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A grain boundary phase transition in Si–Au
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A grain boundary transition from a bilayer to an intrinsic (nominally clean) boundary is observed in Si–Au. An atomically
abrupt transition between the two complexions (grain boundary stabilized phases) implies the occurrence of a ﬁrst-order interfacial
phase transition associated with a discontinuity in the interfacial excess. This observation supports a grain-boundary complexion
theory with broad applications. This transition is atypical in that the monolayer complexion is absent. A model is proposed to
explain the bilayer stabilization and the origin of this complexion transition.
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Phase transitions are of great importance for
understanding and controlling materials fabrication and
resultant properties. While they normally occur between
bulk phases, materials physicists have long recognized
the existence and importance of surface phase transitions,
most notably premelting [1] and prewetting [2] transitions. Cahn [3] recognized that grain boundaries (GBs)
can also undergo phase transitions. A series of more
recent studies suggest that premelting/prewetting like
interfacial transitions can occur at GBs [4–13]. Notably,
six generic conformations of GB phases, namely, an
intrinsic/clean GB, a Langmuir–McLean type monolayer
(submonolayer), a bilayer, a trilayer, a nanoscale intergranular ﬁlm of an equilibrium thickness and a complete
wetting ﬁlm of an arbitrary thickness, have been identiﬁed
and named as complexions [4,5,14–21]; the formation of
these generic GB complexion types can be interpreted
from the interplay of GB premelting, prewetting and multilayer adsorption [5,8]. The recognition of GB phase
behaviors and the identiﬁcation of the non-classical complexion types has provided new insights towards the
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understanding of several outstanding scientiﬁc problems
in materials science regarding the origins of abnormal
grain growth [4,14], solid-state activated sintering [22–
24] and liquid metal embrittlement [25].
If the observed GB complexion types can be treated
as interfacial phases, one would expect the occurrence
of interfacial phase transitions, which can be either continuous or ﬁrst-order (abrupt). Indeed, thermodynamic
models support the existence of such GB transitions
[4,5,7,8,12,21]. Recognizing and controlling such GB
transitions is of practical importance because they can
cause abrupt changes in microstructural development
and properties [4,14,15,21]. While an analogous ﬁrstorder surface transition was revealed recently [26,27],
experimental evidence for the occurrence of GB transitions at internal interfaces is sparse. A recent study
made a single observation of the co-existence of a bilayer and a (presumably metastable) trilayer at the same
GB in Ni–Bi [25], implying the existence of a GB transition between them. In the present study, we demonstrate
unequivocally the occurrence of a bilayer to intrinsic/
clean GB transition in Si–Au, and we further show that
this interfacial transition is likely a ﬁrst-order one. This
observed interfacial transition is unique in that this
bilayer to clean GB transition occurs in the absence of
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a monolayer. A model is proposed to explain the bilayer
stabilization in this system and the physical origin of the
observed ﬁrst-order complexion transition.
The Si bicrystal specimens (with a 100 nm thick Au
ﬁlm sandwiched between two Si crystals) were made using
(1 1 1) ﬂoat zone wafers. The purchased wafers were cut,
cleaned ultrasonically in acetone for 5 min, immersed in
a piranha solution (2H2SO4:1H2O2) for 10 min, treated
by a standard procedure to remove organic contaminates
in a solution of 1NH4OH:1H2O2:1.5H2O at 80 °C for
10 min, dipped in 1% HF for 2 min (to remove surface
native oxide), rinsed with deionized water and dried using
an N2 stream. The wafers were then immediately placed in
the vacuum chamber and coated with a 50 nm thick Au
ﬁlm. The bicrystals were made by aligning and bonding
the Au-coated wafers with 15° misorientation to
produce a low-symmetry R 43 GB. The specimens were
annealed using a MHI vertical furnace in the presence
of ﬂowing gas (Ar–5% H2), and Ti sponges were used as
getters. The annealing temperature was nominally 1 K
below the melting temperature of Si ðT Si
melting ¼ 1683 KÞ;
i.e. if we increased the set temperature by 1 K, the silicon
wafers would melt (the temperature was monitored by a
second thermocouple placed near the specimen, and the
monitored temperature ﬂuctuation was about ±1 K).
After isothermal annealing of 5 h, the specimens were
pulled out of the furnace heating zone into a cold zone
ﬂowing forming gas. The temperature (as monitored by
the thermocouple near the specimen) was reduced from
the nominal annealing temperature of 1682 K to 1000 K
in 1.5 min, then from 1000 K to 600 K in an additional
3 min. The specimens were then cut transversely,
ground with silicon carbide papers up to 1200 grit, polished with 1.0 and 0.3 lm alumina suspensions, and
cleaned in acetone. A Hitachi SU6600 scanning electron
microscope was used to observe the cross-sections preliminarily. Transmission electron microscopy (TEM) specimens were prepared by using a combination of a
focused ion beam instrument (FEI Strata DB 235) and
a careful low-energy ion milling technique (Fischione
1010), and characterized using an aberration-corrected
scanning transmission electron microscope (JEOL
2200FS) equipped with an energy-dispersive X-ray spectroscopy (EDXS) detector. Micrographs reported here
are Z-contrast high-angle annular dark-ﬁeld (HAADF)
images.
Figure 1(a) shows the tip of a withdrawing Au-based
drop formed during cooling (a solidiﬁed Au particle in
the cooled specimen). Several regions of the GB segments were observed, as shown in Figure 1(b)–(d). Note
that this particular GB is a (1 1 1) 15° twist GB (R 43). In
Region B, which is immediately adjacent to the Au particle (Fig. 1(b)), an Au-based bilayer is observed. This
continuous bilayer is more than 100 nm long, with uniform thickness; we scanned over the entire length and
found that the bilayer exhibited similar character in
HAADF scanning TEM (STEM) imaging. In Region
D, which is suﬃciently far away from the Au particle
(Fig. 1(d)), a clean GB, which is essentially free of observable Au adsorption in the HAADF STEM micrograph,
is observed. In between, Region C is composed of small
segments of bilayers and clean GB segments. The bilayer
segment shown in Figure 1(c) is only 5–6 nm wide in the

Figure 1. HAADF STEM micrographs of (a) a withdrawing Au drop
at the interface of a Si bicrystal, which presumably formed during
cooling. (b–d) Views of Regions B, C and D, respectively, at higher
magniﬁcations.

projected direction when the GB is edge-on. It is important to note that a series of careful tilting experiments
conﬁrmed that the observed Au bilayer did not form
from a projection of steps. Presumably, the wetting
and adsorption conﬁgurations shown in Figure 1
formed during specimen cooling. A future study is
needed to determine whether these 5–6 nm wide discontinuous Au bilayers in Region C (Fig. 1(c)) are islands or
strips (nanobelts) in three dimensions, as this is beyond
the scope of this work. To support the major conclusion
of the current study (as elaborated subsequently), it is
important to emphasize that the 5–6 nm wide discontinuous bilayers in Region C also transition sharply to
clean GB segments at both ends.
In Z-contrast HAADF STEM micrographs, the
bilayers are characterized by their bright contrast by virtue of the high Z number of Au. EDX analyses directly
conﬁrmed the enrichment of Au in the bilayer. Moreover, the bright contrast of the bilayers in HAADF
STEM micrographs appears to extend signiﬁcantly
and diﬀusely into both adjacent grains. EDXS analysis
of a point that is 5 nm away from the bilayer (inside
the adjacent grain) also revealed the presence of a small
amount of Au. Although it is diﬃcult to exclude beam
spreading eﬀects, the combination of HAADF STEM
imaging and EDXS analyses suggests that some Au is
“dissolved” in both grains to form a nanoscale diﬀuse
Au segregation/adsorption proﬁle. The maximum bulk
solid solubility of Au in Si is 1.5  1017 atoms cm3,
or 30 ppm (atomic fraction), occurring at 1300 °C.
However, the “solubility” in the ﬁrst few atomic layers
near the GB core can certainly be much higher than
the bulk solubility, as demonstrated elegantly in a model
developed by Wynblatt and Chatain (even if their speciﬁc model and formulae were derived for face-centered
cubic metals) [28].
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A careful analysis of the HAADF STEM images
shows that the Au layer in each of the bilayers is adsorbed coherently on the adjacent Si grain. In STEM
images, it is diﬃcult to resolve the periodic structures
in both Si grains and Au bilayers simultaneously because of the signiﬁcantly diﬀerent brightness (as a consequence of a large diﬀerence in the Z numbers). Figure 2
displays the same HAADF STEM image at two diﬀerent contrast and brightness levels to correlate the periodic structures in the Si grains with the associated Au
bilayer. This pair of images demonstrates the coherence
between the atom positions in one of the Si grains and
its adjacent Au layer (one layer in the bilayer). Since this
is a symmetrical twist GB, the two grains are crystallographically equivalent to each other with mirror plus
rotation operations and therefore the Au atoms in the
other layer are also coherently adsorbed on its adjacent
grain. Although it is not possible to resolve the periodic
structures in both Au layers simultaneously due to the
15° twist, we were able to conﬁrm this coherent Au
adsorption by tilting each Si crystal to the appropriate
zone axis. Since this is a low-symmetry (R 43) GB and
each Au layer in the bilayer is adsorbed coherently onto
the adjacent Si grain, there must be a large mismatch between the two adsorbed Au layers in the bilayer (i.e. a
lattice match following only the R 43 periodicity). The
proposed atomistic conﬁguration for the bilayer is schematically illustrated in Figure 3(b).
Perhaps the most striking observation of this study is
the coexistence of bilayers and clean/intrinsic GB segments at the same GB, as vividly shown in Figure
3(a), an image obtained at the boundary between Regions C and D. This indicates the occurrence of a bilayer
to clean GB transition, which presumably took place
during cooling. Furthermore, the atomically abrupt
transitions between the two GB complexions (Fig. 4(a)
as well as Fig. 1(c)) suggests that the GB structural
and chemical (phase) transition from a bilayer to an
intrinsic/clean GB is likely a ﬁrst-order one, because it
is associated with a discontinuity (i.e. an abrupt “jump”)
in the interfacial excess of the solute (Au) adsorption.
Surprisingly, our observations showed that bilayers
transition to intrinsic/clean GBs in the absence of the
intermediate state (complexion) of monolayers (Figs.
1(c) and 3(a)). Figure 3(b) schematically illustrates the
relative stabilities of a bilayer, a monolayer and an intrinsic/clean GB, as well as the origin of the ﬁrst-order bilayer to intrinsic GB transition; here we adopted a

Figure 2. A HAADF STEM micrograph displayed at the two diﬀerent
brightness levels. The set of parallel lines plotted at the same locations
indicates coherence between one of the adsorbed Au layer and its
adjacent Si grain.

205

Figure 3. (a) HAADF STEM micrograph showing the abrupt transition region between the bilayer and the “clean” GB, indicating the
occurrence of a ﬁrst-order GB phase transition between them. (b)
Schematic illustration of bimodal free-energy states that may lead to a
ﬁrst-order transition, the origin of which can be explained from the
negative mixing enthalpy of the Au–Si system (indicating that it is
energetically favorable to form Au–Si bonds from breaking Au–Au
and Si–Si bonds); see text for elaboration.

simpliﬁed regular-solution lattice-gas model, following
a similar model that was recently proposed to explain
the stabilization of bilayers in Ni–Bi (see Fig. S11 in
Ref. [25]). Like the Ni–Bi case, a bilayer in Si–Au can
be stabilized if Au atoms bond strongly to the Si atoms
on the adjacent Si grain surface. To test this assumption,
we used the Miedema model [29] and free software developed by Dr. R.F. Zhang [30] to estimate the formation
enthalpy for an Au0.5Si0.5 alloy and found it to be
7.997 kJ mol1 (i.e. Au–Si bonds are energetically favored to form from breaking Si–Si and Au–Au bonds).
As illustrated in Figure 3(b), it may be energetically more
expensive to form an Au monolayer at the low-symmetry
(R 43) twist GB because the Au monolayer cannot grow
coherently with respect to both grain surfaces; i.e. some
strong Au–Si bonds must be broken at (at least) one
Si–Au interface. In other words, the monolayer complexion may represent a high energy state because the tendency of both Si grain surfaces would be to impose
structural order onto the monolayer and this structural
ordering is incompatible (because this is a low-symmetry
R 43 GB); this may result in a structural frustration that
destabilizes the monolayer complexion. In contrast, in a
bilayer, each Au layer can follow the order of their adjacent grain, resulting in the breaking of the Au–Au bonds
between the two adsorbed layers, which are likely weaker
than Si–Au bonds because of the negative regular solution parameter; thus this bilayer complexion can be energetically more stable in the present case.
Schulli et al. [31] reported “substrate-enhanced supercooling” in the Au–Si system, in which they used in situ
X-ray scattering to demonstrate the “interface-enhanced
stabilization” of nanometer-thick, Au-based, liquid-like
ﬁlms on the Si (1 1 1) surface to 120 K below the eutectic

206

S. Ma et al. / Scripta Materialia 66 (2012) 203–206

temperature and 360 K below the liquidus line. Prior
high-resolution TEM characterization of quenched specimens has directly shown the stabilization of nanoscale,
impurity-based, liquid-like (amorphous-like) ﬁlms on
free surfaces [27,32–35] and at GBs [6,24,36] in ceramic
materials. Similar nanoscale equilibrium-thickness intergranular ﬁlms (one of the six Dillon–Harmer complexion
types [4,5,14–21]) have also been found at metallic GBs
[9–11,23] and oxide–metal interfaces [37–41]. Considering that Au–Si is a metallic glass forming system, one
would expect nanoscale “amorphous” ﬁlms to be a stable
complexion at a twist (1 1 1) GB (where the crystallization
would be even more diﬃcult than the case of a liquid-like
Au ﬁlm on a Si (1 1 1) surface in the prior report [31]).
Somewhat surprisingly, this study showed the stabilization of a much more ordered complexion, namely bilayers. The bilayer interfacial phase (Dillon–Harmer
Complexion III) has been observed previously in both
ceramic [4,16,17] and metallic [25] systems.
The occurrence of GB structural transitions was suggested by a prior atomistic simulation conducted for twist
(1 0 0) GBs in pure Si [42]. Direct comparison of the
current experimental results of a twist (1 1 1) GB in the
Si–Au binary system and the prior modeling results of
twist (1 0 0) GBs in pure Si [42] are not justiﬁed. Nonetheless, the current study provides the most convincing
evidence for the existence of GB structural (phase) transitions; such evidence was sparse in the prior literature,
thereby making the current observation valuable.
In summary, we have observed a GB-stabilized phase
(complexion) transition from a bilayer to an intrinsic/
clean GB in Si–Au and have shown that this GB phase
transition is likely a ﬁrst-order one. A model is proposed
to explain the stabilization of the bilayer complexion
and the origin of this ﬁrst-order bilayer to intrinsic GB
transition in the absence of an intermediate state of a
monolayer. In general, the occurrence of GB transitions
can often lead to abrupt changes and/or abnormal
behaviors in materials fabrication (e.g. enhanced sintering [22–24]), microstructural evolution (e.g. abnormal
grain growth [4,14]) and materials properties (e.g.
embrittlement [25]). This observation supports a new
GB complexion theory, which recognizes GB phase
behavior, uses it to solve a wide range of mysteries in
materials science and helps to realize predictable fabrication of materials by design [4,14,15,21,22,25].
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