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In spite of their disordered atomic structure, films of amorphous Si and Ge play a crucial role in the production of
many modern optical-electronic applications. One way to circumvent this inherent structural disorder (that can
be detrimental in the performance of certain devices) involves the amorphous-to-crystalline transformation of
the films in a process known as metal-induced crystallization (or MIC), for example, in which the metal acts as a
catalyst by decreasing the crystallization temperature Terys: of the Si and Ge films. Within all metal species
considered so far, Au has been one of the most effective and, therefore, the Au-induced crystallization of Si and
Ge films is the subject of this work that considers amorphous Si and Ge films: presenting Au concentrations in the
~ 0-13 at% range, annealed up to 600-800 °C, and investigated by means of Raman scattering spectroscopy.
According to the results, along with the annealing temperature, the Au content exerts great influence in the
crystallization of the films — taking place at ~ 450 °C in the SiAuy g o, films and ~ 100 °C in the GeAu. 5 o, ones.
Besides, the amorphous-to-crystalline transformation occurs by a (quasi-)continuous change of the short-range
order of the Si and Ge lattices, as suggested by the detailed analyses of the Raman data. Finally, the main as-
pects (relating the composition, annealing conditions, and structural characteristics) that lead to the crystalli-
zation of the Si(Au) and Ge(Au) films are presented and discussed in view of the current knowledge of the MIC

phenomenon.

1. Introduction

Since its first observation in the early 1970’s [1-3], the
metal-induced crystallization (or MIC) of amorphous films based on the
semiconductors Si and Ge has attracted a lot of attention [4]. Basically,
the phenomenon consists in decreasing the crystallization temperature
of amorphous Si and Ge (typically around 750 and 550 °C, respectively)
in systems based on either metal—semiconductor layers [5,6] or code-
posited films [7-10]. As a result, anticipating the potential of the MIC
process in producing (poly-)crystalline Si or Ge films at very reduced
thermal budgets, it was explored in applications such as, for example,
thin film transistors and flat panel displays [11,12], solar cells [13,14],
and data storage media [15,16]. From the scientific point of view,
however, the comprehension of the MIC phenomenon is still under
debate and represents a challenge in which the many different metal-
—-semiconductor combinations and sample processing details exert a
crucial role. Hitherto, the MIC phenomenon has been investigated pre-
dominantly in metal-semiconductor bi-layered films [5,6], according to
which two main crystallization mechanisms were proposed i.e.:
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compound-forming and eutectic-related. In the first case, the crystalli-
zation of the films is preceded by the development of intermediate
silicide or germanide phases [5]. In the latter, the crystallization tem-
perature Teys takes place below the typical eutectic forming tempera-
ture Tey such that [3]: Teryse(Si) ~ 0.72 Tey and Teryst(Ge) ~ 0.65 Tey.
Also, both mechanisms are supposed to be controlled by the solubility
and/or diffusivity of the elements (either metal or Si or Ge atoms), as the
thermal treatments advance. Most of all, like any other crystallization
mechanism, the MIC is essentially a thermodynamically-based process
in which the main conclusions (and related proposed crystallization
models) reflect the adopted temperature—time conditions.

Specifically related to the Au-induced crystallization of the amor-
phous Si and Ge films, Au has been considered since the very first MIC
studies [1-3] and, along with Al (and Cu and Ag) [5,6], Au is one of the
most effective metals in reducing the Ty According to these studies,
the Teryst can be as low as ~ 200 °C in the Si films and ~ 100 °C in Ge (no
matter the samples are in the form of metal-semiconductor layers or
codeposited films). Besides, the Au-induced crystallization process was
suggested to occur in three steps [17], all of them driven by the thermal
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annealing treatments: (1) breaking of the metastable Si-Au or Ge-Au
bonds and lattice reorganization (as ordered tetrahedral Si-Si or Ge-Ge
bonding units), (2) diffusion of Au (across the Si-Au or Ge—-Au interfaces
or along the Au-containing film), and (3) propagation of the so devel-
oped crystalline units. In contrast to these studies, however, the present
work focused on the influence of the Au content (over a rather large
range), the effect of the temperature of cumulative thermal annealing
treatments (15 min long), and the atomic structural (dis)order in
determining the crystallization of the Si and Ge films. As will be shown,
Teryse is  highly dependent on the Au content and the
amorphous-to-crystalline transformation occurs by methodically
decreasing the inherent structural disorder of the films. Finally, the
importance of the present findings will be briefly discussed in view of
some potential (scientific-technological) applications.

2. Materials and methods

All films investigated in this work were prepared in a high vacuum
chamber (base pressure ~ 2 x 10~® Torr) by sputtering either Si or Ge
solid targets (99.999 % pure) by means of a plasma of argon (99.9995 %
pure, working pressure 1.5 x 10~ Torr). The films, typically 500 nm
thick (as obtained after 1-2 h long deposition runs), were deposited
simultaneously onto fused silica, crystalline (c-)Si and c-Ge substrates
keptat 100 £ 10 °C. In addition to the deposition of pure Si and Ge films,
Au-containing films were achieved by partially covering the Si or Ge
targets with gold foils (99.9975 % pure), such that the Au content was
determined by the relative Au-to-Si or Au-to-Ge target areas — in a
process known as cosputtering.

Even though the reliability of this method in preparing samples from
different solid precursors [18], the real composition of the films was
determined by energy dispersive x-ray EDX analyses. In this case, in
order to avoid charging effects and misleading information, the EDX
measurements considered the Si(Au) films deposited onto the c-Ge
substrates and the Ge(Au) films onto c-Si. According to the results, the
Au concentration scales with the relative target areas rendering [Au] ~
0-8 at% for the Si(Au) films, and [Au] ~ 0-13 at% for the Ge(Au) ones.
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Also, as a result of the deposition method, all as-deposited films present
approx. 3 at% of enclosed argon atoms.

The atomic structure of the films was investigated by Raman scat-
tering spectroscopy at room-conditions and HeNe 632.8 nm laser exci-
tation. The Raman measurements considered the films deposited onto
fused silica and, in order to prevent non-intentional laser-induced
crystallization [19], low laser power density (~ 200 uW/um?) condi-
tions. The investigation of the atomic structure included the acquisition
of various Raman spectra at different points of the surface of the films —
as-deposited and after thermal annealing treatments. The treatments
were cumulative (15 min long each), in steps of 50 °C, and they were
carried out under a continuous flow of argon gas: in the 150-800 °C
range for the Si(Au) films, and in the 150-600 °C range for the Ge(Au)
films.

3. Experimental results

Compared with other analytical techniques, Raman scattering spec-
troscopy is extremely convenient (sensitive, fast, non-destructive, etc.)
and requires no sample processing [20]. Also, the analyses of the Raman
data can provide relevant information of either amorphous or crystalline
materials [21,22] and, hence, it was widely exploited in the present
work. This is illustrated in Fig. 1 that shows some typical Raman results
of the Au-free (i.e., pure) Si films, as-deposited (AD) and after thermal
annealing treatments (TT’s) at 400, 700, and 800 °C. The results of a
crystalline Si(100) wafer (c-Si ref) is also shown for comparison.

The broad scattering signals present in Fig. 1(a) —at ~ 150 cm! (due
to transverse-acoustical TA-like phonons), ~ 350 em ! (longitudinal-
acoustical LA-like and longitudinal-optical LO-like), and ~ 470 cm™!
(transverse-optical TO-like) [23] — indicate that the Si film as-deposited
is essentially amorphous. It happens because of the characteristic
structural randomness of the amorphous (a-)Si network that relaxes the
momentum conservation rules and, therefore, all phonon vibration
modes become Raman active [24]. According to Fig. 1(a), this amor-
phous nature remains (even after thermal treatments at 400 and 700 °C)
until the film crystallizes at 800 °C, as revealed by the sharp Raman
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Fig. 1. (a) Room-temperature Raman spectra of pure amorphous Si (a-Si) films as-deposited (AD) and after thermal treatment (TT) at different temperatures (15 min
long each). All spectra were normalized for comparison purposes, including that of a crystalline Si(100) wafer (c-Si ref). See, also, Fig. S1(a) in SuppInfo. (b)
Crystalline fraction Xfaction, as obtained from the Raman integrated areas Aamorp and Ay [see Eq. (1)1, as a function of the annealing temperature. (c) Ita/Ito
intensity ratio as a function of the TO-like Raman linewidth I'ro. The insets in (b) and (c), of a generic Si film, illustrate the quantities Aamorp, Axtal; Ita, Ito and I'to as

obtained after fitting the Raman spectra with Gauss functions.
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signal at ~ 520 em~! (TO phonon mode) [25].

Besides the identification of the various phonon modes, the Raman
spectra of Fig. 1(a) present useful information that can be achieved by
separating their amorphous (centered at 470 = 5 cm™!) and crystalline
(520 +5 cm’l) contributions with, for example, Gauss functions [26].
The results of this deconvolution procedure can be used to evaluate the
structural (short-range order SRO) characteristics of the films and,
therefore, details of the amorphous-to-crystalline transformation of the
Si films — as will be shown: as a function of the various thermal treat-
ments and, in the case of the Au-containing films, as a result of the Au
content. In this respect, a good estimate of the crystalline fraction
Xfraction Of the films can be obtained from:

Axml

S N— 6
Axtal + 0~8'Aamorp

X, -fraction

where Ay and Aamorp Stand for the integrated areas of the crystalline
and amorphous contributions [see inset of Fig. 1(b)], that are compen-
sated (due to differences in their light scattering cross-sections [27,28])
by the factor 0.8. Following this approach, Fig. 1(b) shows the Xfaction’s
of the pure Si films (from AD to TT at 800 °C), with a Xgaction £+ 0.1 error
bar that takes into account some data dispersion and fittings un-
certainties. Provided that the sizes of the crystallites present in the
samples are available (by means of transmission electron microscopy
measurements, for example), the Xgaction can be further improved by
updating the 0.8 factor of Eq. (1) [29,30].

The amorphous-to-crystalline transformation can be further evalu-
ated in terms of the linewidth (full width at half maximum) of the TO-
like mode I'to as well as by means of the peak intensities of the TA-
and TO-like modes [inset of Fig. 1(c)]. The I'tg linewidth is related to the
distribution of angles between the bonded atoms and, thus, it reflects the
disorder of the films in the sense that: higher I'tg values indicate more
disordered lattices (or presenting a broad distribution of bonding an-
gles), while decreasing I'to values can be associated with structures of
improved SRO [31]. A similar reasoning applies to the peak intensity of
the TA- and TO-like phonon modes such that, in combination [32,33],
I'to and Ita/Ito can be used to probe the (dis)order or SRO variations

pure Ge

Next Materials 9 (2025) 101201

experienced by the Si films. This is shown in Fig. 1(c) that indicates a
systematic decrease of the I'to and Ita/Ito values as the films are ther-
mally annealed at increasing temperatures. The results of Fig. 1(c) are
consistent with the amorphous-to-crystalline transformation of the pure
Si film and show that, even after thermal treatment at 800 °C, the film
does not present the same I'tg and Itp/Ito figures of a crystalline (bulk)
Si sample. This difference was expected and it happens because of some
amorphous contribution, the presence of crystallites with different sizes,
and owing to the stress at the film-substrate interface [34,35].

At this point we cannot ignore that the results provided by the above
Raman analyses present some limitations (most of them imposed by the
use of films) such as, for example, Xfraction < 1 and Ita/Ito(film) > Ita/
Ito(bulk). However, considering the sensitivity and convenience of the
Raman technique and the intention to perform a comparative study of
the (temperature-dependent) crystallization effects taking place in pure
and Au-containing films, the whole procedure is more than appropriate.

A similar study was carried out with the pure Ge film and its main
results are presented in Fig. 2. In addition to the amorphous-related
phonon frequencies — at ~ 80 cm! (TA-like), ~ 175 cm~! (LA- and
LO-like), and ~ 270 cm ! (TO-like) [23] — and the Raman signature of
crystalline Ge (at ~ 300 cm ) [36], the results can be summarized as:
(a) the film crystallizes only at TT’s > 500 °C and the most important
amorphous and crystalline contributions occur, respectively, at 270
+5cm ! and 300 + 5 cm ™! [Fig. 2(a)] [7], (b) the analyses of the in-
tegrated areas Ay and Aamorp indicate that, after TT at 550 and 600 °C,
the film presents a crystalline fraction Xgraction around 50 % [Fig. 2(b)],
and (c) analogous to the Si film, increasing the temperature of treatment
produces a continuous improvement of the SRO of the film but, even
after TT at 600 °C, the I'to and Ita/Io values of the Ge film are far from
those exhibited by a crystalline (bulk) Ge sample [Fig. 2(c)].

In combination, the Raman results of the Si and Ge pure films make
clear the effect of the thermal annealing treatments in producing (poly-)
crystalline Si [Fig. 1(a-b)] and Ge films [Fig. 2(a-b)], along with the
systematic reduction of their structural disorder [Fig. 1(c) and Fig. 2(c)].
Even so, the temperatures at which the films crystallize are considerable
(~ 750 °C for Si, and ~ 550 °C for Ge) and, for practical reasons, they
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Fig. 2. (a) Room-temperature Raman spectra of pure amorphous Ge (a-Ge) films as-deposited (AD) and after thermal treatment (TT) at different temperatures
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should be decreased. One possibility involves performing longer thermal
treatments (in the range of hours [37,38]) but, in this case, the energy
consumption and the contamination risks increase drastically. Another
option involves the MIC phenomenon that can indicate the best metal-
-semiconductor-treatment conditions to produce crystalline Si or Ge
films at reduced thermal budgets. Based on previous studies [1-4], the
use of Au is very promising and, taking advantage of the convenience
provided by the cosputtering method, we decided to contribute with the
subject. As a result, the atomic structures of Au-containing Si and Ge
films were investigated following the previous described experimental
approach — at different Au contents and thermal treatments. Part of the
results of this study, relating the as-deposited films with increasing Au
contents, is shown in Fig. 3 (for the Si films) and Fig. 4 (Ge films): (a)
Raman spectra (along with that of c¢-Si and c-Ge wafers), (b) the Au
content (as obtained from EDX) as a function of the Au target area, and
(c) the peak intensity ratio Ita/Ito versus the TO-like linewidth I'tg of the
films.

As can be seen from the figures, in the AD form, the SiAu and GeAu
films have a lot in common: (a) most of them are amorphous, (b) as
expected from the cosputtering method, the Au content in the films scale
with the Au target area employed during deposition, and (c) the inser-
tion of Au into the Si and Ge films provokes almost no change in their
SRO. The only exceptions occur for the films GeAus 3 o, and GeAu;3 3o
that, even as-deposited, present clear signs of crystallization [Fig. 4(a)]
and some improved SRO [Fig. 4(c)]. In these films the crystallization
took place during the cosputtering process, with the substrates at 100 °C
- a temperature that has been chosen for all deposition runs since it gives
the best film uniformity and adherence to the substrates. Together with
the results provided by the thermal annealing treatments, this (sponta-
neous) crystallization will be considered in the following.

4. Discussion

Even though the compound-forming and eutectic-related models
(sometimes assisted by the bond-breaking idea) have been useful in
advancing the study of the metal-induced crystallization of the Si and Ge
films [4] they, definitely, do not provide a comprehensive description of
the MIC phenomenon. In view of that, recently, a simple

Next Materials 9 (2025) 101201

phenomenological model (based on the electron distribution, the elec-
tron orbitals main features, and the bonding character of the metal, Si,
and Ge atoms) was proposed to account for the metal-semiconductor
interaction and, hence, the MIC phenomenon [39]. The model consid-
ered the thermodynamic aspects relating the amorphous-to-crystalline
transformation and it is perfectly consistent with the experimental re-
sults provided by a rather extensive collection of metal-Si and metal-Ge
samples. According to it, the electrons occupying the outermost orbitals
of the metal species are free to move around, promoting the
atom-bonding rearrangement necessary to crystallize the Si and Ge films
and, therefore, the reduction of Terys. Furthermore, considering the
intrinsic short-range order of the amorphous Si and Ge films [40,41],
and the characteristic (high) energies of a chemical bond [42], it seems
much more probable an amorphous-to-crystalline transformation based
on chemical aspects and atom-bonding rearrangements than (exclu-
sively) on the formation of intermediate phases and/or bond-breaking
processes.

Within this context, Au atoms are expected to be very effective in
reducing the Teys: of amorphous Si and Ge films. It happens because of
their electronic configuration (Au = [Xe] 4f14 5410 631) that leaves 11
outermost electrons to participate in the atom-bonding rearrangement
mechanism [43], so that the ultimate Tcrys; will be influenced by the
number of available metals species (or Au content) as well. Under ideal
conditions, involving either bi-layered [5] or codeposited samples [2],
the crystallization of the Au-containing Si films usually occurs at approx.
200 °C. By considering a typical Teryst = 50 °C error, the current SiAu
films show a constant decrease of Tcrys’s as the Au concentration aug-
ments [see Fig. 5(a)]: ranging from ~ 750 °C (corresponding to the
Au-free and SiAug 5 o, films) to ~ 450 °C (SiAuy.g o).

This is consistent with other concentration-dependent MIC studies
[44] and with the atom-bonding rearrangement mechanism [39] and
indicates that 7.8 at% of Au does not provide sufficient outermost
electrons to reduce the Tyys; to its minimum. On the other hand, the
variations in the short-range order (as provided by Ita/Ito and I'to
[Fig. 5(b)]) suggest a steady amorphous-to-crystalline transformation of
the films. Further increase of the Au content certainly will reduce the
Teryst below the current 450 °C and so the results of Fig. 5 give a clear
picture of the Au-induced phenomenon taking place in the Si films.
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Fig. 3. (a) Room-temperature Raman spectra of as-deposited (AD) Si films with increasing concentrations of Au. The spectra were normalized, including that of a
crystalline Si(100) wafer (c-Si ref). See, also, Fig. S2(a) in SupplInfo. (b) Au content, as determined from EDX, as a function of the Au target area employed during
deposition. (c) Ita/Ito intensity ratio versus the TO-like Raman linewidth I'to, as obtained from the analyses of the Raman spectra.
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The corresponding Teryst, Ita/Ito and I'to data of the GeAu films are
shown in Fig. 6. According to them, it is possible to verify the depen-
dence of Teryse with the Au content [Fig. 6(a)]: ~ 550 °C (for the Au-free
film), ~ 500 °C (GeAu g o, and GeAus g ¢,), and ~ 100 °C (GeAus 3 o, and
GeAuj3 3 9,). Moreover, the Itp/Itg and I'tg values indicate a decreasing
structural disorder (or SRO improvement) as the GeAu films are
annealed at increasing temperatures [Fig. 6(b)]. The figure also makes
evident the crystallization of the as-deposited films with the highest Au
content [Fig. 6(a) and Fig. 4(a)] as well as the distinctive Ita/Ito — I'to
behavior exhibited by the GeAu;s 3, film [Fig. 6(b)].

Analogous to the Si films, the outermost electrons provided by the Au
atoms assist the crystallization of the GeAu films by facilitating the

atom-bonding rearrangement mechanism [39]. This time, however, the
number of Au atoms in the GeAus 3 ¢, and GeAuy 3 3 o, films is adequate to
induce crystallization at ~ 100 °C (i.e., during deposition). In contrast
with the SiAu films (in which Si = [Ne] 352 3p2), we can speculate that it
happens because of the presence of d orbitals in both Ge (= [Ar] 3d'0 442
4p?) and Au (= [Xe] 4f* 5d'° 6s') atoms, that are known to be strongly
influenced by the surroundings [42].

According to Fig. 6(b) it is clear that, contrary to the other samples,
the GeAujs3.3, film presents a Ge-Ge bond angle distribution close to
that of c-Ge — namely, I'ro(film) ~ 25 em ! and Tro(bulk) ~ 5 cm ™! —as
soon as the crystallization process starts (i.e., during the deposition
procedure). As the thermal treatments advance I'to remains practically
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Fig. 5. Au-induced crystallization results regarding the SiAu films: (a) crystalline fraction Xgaction versus the temperature of thermal annealing, and (b) Ita/Ito
intensity ratio versus the TO-like Raman linewidth I'to. The Au content of the SiAu films are indicated in the figures. In (b), both the Ita/Ito and I'to quantities
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constant — at the same time that the Iy5/Ito quantity decreases (in per-
fect accord with the decreasing amorphous(TA)-to-crystalline(TO)
relative phonon proportion).

Together, the results of Fig. 5 and Fig. 6 validate the role of Au atoms
in reducing the crystallization temperature Tyt from 750 to 450 °C for
the Si films, and from 550 to 100 °C for the Ge ones. Also, whereas
increasing the Au concentration of the SiAu films (above ~ 8 at%) are
expected to reduce their Teryse down to ~ 200 °G, it is not clear if Au
contents higher than approx. 5 at% will provoke changes in the Terys; of
the GeAu films [45]. Concerning the Xgaction’s around 0.6-0.8, they
correspond to the best values we can obtain from films deposited by
cosputtering onto fused silica substrates and investigated by Raman
spectroscopy [44]. In fact, thermal annealing above 800 °C (for the Si
(Au) films) and 600 °C (for the Ge(Au) ones) produces some improve-
ment but, in this case, the films become inhomogeneous and/or are
mostly evaporated.

With these facts in mind, it is possible to conceive the production of
(poly-)crystalline Si or Ge films with distinct crystalline fractions and/or
short-range order characteristics (and, therefore, very specific optical-
electronic properties [31]), simply by imposing a certain Au concen-
tration and/or thermal annealing procedure. Alternatively, the proper
SiAu or GeAu combination can give rise to compounds or (micro- or
nano-)crystallites of potential interest in applications requiring, for
example, special dielectric-optical [46,47] or temperature-dependent
responses [48,49].

5. Concluding remarks

Much of the interest in the amorphous Si- and Ge-related films de-
rives from their compatibility with low-energy consumption and large-
area production methods and, therefore, they have been extensively
considered in the (micro-)electronics industry. In certain applications,
however, a (poly-)crystalline or ordered structure is desired instead, and
a very convenient way to promote this amorphous-to-crystalline trans-
formation involves a process known as metal-induced crystallization
(MIC). Basically, the MIC phenomenon relies on a metal—Si or metal—Ge
combination that, assisted by an external energy input (usually,
thermally-based), can drastically decrease the crystallization tempera-
ture Teys: of the amorphous Si or Ge films. Within this context, the Au
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metal (along with Al, Cu, and Ag) has provided the lowest T¢ys and,
thus, Au has been considered in detail in this work — in terms of
composition, temperature of treatment, and atomic structure of the Si
and Ge films. The main results of this investigation can be summarized
as: (1) the effectiveness of Au in reducing the Ty was attributed to the
total number of available (outermost) Au electrons taking part in the
atom-bonding rearrangement of the amorphous Si and Ge lattices; (2)
whereas a Au content around 5 at% reduced the Teryse of the Ge films
from 550 to 100 °C, the best we could achieve with 7.8 at% of Au in the
Si films was a Tys; decrease from 750 to 450 °C, (3) the least Tcys of the
GeAu films originated from a combination involving the characteristics
of the atoms orbitals with the amount of Au atoms that, certainly, were
not fulfilled in the SiAu films, and (4) the whole crystallization process
(relating both the Au-free and Au-containing films) took place via a
systematic decrease of the structural disorder of the films, as indicated
by the Ita/Ito intensity ratio and Raman linewidth I'tg quantities. Even
though the suitability of Raman spectroscopy in studying the
amorphous-to-crystalline transformation of the Si and Ge films [4,44],
detailed atomic (crystallographic) information regarding the MIC pro-
cess can be achieved by means of x-ray diffraction or electron micro-
scopy techniques. Finally, the ideas presented in this work — clearly
showing the role played by the Au concentration, the temperature of
treatment, and the structural (dis)order throughout the crystallization
process — are expected to contribute with future advances in the pro-
duction of (poly-)crystalline Si or Ge films (or micro/nano-structures)
via reduced thermal budgets.
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