize the optical contrast between
the amorphous and crystalline phases in the visible spectrum. A
sketch of the layer stack is shown in Figure S5 (Supporting Infor-
mation).

Each sample was heated isothermally at a set heating temper-
ature for a certain time interval after which it was investigated
and photographed under an optical microscope and subsequently
heated and investigated again, and so on. In total four samples
were investigated at the heating temperatures of 220 °C, 225 °C,
230°C, and 235 °C, respectively. The temperatures were set below
the temperatures which were used for the measurements shown
in Figure 4 (isothermal calorimetry) to allow sufficient time for
the crystallization process to occur, and to enable observation of
the transformation process on laboratory time scales. Figure 5
illustrates the effect of gradual heating at the lowest of these tem-
peratures, namely 220 °C. As can be observed in the figure, the
transition from the amorphous as-deposited phase to a large crys-
tallized volume or area fraction state is evident as the heating time
is increased from left to right. It is evident that the distinction be-
tween the amorphous and crystalline phases is easily possible, al-
lowing for a detailed examination of the nucleating and growing
crystallites. Additionally, light microscope images corresponding
to the other three temperatures are presented in Figure S6 (Sup-
porting Information).
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Figure 5. Light microscope images of the Sb,S; thin film sample, heated at 220 °C. Shown is the evolution from induction of first grains to almost
complete crystallization. The amorphous material has a gray color. The crystallites appear in two colors, pink and brown, which are associated with the
anisotropic dielectric properties of the material. Arrows have been added to each image to highlight a dirt particle, indicating consistent location across

all heating steps.

The incubation time of crystal nucleation 7 can be understood
as the time period at the heating temperature applied, that needs
to pass until the first (microscopically measurable) grain forms
while the CTT is the time interval from 1 % to 99 % of crystal-
lized volume fraction and can be measured from the Avrami plot
as shown in Figure S7 (Supporting Information). In other words,
the CTT is the duration of the crystallization process. Both, 7 and
CTT can be easily determined via the time course of the number
of grains formed and amorphous area fraction, respectively (see
Figure S7, Supporting Information). The results for 7, CTT, I, py,
v,, and k are shown as a function of inverse temperature in Figure
6af, respectively. As expected, it can be observed that crystalliza-
tion starts earlier and progresses more rapidly when T'is raised as

(a)
Incubation Time . @
zw'r o
L o
.| @ E_=3.57+0.07 eV
10° T .
(c)
'\."— 100 &, Nucleation Rate 1
£ Q...
g 10p 0 el i
- O-.....
N A )
— 1 E,=743+13eV 0 |
(e) . .
= 3%, E =163 +0.59eV
S 5 F 0 el v
g 2F e
El T
3 6 Lo
- Crystal Growth Velocity "= (;)

22.8 23 23.2
1/kBT [1/eV]

the increase in I and v, as well as the decrease in 7 and CTT show.
This behavior is in line with what has already been observed in
the case of the isothermal calorimetric measurements on sam-
ples several micrometers thick.

Additionally, the nucleation behavior is investigated simply by
counting the number of newly formed crystal grains in the re-
maining amorphous regions at each heating step and dividing
the change in number of grains by the time of the heating inter-
val and the remaining amorphous area. The final grain density p;
is found from the sum of all nucleated grains within the investi-
gated area at the stage of complete crystallization.

In Figure 6d a clear increase in final grain density p; is evi-
dent as temperature is increased, which demonstrates that the
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Figure 6. a) Incubation time 7, b) complete transformation time (CTT), c) nucleation rate /, d) final grain density py, €) crystal growth velocity v,, and f)
rate constant k determined for the four different temperatures 220 °C, 225 °C, 230 °C, and 235 °C.
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nucleation process becomes more pronounced as compared to
the growth process when temperature is increased. This is also
reflected by the increase of two orders of magnitude in the aver-
age nucleation rate [ when the temperature is raised from 220 °C
to 235 °C, as shown in Figure 6¢c, whereas v, only increases by a
factor of 3. While the values for the nucleation rate I presented
here constitute the average of all measured values at the heating
temperature, for the transient behavior please refer to Figure S7
(Supporting Information), where the nucleation rate plotted as a
function of time initially rises sharply, reaches a maximum, and
then decreases slightly when crystallization completes.

From the crystallized area fraction data shown in Figure S7
(Supporting Information) we can furthermore deduce the rate
constant k, see Figure 6f, from which we can find the activation
energy of the rate constant E, and the Avrami exponent n for
the 30 nm thick specimen investigated here. The values for E,
and n are determined to be 3.58 + 0.07 eV and about 10, respec-
tively (see Figure S7f, Supporting Information). These values dif-
fer significantly from the values obtained from the calorimetric
measurements at low constant heating rate and under isother-
mal conditions where E, was about 2.6 eV and n = 3. While in
the case of the thick samples investigated in calorimetric mea-
surements, crystal growth governs crystallization, for thin films
of Sb, S, the Avrami exponent of around 10 suggests, that the nu-
cleation rate is dominating the crystallization process. It could
even be accelerating with time and thus shows a transient in-
crease during the crystallization process,|”®! as observed here (see
Figure S7, Supporting Information). The difference in E, yields
additional evidence that the crystallization process has changed
drastically upon going from 3 pm thick samples to 30 nm thin
films.

Furthermore, the crystal growth velocity Vg is illustrated in
Figure 6e as a function of temperature. Going from 220 °C to
235 °C, the growth velocity only increases slightly from approxi-
mately 1 to 3 nm s™'. The crystal growth velocity is related to the
average grain size evolution shown in Figure S7a (Supporting In-
formation). The small increase in crystal growth velocity v, (factor
of 3) compared to the large increase in nucleation rate I (almost
three orders of magnitude) supports the hypothesis of crystal-
lization being governed by the accelerating nucleation behavior.
This conclusion is also supported by the high Avrami exponent of
about 10, which constitutes additional evidence that the crystal-
lization behavior in thick flakes (calorimetric investigation) and
thin films (microscopic investigation) differ significantly.

The comparison of the two series of measurements on thick
powder samples with a thickness of 3 pm and confined thin-film
samples with a thickness of 30 nm reveals notable discrepancies
in the crystallization behavior observed. While crystal growth is
the primary driving force behind the phase transformation of the
powder samples, nucleation plays a dominant role in the crystal-
lization of the thin films. A change in the surface-to-volume ra-
tio as well as in surface energy occurs when transitioning from
thick flakes to thin film samples. As is evident from the data,
an increase in this ratio and the change in surface energy has a
pronounced effect on the nucleation process. The literature dis-
cusses scenarios where a capping layer is deposited on top of
Sb, S, films with a Si substrate at the bottom. In this case, the
capping layer has been shown to inhibit crystal growth while pro-
moting nucleation.l’”8! In the present study, the film thickness is
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Figure 7. PME and PMI for amorphous (circles) and crystalline (dia-
monds) solids, measured by atom probe tomography (APT). Metals evap-
orate without any molecular ions. In contrast, covalent systems can show a
large amount molecular ions. In particular in this point Sb,S; stands out,
as it evaporates almost solely in molecular fragments. For metavalently
bonded crystalline chalcogenides, the PME changes significantly upon vit-
rification (arrows); this is not the case for other solids. The figure and
data were adapted![?'l and extended with the data measured here for amor-
phous Sb,S;.

reduced and a capping layer is introduced to the top and bot-
tom of the material. Therefore, we cannot distinguish the effect
of each on nucleation from our measurements alone. It is rea-
sonable to assume that heterogeneous crystallization at the inter-
faces influences the crystallization mechanism toward increased
nucleation activity. Therefore, it is crucial to consider the impli-
cations of this observation on potential applications in nanoscale
photonic devices, as design changes can have a large impact on
device performance due to the modified crystallization behavior.

2.6. Understanding the Crystallization of Sb,S, from a Bonding
Perspective

Building on these insights into the crystallization behavior of
thick flake powders and confined thin film samples, it is bene-
ficial to delve deeper into the unique bonding characteristics that
influence the crystallization processes in different materials, with
a particular focus on the differences between Sb,S; and telluride-
based PCMs. Crystallization in Sb, S, clearly differs from crystal-
lization in Te based phase change materials like GeTe, Ge, Sb, Te,
and Sb,Te,. These tellurides are characterized by a pronounced
change of their bond rupture in APT upon crystallization. This
finding is illustrated in Figure 7, which presents two distinct char-
acteristics for a series of amorphous and crystalline solids. The
first characteristic is the probability that a fragment is a molecule
and not a single atom (PMI). The second characteristic is the
probability that the number of fragments formed upon a success-
ful laser pulse is larger than one,[?!*] i.e., the probability of mul-
tiple events (PME). The working principal of the APT as well as
PMI and PME are explained in more detailed in Figure S8 (Sup-
porting Information). Note that the data points in Figure 7 other
than the amorphous Sb,S; have already been published in one
of our previous works.[?!] The PME is high for crystalline phase
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change materials such as GeTe or Ge,Sb,Tes. This has been
shown to be related to a bonding mechanism which leads to un-
conventional properties such as a pronounced optical absorption,
alarge Griineisen parameter for transverse optical modes, a mea-
sure of bond anharmonicity, and a high Born effective charge,
indicative for a pronounced chemical bond polarizability.2!247°]
Amorphous GeTe and Ge, Sb,Te; on the contrary do not possess
these unconventional properties and instead reveal the more or-
dinary property portfolio of covalently bonded solids. 8]

This is in line with observations in atom probe tomogra-
phy. APT shows a much smaller PMEs for these amorphous
solids (Figure 7). Hence, for phase change materials such as
Ge,Sb,Te;, GeSe ,sTe 5, or GeSeTes, a significant change of
bonding accompanies crystallization.®!] This is highly unusual,
since it has been argued already almost a century ago that iono-
covalent solids such as SiO, do not change their bonding upon
crystallization.[®?] The corresponding glasses are frequently de-
noted as Zachariasen glasses. Most phase change materials such
as GeTe or Ge, Sb,Te; do not fall into this category. Their glasses
differ from the corresponding crystalline phases, i.e., form non-
Zachariasen glasses. We have thus also studied amorphous and
crystalline Sb,S, with the atom probe tomography. Sb,S; re-
veals a different behavior than, e.g., GeTe. Both the amorphous
and crystalline phase show a low PME, characteristic for co-
valent bonds. This implies that for Sb,S; no change of bond-
ing upon crystallization occurs, in line with the rather moder-
ate change of properties upon crystallization. Figure 7 summa-
rizes these findings for a significant number of solids. Circles
depict amorphous (glassy) solids, while diamonds present crys-
talline phases. This figure clearly shows that crystalline PCMs
such as GeTe, Sb,Te,, and Ge,Sb,Te; and a number of other
chalcogenides, often based on tellurides, such as PbTe, Bi,Te;,
and AgSbTe, are characterized by a large PME. Metals, and co-
valently bonded semiconductors, instead show a significantly
smaller PME, as do crystalline chalcogenides such as GeSe, GeS,
Bi,S;, and Sb,S;. Interestingly, all amorphous (glassy) solids also
possess a small PME, including Sb, S; and GeSe. Hence, for a few
chalcogenides such as Ge,Sb, Te, there is a pronounced change
of bonding upon crystallization (as seen by APT), which is nei-
ther the case for GeSe and Sb,S;. It has been observed that the
tellurium-based PCMs, which demonstrate a transition from co-
valent to metavalent bonds, exhibit rapid crystallization.['#5%] In
contrast, the sulfur and selenium-based PCMs, which exhibit a
transition from covalent to covalent bonds, demonstrate slower
crystallization.318] This observation aligns with the properties
of Sb, S, discussed in this study.

3. Conclusion

A combined investigation of the glass dynamics and crystalliza-
tion kinetics of Sb, S, reveals that the material exclusively crystal-
lizes from the UCL phase. This indicates that the crystallization
process is independent of the thermal history of the glassy phase
and how much aging and structural relaxation it has experienced.
This is beneficial for non-volatile components in photonic inte-
grated circuits since it increases the repeatability upon switch-
ing and after long term storage at elevated temperatures. Unlike
phase change materials such as GeTe, Sb,Te;, and Ge,Sb,Tes,
crystallization is not accompanied by a change of bonding in
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Sb,S;, as confirmed by atom probe tomography. Additionally, it
was determined that the crystallization process differs in thin
films and micrometer thick material. In contrast to the latter
material, which undergoes a growth-driven crystallization pro-
cess, the thin film exhibits a nucleation-driven transformation.
This is a beneficial property for device engineering, as it pre-
vents stochasticity of the crystallization process and should there-
fore enable a fine control of the fraction of crystallization for
multistate applications. Moreover, the prevention of large crys-
tal grains mitigates the detrimental topography effects that may
arise in optoelectronic applications from the anisotropic crystal
structure.

Upon increasing the temperature, Sb,S; always enters the
UCL prior to crystallization, allowing the fictive temperature to
be determined over a wide range of heating rates. This enables
determination of the standard glass transition temperature, the
heating rate dependence of the fictive temperature, and the ther-
modynamic fragility m of the system. These parameters agree
with literature values and are central for modeling the temper-
ature dependence of the viscosity of the UCL phase of Sb,S;.
Given the close relationship between viscosity, nucleation rate,
and crystal growth rate, this modeling is crucial for simulat-
ing photonic devices and their switchability from low to high
temperatures.

4. Experimental Section

Powders for conventional DSC and FDSC measurements of the phase
change material (PCM) Sb,S; are produced from a stoichiometric target
by magnetron sputter deposition at a base pressure of 3 x 1076 mbar. The
powder samples were sputtered as a 3 um thick film. This as-deposited
material was subsequently peeled off the substrate and ground into small
particles by stirring the flakes with a spatula in a glass vial. The thickness
of these powder flakes is determined using in-plane scanning electron mi-
croscopy (SEM) measurements, as illustrated in Figure S9 (Supporting In-
formation). The thin-film samples were produced under comparable con-
ditions, but with a significantly shorter deposition time. The correct stoi-
chiometry and composition of the samples were confirmed by atom probe
tomography and XRD analysis, as shown in Figures S10-S12 (Support-
ing Information). The excess specific heat capacity C,* was obtained in
a PerkinElmer Diamond DSC and a Mettler-Toledo Flash DSC 1 by sub-
tracting the crystalline rescan from the initial scan. The as-deposited and
pre-annealed Sb,S; samples were measured on two sensors in FDSC. The
melting onset of pure Indium was used to calibrate the temperature at a
constant heating rate 8 of the DSC and FDSC measurements. DSC, FDSC,
and XRD data showed no evidence of phase separation during crystalliza-
tion. The investigation of crystallization kinetics by optical microscopy in-
volved adding thermal energy in time steps, with images captured after
each step to monitor grain formation and growth. Nine overlapping im-
ages were taken per heating step, covering an area slightly larger than 1
mm?. Grain diameters and numbers were determined manually using an
open source graphics program (GIMP), where grains were counted and
marked to track changes between heating steps. Needle-shaped speci-
mens were prepared by SEM-FIB dual beam focused ion beam (Helios
650, FEI) using the standard “lift-out” method with an in situ Pt cap-
ping via the GIS. APT measurements were conducted on a LEAP 5000XS
(CAMECA) by applying a UV laser (wavelength = 355 nm) pulse with a
laser pulse energy of 5 pJ, a pulse repetition rate of 125 kHz, a specimen
base temperature of 40 K and an average detection rate of 1.0%. APT data
reconstruction was processed with the commercial software APSuite 6.3.1.
Multiplicity analysis was conducted using the in-house MATLAB package
EPOSA.
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