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When combined with certain metal species, films of amorphous Ge or Si can have their typical 
crystallization temperatures decreased, by a factor of three or four, down to ~ 200 °C. The phenomenon 
is called metal-induced crystallization (MIC) and, since its first observation in the late 1960’s, shows 
a great technological potential in producing (poly-)crystalline films of Ge or Si onto low-melting 
point substrates under reduced energy conditions. From the scientific point of view, the microscopic 
mechanisms behind the MIC phenomenon (still) represents a scientific challenge, where most of the 
proposed models are invariably influenced by the samples details giving the impression that they only 
apply to very specific metal−semiconductor combinations and/or circumstances. The lack of a simple−
unified explanation of the MIC mechanism in amorphous Ge and Si films, allied to its technological 
importance, gave rise to this work. Accordingly, the paper starts by presenting some crucial aspects of 
the MIC phenomenon, as obtained from the investigation of amorphous Ge and Si films codeposited 
with some metals. In order to be inclusive, the experimental results of various metal−semiconductor 
bi-layered samples are also presented and discussed in detail. Based on the main aspects of these two 
(codeposited and bi-layered) metal−semiconductor systems, a simple phenomenological model is 
proposed to explain the MIC of amorphous Ge and Si films. The model relies on some basic chemical 
aspects (like electron distribution, orbital features, and bonding character) of the different atom 
species to account for the metal−semiconductor interaction and consequent amorphous-to-crystalline 
transformation. According to it, the metals presenting “extra−free” electrons into their outermost 
orbitals are the most effective in promoting an atom-bonding rearrangement and, therefore, in 
reducing the crystallization temperature of the amorphous Ge and Si films.

One of the first studies relating the effect of metal species on the atomic structure of semiconducting compounds 
was performed in the late 1950’s and it was named recrystallization because of the improvement (the already 
crystalline) CdS films experienced after being covered with a thin Ag layer and heated to 500–600 °C1. The study 
evolved to other II–VI semiconductors and various metal layers, and the role of the metals in promoting the 
crystal improvement of the films was suggested to be that of providing an alternative path for the process—either 
by the formation of an intermediate compound or by the development of defects2,3.

Similar investigations were carried out on amorphous Ge and Si films as well4–6. This time, however, the focus 
was the temperature of the amorphous-to-crystalline transformation of the films. In view of the extraordinary 
results these investigations provided, according to which the typical crystallization temperature Tcryst of metal-
free Ge (~ 600 °C) and Si (~ 800  °C) films could be reduced to approx. 200  °C when combined with certain 
metals, the phenomenon was called metal-induced crystallization (MIC)7. Since the beginning it became clear 
that, in addition to the metal−semiconductor interaction, the MIC mechanism usually requires an external 
source of energy to take place. Most of this energy supply is thermally-based, so it can range from simple thermal 
annealing treatments to others involving the use of electric fields8, or either laser9 or microwave radiation10, 
for example. Furthermore, considering the enormous potential of MIC in achieving (poly-)crystalline Ge or Si 
films under reduced thermal budgets, the MIC mechanism was explored targeting applications such as thin film 
transistors and flat panel displays11,12, data storage media13,14, and photovoltaic cells15,16, just to mention a few 
of them.

Within this context, the combination of the metals Al17–20 and Ni21–24 with amorphous Si films (in the form of 
metal-onto-semiconductor bi-layered structures) have been, by far, the most studied systems. The literature also 
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presents results of the metal−Ge system4–6, and (much less) studies regarding the MIC of codeposited samples 
(i.e., corresponding to systems in which the metal and the semiconductor are deposited simultaneously)25–28. As 
a consequence of this “unbalanced” research work, but mostly because of the complexity involving the MIC of 
the Ge and Si films—that comprises details about the sample (film codeposited or in the layered form), the metal 
(type and amount), the annealing conditions (origin, temperature and time), the characterization method, etc.—
different interpretations have been proposed to account for the MIC phenomenon. Even though most of these 
explanations sound appropriate, they are invariably influenced by the samples particulars and filled with plenty 
of jargons—interface-controlled phenomena, (inter-)diffusion, critical thickness, catalyst, nucleation site, grain 
boundary, compound (eutectic, germanide, silicide) formation, etc.—suggesting that the proposed mechanisms 
can only be applied to very specific metal−semiconductor combinations and/or circumstances.

Just to illustrate the point, hitherto, the most comprehensive experimental studies of the MIC of amorphous 
Ge and Si films were carried out by Knaepen et al.29,30. These studies comprise a detailed investigation (by means 
of in-situ x-ray diffraction, in the 100–900 °C temperature range) of the atomic structure of amorphous Ge and 
Si films covered with 23 different metals (in the form of metal−semiconductor bi-layers). According to these 
studies (that are perfectly in accordance with many others7), the mechanisms behind the MIC of the amorphous 
Ge and Si films can be divided into two main groups (namely, eutectic-related and compound-forming) that 
are driven by the canonical “reduction of the free energy associated with the transformation of amorphous Ge 
or Si into their (poly-)crystalline counterparts”. However, as will be shown in the following sections, in spite of 
the very same sample preparation and characterization procedures29,30, a closer look at these two proposed 
MIC mechanisms give the impression that they are inadequate and/or that they proceed very differently in the 
amorphous Ge and Si films. In particular, as stated in the compound-forming mechanism: whereas the MIC 
takes place in amorphous Si only after the advent of the Si-rich most stable phase of the corresponding silicide, 
the MIC of amorphous Ge does not always involve the Ge-rich germanide phases (without mentioning the 
exceptions relating the Cr, V, Nb, Mo, Ta, Re and W metals)30. Apparently, it happens because of differences 
in the solubility and/or in the diffusivity of the elements (either metal or Ge or Si atoms) as the annealing 
temperature advances. However, it is well-known that the MIC phenomenon takes place in systems presenting a 
clear metal−semiconductor interface (bi-layers) and—with absolute no difference—in codeposited amorphous 
films, where the concepts of solubility and/or of diffusion do not, necessarily, should be a concern. Regarding 
the so-called eutectic-related MIC mechanism, it originates from the common knowledge that certain metals do 
not form germanides with Ge and silicides with Si. Nevertheless, since the MIC occurs before the eutectic point 
(i.e., Tcryst < Teut): what is the connection? Besides, why two different MIC mechanisms (one taking place before 
the eutectic point, and the other after the germanide/silicide formation)? Indeed, at the present stage, it seems 
that: whatever the proposed mechanism (compound-forming or eutectic-related or involving another peculiar−
exclusive characteristic), it is always possible to find a (very convenient) metal−semiconductor association 
without explaining the real origin of the MIC phenomenon.

The above scenario, in which a simple−unified description of the MIC mechanism in amorphous Ge and 
Si films is still missing, forms the basis of this work. With this in mind, the paper presents and discusses the 
essentials of the MIC phenomenon that, in combination with the experimental results provided by amorphous 
Ge and Si films codeposited with some metals and in the form of metal−semiconductor bi-layered samples, 
allow to propose a simple phenomenological model to unravel the MIC phenomenon. According to it, an atom-
bonding rearrangement mechanism, as induced by the most external electrons in the metal species, plays a 
decisive role in reducing the crystallization temperature of the metal−semiconductor systems.

Experimental results and discussion
Figure 1 presents a few selected experimental data obtained from Ge (upper panels) and Si (lower panels) films 
prepared by the radio frequency sputtering technique (see the “Materials and Methods” section for details). The 
results correspond to films codeposited with different metals (Fig. 1a, b, e and f) and in the metal-free form 
(Fig. 1c, d, g and h). The typical crystallization temperatures Tcryst’s of the metal-free Ge (~ 500 ± 50 °C) and Si 
(~ 750 ± 50 °C) films are also indicated for comparison purposes. The results show the influence of the metal 
species (type and amount) and annealing time onto the Tcryst of the amorphous Ge and Si films, along with some 
representative Raman spectra.

At first sight, Fig. 1 contains several notable aspects: (1) metal type or nature (Fig. 1a, e)—indicating the 
effect of different metals onto the MIC of the Ge and Si films—with no apparent relationship between Tcryst 
and the corresponding metal atomic number; (2) metal concentration (Fig. 1b, f)—that, besides the type, the 
metal concentration also exerts great influence onto the MIC phenomenon (in fact, as it will be shown in 
the following, this is behind the almost nil MIC effect verified in the GePb0.8% film (Fig. 1a)); (3) treatments 
conditions (Fig. 1c, g)—even though relating the metal-free amorphous Ge and Si films, the time extent of the 
thermal annealing treatments greatly affects the crystallization process—which prompts serious doubts about 
the effectiveness of the MIC mechanism when involving long (in the range of hours) thermal treatments; and 
(4) crystallization criterion (Fig. 1d, h)—indicating that, in certain cases (either because of the samples details 
or treatments conditions, or a combination of them), the crystallization of the Ge or Si films can be only partial. 
Most of these aspects are crucial to achieve the MIC of the Ge and Si films (in both codeposited and bi-layered 
metal−semiconductor samples), so they will be considered separately.

The metal type or nature represents the main core of this work in the sense that it is supposed to decide the 
metal−semiconductor interaction and, ultimately, the mechanisms behind the MIC phenomenon (Fig. 1a, e). 
The subject will be discussed in further detail in sequence.

Concerning the metal concentration, whereas it can be precisely controlled just in the codeposited films 
(Fig.  1b, f), in the metal−semiconductor bi-layered samples the metal content is determined, ideally (i.e., 
apart from the metal solubility limit and/or atom diffusion issues), by the thickness of the metal layer. The 
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presence of metal species alters the physico-chemical environment of the disordered Ge or Si atomic network. 
Assisted by an external energy supply (mostly of thermal origin), this metal−semiconductor interaction will 
induce the local reordering of the Ge or Si atoms, which performance is expected to be proportional to the 
number of metal atoms available. Not rarely, this local crystallization (around the metal species) can propagate 
to the rest of the amorphous network—either because of metal migration (as a result of the metal expulsion 
from the local amorphous-to-crystal transformation) or simply due to structural crystal replication. Both the 
metal concentration and the treatments conditions of the samples have a decisive influence in the initiation and 
propagation of the MIC phenomenon: the former determining the extent of the (originally) amorphous Ge or 
Si regions, and the latter providing the best energy conditions (temperature and time) to advance the necessary 
structural changes (crystallization and/or metal atom diffusion). Essentially, the MIC of the amorphous Ge and 
Si films is a thermodynamically-based process in which the crystallization is enhanced as a result of the metals 
presence. Although presenting the data of metal-free amorphous Ge and Si, the role played by the treatments 
conditions onto the crystallization of the films is shown in Fig. 1c, g. As can be seen, without any metal, the 
films remain amorphous after treatments below ~ 400 °C (Ge films) and ~ 700 °C (Si films)—independent of the 
annealing time. Under these temperature + time conditions (or integrated thermal budget) the energy supply is 
not enough to produce any crystallization of the films. Also, whereas thermal annealing the Ge films at ~ 450 °C 
for 15 min produces no crystallization, treatments for 60 and 120 min induce their partial crystallization. The 
results of Blum and Feldman31,32 are also shown for comparison (solid straight lines in Fig. 1c, g), illustrating 
that the crystallization temperature can be reduced by ~ 50  °C (Ge films) and ~ 100  °C (Si films) simply by 

Fig. 1.  Collection of experimental data achieved from Ge (upper panels) and Si (lower panels) films prepared 
by radio frequency sputtering. The typical range of the crystallization temperatures Tcryst’s of the metal-free 
Ge (~ 500 ± 50 °C) and Si (~ 750 ± 50 °C) films are indicated in shadow gray. The data correspond to: the 
Tcrystversus the atomic number of some metals as obtained from the Ge (a) and Si (e) films; the Tcrystversus 
the concentration of Cu and Au in the Ge films (b) and of Ni and Au in the Si films (f); and the annealing 
temperature Tannealversus annealing time tcryst of the Ge (c) and Si (g) metal-free films. The lines joining 
the experimental data in (b) and in (f) are just guides to the eye. For clarity reasons, error bars (typical 
experimental Tcryst ± 50 °C) were indicated only in (b) and in (f). The symbols in (c) and in (g) indicate that 
the films are: amorphous (open symbols), partially crystallized (semi-filled), and crystalline (filled). The solid 
straight lines in (c) and in (g) correspond to the results of Blum and Feldman31,32. The Raman spectra of the Ge 
(d) and Si (h) metal-free films after thermal annealing at some selected temperatures-times are also shown.

 

Scientific Reports |        (2024) 14:31009 3| https://doi.org/10.1038/s41598-024-81981-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


increasing the annealing time from 10 min to 10 h. In this respect, experiments involving annealing treatments 
for long times33–35 not only makes the MIC phenomenon technologically unattractive but (without clearly 
showing the results of the metal-free samples) may contribute with misleading information. Another important 
feature that is evident from Fig. 1c, g—but that can be observed quite often in the literature—refers to small 
differences in the Tcryst values. In most of the cases they arise because of differences in the samples main 
characteristics (codeposited, layered, metal concentration, etc.), annealing procedures, and/or derive from the 
adopted crystallization criterion. While the crystallization process itself is supported by well-established standard 
methods (such as microscope-based investigations, spectroscopic techniques, etc.) the definition of Tcryst can be 
somehow ambiguous. In particular, when considering the microscope-based investigations: does the observed 
crystallization represent a sizeable amount of the film? does Tcryst indicate the total or partial crystallization of 
the film? is it possible to clearly separate the MIC results from those originated from the usually mandatory 
specimen handling procedure (cutting, milling, thinning)? A similar reasoning applies to other methods 
(x-ray diffraction, Raman scattering, optical spectroscopy, etc.) and, therefore, the crystallization criterion (or 
criteria) should be as detailed as possible. The importance of the crystallization criterion is illustrated in Fig. 1d, 
h that shows the Raman spectra of metal-free Ge and Si films after different thermal annealing conditions. 
According to them, whereas the atomic structure of the films Ge (15 min @ 450 °C) and Si (15 min @ 600 °C) are 
amorphous—as clearly indicated by the presence of broad features in the Raman spectra—increasing the time 
and/or temperature of the annealing treatment can produce either the partial Ge (60 min @ 450 °C) or total Si 
(120 min @ 750 °C) crystallization of the films. Consequently, since differences are expected in the MIC studies, 
a typical Tcryst ± 100  °C (comprising some data dispersion, the experimental error, and small variations in 
defining Tcryst) sounds appropriate when evaluating the MIC results provided by different metal−semiconductor 
samples and/or authors.

Being aware of the above aspects, henceforth, this work will consider the MIC results of Ge and Si films 
codeposited with different metal species, and thermally annealed in the ~ 150–750 °C temperature range. For 
practical reasons, only the films containing the highest amount of metal will be presented. The atomic structure 
of the films (both metal-free and alloyed with different metals) was investigated by Raman spectroscopy 
involving low laser power conditions, a typical optical penetration depth of ~ 500 nm, and the measurement of 
several different regions. Furthermore, Tcryst was associated to the temperature at which the crystallization starts 
by assuming a ± 50 °C uncertainty (see the “Materials and Methods” section for further details).

In addition to the results given by the codeposited Ge and Si films, this work also considers the data of 
Knaepen et al.29,30 corresponding to 30 nm thick metal films (Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr, Nb, Mo, 
Ru, Rh, Pd, Ag, Hf, Ta, W, Re, Ir, Pt or Au) on top of 200 nm thick amorphous Ge and Si films i.e., of metal−
semiconductor bi-layered samples. The atomic structure (in the 100–900 °C temperature range) of the samples 
was studied by means of x-ray diffraction, and the Tcryst’s correspond to the maximum intensity variation of 
either the Ge(220) or Si(111) diffraction peaks. In this case, the crystallization of the metal-free Ge- and Si layers 
took place, respectively, at 600 and 800 °C. Again, the details of these samples and experiment can be found in 
the “Materials and Methods” section. An overview of the results regarding the bi-layered samples is presented 
in Fig. 2: metal−Ge samples (upper panels) and metal−Si samples (lower panels). These are just exploratory 
representations that will be useful in the following.

For discussion purposes, the Tcryst’s of the metal−semiconductor bi-layered samples are displayed as a 
function of: the metal melting temperature Tmelt (Fig.  2a, e)36, the temperature of eutectic formation Teut 
(Fig. 2b, f)37, the temperature of germanide Tgerm (Fig. 2c)38 or silicide Tsilic formation (Fig. 2g)39,40, and the 
metal Debye temperature TDebye (Fig.  2d, h)41. Additionally, the Tcryst values were grouped according to the 
electron configuration (or rows in the Periodic Table of the Elements) of the species considered42, i.e.: [Ne] core 
(corresponding to Al and Si), [Ar] core (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Ge), [Kr] core (Zr, Nb, Mo, Ru, Rh, 
Pd, Ag), and [Xe] core (Hf, Ta, W, Re, Ir, Pt, and Au). Other graphical representations (involving the atomic 
number, the standard atomic weight, the atomic radius, the density, the electron binding energy, the electron first 
ionization energy, the work function, and the Pauling’s electronegativity of all metal species) were also made and 
they can be seen in SuppInfo_Part1. The Tcryst results of the codeposited samples (not shown for clarity reasons) 
are similar to those of Fig. 2 and they will be considered soon.

Without explicitly revealing the origin of the MIC phenomenon, the data of Fig. 2 contain several relevant 
information: (1) Tcrystversus Tmelt (Fig. 2a, e)—given that Tcryst < Tmelt, the MIC of amorphous Ge or Si films is 
essentially a solid-state process (i.e., it does not involve the formation of any obvious liquid phase). (2) Tcrystversus 
Teut (Fig. 2b, f)—the crystallization of the amorphous Ge or Si films always take place at temperatures lower than 
that required to form the corresponding binary eutectic compound (i.e., Tcryst < Teut). In fact, it seems that the MIC−
Teut association has much more historical4 than logical reasons (that is, “formation of a low-temperature eutectic 
melt caused by the lowering of the binary eutectic temperature when one of the two components is amorphous”—that 
has never been convincingly proved43). (3) Tcrystversus Tgerm (Fig. 2c) and Tcrystversus Tsilic (Fig. 2g)—it is obvious 
that the MIC of the films occurs nearby the temperature of the germanide or silicide formation. Even so, in view 
of the data scatter (around the Tcryst = Tgerm and Tcryst = Tsilic reference lines), and variety of germanide/silicide 
phases (as indicated by the extent of the horizontal error bars), it is not possible to draw any further (reliable) 
conclusion. Moreover, as stated before, this germanide/silicide formation “theory” in assisting the MIC of Ge/
Si films presents some problems: (3a) it is frequently associated with an improved atom diffusion across the 
metal−semiconductor interface (and/or nearby crystal-seeds and/or grain-boundaries7,29,30—depending on the 
convenience), but the MIC phenomenon also takes place in codeposited samples where, in principle, all (metal 
and Ge or Si) atoms are close together; and (3b) considering that, occasionally, the MIC phenomenon can be 
observed before the detection of any germanide/silicide phase, it is not perfectly clear if the germanide/silicide 
appearance influences the MIC process, or if it just happens (see SuppInfo_Part2, that shows the development 
of Cu3Ge and NiSi2 only after the crystallization of Cu−Ge and Ni−Si codeposited films). At this point we 
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cannot ignore that this apparent absence of Tcrystversus Tmelt, Teut, Tgerm, and Tsilic relationship may be due to the 
fact that: whereas the present Tcryst’s refer to metal−semiconductor bi-layered samples29,30, most of the other 
temperatures come from either crystalline or amorphous bulk materials—the only exception being the Tgerm 
data obtained from metal films onto amorphous Ge films38. (4) Tcrystversus TDebye—the same reasoning applies 
to the TDebye (that correlates the materials elastic properties with their thermodynamic characteristics such as 
thermal expansion and conductivity, specific heat, and lattice enthalpy44) that, once more, does not present a 
straightforward connection with the Tcryst values (Fig. 2d, h). This time, however, it is possible to distinguish a 
systematic reduction of Tcryst as the number of valence electrons increases within each of the considered periods 
or groups (i.e., [Ne] core, [Ar] core, etc.). Strictly, this behavior seems to be quite common but, in certain cases, 
it is more remarkable as in Fig. 2d, h and in Fig. 1a, b, d, e, f, h of SuppInfo_Part1.

An alternative way to perceive this behavior more clearly is by representing Tcryst in terms of the number 
of electrons occupying the outermost orbitals nout (i.e., beyond the noble gas core or configuration). This is 
shown in Fig. 3, that displays the results from the metal−semiconductor bi-layered samples29,30 (just as before 
arranged according to their electron configuration), as well as those obtained from codeposited Ge and Si films 
(this work—codepos) and from other authors (Ge films—Oki et al.4, and Si films—Herd et al.6). In addition 
to the clear Tcryst reduction observed at increasing nout values, the figure also presents some data scatter. It 
arises because of differences in the characteristics of the samples and experimental procedure but, typically, 
this dispersion stays in the Tcryst ± 50–100 °C range—particularly, when considering the Tcryst of the metal-free 
codeposited films (not shown): ~ 500 °C for Ge and ~ 750 °C for Si (Fig. 1).

Fig. 2.  Crystallization temperature Tcryst of metal−Ge (upper panels) and metal−Si (lower panels) bi-layered 
samples, as obtained by Knaepen et al.29,30. The Tcryst’s of the metal-free Ge (~ 600 °C) and Si (~ 800 °C) samples 
are denoted by the dashed horizontal gray lines. The Tcryst values are represented as a function of: the metal 
melting temperature Tmelt (a) and (e); the temperature of eutectic formation Teut (b) and (f); the temperature 
of germanide Tgerm (c) or silicide Tsilic (g) formation; and the metal Debye temperature TDebye (d) and (h). The 
thick straight (orange) solid lines correspond to: Tcryst = Tmelt (a) and (e); Tcryst = Teut (b) and (f); and Tcryst = 
Tgerm (c) and Tcryst = Tsilic (g). The thin (black, red, and blue) solid-arrowed lines are just guides to the eye (d) 
and (h). The error bars in (c) and (g) indicate the minimum/maximum temperature of germanide or silicide 
formation (no matter what phase).
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One additional version of Fig. 3 that includes the data of Ge films codeposited with Zn and Cd (nout = 12), 
Sn and Pb (nout = 14), and Sb and Bi (nout = 15) is presented in SuppInfo_Part3. Once again, the figure displays 
some data scatter (mainly because of variations in the metal concentration of the films), but the Tcrystversus nout 
behavior remains exactly the same. Unfortunately, no equivalent data (regarding higher nout values) were found 
for the Si films.

The discussion of Fig. 3 will be made by initially considering some specific features of the results and, then, 
by proposing a phenomenological model that explains the overall Tcryst−nout behavior.

With the exception of the Al- and Mn-related data, and by adopting an arbitrary decrease of more than 10% 
in the Tcryst of the metal-free films, there is a clear reduction in the crystallization temperatures of the metal−Ge 
samples presenting nout ≥ 8 and of the metal−Si samples with nout ≥ 10. The effect seems to be less abrupt in the 
metal−Ge samples (Fig. 3a) and, within the Tcryst ± 50–100 °C range, no significant differences can be noticed 
in the metals belonging to the [Ar], [Kr], and [Xe] core groups (Fig. 3a, b). Obviously, these aspects must be 
related to the electronic structure of the elements. In the case of the semiconductors: Ge has the [Ar] 3d10 4s2 
4p2 electron configuration and Si ≡ [Ne] 3s2 3p2. Concerning the transition metals (or d-block elements): they 
present d shells (3d, or 4d, or 5d successively filled with up to 10 electrons), that are known to project well out 
to the periphery of the atoms (or ions)45. As a consequence, the electrons occupying the d orbitals are strongly 
influenced by the surroundings (and vice-versa), and many of the properties of a transition metal atom (or ion), 
with a partially filled d shell, are quite sensitive to the number and arrangement of the d electrons present42,45. 
Within this context, the resemblance of Ge (that belongs to the [Ar] core group) with the d-block elements may 
be associated with the observed smooth Tcryst−nout behavior (Fig. 3a), at the same time that the half-filled 3d 
orbital of Mn may explain the incongruous Tcryst of the Mn−Ge sample. Actually, the distinctive 3d5 orbital of 
Mn may also be the reason for the comparatively lower Tcryst of the Mn−Si sample (Fig. 3b) that, in contrast to 
the other d5 metals, some of them: were not investigated (Tc ≡ [Kr] 4d5 5s2), or either exhibit a half-filled most 
external s orbital (Cr ≡ [Ar] 3d5 4s1 and Mo ≡ [Kr] 4d5 5s1) or present filled f14 and s2 orbitals (Re ≡ [Xe] 4f14 4d5 
5s2). Moreover, manganese exhibits a rather low cohesive energy, and one of its most common stereochemistries 
is the Mn II, in which Mn2+ ions are able to occupy interstitial spaces in amorphous networks45. With respect 
to Al, it is within the best metals in decreasing the Tcryst of the Ge and Si films and, different from all the other 
metals considered in the study of MIC (Fig. 3a, b), Al (≡ [Ne] 3s2 3p1) is the only one that presents the outermost 

Fig. 3.  Crystallization temperature Tcrystversus the number of outermost electrons (or number of electrons 
beyond the noble gas core or configuration), as observed in the MIC of amorphous Ge (a) and Si (b) films. The 
dashed horizontal gray lines indicate the typical Tcryst of metal-free Ge (~ 600 °C) and Si (~ 800 °C) films29,30. 
The figures show the results from metal−semiconductor bi-layered samples29,30 (separated according to 
the rows the metals occupy in the Periodic Table of Elements), along with the data from codeposited films 
(codepos− this work, Oki et al.4 in (a), and Herd et al.6 in (b)).
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p orbital. More specifically, while some metals were not considered (Ga ≡ [Ar] 3d10 4s2 4p1, In ≡ [Kr] 4d10 5s2 5p1, 
and Tl ≡ [Ar] 4f14 5d10 6s2 6p1) in the study (Fig. 3a, b), others were probed only in the Ge films (SuppInfo_Part3) 
presenting p orbitals with: either 2 (Sn ≡ [Kr] 4d10 5s2 5p2 and Pb ≡ [Xe] 4f14 5d10 6s2 6p2) or 3 electrons (Sb 
≡ [Kr] 4d10 5s2 5p3 and Bi ≡ [Xe] 4f14 5d10 6s2 6p3). In combination, the Al−Ge and Al−Si results (along with 
those shown by the Sn−Ge, Pb−Ge, Sb−Ge, and Bi−Ge samples) suggest the influence of the p orbitals (in terms 
of their typical shape and extent) in the MIC phenomenon. Provided that the experimental data of Fig. 3 are 
accurate enough to describe the crystallization features of the Ge and Si films, the above discussion highlights 
the importance of the electron configuration of the metal−semiconductor atoms in the MIC mechanisms.

The concept of electron orbitals relating the bonding of atoms (as originated from the solution of the 
Schroedinger equation for the hydrogen atom) is very effective when studying molecules and solids46. The 
proper management of the concept can provide a detailed description of the main properties of molecules and 
solids and, in certain cases, anticipate new−unusual materials characteristics. This is no different when studying 
the MIC phenomenon in which the idea of electron configuration and atom bonding is perfectly compatible 
with both the short- and long-range order present, respectively, in the amorphous (as-prepared) and crystalline 
(after MIC) Ge and Si films. Independently, metals and semiconductors behave in their own way because of the 
interaction between their atoms—as imposed by their electron configuration and orbitals details. In the former 
case, the consecutive electron filling of the d orbitals makes the transition metals very unique presenting a high 
optical reflectivity and superior electrical conductivity, for example. There is no ionic contribution in their atom 
bonding and, since there are neither sufficient electrons nor sufficient orbitals, it is impossible to have two-
electron covalent bonds between all adjacent pairs of atoms46. Put in other words, metal atoms are united by 
metallic (delocalized) bondings, whose main characteristics are the sharing of electrons between many atoms 
and no distinction between occupied (bonding) and unoccupied (anti-bonding) orbitals. The semiconductors 
Ge and Si, on the contrary, are the consequence of the interaction between their outermost s2p2 orbitals (more 
properly, hybrid sp3 orbitals), rendering a covalent-type (localized) bonding between the Ge or Si atoms. They 
are non-metallic materials (whose electrons can occupy either the bonding or anti-bonding orbitals) that present 
a modest optical reflectivity (and well-defined optical properties47), and that are able to conduct electricity by 
virtue of thermal excitation of electrons across the energy gap between occupied and non-occupied states46,48. 
Most of all, the interaction between (metal and/or semiconductor) atoms will be mutually influenced by the 
overlapping of their (outermost) electron orbitals as well as by their individual nature.

Applied to the MIC phenomenon, regardless of the samples characteristics (codeposited or layered), the 
physical proximity of the metal and semiconductor atoms (chemically bonded, or not) will provoke their 
interaction that, ultimately, will give rise to the amorphous-to-crystalline transformation of the Ge and 
Si films. Accordingly, the number of available metal species (or metal concentration) should be as much as 
necessary to modify the atom environment of the amorphous films. Initially, in the absence of any external 
energy supply the presence of metal atoms augments the structural disorder of the films. It happens because 
of defects (originated in order to adjust the metal−semiconductor interface or to accommodate interstitial 
foreign species) or simply because of unintentional metal−semiconductor bonds49. As energy is supplied (by 
thermal annealing, for instance) the inherent structural disorder of the films partially recovers and the MIC 
phenomenon takes place. Even though amorphous Ge and Si present practically the same short-range order 
(comprised by local tetrahedral bonding units) of their crystalline counterparts, this local order is randomly 
connected and the Ge−Ge and Si−Si bonds are metastable (or under non-equilibrium conditions)50,51. The 
arrangement of these Ge−Ge or Si−Si (or even metal−semiconductor) bonds facilitates the atom reordering 
required to attain crystallization. In fact, this amorphous-to-crystalline transformation can be accomplished by 
simple thermal annealing [(as in Fig. 1c, g), but the process is much more effective if assisted by the presence of 
metal species (Fig. 1a, e). In this case, the metal−semiconductor interaction acts by rearranging the Ge−Ge or 
Si−Si bonds until they reach the most stable (crystalline) condition. This interaction seems to be more effective 
when the number of outermost electrons nout ≥ 8—corresponding to metals presenting at least 6 electrons in 
the d orbitals—in the Ge films (Fig. 3a), and when nout ≥ 10—denoting metals with the d orbitals complete (Pd 
≡ [Kr] 4d10) or partially complete (Ni ≡ [Ar] 3d8 4s2 or [Ar] 3d9 4s1, and Pt ≡ [Xe] 4f14 5d9 6s1)—in the Si films 
(Fig.  3b). Apparently, owing to their metallic-bond character the “extra” electrons occupying the more than 
half-filled d orbitals (i.e., d≥ 6), together with those in the s orbitals, are “free” to move around45,52 promoting the 
atom-bonding rearrangement necessary to crystallize the Ge and Si films. These “extra−free” electrons promote 
some shield in the electrostatic interaction responsible for the Ge−Ge or Si−Si bonds that become unstable and, 
therefore, facilitate the atom-bonding process. Since these electrons determine the atoms main characteristics 
and present a very limited range of spatial influence, rigorously, they are not extra not even free, but the “extra−
free” designation is adequate to conceive their role in the MIC mechanism. This partial shielding effect, also 
known as Coulomb screening53, was originally proposed as a bond-breaking model to describe the development 
of silicides as induced by near-noble metals in crystalline Si54,55 and, since then, it has been considered to explain 
the crystallization of Au−Ge films56 and many other metal−semiconductor systems57. In contrast to the present 
work, however, none of these previous studies considered the specifics of the atoms involved nor the MIC of 
codeposited and layered samples as obtained from various different metal species. Besides, considering the 
intrinsic (crystal-like) short-range order of the amorphous Ge and Si films and the comparatively higher energy 
required to break a chemical bond it seems unlikely that a crystallization mechanism entirely based on a bond-
breaking model applies. Occasionally, the break of Ge−Ge or Si−Si (or even metal−Ge or metal−Si) bonds can 
occur during the amorphous-to-crystalline transformation but, definitively, it should not represent the (sole) 
main process.

Still related to this atom-bonding rearrangement mechanism, as promoted by the “extra−free” electrons 
present in the metal atoms, it is not clear if the metal species need to be bonded to the Ge or Si atoms or 
simply be nearby (occupying an interstitial site, for example56). Obviously, the metal−semiconductor interaction 
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will be different if the metal atoms are bonded or not but, provided that the metal “extra–free” electrons alter 
the originally disordered Ge−Ge or Si−Si bonds, this will suffice to advance the amorphous-to-crystalline 
transformation. In this case, the atom-bonding rearrangement mechanism will take place in the regions 
influenced by the wavefunctions of the metal “extra−free” electrons. Furthermore, the MIC mechanism will be 
determined by nout as well as by the specifics of each atomic orbital involved45,52—such as those involving the p 
orbitals (i.e.: Al, Sn, Pb, Sb, and Bi, for example—SuppInfo_Part3). Insofar as the local bondings are rearranged 
and the Ge or Si crystallites develop, the crystallization process advances by squeezing out the metal species 
because of their low solubility in crystalline Ge and Si hosts, and the MIC mechanism continues. This is in accord 
with the metal diffusion usually verified in the metal−semiconductor layered samples7,57, and suggests that the 
MIC mechanism pave the way to the mass transport phenomena (and not the contrary).

Another way to conceive the MIC of the Ge and Si films involves the energy aspects of their amorphous-to-
crystalline transformation as depicted in Fig. 4. The figure displays the traditional ball-and-stick models relating 
the atomic structure of the tetrahedrally bonded Ge or Si atoms in the amorphous state (Fig. 4 (1) and (2)) and 
after crystallization (Fig. 4 (3)). An energy versus reaction coordinate diagram is also shown, clearly denoting 
the main steps of the amorphous-to-crystalline transformation of the Ge or Si films (with and without metal 
species).

From the thermodynamic point of view, the amorphous-to-crystalline transformation of the Ge and Si 
films involves the minimization of their total energy by overcoming an energy barrier that is usually associated 
with the intrinsic structural disorder and/or due to the presence of defects50,51,58. Since the process is thermally 
activated, the magnitude of this energy barrier—separating the amorphous (metastable) from the crystalline 
(most stable) states—is described by an activation energy EA. Applied to the MIC phenomenon, this is shown in 
Fig. 4 by clearly indicating the activation energies corresponding to the metal-free (E(1)

A ) and metal-containing 
(E(2)

A ) cases. The contrasting E(1)
A > E

(2)
A  representation is not fortuitous and it arises from the comparatively 

lower temperatures required to induce the crystallization of the metal-containing Ge or Si films (Figs. 1a and e 
and 2, and Fig. 3) and, particularly, from the activation energy values determined experimentally29–32. In fact, 
whereas the EA’s of the metal-free Ge and Si films stay in the 3−4 eV range, they can be systematically reduced 
down to ~ 1.5 eV in the metal−semiconductor samples (see SuppInfo_Part4). Such a decrease is consistent with 
the atom-bonding rearrangement mechanism, according to which the energy constrains (or energy barrier 
heights) are expected to be comparatively lower. This amorphous-to-crystalline transformation picture is strictly 
related to the crystallization temperature Tcryst and, hence, it can be associated with the variations observed in the 
Tcryst of either the metal-free or metal-containing Ge or Si samples. In order to do that, it is important to define 
a (very speculative) ideal sample condition denoting the least activation energy (and therefore the lowest Tcryst 
value), as obtained from various authors and experimental conditions. Accordingly, any data dispersion beyond 
the Tcryst ± 50–100 °C range (comprising some data dispersion, the experimental error, and small variations in 
defining Tcryst) might be related with: (a) in the metal-free samples − the intrinsic structural disorder of the Ge or 
Si films due to the sample production and processing details (as in Fig. 1c and g, for example); (b) in the metal-
deficient samples—a mixed metal-free−metal-containing atomic environment, in which there are not enough 
metal “extra−free” electrons, such that the energy barrier is expected to stay between the E(1)

A  and E(2)
A  values 

as suggested by the Tcryst of the Ge film containing only 0.8 at% of Pb (Fig. 1a and SuppInfo_Part3), and by the 
still decreasing Tcryst presented by the codeposited SiAu film, for example (Figs. 1f and 3b); and (c) in the metal-
rich samples—again, an energy barrier height between E(1)

A  and E(2)
A  that is necessary to equalize the increased 

structural disorder caused by the excess of metal species or, alternatively, to compensate for the energy spent 
during the development of unwanted (germanide/silicide? ) phases—see the Tcryst of the Si films with Ni and Pd 
in Fig. 3b, for example, in which the higher Tcryst’s may suggest an increased amount of metal.

In combination with the concept of the outermost (“extra−free”) electrons and the atom-bonding 
rearrangement mechanism, the above discussion provides a comprehensive description of the metal-induced 
crystallization of Ge and Si amorphous films. In its present form, this phenomenological model is simple 
(based on standard chemical concepts), inclusive (comprising the results of both codeposited and bi-layered 
samples), and very consistent (with the available literature and experimental data uncertainty). In view of that, 
we expect it can be useful in advancing the research efforts regarding the production of (poly-)crystalline Ge or 
Si films by means of reduced thermal budgets, by proposing new metal−semiconductor combinations and/or 
sample processing practices. To the extent that these goals are met, and depending on the desired technological 
application, new challenges will comprise the development of mono-crystalline films as well as the removal of 
any (inadvertent) metal excess.

Conclusions
Since its first observation, the metal-induced crystallization (or simply MIC) of amorphous Ge and Si films 
represents a scientific challenge that, eventually, can have a great technological impact in the microelectronics 
and photovoltaics industries, for example. Roughly, the MIC phenomenon relies on a metal−Ge or metal−
Si combination that, assisted by an external energy input (usually, thermally-based) can, in the best scenario, 
decrease the crystallization temperature Tcryst of the amorphous Ge or Si films from ~ 600–800  °C down to 
~ 200 °C. As a result, the MIC phenomenon has been the subject of many research efforts that provided lots 
of information without, however, reaching to a simple−unified explanation. Driven by these aspects, this 
work considered the MIC results of several codeposited and bi-layered metal−Ge and metal−Si samples that 
were presented and discussed in detail (i.e., in terms of the metal nature and amount, the temperature−time 
processing details, and regarding the crystallization criteria).
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In view of this comprehensive data analysis and discussion, it was possible to propose a simple 
phenomenological model to account for the MIC phenomenon. The model is based on the electron distribution, 
the electron orbitals main features, and the bonding character of the metal, Ge, and Si atoms to describe the 
metal−semiconductor interaction. The local order of the amorphous Ge and Si lattices, as influenced by this 
metal−semiconductor interaction, has also been taken into consideration (by means of their chemical and 
thermodynamic aspects) in order to explain the amorphous-to-crystalline transformation of the Ge and Si films. 
According to the model, the metal species presenting “extra−free” electrons into their outermost orbitals—as 
defined by the nout quantity—are the most effective in promoting an atom-bonding rearrangement mechanism 
and, therefore, in reducing the Tcryst of the amorphous films. The model clearly indicates the main chemical−
thermodynamic−structural aspects behind the MIC phenomenon and, most of all, it is consistent with a 
substantial ensemble of experimental results. Finally, we hope the ideas presented in this phenomenological 
model can contribute to advance−improve the production of (poly-)crystalline Ge or Si films via reduced 
thermal budgets.

Materials and methods
Metal−semiconductor codeposited films
Films based on the Ge and Si semiconductors were prepared in a high vacuum chamber (base pressure ~ 2 × 10− 6 
Torr) by radio frequency sputtering polycrystalline Ge or Si targets in an atmosphere of pure argon (working 
pressure ~ 1.5 × 10− 3 Torr). Typically, the deposition runs were 1–2 h long rendering ~ 500 nm thick amorphous 
films (as indicated by Raman spectroscopy − see below), that were deposited onto fused silica substrates (kept at 
100 ± 10 °C). The insertion of metallic species into the amorphous films was achieved by partially covering the 
Ge or Si targets with small pieces of the desired metal, such that the metal concentration was adjusted by simply 
varying the relative metal-to-semiconductor target area, in a process known as cosputtering59. Even though 
the reliability of the procedure, the exact metal content in the amorphous Ge and Si films was confirmed by 
energy dispersive x-ray EDX analysis (see SuppInfo_Part5 for further details). In all deposition runs, very high 
purity precursors were considered: argon gas (99.9995% or 5N5 pure), Ge and Si solid targets (5N), and metallic 

Fig. 4.  Artistic view of the amorphous-to-crystalline transformation taking place in Ge or Si films. The 
picture illustrates the typical ball-and-stick model of tetrahedrally bonded Ge or Si atoms (dark spheres): 
(1) in the amorphous (metastable) state, (2) the same as before, but in combination with metal atoms (light 
spheres) either bonded or occupying an interstitial space, and (3) in the crystalline (most stable) state. The 
corresponding (amorphous-to-crystalline) energy diagram shows the activation energies i.e., the minimum 
energy required to transform the amorphous metal-free (E(1)

A ) and metal-containing (E(2)
A ) films into 

crystalline Ge or Si films.
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species (at least 4N5). After deposition, the films were submitted to cumulative isochronal (15 min each) thermal 
annealing treatments at increasing temperatures (~ 150–750 °C range) under a continuous flow of either argon 
or nitrogen.

Raman scattering spectroscopy represents one of the most convenient techniques to probe variations in the 
atomic structure of various classes of materials and it has been extensively considered in the characterization 
of the present films60,61. The measurements were carried out at room-conditions, under the backscattering 
geometry, by exciting the films with 632.8 nm laser radiation. Given the high sensitivity of the amorphous films 
to laser radiation, and in order to avoid unintentional crystallization62, a laser power density of 200 µW/µm2 
was adopted in all measurements. The experimental work included the acquisition of various spectra and the 
measurement of different regions of the very same film—in the pure and metal-containing forms, as-deposited 
and after each annealing step. The proper analysis of the so obtained Raman spectra can be used to identify the 
relative composition as well as details relating the atomic structure of the films63. Roughly, this is accomplished 
by fitting the Raman spectra with either Lorentz or Gaussian functions (or a combination of them), each one 
associated with contributions that can be due to amorphous or crystalline nature64. In the case of the Ge-based 
films these contributions take place at65: ~ 270 ± 5 cm–1 (amorphous), in the ~ 275–295 cm–1 range (crystallites 
with different sizes and/or interface modes), and at ~ 300 ± 3 cm–1 (crystalline). For the Si-based films65: at ~ 470 
± 10 cm–1 (amorphous), in the ~ 480–515 cm–1 range (crystallites with different sizes and/or interface modes), 
and at ~ 520 ± 5  cm–1 (crystalline). The relative amount of these contributions gives a good estimate of the 
fraction of crystalline structures (Xfraction) present in the films according to:

	
Xfraction = AXtal

AXtal + 0.8 · Aamorp
,� (1)

where AXtal and Aamorp stand, respectively, for the integrated areas of the crystalline and amorphous phases, 
and the correction factor 0.8 compensates for differences owing to the light scattering cross-sections of 
the amorphous and crystalline contributions66,67. Following this approach, for the present purposes, the 
crystallization temperature Tcryst of each Ge- and Si-based film was associated to the middle temperature 
between Xfraction = 0 and Xfraction ̸= 0 by considering a ± 50  °C uncertainty. Additional information 
regarding the preparation, thermal annealing, and detailed Raman scattering analyses can be found elsewhere: 
Ge−Al films25,49,68, Ge−Mn 49,69,70, Ge−Co49,71, Ge−Sn28, Si−Al films27, Si−Mn49,72, Si−Fe49,73, Si−Co49,71, and 
Si−Ni26,49,74,75.

Metal−semiconductor bi-layer samples29,30

These samples correspond to 30 nm thick metal films (Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr, Nb, Mo, Ru, Rh, Pd, 
Ag, Hf, Ta, W, Re, Ir, Pt or Au) on top of 200 nm thick amorphous Ge or Si films. All films were deposited by 
sputtering the metal, Ge or Si solid targets (in a pure argon plasma) onto crystalline Si(100) substrates previously 
covered with a thermally-grown SiO2 cap (100 nm thick).

The atomic structure of the samples was studied by in-situ x-ray diffraction measurements in a 14° 2θ range 
centered around 32° (for the metal−Ge samples, corresponding to Ge(220)) or 55° (metal−Si, Si(111)). The 
experiments were performed at the Brookhaven National Laboratory (X20C beam line) by means of 6.9 keV 
x-ray monochromatic radiation and 1.5% energy resolution.

The amorphous-to-crystalline transformation was studied by annealing the samples from 100 to 900 °C (fixed 
rate of 3 °C/s) in a purified He atmosphere. The crystallization temperatures, as presented by Knaepen et al., 
correspond to those at which the rate of increase of either the Ge(220) or Si(111) diffraction peak intensity was 
maximum. The crystallization kinetics of a few selected samples was investigated by additional ramp rates of 1, 
5, 9, and 27 °C/s. Further information relating the preparation and characterization of the metal−semiconductor 
bi-layer samples can be found elsewhere29,30.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].
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