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Abstract: Superlattice-like (SLL) phase-change film is considered to be a promising phase-change
material because it provides more controllabilities for the optimization of multiple performances
of phase-change films. However, the mechanism by which SLL structure affects the properties of
phase-change films is not well-understood. Here, four SLL phase-change films [Ge8Sb92(15 nm)/Ge
(x nm)]3 with different x are fabricated. Their behaviors of crystallization are investigated by
measuring sheet resistance and coherent phonon spectroscopy, which show that the crystallization
temperature (TC) of these films increases anomalously with x, rather than decreases as the interfacial
effects model predicted. A new stress effect is proposed to explain the anomalous increase in TC with
x. Raman spectroscopy reveals that Raman shifts of all phonon modes in SLL films deviate from their
respective standard Raman shifts in stress-free crystalline films, confirming the presence of stress
in SLL films. It is also shown that tensile and compressive stresses exist in Ge and Ge8Sb92 layers,
respectively, which agrees with the lattice mismatch between the Ge and Ge8Sb92 constituent layers.
It is also found that the stress reduces with increasing x. Such a thickness dependence of stress can be
used to explain the increase in crystallization temperature of four SLL films with x according to stress-
enhanced crystallization. Our results reveal a new mechanism to affect the crystallization behaviors
of SLL phase-change films besides interfacial effect. Stress and interfacial effects actually coexist and
compete in SLL films, which can be used to explain the reported anomalous change in crystallization
temperature with the film thickness and cycle number of periods in SLL phase-change films.

Keywords: phase-change memory; superlattice-like (SLL) structure; coherent phonon spectroscopy;
stress; Raman spectroscopy

1. Introduction

In recent years, phase-change memory (PCM) has been recognized as one of the
promising next generations of memory devices because PCM may have many advan-
tages over current static random access memory (SRAM), dynamic random access memory
(DRAM), and flash memory devices as well as optical DVD-ReWritable disc memory, includ-
ing high speed, good thermal stability, non-volatility, low power consumption, good scala-
bility from micro- to nano-meter cell size, and good compatibility with Si-based Comple-
mentary Metal Oxide Semiconductor (CMOS) techniques [1–4]. Beyond-von-Neumann
computing has been proposed as well based on phase-change memory devices [5]. How-
ever, such numerous advantages are usually difficult to be fulfilled simultaneously by
a simple phase-change material. For example, the GeSbTe phase-change material used
currently has some drawbacks, such as a slow crystallization rate, poor thermal stability,
a higher writing power, etc. Although Sb-rich Ge1−xSbx (x > 0.9) phase-change films were
found to have a high optical reflectivity contrast between amorphous and crystalline states
and a growth-dominant crystallization mechanism that led to a fast crystallization rate,
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they had poor thermal stability or a short-time retention of data [6,7]. Therefore, differ-
ent techniques have been developed to improve or optimize the properties of phase-change
materials in past two decades. Doping phase-change materials with single elements or
compounds has been used extensively to enhance both the thermal stability [8–12] and
resistance of the crystalline state [11,12], and to reduce the crystallization time of phase-
change materials. However, it was very difficult for doping alone to fulfill all advantages
of phase-change memory or to optimize all properties of phase-change materials [8–13].
For example, nitrogen doping into GeSb could cause the change of the crystallization mech-
anism of doped GeSb films from growth-dominant to nucleation-dominant crystallization
(slowing crystallization rate down), although it could enhance the thermal stability or raise
crystallization temperature and increase the resistance of crystalline doped GeSb films [10].
Apparently, it is very necessary to develop new techniques that can provide more degrees
of freedom simultaneously to optimize multiple performances of phase-change materials.
Fortunately, superlattice-like (SLL) phase-change materials were proposed and realized
in recent years [14]. Two different material films, where one or both films were phase-
change material, were arranged alternately into a periodic multilayer structure—so-called
superlattice-like (SLL) nanostructure films. Such an SLL nanostructure can provide more
degrees of freedom to manipulate the properties of phase-change film materials, such as
the periodic size and cycle number of SLL structures, the combination of two different
component layers, and the thickness ratio of two different component layers composing
each period of SLL structure. It has been reported that SLL structures could very effectively
tune the crystallization temperature, thermal stability, the resistance in crystalline state,
and thermal conductivity of the multilayer phase-change materials, and even lower the
power assumption by changing the periodic size and thickness ratio of two constituent lay-
ers [15–18] as well as the cycle number of periods [19]. Therefore, SLL phase-change films
were considered promising phase-change materials toward a low power consumption,
high density data storage [20], and a good platform to optimize the multiple performances
of phase-change materials due to multiple controllable degrees of freedom of SLL struc-
tures. Chong et al. [14] prepared the first SLL nano-films, [GeTe/Sb2Te3]n, where n was
the number of the periodic unit. In that SLL film, GeTe/Sb2Te3 was 50 nm thickness
and n varied between 4 and 12. The mixture of GeTe and Sb2Te3 in each basic unit cor-
responded to Ge2Sb2Te5. Authors fabricated two memory cells using [GeTe/Sb2Te3]n
and Ge2Sb2Te5 phase-change materials for comparison, respectively, and tested the SET
(crystallization) and RESET (amorphization) processes using electrical pulses. It was found
that SET and RESET switching currents as well as switching time became much smaller in
the [GeTe/Sb2Te3]n cell than in the Ge2Sb2Te5 cell. Authors attributed these merits of SLL
[GeTe/Sb2Te3]n films to the reduction in thermal conductivity in SLL structure with respect
to Ge2Sb2Te5 films [14]. Thereafter, many SLL phase-change nano-films were fabricated
and tested based on the combination of two different materials, such as [GeTe/Sb7Te3]4,
[Si/Sb80Te20]n, [SiO2/Sb80Te20]n, and [Ge8Sb92/Ge]n, etc. [15–18]. It was found that the
crystallization temperature of these SLL phase-change films could be tuned well in a wide
range by changing the thickness ratio of two constituent layers and the period size of SLL
films [15–18]. The tunability of crystallization temperature was explained by the interfacial
effect that predicted the lowering of crystallization temperature with increasing film thick-
ness [21,22]. However, some experimental phenomena could be explained neither by the
interfacial effect nor by the reduction in thermal conductivity, such as the change in crystal-
lization temperature with the cycle number of periodicity in SLL phase-change films [19]
and the increase in crystallization temperature with the thickness of constituent layers in
sandwich-structured phase-change films [8]. These exceptional phenomena implied that
some new effects have not been exposed. Actually, the reduction in thermal conductivity
was not essential to the explanation of the phenomenon of programming current decrease
in SET and RESET processes of SLL films [14] because the lowering of crystallization
temperature was observed in SLL phase-change films [23–25]. Furthermore, it was also
observed that the resistance of SLL phase-change films increased in both amorphous and
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crystalline states [15–18], which certainly led to the decrease in a programming current in
SET and RESET processes regardless of thermal conductivity. Therefore, the mechanism
of SLL nano-structuring manipulation of the properties of SLL phase-change films is still
unknown, or even controversial so far because a viewpoint of covalent- to resonant-state
transition without an amorphization process, instead of crystalline to amorphous state
transition, was also proposed [23].

In this paper, we design four SLL phase-change nanofilms, [Ge8Sb92 (15 nm)/Ge
(x nm)]3, with variable thickness x of Ge layer (x = 2, 5, 8 and 11), and study the change
in their crystallization behaviors using static heating together with the measurement of
sheet resistance and femtosecond laser irradiation followed by in situ characterization of
coherent phonon spectroscopy. Based on the two sets of measurement data, we believe that
the crystallization temperature of the SLL films, [Ge8Sb92/Ge (x)]3, increases anomalously
with x. Such an increase in crystallization temperature with x cannot be explained by
the interfacial effect and/or the reduction in thermal conductivity. We propose a new
mechanism: a stress effect to explain it. Lattice mismatch between two different constituent
layers in SLL films and between sample films and substrates is common. As a result,
stress should be ubiquitous in SLL films. Actually, Zacharias et al. already observed
the presence of stress in ultra-thin films when they built up the model of interfacial
effect [22]. However, the effect of stress on crystallization was not considered in their
model. It was well known that stress could influence the crystallization of amorphous film
materials. It was also reported that stress could enhance nucleation or reduce crystallization
temperature [26–28]. Therefore, it is reasonable to take account for the effect of stress on
crystallization as a new mechanism. Raman scattering spectroscopy is used to characterize
the SLL samples [Ge8Sb92/Ge (x)]3 and monitor the shift of Raman scattering peaks of
various phonon modes with x. We indeed observe the deviation of Raman scattering
peak positions of various phonon modes from their standard Raman shift positions in
stress-free bulk materials or thick films, which confirms the existence of stress in the
SLL nano-film samples. Raman scattering peaks approach their standard Raman shift
position in stress-free bulk materials with increasing x, revealing the reduction in or
release of stress with increasing x. Such a reduction in stress with increasing x must
lead to the rising of crystallizing temperature according to the phenomenon of stress-
enhanced crystallization [18–26], which agrees well with our experimental observations.
In other words, our experimental results can be explained well by a stress effect and reveal
the important impact of stresses on the crystallization behaviors of SLL phase-change
nanostructure films.

2. Materials and Methods
2.1. SLL Film Deposition

Superlattice-like films, [Ge8Sb92/Ge (x)]3 with three cycle periods and a fixed Ge8Sb92
layer thickness of 15 nm but variable thickness x of Ge layer, are deposited on glass
substrates at room temperature by radio-frequency (RF) magnetron sputtering of Ge8Sb92
and Ge targets alternately. Four SLL samples, [Ge8Sb92 (15 nm)/Ge(x)]3 with x = 2, 5, 8
and 11 nm, and a 50 nm thick single layer film of Ge8Sb92 are prepared. All deposition
processes are carried out in an Ar atmosphere at a pressure of 0.2 Pa with a flow of 30 sccm
and a RF power of 20 W. An Alpha-Step 500 profiler (Tencor Instrument, Milpitas, CA,
USA) was used to measure the thickness of the films.

2.2. Resistance Characterization of Film Crystallization

The resistance as a function of temperature (R~T) is measured in situ in a vacuum
chamber where the temperature is regulated by a heater. The R~T curves are acquired
at a heating rate of 10 ◦C/min with a TP 94 temperature controller (Linkam Scientific
Instruments Ltd., Surrey, UK).
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2.3. Coherent Phonon Dynamic Characterization of Film Crystallization

Time-resolved pump-probe differential transmission spectroscopy is used to study
the coherent phonon dynamics of the samples [19,29,30]. The femtosecond laser pulses
are generated from a home-made Kerr lens mode-lock Ti:sapphire oscillator and have
a repetition rate of 94 MHz, a central wavelength at 840 nm and a duration of ~60 fs.
The laser pulses are directed into a typical pump-probe setup and split into a pair of pulses,
a stronger pulse as pump and a weaker pulse as probe with >15 intensity ratio of the pump
to probe. The pump and probe pulses transmit through a convex lens of 50 mm focal length
and are focused to the same area on the surface of the samples. The probe transmitted
through the sample is detected by a Si photodiode whose output electrical signal is sent to
a lock-in amplifier so that the transient differential transmission change of the probe can be
measured. An optical chopper is used to modulate the train of pump pulses at ~1.3 kHz
and synchronize the lock-in amplifier.

Each transient differential transmission profile is taken on a fresh spot that is first
irradiated by a given laser irradiation fluence. It is worth noting that the laser irradiation to
a fresh spot on the amorphous sample film is also performed with the pump pulses by first
increasing pump laser fluence to some higher level and irradiating the fresh spot, and then
reducing pump fluence down to a low level of 0.029 mJ/cm2. Then, in situ pump-probe
measurements are made under the excitation of the low pump fluence of 0.029 mJ/cm2.

2.4. Raman Spectral Characterization of Stress in SLL Films

A Renishaw micro-Raman back-scattering spectroscopy system (Renishaw plc, Glouces-
tershire, UK) is used to measure Raman spectra of all samples under the excitation of a He-Ne
laser (632.8 nm). The shift of Raman scattering peak positions reveals the presence and
magnitude of stresses in SLL nanofilms.

3. Results and Discussion

The crystallization behaviors of four SLL phase-change films, [Ge8Sb92(15 nm)/Ge
(x)]3 with x = 2, 5, 8 and 11 nm, and one single layer Ge8Sb92 film with a thickness of 50 nm,
are first investigated by measuring the sheet resistance (R) as a function of temperature
(T) when the films are heated at a rate of 10 ◦C/min [16–18]. The R~T curves are plotted
in Figure 1 for the five samples. One can see that all curves show similar change features.
The sheet resistance first experiences a slow decrease with increasing temperature, and then
drops sharply at some critical temperature followed by a very slow decreasing process.
The sharp dropping edge shows the occurrence of crystallization. The middle point of
the sharp dropping edge gives the crystallization temperature (TC) of amorphous phase-
change films. All curves in Figure 1 show an initial high resistance, which implies that
as-grown films are in amorphous states. It is worth noting that the crystallization of
SLL [Ge8Sb92/Ge (x)]3 films should only take place in Ge8Sb92 layers, whereas Ge layers
should mostly maintain amorphous states due to a higher crystallization temperature of
amorphous Ge films [31].

One can find that the single layer 50 nm-thick Ge8Sb92 film has a crystallization tem-
perature TC of ~172 ◦C, which agrees well with an experimental report [32], where Wu et al.
studied the film thickness dependence of TC and crystallization time (tC) of a single layer
Ge8Sb92 film. They found TC and tC increased with thinning film. As a result, it was
difficult to simultaneously optimize the TC and tC of the single layer Ge8Sb92 film by
only thinning film thickness. However, they found that 13 nm-thick Ge8Sb92 film could
significantly raise TC with respect to 50 nm-thick Ge8Sb92 film, but it did not obviously
prolong tC. Consequently, one 15 nm-thick Ge8Sb92 layer is adopted in our four SLL
samples to raise TC obviously but keep tC almost constant. On the other hand, for our
four SLL samples, three periods are adopted to make the total thickness of the Ge8Sb92
layer in the four SLL samples close to 50 nm, and the total thickness of SLL film larger
than 50 nm. In this way, we can test if the interfacial effects model is valid in SLL structure
films. One can note from the inset of Figure 1 that four SLL samples have a lowest TC of
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~193 ◦C, obviously higher than the TC (~180 ◦C) of 15 nm-thick single layer Ge8Sb92 film
shown in Reference [32], which indicates interlayer influence or more controllability on TC
of SLL films. It is even more worth noting that the TC of four SLL [Ge8Sb92 (15 nm)/Ge
(x)]3 films increases as well with x (Ge layer’s thickness), as shown in the inset of Figure 1,
further revealing multiple degrees of freedom to control the TC of SLL phase-change films.
However, such a rise in TC in the four SLL samples with x cannot been explained by the
interfacial effect because the interfacial effects model predicted a reduction in TC with
increasing thickness of phase-change films [21,22]. However, for our four SLL [Ge8Sb92
(15 nm)/Ge (x)]3 samples, the thickness of the phase-change layer, Ge8Sb92, is fixed at
15 nm or 45 nm (total thickness of three periods), and hence their TC would not be changed.
On the other hand, even taking account for the change in either the total thickness of
the four SLL samples or the thickness of the Ge layer alone, TC would decrease with the
increase in x according to the interfacial effects model.
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Next, we discuss whether another effect, the reduction in the thermal conductivity
of amorphous SLL films with respect to corresponding amorphous bulk phase-change
films [14], can lead to the rise in TC with the increase in x. In principle, the reduction in
thermal conductivity may lead to the rise in measured TC even if the real crystallization
temperature (denoted by Tx) of SLL films was not changed with the structure of SLL films
because in our experiments the samples are heated from the bottom side (substrate) and
the sheet resistance is measured at the top side (film-vacuum interface). The reduction in
thermal conductivity may result in a larger temperature difference between the bottom and
top sides of the samples. When the temperature at the top side reaches Tx, the temperature
at the bottom side must be higher than Tx, while we monitor the temperature at bottom
side experimentally. Consequently, TC > Tx is possible. Furthermore, the less the thermal
conductivity is, the larger the difference (TC − Tx) is. Therefore, it is reasonable that the
TC of the four SLL films is higher than the TC of the Ge8Sb92 layer film alone. However,
the question is if the TC of the four SLL samples, [Ge8Sb92(15 nm)/Ge(x nm)]3, should in-
crease with x. In other words, does the thermal conductivity of the four SLL samples
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reduce with increasing x? We need to know the change in the thermal conductivity of the
four SLL samples with x.

The effective thermal conductivity of superlattice-like films can be expressed as [33],

Ke f f =
Lp

RA + RB + 2Rint − Rint/N
(1)

where RA and RB are the thermal resistances of component A and B layers in the superlattice-
like structure, respectively, Rint is the thermal resistance of the interface between A and B
layers, N is the cycle number of periodicity, and Lp is the period size of the superlattice.

Based on Equation (1), we can find that the thermal conductivity of the four SLL sam-
ples increases with x (the thickness of the Ge layer) because period size, Lp, increases with
increasing x from 2 to 11 nm, agreeing well with the reported increase in thermal conductiv-
ity with increasing their period size in superlattice Si/Ge and Bi2Te3/Sb2Te3 films [34,35].
The fact that both the thermal conductivity and TC increase simultaneously with x im-
plies the realness of Tx rising of four SLL samples with the increase in x. In other words,
the change in Ge layer thickness (x) indeed modulates the Tx of SLL phase-change films,
[Ge8Sb92 (15 nm)/Ge(x nm)]3.

To further verify the rise in Tx with x, it is very necessary to provide new evidence.
In the following, femtosecond laser irradiation and subsequent in situ characterization
of the laser-induced crystallinity by coherent phonon spectroscopy is used to detect the
change in Tx with x. Laser irradiation is non-invasive and almost thermal conductivity-
independent because the laser beam penetrates and heats all layers simultaneously, so that
the thermal conductivity effect is not obvious and may be negligible during the heating
of femtosecond laser pulses. Consequently, real Tx can be detected by this technique,
which has been described in detail in the experimental section and elsewhere [29,30].

Figure 2 shows the dynamics of coherent phonon oscillation (CPO) of four SLL films
after the irradiation of different laser fluence. Their evolution should reflect the change
in crystallinity induced by different laser irradiation fluence (LIF) because all dynamic
profiles are measured under a same low pump fluence of 0.029 mJ/cm2 to prevent any
phase change. One can see that two dynamic profiles at the bottom of each of the panels in
Figure 2 are almost identical, which implies that a slightly higher LIF than 0.029 mJ/cm2

cannot lead to phase change either. As LIF increases up to some critical value, the dynamics
of CPO start to change in dephasing the time and frequency of CPO. This critical (minimum)
LIF value to cause the change in CPO dynamics is called a crystallization threshold (CTh)
in the text below. For example, from Figure 2a, one can discern the dynamics of CPO
start to change as the LIF reaches 0.144 mJ/cm2, and hence the CTh of the first sample
[Ge8Sb92 (15 nm)/Ge(2 nm)]3 is 0.144 mJ/cm2. Similarly, one can find the CThs of another
three samples [Ge8Sb92 (15 nm)/Ge(x nm)]3 are 0.137, 0.129, and 0.124 mJ/cm2 for x = 5,
8, and 11, respectively. To show the CThs more apparently, the oscillatory components
of the dynamics of CPO are retrieved and fast Fouier-transformed [29,30]. Fast Fourier
transform (FFT) spectra are plotted in Figure 3. One can see unambiguously that a stronger
peak starts to occur at 4.59 THz when the LIF reaches CThs of 0.144, 0.137, 0.129 and
0.124 mJ/cm2, respectively, for x = 2, 5, 8 and 11. The peak at 4.59 THz agrees well with
the vibration frequency of the A1g optical phonon mode of crystalline Sb [36], implying
that laser-irradiated crystallization occurs and crystallized Sb nano-crystallites occur in
Ge8Sb92 layers. The above optical experimental results show that the CTh of four SLL
samples decreases with the increase in x. It seems to intuitively imply that the Tx of four
SLL samples decreases with increasing x. This is contradictory to the results shown in the
inset of Figure 1, where Tx or TC increases with x. How can we solve this discrepancy?
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Figure 2. The dynamics of coherent phonon oscillation of four SLL samples measured by tran-
sient differential transmission after the irradiation of different laser fluence that is indicated
over each dynamic profile. (a) [Ge8Sb92(15 nm)/Ge(2 nm)]3. (b) [Ge8Sb92(15 nm)/Ge(5 nm)]3.
(c) [Ge8Sb92(15 nm)/Ge(8 nm)]3. (d) [Ge8Sb92(15 nm)/Ge(11 nm)]3. All measurements are taken
under a same low pump fluence of 0.029 mJ/cm2. The curves are shifted vertically for clarity.
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First of all, we need to remind readers to notice that the CTh given by coherent phonon
spectroscopy is a total laser fluence incident on samples. The total laser fluence is only
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partially absorbed by samples, whereas the other part of the total laser fluence is lost
due to the transmission and reflection of the samples. The structures of our four SLL
samples are different, and hence, they should have a different loss of transmission and
reflection due to the inter- and intra-layer multiple beam interferences in SLL multilayer
phase-change films. The true contribution to the laser-irradiated crystallization of samples
is only from the absorbed part of the total laser fluence, but not total laser fluence incident
on samples. Therefore, we must calculate the true absorbed laser fluence corresponding
to CTh, called absorbed CTh (a-CTh) below. Only a-CTh is directly related to the Tx of
SLL films.

Based on the calculation model of reflection and transmission in multilayer films [37,38],
the reflectivity and transmissivity of four SLL samples are calculated and listed in Table 1.
The optical constants of the Ge8Sb92 and Ge layers used in the calculations are taken from
Refs. [39,40] and listed in the last row of Table 1. One can see that the reflectivity (R) of SLL
samples is very sensitive to the thickness change in the Ge layer and decreases significantly
with the increase in x, whereas the transmissivity (T) of the samples is insensitive to the
change in x. Consequently, the absorbance (A = 1 − T − R) of the samples becomes sensitive
to the change in x. As shown in Table 1, A increases so markedly with x that the really
absorbed CTh (a-CTh = CTh*A) increases with x, as the data show in the seventh column
of Table 1. The increase in a-CTh with x agrees well with the increase in TC shown in
the inset of Figure 1. Moreover, to know the really absorbed fluence of the Ge8Sb92 layer
more accurately, we can compute the absorbance (A1th-GS) of the first Ge8Sb92 layer in SLL
films [37]. As the data show in the sixth column of Table 1, A1th-GS increases significantly
with x. The increase in A1th-GS with x in turn leads to the increase in the really absorbed
threshold fluence of the first Ge8Sb92 layer, a-CTh1th-GS = A1th-GS*CTh, as the data show in
the last column of Table 1. The increase in a-CTh1th-GS with x sufficiently proves the rising
of Tx with x. In other words, the crystallization temperature of four SLL samples indeed
rises with the increase in Ge layer thickness. This agrees well with the increase in TC with
x revealed by the R~T curves in the inset in Figure 1.

Table 1. The calculations of the total reflectivity, transmissivity and absorbance as well as the absorbance of the first
Ge8Sb92 layer of four SLL samples. Then, absorbed laser fluence thresholds of the whole sample and first Ge8Sb92 layer
are calculated.

Samples

CTh
Measured by

Coherent
Phonon
Spectra

(mJ/cm2)

Transmissivity
T (%)

Reflectivity
R (%)

Absorbance
A = 1 – T – R

(%)

Absorbance
of First GS

Layer,
A1th-GS (%)

a-CTh =
CTh*A
(*10−2

mJ/cm2)

a-CTh1th-GS
=

CTh*A1th-GS
(*10−2

mJ/cm2)

[GS/Ge(2nm)]3 0.144 10.82 49.01 40.17 16.46 5.78 2.37
[GS/Ge(5nm)3 0.137 11.00 45.52, 43.48 18.18 5.96 2.49
[GS/Ge(8nm)]3 0.129 11.19 41.47 47.34 20.16 6.11 2.60
[GS/Ge(11nm)]3 0.124 11.36 37.09 51.55 22.28 6.39 2.76

GS denotes Ge8Sb92 (15 nm
thick) N = 3.50 + 2.29i, for amorphous Ge6Sb94 [39] N = 3.49 + 0.25i, for amorphous Ge [40]

Both optical and R~T measurements reveal the increase in Tx of four SLL samples
with x. However, this phenomenon can be explained neither by interfacial effect nor by
the reduction in thermal conductivity. It implies that some new effects exist in SLL phase-
change films. Both the interfacial effect and the reduction in thermal conductivity only
consider the local atomic interactions and phonon-interface scattering near the interfaces,
only considering short-range interactions but ignoring possible long-range interaction,
such as the stress effect. Stress is a long-range force and is ubiquitous in film materials
due to lattice mismatch between two different constituent layers in SLL films and between
sample films and substrates. Stress is influenced not only by film thickness [22,41,42],
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but also the cycle number of periodicity in SLL films [43], which is an apparent long-range
effect. As a result, in our case, the variation in the Ge layer’s thickness may change the
stress in SLL films, [Ge8Sb92/Ge(x)]3 (x = 2, 5, 8 and 11 nm). It was usual that stress
reduced with the increase in the film thickness. It was already reported that stress could
enhance nucleation or reduce crystallization temperature [26–28]. Consequently, the rise in
crystallization temperature with increasing x can be explained by the reduction in stress
with the increase in x. Therefore, what we need to do so far is to show the presence and the
reduction in the stress with increasing x in our SLL films, [Ge8Sb92/Ge(x)]3.

The measurement of stresses in films is a quite challenging task. The currently reported
main methods to measure stresses in thin films include beam curvature, Raman scattering
spectroscopy, and X-ray diffraction [42]. Raman scattering spectroscopy is considered
a simple and reliable method to measure stresses in thin films and has been widely applied
in the measurement of stresses in thin films and superlattice films [41,43–47]. The mea-
surement of stresses with Raman scattering spectroscopy is based on the shift of a Raman
scattering peak in stressed films with respect to the Raman scattering peak in stress-free
films [41].

We have carried out the Raman spectrum measurements of all samples. All Raman
scattering spectra are plotted in Figure 4.

Figure 4. Raman spectra of four SLL films with different thickness of Ge layers and a 100 nm thick
pure Ge film. The baseline of all curves is shifted upward for clarity except for the solid line curve.

One can see that the Raman spectra of four SLL samples [Ge8Sb92/Ge(x)]3 present two
stronger peaks at around 110 cm−1 (A) and 150 cm−1 (B) and a weaker broad band over
a range of ~200 cm−1 to 350 cm−1 where a weak peak appears near 280 cm−1 (C), while the
Raman spectrum of the sole thick Ge film shows a single stronger peak at 300 cm−1 that
might be attributed to the vibration of Ge–Ge bonds [48]. The Raman spectrum of 50 nm
thick Ge8Sb92 film is also plotted in Figure 4 for a contrast to the Raman spectra of four
SLL films. It displays strong A and B peaks, revealing that A and B peaks in four SLL
films originate from the Ge8Sb92 layers. One can also see an obvious red shift of A and
B peaks with increasing thickness of the Ge layer toward A and B peaks in 50 nm thick
Ge8Sb92 film.

To distinguish emerging vibration modes from Raman spectra, it is necessary to
decompose Raman spectra by fitting Raman spectra with a multi-peak function, as usually
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performed in previous studies. One can see that there are three apparent peaks, A, B,
and C, in Figure 4. As a result, a three peak function is first used to fit Raman spectra.
However, we find peak A and the deep dip between peaks A and B cannot be fit well.
As a result, we fit the spectra with a four peak function, including two Lorentz and two
Gauss functions. Fortunately, Raman spectra can be fit very well by the four peak function.
Raman spectra and their best fittings are plotted in Figure 5 for the four SLL sample films.

Figure 5. Raman spectra of four SLL sample [GS(15 nm)/Ge(x nm)]3 films and their best fittings with
a multi-function. (a) x = 2, (b) x = 5, (c) x = 8, (d) x = 11. The letters A–D denote the individual Raman
scattering spectrum of four vibration modes mentioned in the text, respectively.

One can see that Raman spectra (open circles) agree very well with the four peak
function (solid line). The single Raman scattering spectrum of four vibration modes
decomposed by the fitting is also plotted together in Figure 5 and labeled by letters A–D,
respectively. One can see that an additional D peak (black solid line) appears between peaks
A and B. We find that the vibration frequency of A mode decreases from 124 to 117 cm−1

with increasing x, while that of B mode also decreases from 158 to 150 cm−1. Contrarily,
the vibration frequency of C mode increases from 275 to 287 cm−1 with increasing x,
while that of D mode also increases from 140 to 143 cm−1. The vibration frequencies of the
four modes labeled by A–D are plotted in Figure 6a as a function of x.

One can see that the vibration frequency of A and B modes reduces monotonously
with the increase in x and approaches the frequency (111.7 cm−1) of the Eg mode and the
frequency (150 cm−1) of the A1g mode I stress-free crystalline Sb, respectively [36]. Hence A
and B modes are assigned to the Eg mode and A1g of crystalline Sb in the Ge8Sb92 layer,
respectively. The vibration frequency of C mode increases monotonously with increasing x
and approaches the vibration frequency (300 cm−1) of the Ge–Ge bond in 100 nm thick Ge
film, and thereby, it is attributed to the vibration mode of Ge–Ge bonds [48]. The frequency
shift of phonon modes with film thickness is a typical feature of stress effect, and is studied
widely in various films [35,43–47]. Consequently, our Raman experiments confirm the
presence of stress in our SLL films. One can see from Figure 6a that the vibration frequency
of mode C (Ge–Ge bond) in the Ge layer of four SLL samples is always lower than one of
Ge–Ge bonds in stress-free thick Ge film or crystalline Ge, implying the presence of tensile
stress in the Ge layer [48,49]. The vibration frequencies of A and B modes in Ge8Sb92 layers
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are always higher than the vibration frequencies, 111.6 and 150 cm−1, of corresponding
modes, respectively, in stress-free crystalline Sb, suggesting the existence of compressive
stress in Ge8Sb92 layers. Such tensile/compressive stress coupling originates from lat-
tice mismatch between Ge8Sb92 and Ge layers in SLL films. Furthermore, the fact that
the vibration frequencies of modes A, B, and C vary monotonously with x reveals the
monotonous variation of stress in SLL [Ge8Sb92/Ge (x nm)]3 films with x. Based on the
effect of the stress-enhanced crystallization reported [26–28], the crystallization tempera-
ture of SLL [Ge8Sb92/Ge (x nm)]3 films should increase monotonously with the increase in
x, which agrees very well with the experimentally measured variation of crystallization
temperature shown in Figure 6b and the inset in Figure 1. Therefore, the variation of
crystallization temperature with x in SLL [Ge8Sb92/Ge (x nm)]3 films can be explained
well by a new stress effect, instead of an existing interfacial effect and the reduction in
thermal conductivity. Our results show that the stress in SLL films can significantly af-
fect the crystallization temperature of SLL phase-change films. It cannot be ignored and
must be considered as a new mechanism to manipulate the crystallization behaviors of
nanostructure SLL phase-change films. Our new viewpoint on stress mechanism is also
supported by a report [50]. Zhou et al. proposed that stress was intentionally introduced
into SLL phase-change films [GeTe/Sb2Te3]n to lower melting temperature and further
lower the RESET power consumption [50]. Based on our stress mechanism, the effect of
the cycle number of periods on the crystallization temperature of SLL films can also be
explained well because it was reported that the variation of cycle number in SLL films
could lead to the accumulation and release of stresses [19,43]. Up to date, the stress and
interfacial effects should coexist in SLL phase-change films. The two effects usually become
stronger with thinning films, but they affect crystallization temperature oppositely. In other
words, the interfacial effect increases the crystallization temperature with decreasing x,
whereas the stress mechanism lowers it. Consequently, actual variation of the crystalliza-
tion temperature of SLL films will depend on the competition between the two effects.
Actual crystallization temperature will rise with decreasing x if the interfacial effect prevails
over the stress effect. Contrarily, the crystallization temperature will become lower with
decreasing phase-change film thickness if the stress effect is dominant. Maybe it was just
such a case reported in Ref. [8], where the crystallization temperature of two sandwiched
structures, Al/GeSb (x nm)/Al and W/GeSb (x nm) /W, rises with increasing x. Therefore,
previously reported anomalous change in crystallization temperature with the film thick-
ness and cycle number of periods in SLL films can be explained well qualitatively based on
the stress effect prevailing over the interfacial effect [8,19].

Finally, we discuss the possible origin of mode D in Figure 6a. One can see that the
vibration frequency of D mode is always lower than but approaches one of crystalline
Sb’s A1g mode with increasing x. As a result, we speculate that D mode still results from
the A1g mode of Sb crystallites in Ge8Sb92 layers, but it is influenced by tensile stress,
unlike B mode which is influenced by compressive stress. This case is possible because
the stress in the Ge8Sb92 layers may be biaxial. The stress along one axis is compressive,
while it is tensile along the other axis. Sb crystallites in Ge8Sb92 layers are formed from
excess Sb exceeding stoichiometric content in Ge8Sb92 layers, and they orientate randomly.
Consequently, partial A1g modes suffer from the compressive effect, and they behave
like A mode, but the other part of A1g modes experiences tensile stress and behaves like
D mode.
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Figure 6. Variation in vibration frequency of various phonon modes (a) and crystallization tempera-
ture (b) with x in SLL [Ge8Sb92/Ge(x m)]3 films.

4. Conclusions

We have studied the crystallization behaviors of four SLL phase-change films, [Ge8Sb92
(15 nm)/Ge(x nm)]3 with x = 2, 5, 8, and 11, by using both conventional static heating
and transient femtosecond laser irradiation, respectively, followed by measurements of
sheet resistance and coherent phonon spectroscopy. Two kinds of measurements reveal
the anomalous increase in the crystallization temperature of SLL phase-change films with
x. However, this increase cannot be explained by existing opinions, interface effects and
the reduction in thermal conductivity, implying the presence of new effects in SLL films.
Interfacial effects considered only local atomic interactions near the interface between two
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component layers, while the reduction in thermal conductivity performed the phonon-
interface scattering effect. Both of them ignore a very important and ubiquitous lattice
mismatch effect in SLL films. The lattice mismatches certainly result in the occurrence of
stress in SLL films—a long-range effect. It was well known that stresses could enhance
the crystallization of amorphous materials. Therefore, a new stress effect is proposed
to explain the anomalous increase in crystallization temperature of our four SLL films
with x. Raman scattering spectroscopy is used to characterize the presence of stresses
in crystallized SLL films. The Ge-Ge phonon mode in Ge layers and the Eg and A1g
phonon modes of Sb crystallites in Ge8Sb92 are observed in Raman spectra. However,
Raman shifts of those phonon modes deviate obviously from the standard shift positions of
respective corresponding phonon modes in stress-free crystalline films, indeed confirming
the presence of stresses in crystallized SLL films. Raman shifts of the Eg and A1g phonon
modes of Sb crystallites in Ge8Sb92 layers are always larger than their respective standard
shifts in stress-free Sb crystals, but they approach the standard shift values with increasing x,
implying the presence of compressive stress and reduction with the increase in x. Inversely,
the Raman shift of Ge-Ge mode is always less than its standard shift in stress-free Ge
crystals, but it approaches the standard shift values with increasing x, suggesting the
presence of tensile stress and reduction with the increase in x. This compressive/tensile
stress coupling between Ge8Sb92 and Ge layers reveals lattice mismatches between two
adjacent layers in SLL films. Based on the stress-enhanced crystallization phenomena
reported, the increase in crystallization temperature of our four SLL films with x can be
explained well by stress release in SLL films with increasing x. Our results show that stress
and interfacial effects coexist and compete because they change crystallization temperature
oppositely. Previously reported anomalous variations in crystallization temperature with
the film thickness and cycle number of periods in SLL films can be explained well by
the stress mechanism. Our results provide a new degree of freedom to manipulate the
crystallization behaviors of SLL phase-change films.

Author Contributions: Y.H. and J.Z. prepared all SLL phase-change films studied here and measured
R~T curves of the films. P.W. measured ultrafast coherent phonon dynamics. Q.Q. measured and
analyzed Raman spectra of all film samples. T.L. wrote the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China under
grant Nos. 11774438 and 12074441, the Guangdong Basic and Applied Basic Foundation in China
under grant No. 2019A1515011572 and the National Natural Science Foundation of China under
grant No. 11974008.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Please refer to suggested Data Availability Statements in section “MDPI
Research Data Policies” at https://www.mdpi.com/ethics.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lankhorst, M.H.; Ketelaars, B.W.; Wolters, R.A. Low-cost and nanoscale non-volatile memory concept for future silicon chips.

Nat. Mater. 2005, 4, 347–352. [CrossRef] [PubMed]
2. Lee, S.H.; Jung, Y.; Agarwal, R. Highly scalable non-volatile and ultra-low-power phase-change nanowire memory. Nat.

Nanotechnol. 2007, 2, 626–630. [CrossRef]
3. Wuttig, M.; Yamada, N. Phase-change materials for rewriteable data storage. Nat. Mater. 2007, 6, 824–832. [CrossRef] [PubMed]
4. Lencer, D.; Salinga, M.; Wuttig, M. Design rules for phase-change materials in data storage applications. Adv. Mater. 2011,

23, 2030–2058. [CrossRef] [PubMed]
5. Wright, C.D.; Hosseini, P.; Diosdado, J.A.V. Beyond von-Neumann Computing with Nanoscale Phase-Change Memory Devices.

Adv. Funct. Mater. 2013, 23, 2248–2254. [CrossRef]
6. Van Pieterson, L.; Lankhorst, M.; Van Schijndel, M.; Kuiper, A.; Roosen, J. Phase-change recording materials with a growth-

dominated crystallization mechanism: A materials overview. J. Appl. Phys. 2005, 97, 083520. [CrossRef]

https://www.mdpi.com/ethics
http://dx.doi.org/10.1038/nmat1350
http://www.ncbi.nlm.nih.gov/pubmed/15765107
http://dx.doi.org/10.1038/nnano.2007.291
http://dx.doi.org/10.1038/nmat2009
http://www.ncbi.nlm.nih.gov/pubmed/17972937
http://dx.doi.org/10.1002/adma.201004255
http://www.ncbi.nlm.nih.gov/pubmed/21469218
http://dx.doi.org/10.1002/adfm.201202383
http://dx.doi.org/10.1063/1.1868860


Nanomaterials 2021, 11, 20 14 of 15

7. Eising, G.; Niebuur, B.J.; Pauza, A.; Kooi, B.J. Competing Crystal Growth in Ge–Sb Phase-Change Films. Adv. Funct. Mater. 2014,
24, 1687–1694. [CrossRef]

8. Raoux, S.; Cheng, H.-Y.; Jordan-Sweet, J.L.; Muñoz, B.; Hitzbleck, M. Influence of interfaces and doping on the crystallization
temperature of Ge–Sb. Appl. Phys. Lett. 2009, 94, 183114. [CrossRef]

9. Raoux, S.; Salinga, M.; Jordan-Sweet, J.L.; Kellock, A. Effect of Al and Cu doping on the crystallization properties of the phase
change materials SbTe and GeSb. J. Appl. Phys. 2007, 101, 044909. [CrossRef]

10. Kim, H.K.; Kim, N.H.; Roh, J.S.; Choi, D.J. Considerable changes in crystallization process delivered by N doping in Te-free,
Sb-rich GeSb binary alloy. Curr. Appl. Phys. 2011, 11, S404–S409. [CrossRef]

11. Jung, M.-C.; Lee, Y.; Kim, H.-D.; Kim, M.; Shin, H.; Kim, K.; Song, S.; Jeong, H.; Ko, C.; Han, M. Ge nitride formation in N-doped
amorphous Ge2Sb2Te5. Appl. Phys. Lett. 2007, 91, 083514. [CrossRef]

12. Zhou, X.; Wu, L.; Song, Z.; Rao, F.; Zhu, M.; Peng, C.; Yao, D.; Song, S.; Liu, B.; Feng, S. Carbon-doped Ge2Sb2Te5 phase change
material: A candidate for high-density phase change memory application. Appl. Phys. Lett. 2012, 101, 142104. [CrossRef]

13. Simpson, R.; Hewak, D.; Fons, P.; Tominaga, J.; Guerin, S.; Hayden, B. Reduction in crystallization time of Sb:Te films through
addition of Bi. Appl. Phys. Lett. 2008, 92, 141921. [CrossRef]

14. Chong, T.; Shi, L.; Zhao, R.; Tan, P.; Li, J.; Lee, H.; Miao, X.; Du, A.; Tung, C. Phase change random access memory cell with
superlattice-like structure. Appl. Phys. Lett. 2006, 88, 122114. [CrossRef]

15. Yang, H.; Chong, C.T.; Zhao, R.; Lee, H.K.; Li, J.; Lim, K.G.; Shi, L. GeTe/Sb7Te3 superlatticelike structure for lateral phase change
memory. Appl. Phys. Lett. 2009, 94, 203110. [CrossRef]

16. Wang, C.; Zhai, J.; Song, Z.; Shang, F.; Yao, X. Phase-change behavior in Si/Sb80Te20 nanocomposite multilayer films. Appl. Phys. A
2011, 103, 193–198. [CrossRef]

17. Wang, C.; Li, S.; Zhai, J.; Shen, B.; Sun, M.; Lai, T. Rapid crystallization of SiO2/Sb80Te20 nanocomposite multilayer films for
phase-change memory applications. Scrip. Mater. 2011, 64, 645–648. [CrossRef]

18. Hu, Y.; Feng, X.; Zhai, J.; Wen, T.; Lai, T.; Song, S.; Song, Z. Superlattice-like Ge8Sb92/Ge thin films for high speed and low power
consumption phase change memory application. Scrip. Mater. 2014, 93, 4–7. [CrossRef]

19. Zhu, W.; Wang, C.; Sun, M.; Li, S.; Zhai, J.; Lai, T. Effect of periodic number of [Si/Sb80Te20]x multilayer film on its laser-induced
crystallization studied by coherent phonon spectroscopy. Nanoscale Res. Lett. 2012, 7, 638. [CrossRef]

20. Li, X.-B.; Chen, N.-K.; Wang, X.-P.; Sun, H.-B. Phase-Change Superlattice Materials toward Low Power Consumption and High
Density Data Storage: Microscopic Picture, Working Principles, and Optimization. Adv. Funct. Mater. 2018, 28, 1803380. [CrossRef]

21. Raoux, S.; Jordan-Sweet, J.L.; Kellock, A.J. Crystallization properties of ultrathin phase change films. J. Appl. Phys. 2008,
103, 114310. [CrossRef]

22. Zacharias, M.; Streitenberger, P. Crystallization of amorphous superlattices in the limit of ultrathin films with oxide interfaces.
Phys. Rev. B 2000, 62, 8391. [CrossRef]

23. Simpson, R.; Fons, P.; Kolobov, A.; Fukaya, T.; Krbal, M.; Yagi, T.; Tominaga, J. Interfacial phase-change memory. Nat. Nanotech.
2011, 6, 501. [CrossRef] [PubMed]

24. Homma, H.; Schuller, I.K.; Sevenhans, W.; Bruynseraede, Y. Interfacially initiated crystallization in amorphous germanium films.
Appl. Phys. Lett. 1987, 50, 594–596. [CrossRef]

25. Simpson, R.; Fons, P.; Kolobov, A.; Krbal, M.; Tominaga, J. Enhanced crystallization of GeTe from an Sb2Te3 template. Appl. Phys.
Lett. 2012, 100, 021911. [CrossRef]

26. Mitrofanov, Y.P.; Peterlechner, M.; Binkowski, I.; Zadorozhnyy, M.Y.; Golovin, I.S.; Divinski, S.V.; Wilde, G. The impact
of elastic and plastic strain on relaxation and crystallization of Pd–Ni–P-based bulk metallic glasses. Acta Mater. 2015,
90, 318–329. [CrossRef]

27. Fernandez, J.O.; Swallowe, G.M. Crystallisation of PET with strain, strain rate and temperature. J. Mater. Sci. 2000, 35, 4405–
4414. [CrossRef]

28. Shahrjerdi, D.; Hekmatshoar, B.; Rezaee, L.; Mohajerzadeh, S.S. Low temperature stress-induced crystallization of germanium on
plastic. Thin Solid Films 2003, 427, 330–334. [CrossRef]

29. Zhu, W.; Wang, C.; Sun, M.; Li, S.; Zhai, J.; Lai, T. Characterization of femtosecond laser-irradiation crystallization and structure
of multiple periodic Si/Sb 80 Te 20 nanocomposite films by coherent phonon spectroscopy. Opt. Express 2011, 19, 22684–
22691. [CrossRef]

30. Li, S.; Zhou, D.; Wen, T.; Zhu, W.; Song, Z.; Lai, T. Femtosecond laser-irradiated crystallization of amorphous Si2Sb2Te3 films and
its in-situ characterization by coherent phonon spectroscopy. Opt. Express 2013, 21, 10222–10227. [CrossRef]

31. Fan, J.C.C.; Anderson, C.H. Transition temperatures and heats of crystallization of amorphous Ge, Si, and Ge1−xSixalloys
determined by scanning calorimetry. J. Appl. Phys. 1981, 52, 4003–4006. [CrossRef]

32. Wu, W.; Zhao, Z.; Shen, B.; Zhai, J.; Song, S.; Song, Z. Crystallization characteristic and scaling behavior of germanium antimony
thin films for phase change memory. Nanoscale 2018, 10, 7228–7237. [CrossRef] [PubMed]

33. Chen, Y.; Li, D.; Yang, J.; Wu, Y.; Lukes, J.R.; Majumdar, A. Molecular dynamics study of the lattice thermal conductivity of Kr/Ar
superlattice nanowires. Phys. B Condens. Matter 2004, 349, 270–280. [CrossRef]

34. Samvedi, V.; Tomar, V. Role of heat flow direction, monolayer film thickness, and periodicity in controlling thermal conductivity
of a Si–Ge superlattice system. J. Appl. Phys. 2009, 105, 013541. [CrossRef]

http://dx.doi.org/10.1002/adfm.201301242
http://dx.doi.org/10.1063/1.3133344
http://dx.doi.org/10.1063/1.2654556
http://dx.doi.org/10.1016/j.cap.2011.03.047
http://dx.doi.org/10.1063/1.2773959
http://dx.doi.org/10.1063/1.4757137
http://dx.doi.org/10.1063/1.2901161
http://dx.doi.org/10.1063/1.2181191
http://dx.doi.org/10.1063/1.3139776
http://dx.doi.org/10.1007/s00339-010-5989-1
http://dx.doi.org/10.1016/j.scriptamat.2010.12.010
http://dx.doi.org/10.1016/j.scriptamat.2014.08.009
http://dx.doi.org/10.1186/1556-276X-7-638
http://dx.doi.org/10.1002/adfm.201803380
http://dx.doi.org/10.1063/1.2938076
http://dx.doi.org/10.1103/PhysRevB.62.8391
http://dx.doi.org/10.1038/nnano.2011.96
http://www.ncbi.nlm.nih.gov/pubmed/21725305
http://dx.doi.org/10.1063/1.98091
http://dx.doi.org/10.1063/1.3675635
http://dx.doi.org/10.1016/j.actamat.2015.03.001
http://dx.doi.org/10.1023/A:1004817325954
http://dx.doi.org/10.1016/S0040-6090(02)01200-2
http://dx.doi.org/10.1364/OE.19.022684
http://dx.doi.org/10.1364/OE.21.010222
http://dx.doi.org/10.1063/1.329209
http://dx.doi.org/10.1039/C7NR09540F
http://www.ncbi.nlm.nih.gov/pubmed/29629721
http://dx.doi.org/10.1016/j.physb.2004.03.247
http://dx.doi.org/10.1063/1.3056135


Nanomaterials 2021, 11, 20 15 of 15

35. Venkatasubramanian, R. Lattice thermal conductivity reduction and phonon localizationlike behavior in superlattice structures.
Phys. Rev. B 2000, 61, 3091. [CrossRef]

36. Garrett, G.; Albrecht, T.; Whitaker, J.; Merlin, R. Coherent THz phonons driven by light pulses and the Sb problem: What is the
mechanism? Phys. Rev. Lett. 1996, 77, 3661. [CrossRef]

37. Prentice, J. Coherent, partially coherent and incoherent light absorption in thin-film multilayer structures. J. Phys. D Appl. Phys.
2000, 33, 3139. [CrossRef]

38. Harbecke, B. Coherent and incoherent reflection and transmission of multilayer structures. Appl. Phys. B 1986, 39, 165–170. [CrossRef]
39. Callan, J.; Kim, A.-T.; Roeser, C.; Mazur, E.; Solis, J.; Siegel, J.; Afonso, C.; De Sande, J. Ultrafast laser-induced phase transitions in

amorphous GeSb films. Phys. Rev. Lett. 2001, 86, 3650. [CrossRef]
40. White, S.B.; McKenzie, D.R. Optical constants of amorphous hydrogenated germanium thin films. Appl. Opt. 1988, 27, 3344–

3350. [CrossRef]
41. Moridi, A.; Ruan, H.; Zhang, L.C.; Liu, M. Residual stresses in thin film systems: Effects of lattice mismatch, thermal mismatch

and interface dislocations. Int. J. Solids Struct. 2013, 50, 3562–3569. [CrossRef]
42. Lewis, D.B.; Wadsworth, I.; Münz, W.D.; Kuzel, R.; Valvoda, V. Structure and stress of TiAlN/CrN superlattice coatings as

a function of CrN layer thickness. Surf. Coat. Technol. 1999, 116–119, 284–291. [CrossRef]
43. Nishida, K.; Hagiwara, S.; Teranishi, M.; Sirakawa, O.; Hirakai, A.; Katoda, T. Effects of the number of periods on strain in

superlattices. J. Alloys Compd. 2002, 91, 5155–5157. [CrossRef]
44. Li, H.; Zhang, P.; Li, G.; Lu, J.; Wu, Q.; Gu, Y. Stress measurement for nonstoichiometric ceria films based on Raman spectroscopy.

J. Alloy. Compd. 2016, 682, 132–137. [CrossRef]
45. Ager, J.W., III; Anders, S. Effect of intrinsic growth stress on the Raman spectra of vacuum-arc-deposited amorphous carbon.

Appl. Phys. Lett. 1995, 66, 3444. [CrossRef]
46. Prokes, S.M.; Glembocki, O.J.; Godbey, D.J. Stress and its effect on the interdiffusion in Si1−xGex/Si superlattices. Appl. Phys. Lett.

1992, 60, 1087–1089. [CrossRef]
47. Liubchenko, O.; Sabov, T.; Kladko, V.; Melnik, V.; Yukhymchuk, V.; Romanyuk, B.; Kolomys, O.; Hreshchuk, O.; Dubikovskyi, O.;

Maksimenko, Z.; et al. Modification of elastic deformations and analysis of structural and optical changes in Ar+-implanted
AlN/GaN superlattices. Appl. Nanosci. 2019, 19, 01000. [CrossRef]

48. Lipskiy, V.A.; Kotereva, T.V.; Bulanov, A.D.; Gavva, V.A.; Churbanov, M.F.; Nazaryants, V.O.; Koltashev, V.V.; Plotnichenko,
V.G. Refractive index spectral dependence, Raman spectra, and transmission spectra of high-purity 72Ge, 73Ge, 74Ge, 76Ge,
and natGe single crystals. Appl. Opt. 2019, 58, 7489–7496. [CrossRef]

49. Sain, T.; Singh, C.K.; Ilango, S.; Mathews, T. Crystallization kinetics and role of stress in Al induced layer exchange crystallization
process of amorphous SiGe thin film on glass. J. Appl. Phys. 2019, 126, 125303. [CrossRef]

50. Zhou, X.; Kalikka, J.; Ji, X.; Wu, L.; Song, Z.; Simpson, R.E. Phase-Change Memory Materials by Design: A Strain Engineering
Approach. Adv. Mater. 2016, 28, 3007–3016. [CrossRef]

http://dx.doi.org/10.1103/PhysRevB.61.3091
http://dx.doi.org/10.1103/PhysRevLett.77.3661
http://dx.doi.org/10.1088/0022-3727/33/24/302
http://dx.doi.org/10.1007/BF00697414
http://dx.doi.org/10.1103/PhysRevLett.86.3650
http://dx.doi.org/10.1364/AO.27.003344
http://dx.doi.org/10.1016/j.ijsolstr.2013.06.022
http://dx.doi.org/10.1016/S0257-8972(99)00132-2
http://dx.doi.org/10.1063/1.1462419
http://dx.doi.org/10.1016/j.jallcom.2016.04.272
http://dx.doi.org/10.1063/1.113382
http://dx.doi.org/10.1063/1.107455
http://dx.doi.org/10.1007/s13204-019-01000-w
http://dx.doi.org/10.1364/AO.58.007489
http://dx.doi.org/10.1063/1.5115539
http://dx.doi.org/10.1002/adma.201505865

	Introduction 
	Materials and Methods 
	SLL Film Deposition 
	Resistance Characterization of Film Crystallization 
	Coherent Phonon Dynamic Characterization of Film Crystallization 
	Raman Spectral Characterization of Stress in SLL Films 

	Results and Discussion 
	Conclusions 
	References

