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Polycondensation-type 
Ge nanofractal assembly
The group IV semiconductors such as silicon (Si) and germanium (Ge) 
are unique materials with a wide range of technological applications. 
A versatile integrated device for the semiconductor industry is highly 
desirable for advanced applications. Notwithstanding the widespread 
application of Ge its use is not as extensive as that of Si, and nebulous 
domains in our understanding of its precise technical functions still 
remain. Previous nanostructures have either been one-dimensional 
nanomaterials such as nanowires, nanorods, nanobelts/nanoribbons, 
nanotubes, two-dimensional nanoscale thin films, or zero-dimensional 
nanoparticles, which all have integer dimensions. Herein, the non-integer 
dimensional Ge nanostructures, referred to as nanofractals, were 
successfully assembled by high-vacuum thermal evaporation techniques. 
We have found that the thermodynamically driven assemblies of Ge 
nanocrystals possess amazing nanostructures such as polycondensation-
type Ge nanofractals with non-integer dimensions, thick branches and 
smooth edges, metastable gamma-Au0.6Ge0.4 nanocrystals, and a variety 
of interesting micro/nanometer-sized features. The results of computer 
simulations using a ripening mechanism of non-uniform grains agree very 
well with the patterns formed in experiments.
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Quasi-one-dimensional nanostructures such as nanowires, 

nanorods, nanobelts/nanoribbons, nanotubes, nanowhiskers, 

nanorings, nanofibers and nanocables have attracted considerable 

attention in recent years due to their scientific and technological 

importance1-5. These one-dimensional nanomaterials have 

become the focus of intensive research owing to their interesting 

geometries, novel properties, and unique applications in 

mesoscopic physics and the fabrication of nanoscale devices6-8. 

Many materials including group IV, III-V, and II-VI semiconductors 

have been successfully prepared in the form of quasi-one-

dimensional nanostructures by a variety of methods9-13. In the 

group IV semiconductors, silicon (Si) and germanium (Ge) are 

unique materials with a wide range of technological applications 

because of their valuable semiconducting, mechanical, electrical 

and optical properties in the fields of mesoscopic materials and 

micro/nano-devices14-16. These semiconductors are indispensable 

for many applications, particularly for the electronics and 

photovoltaics industry. Nanostructured Si and Ge are of 

fundamental importance to the development of smart and 

functional materials, devices, and systems17-19. An integrated 

device for the semiconductor industry is therefore highly desirable 

for a range of advanced applications. Despite the fact that the use 

of Ge is widespread, it is not as commonplace as Si, and there are 

still areas surrounding its precise technical functions that we are 

yet to explain. In recent years, Ge and composites have attracted a 

great deal of attention due to their application in many fields such 

as microelectronic devices, one-dimensional quantum transistors, 

and light-emitting diodes20-22. It is known that Ge has an excitonic 

Bohr radius of 24.3 nm, which is much larger than that of silicon 

(4.9 nm)23. Thus, Ge nanocrystals should exhibit more pronounced 

quantum size effects. Considerable effort has been focused on 

the synthesis of single component Ge nanoparticles, nanowires/

nanorods, nanotubes, nanofilms etc, and the exploration of their 

novel properties15,24-26. It is expected that these nanostructures 

may constitute important building blocks for micro/nano-devices 

and offer exciting opportunities for both fundamental research 

and technological applications.

Because Ge and Si nanostructures suffer from surface oxidation within 

the experimental apparatus or in air, an amorphous GeO2 or SiO2 

layer is invariably formed on the surface of Ge and Si nanomaterials 

prepared by various methods. The as-prepared products are therefore 

not pure and monolithic one-dimensional nanostructures. They are 

wrapped composite nanostructures consisting of a crystalline Ge 

or Si core sheathed in an amorphous GeO2 or SiO2 layer, forming 

Ge/GeO2 or Si/SiO2 coaxial nanocables27. An effective approach to 

prevent surface oxidation of Ge and Si nanomaterials is the creation 

of chemically inert sheaths around the one-dimensional nanomaterial 

cores. Wu and Yang have reported the formation of Ge/Carbon core 

sheath nanostructures through a thermal treatment of Ge nanowires 

in the presence of a thermally pyrolyzed organic vapor28. Hu et al. 

have reported the formation of Ge/SiO2 nanocables by a two-stage 

process combining thermal evaporation and laser ablation29. SiO2 

nanotubes were first fabricated by thermal evaporation. The nanotubes 

were then filled with Ge using laser ablation. To date, the synthesis 

of group IV based one-dimensional nanostructures has been achieved 

by various techniques such as lithography and etching30, scanning 

tunneling microscopy31, solution-liquid-solid growth,9 laser assisted 

catalytic vapor-liquid-solid growth32, laser assisted catalyst-free vapor-

solid growth15, thermal evaporation methods33, and so forth. Among 

these techniques, the thermal evaporation technique is of particular 

interest since it offers various advantages and is comparable to the 

laser assisted catalytic vapor-liquid-solid growth. In order to avoid the 

surface oxidation of Ge and Si nanostructures and obtain the pure 

and monolithic Ge or Si nanomaterials, the high-vacuum thermal 

evaporation technique may be the best choice for preparing Ge or 

Si nanostructures. It occurred to us that this high-vacuum thermal 

evaporation method could be used as a source of Ge or Si to grow 

a wide variety of micro/nano-sized products containing Ge or Si if 

other elements are introduced into the system, either as templates, 

catalysts, or reactants. For instance Ge fractal patterns, formed by the 

crystallization of amorphous Ge (a-Ge) after high-vacuum annealing, 

were successfully prepared by this high-vacuum thermal evaporation 

technique: induced by gold (Au) participating in the reaction34.

Semiconductor nanostructured materials are a burgeoning and 

fascinating area of materials research that has significant technological 

implications. Present interests frequently focus on several forms of one-

dimensional nanomaterials, which include (i) shell structural nanotubes, 

(ii) free-standing nanowires, (iii) island-shaped nanowires, (iv) cast-in-

tube nanowires. After an extensive search in the published literature, 

it is found that the present nanostructures are either one-dimensional 

nanomaterials such as nanowires, nanorods, nanobelts/nanoribbons, 

nanotubes, two-dimensional nanomaterials such as thin films, or zero-

dimensional nanoparticles, which all have integer dimensions. In this 

article, we report on the preparation and characterization of non-integer 

dimensional Ge nanostructures, in which the Ge nanofractals in Au/Ge 

bilayer films could be formed by thermodynamically driven assemblies 

of Ge nanocrystals. Au/Ge bilayer films with interesting micro/

nanostructured features were successfully prepared by high-vacuum 

thermal evaporation techniques. The microstructural evolution of these 

thin films has been investigated using transmission electron microscopy 

(TEM), high-resolution transmission electron microscopy (HRTEM), 

and selected area electron diffraction (SAED), and the nanofractal 

characterization has been evaluated by fractal methodology for the 

first time. To our surprise, we found that the thermodynamically driven 

assemblies of Ge nanocrystals possess amazing nanostructures such as 

polycondensation-type Ge nanofractals with non-integer dimensions, 

thick branches and smooth edges, metastable γ-Au0.6Ge0.4 nanocrystals, 

and a variety of interesting micro/nanometer-sized features. The 
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morphologies of these novel micro/nanostructured assemblies 

are temperature dependent in that a certain temperature range 

corresponds to a specific morphology formed on a single crystal NaCl 

(100) substrate. The results of computer simulations using a ripening 

mechanism of non-uniform grains agrees very well with the patterns 

formed in experiments. Our findings may enable novel Ge functional 

materials with appropriate nanofractal features to be tailor made for a 

large number of applications such as high-speed microelectronics and 

infrared optical micro/nano-devices and provide new opportunities 

for the future study of nanofractal structures in semiconductor 

architectures, with the goal of optimizing photoelectronic functional 

material properties for specific applications.

Results and discussion
Fig. 1a shows the typical TEM bright-field image and the corresponding 

SAED pattern (inset at the upper right-hand corner) of the as-prepared 

Au/Ge bilayer films. From the SAED pattern, it is found that the bilayer 

films consist of amorphous Ge (a-Ge) and polycrystalline Au (p-Au), 

e.g. a diffuse ring of a-Ge, p-Au (111), (200), (220), and (311) rings. 

Inside the Au (200) ring, there is a very strong and thick diffraction 

ring. This may contain several strong or weak diffraction rings with 

congenial lattice plane spacings. Besides the Au (111) ring with a 

lattice plane spacing of 0.235 nm, the measured lattice plane spacings 

are 0.221 and 0.246 nm, respectively, in agreement with the standard 

values of 0.2212 and 0.2463 nm for the (336) and (334) lattice planes 

in the metastable phase of γ-Au0.6Ge0.4
35. The Au grain size is not 

homogeneous before annealing since several strong diffraction spots 

of p-Au are superimposed on continuous Au rings. The TEM image 

shows a number of large Au grains. There are no Ge diffraction spots 

on the Ge ring, indicating that the Ge size distribution is uniform. 

From the SAED pattern of a pure Au film, prepared using the same 

experimental conditions, no strong spots on the continuous Au rings 

can be found. Comparing this pattern with the SAED pattern from 

the Au/Ge bilayer film, it can be concluded that the large Au grains in 

the bilayer films are formed during deposition. The average grain size 

of the p-Au produced using the intercept method in the as-prepared 

bilayer film is about 45 nm. Fig. 1b shows the HRTEM image of a 

local region of the as-prepared Au/Ge bilayer film. It can be seen that 

three different shades, black, dark gray, and white, pervade throughout 

this micrograph. Since the electron scattering of Au is much stronger 

than that of Ge, the black tone mainly originates from Au. The Ge 

is responsible for the white tone, and the dark gray tone could be 

explained by the mixed contributions from regions consisting of a 

mixture of Au and Ge. From the HRTEM image, it is found that these 

γ-Au0.6Ge0.4 nanocrystals are about 2.5 – 5 nm. The clear lattice fringes 

show that the interplanar spacing is about 0.221 nm, which correspond 

to the (336) plane of γ-Au0.6Ge0.4 nanocrystals.

Figs. 2a and b present the TEM bright-field images and the 

corresponding SAED patterns (inset at the upper right-hand corner) 

of Au/Ge bilayer films annealed for 40 minutes at (a) 100 ºC and 

(b) 120 ºC. TEM images show that the films display interesting 

nanofractal patterns at each annealing temperature due to the 

crystallization of a-Ge, which was accompanied by the temperature-

induced assemblies of Ge nanocrystals. The maximum sizes of 

nanofractal patterns were measured by the intercept method and 

found to be about 465 nm (Fig. 2a) and 510 nm (Fig. 2b), respectively. 

From the SAED pattern, it is found that the diffuse ring of a-Ge is 

replaced by the crystalline Ge (111) ring, and the γ-Au0.6Ge0.4 (334) 

ring is still clearly visible. Referring to Figs. 2a and b, the Au grains 

produce a black tone in these images, and are enchased by the 

white Ge nanofractals (as shown by the blue arrows). The average 

Au grain size estimated from these TEM images ranges from 10 to 

20 nm in diameter. It was found that the white Ge nanofractals 

consist of Ge nanocrystals with diameters ranging from 25 nm to 

60 nm. The Au grains are clearly enchased by the Ge nanofractals. 

To our surprise, we found that the annealed Au/Ge bilayer films form 

the polycondensation-type Ge nanofractals with the thick branches 

and smooth edges, in contrast to the previous report36. Detailed 

examination of the bright contrast regions reveals that some Ge 

nanocrystals are in intimate contact with one another within the films, 

indicating the existence of smaller Ge nanocrystals in the annealed 

films. A careful study of the morphologies of Ge nanofractals shows 

the change in shape of these polycondensation-type Ge nanofractals 

from an open to compact structure as the annealing temperature 

increases. For example, Fig. 2a shows an open Ge nanofractal structure, 

and Fig. 2b shows a more compact one. Detailed TEM observations 

show that the formation process of this Ge nanofractal exhibits 

the following characteristics: (i) as soon as nucleation starts at one 

site, a-Ge around this site crystallizes quite rapidly, which indicates 

Fig. 1 TEM bright-field image and HRTEM image of the as-prepared Au/Ge 
bilayer films. (a) TEM bright-field image of the as-prepared Au/Ge bilayer 
film. The inset at the upper right-hand corner shows the corresponding SAED 
pattern; (b) HRTEM image of a local region of metastable phase γ-Au0.6Ge0.4 
nanocrystals in the as-prepared Au/Ge bilayer film.

(b)(a)
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that latent heat released due to the crystallization of a-Ge plays an 

important role in nanofractal formation37; (ii) as the tip of the Ge 

nanofractal does not directly contact the black regions, this implies 

that the Au grains recede from, and the Ge nanocrystals grow into, the 

nanofractal regions38; (iii) in general, the tips of nanofractal branches 

are always in direct contact with the dark gray contrast regions during 

annealing, therefore the nanofractal branches extend along the dark 

gray regions39. Figs. 2c and d show the plots of ln(N) versus ln(1/L) 

of polycondensation-type nanofractals in Figs. 2a and b, respectively, 

where L is the box size and N is the number of boxes occupied by Ge 

nanofractals annealed for 40 minutes at (c) 100 ºC and (d) 120 ºC. It 

can be seen that all plots show good linear relationships, which means 

that the morphologies of nanofractals have scale invariance within 

these ranges. So these Ge patterns can be regarded as fractals. In order 

to obtain the dimension (D), we fit a linear relationship for the function 

ln(N) versus ln(1/L). The results show that the dimension is D = 1.658 

at 100 ºC (Fig. 2c) and 1.876 at 120 ºC (Fig. 2d). It is unexpectedly 

found that the thermodynamically driven assemblies of Ge nanocrystals 

show totally amazing polycondensation-type Ge nanofractals with non-

integer dimensional nanostructures, which are different to the integer 

dimensional nanostructures, e.g. one-dimensional nanowires/nanorods, 

two-dimensional nanofilms, and zero-dimensional nanoparticles. This 

is a piece of conclusive evidence that the dimensions of nanomaterials 

could be a non-integer, viz. fractal dimensions.

Figs. 3a and b show the HRTEM images of a local region of a Ge 

nanofractal annealed at 100 ºC for 40 minutes. From Fig. 3a, it was 

found that part of the Ge still shows the amorphous state in many 

regions, which implies that there is agglomeration of amorphous Ge at 

Fig. 2 TEM images of the annealed Au/Ge bilayer films and the fractal dimensional calculated curves. TEM bright-field images of Au/Ge bilayer films annealed for 
40 minutes at (a) 100 °C and (b) 120 °C. Plots of ln(N) versus ln(1/L) for the polycondensation-type nanofractals in Figs. 2a and b, respectively, where L is the box 
size and N is the number of boxes occupied by Ge nanofractals annealed for 40 minutes at (c) 100 °C and (d) 120 °C.

(b)

(a)

(d)

(c)
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this annealing temperature. Interestingly, the HRTEM image reveals 

many tiny Ge grains and clear-cut crystalline features inside some 

areas of Ge nanofractals. This tiny grain may be regarded as a Ge 

nanostructure at a very early stage of crystallization, after the 

inhomogeneous nucleation stage. These are composed of single-

domain Ge crystallites. On closer inspection, recurrent values of the 

separation distance between lattice layers are found, in particular, 

0.32 nm, corresponding to lattice parameters of the cubic Ge structure 

arising from the <111> reflection. Combined with the fact that the 

amorphous Ge was detected by SAED and HRTEM, and individual Ge 

nanocrystals embedded in a matrix were observed by HRTEM in the 

present study, we suggest that these Ge nanofractals observed in the 

HRTEM image are composed of isolated Ge nanocrystals ranging from 

2 to 4 nm in size that are besieged by amorphous Ge. This should 

result in the quantum dots of Ge nanocrystals in thin films. The local 

HRTEM image reveals individual Ge nanocrystals embedded in isolation 

in an amorphous matrix, which further confirms that the existence of 

the quantum dots is due to the size reduction of Ge nanocrystals. It is 

reasonable to speculate that as soon as nucleation starts at one site, 

a-Ge around this area crystallizes quite rapidly, indicating that the 

latent heat released during crystallization is important for nanofractal 

formation. Ge quantum dots may lead to further enhancement of 

the energy gap due to the non-integer dimensional confinement. 

From Fig. 3b, it was found that the Ge nanocrystals with dislocations 

and stacking faults were surrounded by the Ge grains with slightly 

different crystallographic orientations. Useful information about the 

local composition at dislocation cores can be obtained through an 

HRTEM investigation of the Ge nanofractals, which could be used as 

elements in electronics and photovoltaics micro/nano-devices. As can 

clearly be seen in Fig. 3b, the Ge nanofractal is composed of several 

primary nanocrystals without grain boundaries (indicated by one, two, 

and three). This is strong evidence that coalescence occurs when two 

or more neighboring Ge quantum dots assume the same orientation, 

resulting in a single nanocrystal. Observation of the coalescence 

process in a system not subjected to a thermodynamical driving force 

suggests that this growth process requires very low activation energy. A 

substantial driving force for crystal rotation to achieve perfect coherent 

grain-grain boundaries is expected; however, some rotation may be 

metastable and preserved by the formation of a coincident site array. 

The imperfectly oriented attachment may produce different kinds of 

defects such as dislocations, from pure edge to pure screw, depending 

on the rotational relationship between nanocrystals. When nanocrystals 

Fig. 3 HRTEM images of the annealed Au/Ge bilayer films. Figs. (a) and (b) show the HRTEM images of a local region of a Ge nanofractal annealed at 100 °C for 
40 minutes; (c) and (d) show the HRTEM images of a local region of a Ge nanofractal annealed at 120 °C for 40 minutes.

(b)(a)

(c) (d)
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grow by oriented attachment at specific crystallographic surfaces and 

there is a small misorientation at the interface, spiral growth at two 

or more closely spaced screw dislocations provides a mechanism for 

generating complex structures. When the grains assume the same 

orientation, viz. a coherent grain-grain boundary, the grain boundary 

must migrate toward the smaller particle, resulting in a single larger 

nanocrystal. Figs. 3c and d show the HRTEM images of a local region 

of a Ge nanofractal annealed at 120 °C for 40 minutes. From Fig. 3c, 

it can be seen that the clear lattice fringes inside Ge nanofractals 

determine the perfect Ge nanocrystals, which means that the growth 

of Ge nanocrystals is improved with increasing annealing temperature. 

However, the lattice mismatch still exists in some regions. HRTEM 

observation indicates that the tips of Ge nanofractals do not directly 

contact the black regions and are always in direct contact with the 

dark gray regions, which implies that the Au grains recede from, and 

the Ge nanocrystals grow into, the nanofractal regions. The nanofractal 

branches extend along the dark gray regions. Fig. 3d shows the HRTEM 

image of a tiny Ge nanocrystal in the bright Ge region at the junction 

of Au grain boundaries. This tiny Ge grain could be regarded as a Ge 

nanostructure at a new stage of crystallization of a-Ge with increasing 

annealing temperature. The Ge lattice mismatch is clearly visible in this 

new nucleation site of a-Ge. The crystalline defects of Au grains, such 

as dislocations and stacking faults were found in the black Au regions. 

The moiré patterns can be seen in thin films due to the overlapping of 

Ge nanocrystals and tiny Au grains. The Au atoms may have diffused 

outwards by self-diffusion from the Ge nanofractal region, since we 

did not succeed in observing the crystalline lattice of Au even by tilting 

the sample. The deep valleys can be seen in the HRTEM image of the 

Au film, which correspond to large grooves at the Au grain boundaries. 

The nucleation of a-Ge at Au grain boundaries near the growing tip 

of a crystallite Ge branch is visible. A bright area is also visible at the 

Au boundaries, inferring outward diffusion of Au atoms at the grain 

boundaries. The a-Ge regions probably still exist near the tip since we 

could not observe any lattice image at the regions even by tilting the 

sample. This is the first experimental result on the Au/Ge system to 

show that successive crystallite Ge nucleation takes place near the 

tip region of a Ge nanofractal and that Au grain boundaries are the 

preferred sites for successive Ge nucleation.

Further advancement of polycondensation-type Ge nanofractals 

induced by thermodynamically driven assemblies of Ge nanocrystals 

requires a clear understanding of their formation processes. In general, 

the term “sintering” refers to the joining mechanism between two 

particles or grains within a bulk material by mass transport. However, 

in the field of “nanoscience”, the definition of the word “sintering” is 

different. In this specific case, “sintering” is a process whereby clusters 

increase their size and decrease their number. To avoid this confusion, 

we will use the term “thermal annealing” instead of “sintering”. Two 

main mechanisms are well-known for this process: coalescence and 

Ostwald ripening. Coalescence occurs when two Ge quantum-dots are 

in contact and merge to form one larger Ge nanocrystal along specific 

crystallographic directions. The driving force of this phenomenon is 

simply the natural tendency of a system to reduce the total interfacial 

energy. During Ge quantum-dot coalescence, entire Ge quantum-

dots can migrate on the substrate surface and coalesce if this motion 

yields overall system-energy reduction. Ge quantum-dot coalescence 

results in a size distribution that is usually skewed toward larger Ge 

nanocrystals. In contrast, Ostwald ripening occurs by removal of 

atoms via evaporation or surface diffusion from one Ge quantum-dot 

and transfer to another one. In this case, the Ge quantum-dots are 

not in contact and the reduction of surface energy drives the mass 

transport. Both Ge nanocrystals exchange atoms resulting in smaller 

Ge nanocrystals losing atoms, and thereby becoming smaller, while 

the larger ones gain atoms and thus become even bigger. The Ostwald 

ripening of Ge nanocrystal results in a size distribution that is usually 

skewed toward smaller Ge nanocrystals40.

On the basis of our experimental results, the Ostwald ripening 

process is the most common form of thermal annealing for Ge 

nanocrystals well separated and supported on a surface, although 

coalescence can occur for a high density of Ge atomic species. Thermal 

annealing induced Ge nanocrystal growth involves either migration 

of Ge atoms (Ostwald ripening) or migration and coalescence of 

Ge quantum-dots. In the former case, Ge atomic species from the 

smaller Ge nanocrystals either diffuse along the substrate surface or 

via the vapor phase due to chemical potential differences between 

the smaller and larger Ge nanocrystals. In the latter case, smaller Ge 

nanocrystals migrate on the substrate surface and coalesce with the 

larger Ge nanocrystals causing an increase in size41. It is noteworthy 

that the kinetic models mentioned above can only be approximations 

of a rather complex growth mechanism. In particular, any coalescence 

mechanism may often be accompanied by other coexisting 

mechanisms such as Ostwald ripening. Therefore, kinetic studies may 

fail to deliver unambiguous proof for one particular mechanism but still 

succeed in elucidating the role of each ripening model to some degree. 

In this sense, Ostwald ripening not only competes with but also assists 

the coalescence mechanism to yield the final Ge nanofractals42, 43.

In order to verify the possible formation mechanism for the 

polycondensation-type Ge nanofractals induced by thermodynamically 

driven assemblies of Ge nanocrystals in Au/Ge bilayer films, we 

attempted to investigate whether ripening of Ge nanocrystals at 

the very early stages of growth occurs by an Ostwald ripening 

mechanism, by using a computer simulation of nanofractals. During 

the simulation, we made several assumptions. First, we assumed that 

the larger nanoparticles could absorb the smaller ones: while the larger 

nanoparticles gain atoms and become even bigger, the smaller ones 

lose atoms and thus become smaller. Second, the holes can be formed 

in the trigeminal points of Au grain boundaries. Third, the holes are first 

expand in grain boundaries. Fourth, the expansion of holes is restricted 

by the energy relaxation. Finally, we export a hole area with the multi-
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branching. Based on the analysis of our experimental results, three 

parameters are introduced: that is, the velocity factor of a grain boundary 

(A), the relaxation range (B), and the curvature factor (C). The velocity 

factor of a grain boundary reflects the level of hole expansion along 

grain boundaries, where a larger A value means that the hole expansion 

is easy and shows obvious multi-branching. The relaxation range 

represents the limited effects of hole expansion by energy relaxation, 

where a larger B value suggests that the multi-branching of holes 

decreases and the branching broadens. The curvature factor describes 

how the holes expansion is affected by surface tension, and where a 

larger C value implies that the hole boundary becomes smooth and the 

branching decreases and is thicker. Fig. 4 shows the schematic diagrams 

of computer simulation for polycondensation-type nanofractals, which 

can be compared  with Figs. 2a and b. When A = 6, B = 10, and C = 12, 

the simulation result is shown in Fig. 4a, while for A = 12, B = 5, and 

C = 6, the simulation result is shown in Fig. 4b, with 4000 pixels. We 

found that the schematic diagrams of the computer simulations using a 

ripening mechanism of non-uniform grains are in very good agreement 

with the patterns formed in our experiments. This confirms that Ostwald 

ripening also helps during the coalescence of Ge nanocrystals. The Ge 

multi-branching between adjacent particles is filled up and surfaces of Ge 

nanofractals are smoothened as observed by TEM observations.

Conclusion
In summary, we have presented the experimental results on the 

preparation and characterization of non-integer dimensional Ge 

nanostructures, in which the Ge nanofractals in Au/Ge bilayer 

films could be formed by thermodynamically driven assemblies 

of Ge nanocrystals. Au/Ge bilayer films with interesting micro/

nanostructured features were successfully prepared by high-vacuum 

thermal evaporation techniques. To our surprise, we found that the 

thermodynamically driven assemblies of Ge nanocrystals show amazing 

nanostructures such as the polycondensation-type Ge nanofractals with 

non-integer dimensions, thick branches and smooth edges, metastable 

γ-Au0.6Ge0.4 nanocrystals, and a variety of interesting micro/

nanometer-sized features. The morphologies of these novel micro/

nanostructured assemblies are temperature dependent in that a certain 

temperature range corresponds to a specific morphology formed on 

a single crystal NaCl (100) substrate. This complex Ge nanofractal 

structure can be achieved through a coalescence mechanism of Ge 

nanoparticles along specific crystallographic directions. The traditional 

Ostwald ripening mechanism also acts to form the initial particles 

before coalescence, and smooth the Ge nanofractal morphology 

during the course of coalescence. The results validate the previous 

formation hypothesis of complex non-integer dimensional Ge 

nanofractal nanostructures, in which the branching sites could be 

added as individual Ge nanocrystals. This growth mode may probably 

be generally applied to the thermodynamically driven assemblies of 

other inorganic materials with non-integer dimensional nanostructures, 

and furthermore, provide an important approach to the fabrication 

of specific nanostructured materials with improved performance. The 

results of computer simulations using a ripening mechanism of non-

uniform grains are in very good agreement with the patterns formed in 

experiments. These findings may enable novel Ge functional materials 

with appropriate nanofractal features to be tailor made for a large 

number of applications (such as high-speed microelectronics and 

infrared optical micro/nano-devices) and provide new opportunities 

for the future study of nanofractal structures in semiconductor 

architectures, with the goal of optimizing photoelectronic functional 

material properties for specific applications.

Fig. 4 Schematic diagrams of computer simulation for polycondensation-type nanofractals in contrast to Figs. 2(a) and (b), respectively. When A = 6, B = 10, and 
C = 12, the simulation result is shown in (a), while for A = 12, B = 5, and C = 6, the simulation result is shown in (b) with 4000 pixels.

Instrument Citation

Philips Electron Optics CM 20 transmission electron microscope. 

JEOL-2010 high-resolution transmission electron microscope.

(b)(a)
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Materials and methods
Specimens were prepared by high-vacuum thermal evaporation on a 

freshly cleaved NaCl (100) single crystal substrate in a vacuum with a 

pressure of 2 × 10-5 Torr at room temperature24. We first deposited 

Ge and then Au, without breaking the vacuum (about 2 × 10-5 Torr) 

by evaporating high-purity germanium (99.9 %) and gold (99.99 %) 

from two resistive-heated tungsten boats, viz. the bottom layer was 

amorphous Ge (a-Ge) and the top one was polycrystalline Au (p-Au). 

According to the thermal evaporation equation:

ρπ 24 r

m
t = , (1)

where t is the thickness of the film, m is the mass of the Au or Ge, ρ 

is the density of Au or Ge, and r is the distance from the specimen to 

the evaporation source (= 10 cm in this case). The thickness of the 

p-Au and a-Ge films was designed to be 25 nm each. All as-deposited 

specimens were annealed in a vacuum of about 2 × 10-5 Torr at 

100 ºC and 120 ºC for 40 minutes. After annealing, the specimens 

were floated on distilled water and then placed on copper meshes to 

be observed with a Philips CM20 transmission electron microscope 

at an acceleration voltage of 200 kV. High-resolution microstructural 

observations of Ge nanocrystals were performed using a JEOL-2010 

high-resolution transmission electron microscope with a point-to-point 

resolution of 1.94 Å at 200 kV.

When using such high-vacuum annealing, self-similar fractal 

patterns may be formed in these thin films. Since the annealing 

temperature can effectively control the morphology of fractal patterns, 

the density of different fractal clusters formed at a given annealing 

temperature is also approximately uniform over different sites of 

the sample44. The average value of the evaluated dimension (D) 

obtained from different regions can be approximately taken as the 

whole sample’s fractal dimension. The fractal dimension for these 

samples was calculated by measuring the fractal dimensions of these 

self-similar clusters using a conventional box-counting method45. The 

patterns were generated using computer simulations using a ripening 

mechanism of non-uniform grains in boxes of size 300 × 300 with 

4000 pixels for comparison with the experimental results46.  
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