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 Eutectic Combinations as a Pathway to the Formation 
of Substrate-Based Au-Ge Heterodimers and Hollowed 
Au Nanocrescents with Tunable Optical Properties  
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directed toward the synthesis of functional nanomaterials 

have taken advantage of the low melting points and near-

complete miscibility expressed by binary phase diagrams 

exhibiting deep eutectics. These pathways can take advantage 

of not only the well-recognized properties of such systems, 

but also deviations from the bulk phase diagram accessible 

through fi nite-size effects. [ 1–3 ]  The vapor-liquid-solid nanowire 

growth mode, [ 4 ]  block copolymer self-assembly, [ 5 ]  phase 

change materials [ 6 ]  and various forms of hybrid nanoparticle 

synthesis [ 7 ]  are all examples of routes which have utilized 

eutectic systems and the associated solid state immiscibility as 

a means to guide assembly processes to the desired endpoint. 

Together, these nanomaterials express the diverse range of 

optical, electronic, magnetic, thermal and mechanical proper-

ties from which nanotechnology derives its signifi cance. 

 The importance of eutectic systems to nanoscale syn-

thesis is amplifi ed by the fact that such behavior is typically 

 Pairs of immiscible elements with deep eutectics are used to synthesize periodic 
arrays of heterodimers and hollowed metal nanocrescents. In the devised route, 
substrate-immobilized Au or Ag nanostructures act as heterogeneous nucleation 
sites for Ge adatoms. At elevated temperatures the adatoms collect in suffi cient 
quantities to transform each site into a AuGe liquid alloy which, upon cooling, phase 
separates into elemental components sharing a common interface. The so-formed 
Au-Ge and Ag-Ge heterodimers exhibit a complex morphology characterized by a 
noble metal nanocrescent which partially encapsulates one end of the Ge domain. 
Through the use of a selective etch the Ge component is removed, leaving behind a 
periodic array of hollow noble metal nanocrescents on the surface of the substrate. 
Optical characterization of both the heterodimers and nanocrescents indicates 
that the presence of Ge gives rise to a relative blue-shift in the localized surface 
plasmon peak, a result that is in stark contrast to the red-shifts typically observed 
when plasmonic nanostructures are in contact with a dielectric medium. Simulations 
are used to both rationalize the observed shift and show the potential for deriving 
unexpected behaviors when semishell-like noble metal structures are in contact with 
high permittivity dielectric mediums. 
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  1.     Introduction 

 Materials processing routes have long exploited eutectic 

systems in such practices as soldering, brazing, casting and 

wafer bonding. It is, thus, no surprise that synthetic pathways 
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exhibited for binary phase diagrams which combine elemental 

semiconductors and noble metals. Ge, for example, exhibits 

near complete immiscibility at room temperature and promi-

nent eutectics with both Au and Ag. This facilitates both VLS 

Ge nanowire growth modes and the formation of hybrid 

structures reliant on a coupled response between adjacent 

semiconductor and plasmonic domains. While much emphasis 

has been placed on nanowire growth, [ 8,9 ]  recent interest in 

Au-Ge and Ag-Ge heterodimers has occurred both from the 

standpoint of garnering a mechanistic understanding of the 

early stages of nanowire growth and from devising synthetic 

pathways yielding nanostructures with unique properties due 

to a coupled response. Notable studies include: (i) the in situ 

TEM monitoring of Au-Ge heterodimer formation via var-

ious growth modes, [ 10 ]  (ii) the manipulation of catalyst com-

position as a means to promote fast VLS nanowire extrusion 

rates, [ 11 ]  (iii) the colloidal formation of Au-Ge and Ag-Ge 

heterodimers, [ 12 ]  (iv) silica-embedded Au-Ge nanostructures 

exhibiting reversible phase change behavior when sequen-

tially exposed to ultraviolet light and heat, [ 13 ]  (v) the forma-

tion of bi-lobed Au-Ge nanostructures on [100]-oriented Si [ 14 ]  

and (vi) the modifi cation of [111]-oriented Ge surfaces by Au 

nanostructures which, upon temperature cycling, consume 

and then precipitate Ge. [ 15 ]  Nanostructures of greater intri-

cacy have also been derived from the segregation of Au and 

Ge from a liquid AuGe alloy confi ned within a HfO 2  encase-

ment [ 16 ]  and through the use of a co-sparking technique. [ 17 ]  

Also noteworthy, is the formation of solid nanoscale AuGe 

alloys through both a zeptoliter pipetting technique and the 

ablation of AuGe in a water ambient. [ 18,19 ]  

 Previously, we explored the high temperature confi ne-

ment of arrayed Au nanostructures between a metal foil 

and the oxide substrate upon which they were formed. [ 20,21 ]  

Demonstrated was a nanoscale assembly route reliant on 

the sourcing and sinking of material to or from the adjacent 

foil through a combination of sublimation and diffusion pro-

cesses. The route is dependent on Au nanostructures acting as 

heterogeneous nucleation sites for adatoms which sublimate 

from the foil, land on the substrate and diffuse along the 

surface until they impinge upon one of 

the nucleation sites, but where tempera-

tures are held high enough to prevent the 

spontaneous formation of adatom clusters 

elsewhere on the substrate. In doing so, 

the composition and shape of the arrayed 

structures can, through the uptake of 

adatoms, be systematically varied while 

preserving the integrity of the array. While 

this initial study was restricted to adatoms 

that are miscible with Au, we noted the 

intriguing possibility of forming periodic 

arrays of substrate-based heterodimers 

by transforming heterogeneous nuclea-

tion sites into eutectic liquids which, upon 

cooling, phase separate into their immis-

cible solid elemental components. Here, 

we demonstrate the feasibility of this 

synthetic pathway through the formation 

of Au-Ge and Ag-Ge heterodimer arrays 

and, by subsequently etching away the Ge component, the 

ability to transform these structures into hollowed noble 

metal nanocrescents.  

  2.     Results and Discussion 

  2.1.     Fabrication 

 The Au-Ge combination is ideal for heterodimer fabrication 

due to their near-complete immiscibility in the solid state, [ 15 ]  

a binary phase diagram with a deep eutectic [ 22 ]  ( T  E  = 361 °C) 

and a sizeable Ge vapor pressure below its melting point ( T  m  

= 938 °C). [ 23 ]  The assembly process begins with the forma-

tion of substrate-immobilized Au nanostructures able to act 

as heterogeneous nucleation sites for Ge adatoms. The cur-

rent work relies on both the formation of (i) structures as 

periodic arrays formed using a lithography-free templated 

assembly technique referred to as dynamic templating [ 24 ]  and 

(ii) structures with a randomized size and placement formed 

through the agglomeration of an ultrathin Au fi lm at elevated 

temperatures [ 25 ]  (i.e. solid state dewetting). [ 26 ]  [0001]-Ori-

ented sapphire substrates were used because, in both cases, 

nanostructure formation is reliant upon the substrate mate-

rial having a surface energy that is lower than the agglomer-

ating metal fi lm. The heterodimer assembly route, shown in 

 Scheme    1  , places a crystalline Ge substrate over the Au tem-

plates. Direct contact between Au and Ge will be forbidden 

due to a natural gap existing between substrates. This gap 

originates from the contact between two roughened substrate 

edges formed by a diamond scribe in the process of cleaving 

smaller substrates from larger wafers. This sandwich structure 

is then heated to 800 °C, a temperature that is high enough 

to promote Ge sublimation, but low enough to inhibit signifi -

cant sublimation of Au (Scheme  1 c). Ge atoms encountering 

the Au nanostructure, either through direct impingement or 

via substrate surface diffusion, will show a strong tendency 

to remain at the Au nucleation site due to its high surface 

energy. In time, enough Ge will locally collect in quantities 
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 Scheme 1.     Schematic of the scheme used to synthesize Au-Ge heterodimers or, alternatively, 
hollowed Au nanocrescents. The process involves (a) the assembly of substrate-immobilized 
Au nanostructures, (b) the placement of a Ge crystal overtop the Au nanostructures, (c) 
heating the combination to temperatures which are suffi cient to promote Ge sublimation, 
(d) the uptake of Ge by the Au nanostructure to the levels needed to form a liquid droplet of 
AuGe, (e) cooling which induces Au-Ge heterodimer formation through the solidifi cation and 
phase separation of the two-component liquid, and (f) the etching of the Ge component to 
form a hollowed Au nanocrescent.
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suffi cient for the Au-Ge combination to exit the solid phase 

fi eld of the binary phase diagram and enter the liquid phase 

fi eld, a process that will continue until the entire structure 

is transformed into a AuGe liquid alloy (Scheme  1 d). Con-

tinued uptake of Ge into the alloy will proceed until the point 

of supersaturation, or earlier, if the process is terminated 

by lowering the substrate temperature. In either scenario, 

cooling the structure results in phase segregation (Scheme 

 1 e) due to the immiscibility of Au and Ge in the solid state, 

but where a Au-Ge interface is preserved because it lowers 

the overall surface energy. At this point, the structure exists 

as a heterodimer. For the case where the Ge content in the 

heterodimer far exceeds that of Au, the precipitated Au 

forms a partial shell around Ge. Etching the Ge component 

leaves behind a hollowed Au nanocrescent immobilized on 

the substrate (Scheme  1 f).   

  2.2.     Elemental and Morphological Characterization 

  Figure    1   shows scanning electron microscopy (SEM) images 

of the initial Au nucleation sites and the resulting Au-Ge het-

erodimers for both the arrayed and random confi gurations. 

The arrayed Au structures (Figure  1 a), which were imaged 

in secondary electron mode, appear as substrate-truncated 

spheres (diameter = 260 nm), but where weak faceting is 

observed. The truncation originates from surface energy con-

siderations as defi ned by Young’s equation. [ 26 ]  The faceting 

is consistent with a substrate-truncated Wulff shape (i.e. a 

truncated octahedron enclosed by eight {111} facets and six 

{100} facets), which is the expected equilibrium shape for 

face centered cubic (fcc) crystal structures. [ 27 ]  The inset to 

Figure  1 a clearly shows the hexagonal top-facet expected for 

a [111]-oriented structure. Such faceting is anticipated since 

the six-fold symmetric (111)-plane of Au forms a heteroepi-

taxial relationship with the hexagonal (0001)-plane of sap-

phire. The random confi guration (Figure  1 d), derived from 

the high temperature agglomeration of an 18-nm-thick Au 

fi lm, shows nanostructures with the same shape, but where 

the range of diameters extends from 45 to 140 nm. Details 

regarding the Au nanoparticle size distribution, spacing, and 

crystallographic orientation are reported elsewhere. [ 20,25 ]   

 Figure  1 b,c shows top- and tilted-view SEM images of Au 

arrays exposed to Ge for 6 hours at 800 °C and cooled. The 

images were taken in backscatter mode to take advantage of 

the large Z-contrast between Au (Z = 79) and Ge (Z = 32). 

They indicate that the Au structures do, indeed, act as het-

erogeneous nucleation sites for Ge, showing the bright and 

dark contrast expected for Au- and Ge-rich regions, respec-

tively. Noteworthy, is that Ge is only found at the nucleation 

sites, showing no deposition elsewhere on 

the substrate. The structures no longer 

exhibit the spherical shape of the initial 

Au nucleation site, but instead show a 

somewhat fl attened oval morphology with 

typical dimensions of  l  ×  w  ×  h  = 550 nm × 

470 nm × 370 nm. The volume of the struc-

ture has, therefore, increased nearly 8-fold 

over the initial nucleation site, a value cor-

responding to a heterodimer Au content 

of only 12.5%. With a third of the heter-

odimer typically showing the bright con-

trast expected for Au, it was concluded 

that a portion of the Ge structure must lie 

under the Au, a conclusion that was later 

verifi ed by etching away the Ge compo-

nent. The overall structure, therefore, has 

an acorn-like morphology, where a thin 

Au cap encapsulates the underlying Ge. In 

this confi guration the structure becomes 

semishell-like [ 28 ]  in that a partial plas-

monic shell forms over a dielectric core. 

 Randomly positioned Au templates 

with a wide size distribution were exposed 

to Ge at 800 °C for 2 hours and cooled. 

Backscatter mode SEM images reveal that 

all of the structures, regardless of size, act 

as nucleation sites for the uptake of Ge 

(Figure  1 e). While most of the structures 

appear as heterodimers, there is a small 

percentage of Ge-Au-Ge and Au-Ge-Au 

trimers which are denoted on the SEM 

image using yellow and red arrows, respec-

tively. Unlike the arrayed heterodimers, 
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 Figure 1.    SEM images of (a) the arrayed Au structures used as heterogeneous nucleation sites 
which through the devised assembly process give rise to (b) Au-Ge heterodimers imaged from 
a top-view and (c) 65° tilted-view. (d) Au nucleation sites with randomized size and placement 
and (e) the heterodimers assembled from them. The red and yellow arrows indicate trimers of 
Au-Ge-Au and Ge-Au-Ge respectively. The scale bars for all insets is 100 nm.



A. Sundar et al.

3382 www.small-journal.com © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

full papers
where the phase separation was consistently in a side-by-

side confi guration on the substrate surface, the phase sepa-

ration in these non-arrayed structures occasionally proceeds 

through the precipitation of Au to the top of the structure. 

Noteworthy, is that phase separation into side-by-side heter-

odimers is more probable for smaller structures.  θ-2θ  X-ray 

diffraction (XRD) measurements performed before Ge 

incorporation showed that the Au nanostructures were pre-

dominantly oriented with the [111]-direction normal to sub-

strate. After heterodimer formation the intensity of the (111) 

refl ection dropped by more than two orders of magnitude 

(Figure S1). With  θ-2θ  XRD measurements only being sensi-

tive to periodicities perpendicular to the substrate, this drop 

indicates that Au epitaxy with the sapphire substrate is lost in 

the heterodimer assembly process. 

 In order to facilitate elemental mapping, Au nanostruc-

tures were fabricated directly on transmission electron micro-

scope (TEM) grids equipped with Si 3 N 4  support fi lms as 

described previously. [ 29 ]  The grid was then placed facedown 

on a Ge substrate and the assembly process was carried out 

at 700 °C for 2 hours. The shorter duration and lower pro-

cess temperature was chosen to compensate for the fragility 

of the support fi lm. Characterization on the assembled struc-

tures, carried out using TEM imaging and energy dispersive 

X-ray spectroscopy (EDS), is shown in  Figure    2  . Plan view 

TEM images (Figure  2 a) reveal Au-Ge heterodimer forma-

tion, where the formed structures show a slight elongation 

( l  = 272 nm,  w  = 240 nm). EDS spectra, line scans and ele-

mental mapping all confi rm that the regions of light and 

dark contrast are predominantly Ge and Au, respectively, but 

where there exists signifi cant overlap between the Au and Ge 

domains. EDS measurements (Figure  2 d–e) indicate that the 

imaged structure has an overall composition of Au 0.36 -Ge 0.64  

where the Au domain shows 9.6 at.% Ge and the Ge domain 

shows 5.7 at.% Au. Such quantities can be due to a geomet-

rical overlap of the Au and Ge domains, solute trapping or 

Au-Ge alloying as has been previously reported for related 

synthesis routes. [ 12,14 ]  In an effort to resolve this ambiguity, 

both sapphire- and Si 3 N 4 -based heterodimers were exposed 

to an aqueous solution of hydrogen peroxide able to dis-

solve Ge [ 30 ]  while leaving the Au component unscathed. The 

results, not only reveal a near-complete Au-Ge phase separa-

tion in the heterodimers, but also the formation of a unique 

plasmonic nanostructure with a hollowed nanocrescent mor-

phology.  Figure    3  a shows an SEM image of the so-formed 

Au nanocrescent array, where the insets reveal that the 

individual structures have rough edges, but where the inner 

wall appears smooth. The hollowed nature of the structures 

confi rms that the heterodimer is comprised of a large Ge 

domain with one end encapsulated by a Au shell. The struc-

ture formed on Si 3 N 4  (Figure  3 b, inset) also shows hollowing, 

but to a lesser extent. In both cases, EDS measurements 

(Figure  3 b) show only a Au signature, ruling out the possi-

bility of signifi cant Au-Ge alloying within the heterodimer. 
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 Figure 2.    (a) TEM plan view image of a Au-Ge heterodimer and the associated (b) EDS line scan, (c) elemental maps, (d) EDS spectrum for the Au 
domain and (e) EDS spectrum for the Ge domain. The insets to Figure  2 d–e show a TEM image of the heterodimer where the position analyzed 
within the Au and Ge domain is denoted by a yellow and green square, respectively. It should be noted that Au appears as dark contrast in TEM 
images (i.e. opposite to SEM).
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Smaller structures, observed at the base of the nanocrescents 

in the sites formerly occupied by Ge, are likely the remnants 

of Au solute trapping. The substrate also appears somewhat 

scarred in these regions, suggesting that the AuGe eutectic 

liquid weakly attacks the sapphire surface.    

  2.3.     Optical Characterization 

 Optical characterization was carried out for samples derived 

from Au nucleation sites exposed to Ge at 800 °C for var-

ious time intervals (0, 2.5 and 6 hours). The objective was to 

systematically vary the Ge content in order to obtain tun-

able optical properties based on the plasmonic properties of 

the Au domain. Ge is interesting from this standpoint since 

it exposes the Au domain to a highly asymmetric dielectric 

environment in a spectral range where the permittivity is 

large and highly variable (12 < ε 1  < 33, 3 < ε 2  < 24). [ 31 ]  The 

experiments were carried out on structures formed in the 

random confi guration in order to obtain the relatively large 

areas required for this characterization technique. The meas-

urements were taken with unpolarized light having a propa-

gation direction (  k  ) and  E -fi elds which are perpendicular 

and parallel to the substrate, respectively.  Figure    4   shows 

the extinction spectra for three samples as they progress 

through an assembly process which sees them transformed 

from Au nanostructures to Au-Ge heterodimers and then 

to hollowed Au nanocrescents. For all cases, the initial Au 

nanostructures have a localized surface plasmon resonance 

peak (LSPR) centered near 540 nm. Surprising was that the 

response of the Au-Ge heterodimers seemed relatively insen-

sitive to the amount of Ge incorporated into the structure, in 

all cases showing a broadened LSPR peak at approximately 

the same wavelength as the initial Au nanostructure. There 

is, however, a systematic rise in the extinction effi ciency at 

low wavelengths as the Ge content within the heterodimer 

is increased. The rise is attributable to the onset of strong 

direct interband transitions in Ge in this spectral range. [ 32 ]  

In contrast, the hollowed Au nanocrescents derived from 

these same heterodimers show a substantial red-shift (540 

to 631 nm), where the degree of the shift is dependent on 

the amount of Ge incorporated into the heterodimer prior 

to etching it away. The underlying implication of these results 

is that the LSPR peak of the standalone Au nanocrescent 

structure blue-shifts when placed in direct contact with the 

Ge domain.  

 The apparent blue-shift caused by the Ge domain is in 

contradiction to numerous theoretical and experimental 

studies which consistently show that the immersion of 

plasmonic materials into dielectric mediums lead to red-

shifts. [ 33–35 ]  Asymmetric dielectric environments, such as 

those present when a plasmonic nanostructure is resting on 

a substrate, also give rise to red-shifts. [ 36–38 ]  It is, however, 

noted that none of these studies have examined the infl uence 

of dielectrics with permittivities as high as those exhibited by 

Ge. Nevertheless, it is recognized that plasmonic shells with 

high permittivity cores have the potential to exhibit exotic 

behaviors. [ 28 ]  In an effort to rationalize the observed spectra, 

simulations based on the discrete dipole approximation 

(DDA) [ 39 ]  were carried out for unpolarized light incident 

on: (i) the initial Au nanoparticle, (ii) a hollowed nanocres-

cent with the same volume as the initial Au nanoparticle and 

(iii) an identical nanocrescent brought into contact with a 

Ge domain (i.e. a Au-Ge heterodimer). The results, shown 

in Figure  4 d, do, indeed, predict the observed experimental 

behavior in terms of the relative LSPR peak positions for the 

three structures under investigation. To obtain further insight 

into this behavior, additional simulations were carried out 

which systematically varied the index of refraction of the die-

lectric domain from n = 1 to 4 for the heterodimer structure 

for polarizations parallel ( E x  ) and perpendicular ( E y  ) to the 

long axes of the heterodimer. A substrate was not included in 

these calculations in order to simplify the system under study. 

The results indicate that the observed blue-shift is largely 

attributable to the extinction associated with the  E x   polari-

zation (Figure  4 e). They indicate that the dielectric medium 

results in peak splitting where both resonant modes red-shift 

as the value of n is increased, a result consistent with other 

asymmetric structures which show both dipolar and quadru-

polar resonant modes. [ 34 ]  The peak splitting, however, is to 

such an extent that the low wavelength mode is blue-shifted 

relative to the standalone nanocrescent structure (i.e. when n 
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 Figure 3.    (a) SEM image of a Au nanocrescent array formed on sapphire 
with insets showing high resolution 65° tilted-view images of a single 
structure from two perspectives (scale bar = 100 nm). (b) An EDS 
spectrum of a heterodimer structure after the Ge domain was etched 
away. Note the absence of signal at the Ge peak position denoted by 
the dashed green line. The inset shows a TEM plan view image of the 
nanocrescent with the square depicting the region that was probed.
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= 1). This mode also strengthens as n is increased. In contrast, 

the high wavelength mode broadens and weakens. Similarly, 

the  E y   polarization shows a weakening of the resonant mode 

as it is red-shifted to frequencies outside the measured spec-

tral range (Figure S2). Taken together, these results indicate 

that the observed blue-shift originates from a combination of 

the large peak splitting occurring when Au is adjacent to a 

highly polarizable medium and a lessening of the extinction 

effi ciency of the high wavelength modes. With most group IV, 

III-V and II-VI semiconductors also showing high permit-

tivities there is the potential for numerous systems to exhibit 

similar optical behavior if incorporated into heterodimer 

structures. It is noted that Liang et al. [ 40 ]  reported a blue-shift 

in the LSPR peak when a Ag tipped Au nanorod was over-

grown with CdSe. While the authors attributed this shift to 

a shape-change in the plasmonic structure, effects similar to 

those observed here for the Au-Ge heterodimer could be a 

contributing factor.  

  2.4.     Ag-Ge Heterodimers and Hollowed Ag Nanocrescents 

 In an effort to demonstrate the applicability of this growth 

pathway to other eutectic combinations, Ag-Ge heterodimers 

were assembled using Ag nanostructures [ 24,25 ]  as heteroge-

neous nucleation sites. It is, however, noted that this binary 

system has synthetic challenges arising from a signifi cant Ag 

vapor pressure at the assembly temperature. In order to par-

tially offset the loss of Ag through sublimation, heterodimer 

assembly was carried out at a lower temperature (750 °C) for 

a shorter duration (1 hour). Nevertheless, the process tem-

perature is still well above the Ag-Ge eutectic temperature 

( T  E  = 651 °C).  Figure    5   summarizes the morphological and 

compositional characterization carried out on the so-formed 

Ag-Ge heterodimers and the corresponding Ag nanocres-

cents. The heterodimers formed in periodic arrays (Figure  5 a) 

share many similarities with the Au-Ge system, but differ 

in that the Ge domain is smaller and there exists a height 

discontinuity (favoring Ag) along the heterodimer surface 

where the two domains meet.  

 Ag-Ge heterodimers formed in the random confi guration 

(Figure  5 d) also express these same differences, but differ 

from Au-Ge heterodimers in that they consistently form in 

the side-by-side confi guration, exhibit substantial faceting 

and show no tendency toward the formation of trimer struc-

tures. When compared to their Au counterpart, Ag nanocres-

cents, formed by etching away the Ge domain (Figure  5 b,c), 

show less hollowing, thicker walls, sharper crescent points 

and a higher degree of shape uniformity between adjacent 

structures. EDS elemental analysis performed on Ag-Ge 

heterodimers prepared on Si 3 N 4  support fi lms (Figure  5 e) 

confi rms phase separation between the two components, but 
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 Figure 4.    Spectra showing the evolution of the extinction effi ciency as Au heterogeneous nucleation sites (yellow) are transformed fi rst to Au-Ge 
heterodimers (green) and then into hollowed Au nanocrescents (red) for samples exposed to Ge for (a) 0, (b) 2.5 and (c) 6 hours. DDA simulations 
of (d) the extinction effi ciency for all three structures and (e) for a heterodimer structure where the index of refraction of the dielectric medium is 
varied from 1 to 4.
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where line-scans and elemental color maps, once again, show 

a region of elemental overlap. Once the Ge component is 

etched away, however, only the Ag signature remains, a result 

which also rules out signifi cant alloying in Ag-Ge heterodi-

mers. Similarities with Au-Ge system are also observed in 

the optical response, with the Ag-Ge heterodimer showing 

a resonant peak which is blue-shifted relative to that of the 

standalone Ag nanocrescent (Figure S3).   

  3.     Discussion 

 If the proposed synthesis scheme accurately depicts heter-

odimer formation, then the overall assembly process can be 

characterized as one where adatoms collect at heterogeneous 

nucleation sites, chemically transform the sites to liquid alloy 

droplets which then, upon cooling, phase separate into immis-

cible elemental components sharing a common interface. 

Within this mechanistic framework, the assembly process 

should be applicable to a number of heterodimers beyond 

Au-Ge and Ag-Ge systems demonstrated. Its viability, however, 

is dependent upon the binary elemental system meeting a 

number of important criteria. The element forming nucleation 

sites must have a vapor pressure that is low enough to ensure 

its resistance to sublimation/evaporation over the duration of 

the assembly process. The element arriving at the nucleation 

site, either through adatom surface diffusion or direct impinge-

ment, must have a vapor pressure low enough to ensure a sig-

nifi cant lifetime on the substrate surface, but high enough to 

inhibit the spontaneous formation of stable clusters elsewhere 

on the substrate. The two elements must be immiscible in the 

solid state, but miscible in the liquid state as is often the case for 

binary systems exhibiting deep eutectics. It is, however, noted 

that partially miscible systems could also result in heterodimer 

formation, but where at least one domain would take on an 

alloy composition. Upon arrival at the nucleation site, adatoms 

must collect in suffi cient numbers for, at least, a portion of the 

structure to enter the liquid fi eld of the binary phase diagram. 

Adatom uptake must then continue until the entire nucleation 

site becomes liquid. Upon cooling, the kinetics associated with 

solidifi cation and phase separation must be rapid enough to 

allow the saturated component to precipitate effi ciently from 
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 Figure 5.    SEM images of arrayed (a) Ag-Ge heterodimers derived from Ag heterogeneous nucleation sites and (b) Ag nanocrescents formed by 
etching away the Ge domain of the heterodimer imaged in top-view and (c) 65° tilted-view. The scale bars for all insets is 100 nm. (d) SEM image 
of Ag-Ge heterodimers in the random confi guration. (e) TEM plan view image of a Ag-Ge heterodimer and the associated EDS line scan, elemental 
maps and EDS spectra for both the Ag and Ge domains (taken at the sites denoted by blue and red squares). The red arrow in the TEM image 
denotes an arc-shaped feature associated with Ge that is lying below the Ag shell.
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the liquid as a single domain. While the role of the sapphire 

substrate is not adequately elucidated by this initial study, the 

fact that Au-Ge phase separation consistently occurs in a side-

by-side manner demonstrates its infl uence. In situ TEM has, 

in fact, been used to monitor the sideways nucleation of both 

Si [ 41,42 ]  and Ge [ 10 ]  from supersaturated liquid alloys resting on 

either SiO x  or SiN x  membranes. Similar structures formed on 

(111) Ge substrates are, however, observed to exhibit up-down 

directionality. [ 15 ]  Together, these results suggest that substrate 

infl uences could provide an avenue for asserting control over 

the segregation direction. 

 For the demonstrated assembly route the Au (or Ag) 

nucleation sites were confi ned between a Ge crystal and the 

sapphire substrate upon which they were initially assem-

bled. While it is certainly possible to form heterodimers by 

sourcing the Ge through more conventional approaches, such 

as physical or chemical vapor deposition, it should be noted 

that the experimental confi guration used demands that the 

Ge crystal, the Au nucleation sites and the substrate all be 

at the same temperature. The repercussions of this constraint 

become apparent when the assembly process is carried out 

for long durations. If, in this scenario, the Ge content in the 

liquid alloy reaches levels suffi cient for it to precipitate from 

a supersaturated liquid, then the solid Ge is subjected to a 

temperature which is high enough to cause it to sublime. This 

slows the overall uptake of Ge, allowing for better control 

over the assembly process. It also negates the possibility of 

extruding signifi cant quantities of solid Ge as is the case for 

nanowire extrusion via a VLS growth mode. This key differ-

ence, hence, distinguishes this growth pathway from the case 

where Au-Ge heterodimers are derived from a VLS growth 

mode which is arrested at an early stage. [ 10–12,15 ]  

 The fi nal cooling stage of the assembly process is crucial 

in determining both the morphology of the heterodimers 

as well as that of the hollowed noble metal nanocrescents 

formed by etching away the Ge component. When a molten 

Ge-rich alloy is cooled, solid Ge is precipitated from the melt 

as the remaining liquid becomes increasingly rich in the noble 

metal component. The process culminates in complete phase 

separation where the shape of the heterodimer interface is 

decided by surface energy considerations. The fact that the 

noble metal component forms a crescent-like encapsulation 

around one end of the Ge domain is consistent with it wet-

ting the surface of Ge. The literature describing the wetting 

behavior of the Au-Ge and Ag-Ge systems indicates that it 

is complex and sometimes controversial. It is, however, noted 

that both Au and Ag have been shown to wet the surface of 

Ge. Noteworthy results include the formation of ultra-smooth 

Ag fi lms on oxide surfaces using a Ge wetting layer [ 43,44 ]  and 

a dewetting-to-wetting transition observed for the Au-Ge 

system as the temperature is lowered below 393 °C. [ 45 ]  

 When complete, the assembly process has brought 

together two dissimilar materials to form a single nanostruc-

ture. This places these structures in a class of hybrid mate-

rials where a coupled response provides for functionalities 

of relevance to catalytic, sensor, biomedical and light har-

vesting applications. [ 7,46,47 ]  For the case where the Ge content 

greatly exceeds that of the noble metal the assembly process 

gives rise to semishell-like structures in that a plasmonic 

shell partially encloses a dielectric core. Semishells, which are 

candidate materials for plasmonic, metamaterial and sensing 

applications, [ 28,48,49 ]  are typically formed using low permit-

tivity dielectrics. The strong blue-shift of the LSPR peak 

induced by Ge in the Au-Ge heterodimer, however, demon-

strates that unique properties are accessible from such struc-

tures when utilizing high permittivity dielectrics. Once the 

Ge core is etched away, the remaining structure takes on a 

morphology which shares commonalities with other nano-

crescent morphologies where asymmetries, sharp corners and 

high surface areas induce properties of specifi c importance 

to metamaterials and surface enhanced Raman scattering 

(SERS). [ 50–53 ]  Together, these possibilities provide motiva-

tion to further investigate the properties of nanostructures 

derived from eutectic combinations.  

  4.     Conclusion 

 The current study underscores the utility of combining 

immiscible elements with prominent eutectics into nanoscale 

assembly routes. Derived were uniquely shaped heterodimers 

which expose a crescent-shaped plasmonic component to an 

unusual dielectric environment characterized by high asym-

metries and a large permittivity. It also, through the selective 

etching of the dielectric component, yielded hollow noble 

metal nanocrescents with a LSPR peak dependent upon the 

amount of Ge contained in the heterodimer prior to removal. 

The uniqueness of these structures, in combination with 

the ease and versatility of this assembly route, provides the 

impetus to further defi ne the properties of the nanostructures 

produced and adapt the process to other important eutectic 

combinations.  

  5.     Experimental Section 

  Assembly of Heterogeneous Nucleation Sites : Au and Ag het-
erogeneous nucleation sites were formed on (0001)-oriented 
sapphire substrates (MTI) or Si 3 N 4  support fi lms (EMS) as both 
periodic arrays and as structures with randomized size and posi-
tion. These assembly processes have been described in detail 
elsewhere. [ 24,25,29 ]  It should be noted that the Au and Ag assembly 
processes were each carried out in a dedicated quartz tube to pre-
vent cross-contamination. 

  Assembly of Heterodimers : Au-Ge heterodimers were formed 
by placing an undoped (100)-oriented Ge substrate (MTI) with 
approximate dimensions of 7 mm × 7 mm × 0.5 mm overtop the 
sapphire substrate on which the Au nucleation sites were assem-
bled. The combination was then placed in an alumina crucible 
and inserted into a tube furnace with a fl owing argon ambient 
(65 sccm). The heterodimer assembly process was then carried 
out using a heating regimen which saw the temperature raised to 
800 °C in 15 min, held there for time intervals ranging from 0 to 
6 hours, and then cooled to room temperature over the course of 
2 hours. Au-Ge heterodimers assembled on TEM grids with Si 3 N 4  
support fi lms underwent the same procedure except that the pro-
cess temperature was lowered to 700 °C to compensate for the 
fragility of the support fi lm. Ag-Ge heterodimers were assembled in 
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a similar manner except for the use of a lower process temperature 
(750 °C) and shorter assembly times (1 hour). These changes were 
implemented as countermeasures to the signifi cant Ag vapor pres-
sure at the assembly temperature. The Au-Ge and Ag-Ge assembly 
processes were also carried out in a dedicated quartz tubes. 

  Fabrication of Hollowed Noble Metal Nanocrescents : Hollowed 
Au nanocrescents were fabricated by exposing Au-Ge heterodimers 
to an aqueous solution of hydrogen peroxide (29–32% H 2 O 2 , Alfa 
Aesar) at 70 °C for 10 min. [ 30 ]  The etchant selectively attacks the 
Ge component, leaving behind hollowed nanocrescents of Au on 
the substrate. Ag nanocrescents were made in a similar manner, 
except that H 2 O 2  was not used because it is an oxidative etchant of 
Ag. [ 54 ]  The Ge was instead removed with 500 nM aqueous HAuCl 4  
at 100 °C. [ 55 ]  The reaction left no measurable quantities of Au on 
the Ag nanocrescent or substrate. 

  Instrumentation : Au and Ag depositions utilized a Model 681 
Gatan High Resolution Ion Beam Coater. The assembly processes 
were carried out in a Lindberg Blue M tube furnace. SEM images 
were obtained using an FEI Quanta 400 ESEM or a 450 FEG ESEM. 
TEM images were obtained using the JEOL JEM-1400 TEM.  θ-2θ  
X-ray diffraction scans were measured using a Bruker D8 Discover 
X-Ray Diffractometer. Extinction spectra were measured using a 
Jasco UV/Vis v530 Spectrophotometer where the  E -fi eld and prop-
agation direction ( k ) are parallel and perpendicular to the sub-
strate surface, respectively. 

  Simulations : Simulations of the extinction effi ciency were car-
ried out using the discrete dipole approximation (DDA). [ 39 ]  The 
calculations were performed using DDSCAT (Version 7.3) [ 56 ]  where 
the simulated structures were fi rst created using LAMMPS. [ 57 ]  The 
simulated structures in Figure  4 d, which include (i) a truncated Au 
nanosphere (dia. = 70 nm) forming a 130° contact angle with the 
substrate, (ii) a Au-Ge heterodimer and (iii) a hollowed Au nano-
crescent, were represented by 14900, 26500 and 14800 dipoles, 
respectively, where each structure was resting on a sapphire 
substrate represented by 25800 dipoles. The Au-Ge heterodimer 
is formed through the intersection of a substrate-truncated Ge 
sphere (diameter = 62 nm, contact angle = 95°, 11700 dipoles) 
with a similarly truncated Au sphere (diameter = 90 nm, contact 
angle = 130°, 14800 dipoles) where the Au is then removed from 
the 50 nm diameter region of overlap. For all three structures the 
volume of Au is held constant. The optical constants for Au, Ge and 
sapphire were taken from commonly used sources. [ 58,59 ]  The simu-
lated structure in Figure  4 d is an identical heterodimer except for 
the fact that the index of refraction of the dielectric is arbitrarily set 
to values between 1 and 4.  
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