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Abstract

We report a new strategy for the ordering of 2D arrays of Ge and Au nanodots

on a silicon wafer using a patterned titanium oxide layer. In a �rst step, a TiO2

layer is prepared by block-copolymer-micelles-assisted sol-gel deposition on a full Si

wafer, followed by a thermal annealing. The process leads to hexagonally positioned

perforations of homogeneous size and spacing. In a second step, these TiO2 Inorganic

NanoPatterns (INPs) are used as templates for the organization of Ge and Au nanodots.

Germanium adatoms deposited by Molecular Beam Epitaxy on INPs, di�use and self-

assemble into nanodots, located within the INPs pores. They form homogeneous sub-

20 nm Ge nanodots in epitaxy on the silicon substrate and regularly distributed with

one dot per perforation. The same approach is used for the formation of Au nanodots.

In this case, a gentle mechanical polishing is requiered to suppress the dots seating at
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the top of the TiO2 network. The process developed in this study paves the way to

the large scale self-organisation of quantum dots that are highly interesting for various

applications, such as opto-electronics, and microelectronics.
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1 Introduction

In recent years, much attention has been paid to self-organization processes in a large variety

of disciplines. Amongst them, several studies have been dedicated to the self-organization

of nanostructures (3D, 2D, 1D or 0D) with the aim of fabricating regular arrays of nano-

objects assembled in metamaterials with novel functionalities and properties. For instance,

metallic nanodots (mainly platinum, silver and gold) are already used in a large number

of applications such as nanowires growth catalyst,1�3 or plasmonics with Surface Enhanced

Raman Scattering.4 On the other hand, 3D semiconductor nanocrystals have been proposed

to overcome the limitations of conventional non-volatile memories. Such nanostructures have

also attracted much interest as they display quantum size e�ects that can open the way to new

applications in optoelectronics5 and nanoelectronics.6 In particular, self-organized islands of

Ge on Si are of particular interest as this system is fully compatible with the microelectronic

industry. In this context, metallic and semi-conductor nanoparticles are of high interest.

However, up to now, the lack in control over the arrangement and size distribution of such

objects have limited their applications. The fundamental self-organization mechanism is

commonly based on non-linear dynamics of building blocks that self-assemble into larger

systems under the combined action of external and internal forces. The building blocks

explore various states space until the formation of a preferential center, which precludes the

motion of the components independently. We can cite for instance the self-organization using
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surface features (steps, kinks, impurities, strain and composition heterogeneities etc.) during

evaporation of a foreign material on a substrate. The evaporated material di�uses on the

surface and aggregates on the preferential sites of the surface. Such mechanism involves the

combination of thermodynamic and kinetic driving forces compelling the motion of material

to a special site.

Various strategies have been proposed to obtain 2D arrays of metallic dots of less than

100 nm in diameter with a small size distribution.7�9 For instance, Choi et al. 7 showed

nicely organized Au dots of (30± 5) nm in diameter: by using laser interference lithography

patterning, silicon oxide is locally removed by wet etching followed by gold deposition. After

annealing and lift-o� of the photoresist, gold dots are left only in the etched areas with

one dot per pit. In addition, direct lithography techniques have also been demonstrated to

produce similar results with highly organized sub-100 nm Au dots10 however these processes

are unfortunately more or less cumbersome with various resist patterning and etching steps

impractical for scaling over large surfaces.

In the case of semiconductor materials (i.e. Si or Ge), new techniques have been developed

to obtain organized semiconductor NPs such as the local removal of a thin silicon oxide layer

with an STM tip followed by selective deposition of Ge by reaction between Si and gaseous

GeH4.11 Other strategies such as nanopatterning using substrate mis�t dislocations12 or self-

patterning using vicinal substrates13�16 have also been explored but a compromise needs to

be found between organization and size distribution of the particles. A simple alternative to

obtain silicon nanodots is to pattern a resist with the desired design then transferring them to

the silicon substrate.17 However, these techniques are limited to amorphous or polycrystalline

objects with dimensions of more than 100 nm.

jFor those reasons, templated dewetting of thin �lms have attracted much attention as it

allows to obtain sub-100 nm, organized nanoparticles.9 For metallic thin layers, any means

used for standard nanofabrication can be applied to fabricate patterned surfaces and direct

dewetting for instance electrochemically self-organised surfaces (Al, Ti or Ta),9,18 organized
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nanoperforated layers,19,20 direct or nanoimprint lithography21,22 or silicon etching.23 In the

case of semiconductor materials, complex dewetting processes resulting from anisotropic and

slow surface di�usion require high dewetting temperatures and defect-free ultra-high vacuum

chamber. The formation of islands by solid state dewetting with a good control in size has

been shown for simple squared arrays of silicon using FIB or e-beam lithography.24�26 Very

recently, Na�outi et al demonstrated the formation of extremely complex silicon patterns

with an excellent control over the size distribution by pre-patterning a silicon thin layer with

simple shapes.27,28 However, this degree of organization is always achieved at great expenses

using direct lithography techniques with obvious limitation to small scales, far from industrial

requirements.

On the other hand, surface patterning through self-assembly of organic29 and/or inor-

ganic30 materials using liquid deposition techniques are cheap and easy to implement on

large scales. Those self-assembled surfaces can be prepared on a variety of substrates. Even

if they su�er from poor long-range ordering and local defects, they are a good alternative to

standard lithography techniques to pre-pattern surfaces. A good example of this approach

is nanosphere lithography in which organic or inorganic spheres are deposited on a surface

where they self-assemble to form organized structures.31,32 This network can then be used

as a mask to obtain periodic nanostructures. Another approach uses electrochemically self-

organized surfaces (anodized titania or alumina) as a direct mask33 or after transfer in silicon

by Reactive Ion Etching.18 Nevertheless, in contrast with metallic particles, those techniques

have not yet been proven e�cient for the organization of semiconductor nanoparticles. In this

paper, we use self-assembled inorganic nanopatterns (INPs) on silicon wafers as templated

surfaces. These where prepared by sol-gel liquid deposition of a hybrid solution composed of

block copolymer micelles and inorganic metal oxide precursors, in speci�c conditions where

a single layer of hexagonally arranged micelles surrounded by the inorganic precursors is

formed on the substrate surface by Evaporation Induced Self-Assembly (EISA).34 After in-

organic condensation and block-copolymer decomposition by heat treatment, the �nal thin
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metal oxide layer bears uniform nano perforations at the micelles formal position, through

which the surface of the substrate is accessible.35 This thin layer can be tailored in terms

of thickness from 5 nm to 15 nm, perforation size and spacing from 510 nm to 100 nm by

using block-copolymers with di�erent chain length,36 and in term of composition by chang-

ing the precursor source (e.g. TiO2, SiO2, ZnO, CaTiO3). Those unique systems have

already shown their potential for a number of applications in domains of micropatterning

with X-ray lithography,37 as nanomasks for dry etching,38 as patterns surfaces for controlled

wetting,34 as photocatalytic surfaces,39 to create arrays of nanoelectrodes,40 as electrodes

for Hybrid-LEDs,41 or as template to make magnetic42 and photomagnetic nanodots43,44 by

liquid deposition. Interestingly, TiO2 INPs have been previously used to direct solid state

dewetting. In this case, a thin layer of germanium was deposited in ultra-high vacuum at

room temperature and dewetted at 450 ◦C. The resulting substrate showed Ge nanodots of

about 20 nm in size randomly dispersed onto the TiO2 surface. Size distribution was re-

duced compared to non-patterned surfaces and interesting photoluminescence results were

obtained.19 However, no organization was found highlighting the di�culty of directing the

growth and dewetting of semiconductor NPs.

Here we report a method to obtain large surfaces of highly organized metallic and semi-

conductor nanodots through a double self-assembly procedure using the latter TiO2 INPs as

surface templates. In appropriate conditions, such layers display topographical and chemical

inhomogeneity between the TiO2 network and the perforation bottom surface (the substrate

surface). These unique features are exploited to direct the solid state dewetting of gold and

germanium thin layers within the bottom of perforations. Precise 2D hexagonal arrange-

ments of Ge and Au nanodots with narrow size distribution can be achieved on a scale of

several centimeters with size and periodicity previously de�ned by the INPs characteristics.

In addition, in the case of Ge, monocrystalline particles are obtained in epitaxy with the

silicon substrate. Such 2D arrays of highly organized nanodots are foreseen to display inter-

esting properties for Surface Enhanced Raman Scattering (SERS), VLS growth catalyst in
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the case of metals and as memories or quantum dots for semiconductors.

2 Experimental section

Sol-gel initial solutions are composed of 1 TiCl4; 40 EtOH; 7 H2O; 1.5× 10−3 PB12.5 �b-PEO15

molar ratios. PB12.5 �b-PEO15 refers to polybutadiene-block polyethylene oxide with blocks

of 12 500 and 15 000 gmol−1. In the case of PB5.5 �b-PEO30, the molar ratio is 10−3. The

solution is divided in two parts: in part A, PB�b-PEO is dissolved in 2/3 of the ethanol and

water; part B contains TiCl4 and the remaining ethanol. The solutions are aged for 2 h at

70 ◦C then part A is slowly cooled down to room temperature in about 30min. Finally, both

parts are mixed together before use. Films are deposited on cleaned silicon wafer by dip

coating at a temperature of 40 ◦C and a relative humidity below 20%, using a withdrawal

speed ranging between 1 and 3mms−1 in order to obtain a �lm thickness of less than 10 nm.

The resulting �lm is then annealed at 450 ◦C for 30min.

Substrates, previously dip-coated to obtain self-assembled perforations, are immersed

into a diluted hydro�uoric acid (HF) solution of 1.17mol l−1 for 20 s in order to remove

the native silicon oxide at the bottom of the perforations and reveal the silicon surface

without damaging the INPs. Open perforations of (28± 4) nm in diameter are obtained

with accessibility of the substrate surface.

Immediately after HF treatment, the INP substrates are placed under vacuum. Gold is

deposited by sputtering at room temperature TR (P = 4× 10−6mbar). Germanium deposi-

tion is carried out with an e�usion cell (TGe cell = 1150 ◦C, deposition speed: 12.62Åmin−1)

by Molecular Beam Epitaxy (Riber 32) in ultra-high vacuum (UHV) at a base pressure of

10−11 torr. Before deposition, the substrate is heated in the MBE at 450 ◦C to remove any

remaining impurities.

Morphological characterization of the resulting �lms is obtained by Atomic Force Mi-

croscopy (AFM) (PSIA XE-100 AFM) and high resolution Scanning Electron Microscopy
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(SEM) (Dual-beam FIB HELIOS 600). Conventional and High Resolution Transmission

Electron Microscopy (HRTEM), using FEI Tecnai G2, give structural, chemical and mor-

phological information of the whole system. Refractive index and thickness of the template

layers, before Ge deposition, are measured by spectroscopic ellipsometry (Woollam M2000V)

using a Cauchy model for dielectric �lms. X-ray Di�raction (XRD) patterns are recorded on

a conventional di�ractometer in Bragg-Brentano geometry (PANalytical Empyrean) using

Cu radiation (λ = 0.154 nm), a rapid detector (PANalytical PIXcel) and an o�set of 4° to

avoid Si substrate contribution. Grazing Incidence XRD (GIXRD) analyses are performed

with the same set-up with a parallel plate collimator 0.27° at two di�erent incident angles

(ω = 1° and 1.6°) and di�erent in plane angle measured from the Si substrate [0 1 0] direction

(ϕ = 45° to 60°). Before any analysis, the sample is carefully oriented with the Si (0 0 1)

perpendicular to the di�raction plane.

3 Results and discussion

The strategy used to prepare the organized nanodot arrays is illustrated in Figure 1, together

with the SEM images of the bare INP surface (b) and the �nal nanodots arrays embedded

within the perforations (c). As described in the experimental part, a self-assembled network

of micelles embedded in a titania sol-gel matrix is deposited by dip-coating on a silicon

wafer substrate, forming the intermediate hybrid NanoPatterns (INPs) (Figure 1a). After

annealing, a network of circular perforations, in place of the micelles, is obtained through

decomposition of the organic copolymers and densi�cation, crystallization and di�usive sin-

tering of the inorganic TiO2 network.36 The surface of the substrate is clearly visible through

the perforations (see Figure 1b). The nanoperforations of the titania layer form a compact

hexagonal lattice on a length scale of few micrometres while, at a larger scale, hexago-

nal domains with di�erent orientations are found. With the copolymer PB12.5k �b-PEO15k ,

perforations have a diameter of (20± 3) nm with a spacing of 40 nm between perforations
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Figure 1: a) Scheme representing the process used to obtain organized metallic or semicon-
ductor nanodots. A monolayer of micelles embedded in a titania gel is �rst deposited on
a silicon substrate. After annealing, TiO2 inorganic nanopatterns are formed revealing the
bare silicon. In the appropriate conditions (discussed later), a single nanodot per perforation
is obtained. b) SEM images of the TiO2 INPs network after annealing for: (left) large per-
forations of 20 nm (PB12.5 �b-PEO15), (right) small perforations of 12 nm (PB5.5 �b-PEO30).
c) SEM images of nanodots hexagonally arranged in TiO2 INPs: (left) monocrystalline Ge
nanodots and (right) Au nanodots.

(center-to-center). Thickness of the INPs was measured to be 7 nm with a refractive index

nλ = 1.66+0.05/λ2, lower than bulk TiO2 as expected for a perforated layer. Smaller perfo-

rations (12± 2) nm (spacing ≈ 30 nm) can be obtained with a smaller block copolymer (i.e.

PB5.5k �b-PEO30k).

The topography and/or the chemical potential a�nities between the deposited inorganic

layer and the bare surface of the substrate underneath will be used to obtain perfectly

organized metallic or semiconductor nanodots (Figure 1c). A careful tuning of the process
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parameters, from sample preparation to post-annealing treatments, is necessary to control

the INP structure.

3.1 Removal of the native silicon oxide layer

The substrate surface, accessible through the perforations, is silicon dioxide (SiO2) originat-

ing from the INPs formation process. To remove the oxide layer, typically of a thickness of

about 2 nm, the substrates are immersed into a solution of diluted HF (1.17mol l−1) for 20

seconds. The duration is optimized to remove the silicon oxide thickness without damaging

the INPs. Indeed, titania is also dissolved by HF but at a lower speed than SiO2. Besides,

the resistance of TiO2 to HF is highly dependent on the INP annealing temperature. Fig-

ure 2 shows that for a 30min annealing at 350 ◦C, the INPs are totally removed after a

HF treatment of 20 seconds. Only partial damages are visible on the INPs network after

a similar treatment at 400 ◦C whereas no damage can be seen for an annealing at 450 ◦C.

Crystallization in anatase of sol-gel based titania is known to start at 300 ◦C while extended

crystal grow occurs at higher temperature through di�usive sintering.39,45 A high degree of

crystallinity (larger grains with lower density of grain boundary) is thus necessary to sus-

tain the HF treatment applied to remove the silica native layer. However, even in these

conditions, if the etching duration exceeds 40 seconds, the INPs network is totally removed

from the surface, likely due to the attack of the SiO2 layer underneath the INP network,

triggering its lift-o�. Once the oxide layer is removed from the inside of the perforations, the

substrates are immediately placed under vacuum in order to avoid the oxidation of the bare

silicon surface. At this point, the diameter of the perforations is measured to be (28± 4) nm.

3.2 Optimization of Ge deposition parameters

In order to use the titania perforation as a template for Ge nanodots localization, the MBE

deposition process consists in three steps (see Figure 3).

First, a pre-deposition annealing ("Flash": 450 ◦C for 20min) is used in order to promote
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Figure 2: SEM images of INPs surfaces: (a) before HF etching and (b-d) after immersion
in HF (1.17mol l−1) for 20 seconds. The INPs were calcined at 350 ◦C (b), 400 ◦C (c) and
450 ◦C (d) for 30min before HF treatment.

Figure 3: Scheme representing the process parameters of the Ge MBE deposition. Parameters
that are varied during the study are written in red. After HF treatment, the substrate
is introduced in the chamber. A �ash thermal treatment is systematically performed to
remove impurities, followed by Ge evaporation at a substrate temperature Tev, followed by
an annealing of the deposited layer at a temperature Tan and a duration tan.

surface impurities desorption. This stage leads also to the transformation of anatase TiO2

into rutile as deduced from subsequent XRD analysis. Even if the transition from anatase

to rutile is generally expected above 600 ◦C for thin �lms,45 ultra-high vacuum conditions

promotes the di�usion enough to lead to this transition at a temperature as low as 450 ◦C.

Then, 2 nm of Ge is deposited at a substrate temperature Tev. Finally, the substrate is

annealed at a temperature Tan during tan, to facilitate dots ripening.

The deposition temperature Tev promote the di�usion of adatoms. This di�usion can be

limited by the surface roughness and the energetic barriers associated. In this case, nanodots

nucleation centers will correspond to local energetic minima. They can be located on the

titania layer. To allow the di�usion of the adatoms to the absolute energetic minima position
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(bare silicon in titania layer perforation), Tev must be high enough.

To assess the state of the surface after germanium deposition, the number of Ge nanodots

in the perforations (NGe
1 ) and on the titania (NGe

2 ) is evaluated on SEM images. For a

given area, covering at least 150 dots for each measurement, the percentage of coverage

(%cov = NGe
1 /(NGe

2 + NGe
1 )) is calculated. If nanodots are only found in the perforations,

%cov = 100%. Di�erent deposition conditions are investigated (see Table 1) and results are

summarized in Figure 4.

Table 1: Resulting placement of the nanodots for various growth temperature Tev during the
deposition of 2 nm of germanium, followed by di�erent annealing conditions (temperature
Tan, duration tan). Letters in the �rst row corresponds to the SEM images in Figure 4.

a b c d e
Tev 20 ◦C 20 ◦C 20 ◦C 450 ◦C 650 ◦C
Tan 450 ◦C 450 ◦C 650 ◦C 650 ◦C 650 ◦C
tan 20min 2 h 20min 20min 20min
%cov 55% 64% 58% 78% 100%

In all the investigated samples, one dot per perforation is always found while the num-

ber of dots found on the titania surface is variable. At room temperature deposition

(Tev = 20 ◦C), almost as many dots are found on the INPs network than in the perforations

(sample a). The e�ect of the post-deposition annealing treatment is weak. For Tan = 450 ◦C,

increasing annealing time from 20min to 2 h (sample b), only increase coverage ratio from

55% to 64%. Besides, for tan = 20min, increasing the annealing temperature Tan to 650 ◦C

(sample c) leads to 58% coverage. These experiments demonstrate that Ge adatoms can

not overcome energetic barriers at room temperature, and nucleates on local energetic min-

ima. Moreover, once nanodots are formed, they are stable: no ripening is observed during

post-deposition annealing.

In order to promote the placement of the dots solely in the perforations, a higher deposi-

tion temperature is required. For Tev = 450 ◦C (sample d) a coverage of 78% is obtained. A

perfect coverage of 100% is found for Tev = 650 ◦C with Ge dots only in the perforations (see

Figures 1c and 4e). This result shows that the mobility of germanium can only be promoted
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Figure 4: SEM images of the TiO2 INPs surface after the deposition of 2 nm of germanium
in various conditions summarized in Table 1.

during the nucleation step, before the formation and growth of Ge crystals on TiO2. Above

a threshold temperature, germanium can overcome the energetic di�usion barriers of TiO2

surface, allowing the di�usion of Ge adatoms towards Si: nanodots nucleation occurs inside

the perforations.

This process is probably assisted by the morphological evolution of the titania layer.

Increasing the temperature, the number of defects on the TiO2 INPs decreases: TiO2 crys-

tallites grow in size through di�usive sintering which reduce the number of grains boundaries

and the overall number of defects.

3.3 Advanced characterization of Ge dots

The perfect disposition of Ge nanodots is driven by the germanium a�nity for the Si sub-

strate. This result suggests that the SiO2 underlayer formed during titania deposition, is

totally dissolved by the HF acid etching, inside TiO2 perforation. Therefore, an epitaxial

relationship is expected between germanium and silicon lattices. It has been investigated by

XRD and HRTEM.

The XRD analysis is shown in Figure 5. As no detectable di�raction peaks were obtained
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in Bragg-Brentano geometry, only GIXRD is shown. This indicates either very few crystal-

lized volume or highly textured �lm (preferred crystallographic orientation along speci�c

directions). GIXRD reveals the presence of di�raction peaks only around 2θ = 55°; the peak

intensities depend on both the in-plane (ϕ) and incident angle (ω). The inset in Figure 5 is

a schematic view of the GIXRD geometry. To observe the di�raction peaks of silicon and

germanium in GIXRD, several points have to be taken into account: (i) in this con�guration,

at ϕ = 0°, the in-plane orientation of the Si (1 0 0) substrate is along the [0 1 0] direction; in a

cubic system, the (3 1 1) planes are thus at ϕ = 45°. (ii) In a cubic system, the angle between

the (1 0 0) and (3 1 1) planes is α = 25.24°. (iii) The theoretical 2θ angle for (3 1 1) re�ections

is 2θ = 53.68° for relaxed Ge and 2θ = 56.12° for relaxed Si. Considering the GIXRD geome-

try, the corresponding di�raction peaks should appear for incident angles of ω = 1.6° for Ge

(3 1 1) and ω = 2.8° for Si (3 1 1). GIXRD measurements were thus recorded with ω around

1.5° and ϕ = 45° in order to detect the (3 1 1) planes. Experimentally, Figure 5 clearly shows

that the di�ractions peaks are only visible around 2θ = 55° and that the di�raction peaks

disappear when the sample is rotated in plane (ϕ 6= 45°) as expected for an heteroepitaxial

system. Moreover, Ge (3 1 1) peak detection is optimized at ω = 1.6°. Concerning the Si

(3 1 1) Bragg re�ection, it is also detectable at incident angle of ω = 1.6° due to the X-Ray

beam average divergence and the huge substrate signal. At ω = 2.8°, the Si (3 1 1) re�ection

is optimized and the peak at 2θ = 54.1° corresponds to an average between the Ge (3 1 1)

and TiO2 (2 1 1) re�ection, these peaks being clearly dissociated when the incident angle is

1.6°. This analysis thus con�rms the unique Ge crystallite orientation, with (1 0 0) plane

parallel to the Si substrate (1 0 0) plane. However, the experimental resolution does not

allow determine the possible strain induced by the epitaxial relationship. Depending on the

presence of dislocations, the germanium lattice can be either in a tensile strain or relaxed.

HRTEM analyses were performed in order to con�rm the epitaxial relationship between

Ge dots and the silicon substrate, but also to research the presence of structural defects at

the Si-Ge interface (see Figure 6). Ge dots are in epitaxy on the silicon wafer, inside the
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Figure 5: XRD analysis of TiO2 INPs bearing Ge nanocrystals: patterns recorded in GIXRD
geometry with two di�erent incident (ω) and in plane (ϕ) angles (in plane angle is measured
from the Si substrate [0 1 0] direction). The triangle markers indicate the theoretical positions
of Bragg re�ections related to Ge, rutile TiO2 and Si phases around 2θ = 55°.

perforations, in agreement with XRD analysis. On either side, the rutile TiO2 crystallites

of the INPs are present, with the underlying thin SiO2 layer. At the location of the Ge dot,

in the perforation, the atomic lattice of Ge is seen to extend up to the crystalline surface of

silicon. The monocrystalline nature of germanium is clearly visible and con�rmed by Fourier

Transformation. Moreover, facets are visible with no apparent defects con�rming the perfect

hetero-epitaxy of the Ge nanocrystals on silicon, and the tensile strain induced by the silicon

substrate.

3.4 Variation in the INPs network parameters: smaller perforations

Finally, to prove the �exibility of the proposed inorganic nanoperforations, deposition of

germanium was performed on TiO2 INPs bearing smaller perforations. To obtain such

pre-patterned surfaces, the same protocol was followed with a smaller block copolymer:

PB5.5k �b-PEO30k . The well-ordered perforated network is visible as seen for the larger per-

forations (see Figure 1b). The mean diameter, deduced from SEM, is (12± 2) nm. Deposi-

tion was carried out following the procedure optimized for larger perforations (HF treatment
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Figure 6: TEM analysis of Ge dots in TiO2 perforations with corresponding Fourier Trans-
form. Facets are easily visible on the Ge crystals.

20 s, 2 nm of Ge deposited at 650 ◦C then annealing at 650 ◦C for 20min). SEM imaging

after deposition shows that one Ge crystal is found in each perforation with a few large Ge

dots visible on the TiO2 network (Figure 7a). This corresponds to a %cov = 92%. Thus, it

seems that in the case of smaller perforations, a deposition at a temperature of 650 ◦C does

not give enough mobility to Ge in order to di�use entirely towards the perforations even

if the inter-distance between perforations is smaller. The temperature was then gradually

increased until no dots were found on the INPs surface. At a temperature of 800 ◦C, the INPs

network starts to lose organization with a collapse of the INPs structure due to extensive

di�usive sintering (Figure 7c). Ge dots, originally located in the perforations, merge to form

larger dots as the TiO2 topographical barrier is breaking apart. We note that, in this case,

no Ge dots are found on the INPs.

A narrow window thus seems to exist with full organization of germanium in the perfora-
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Figure 7: SEM images of the TiO2 INPs after the deposition of 2 nm of germanium at
di�erent temperatures: a) deposition at 650 ◦C, b) deposition at 775 ◦C and c) deposition at
800 ◦C. No annealing is performed after deposition. The scale bar is 200 nm.

tions before the TiO2 INPs become unstable. Results of deposition at 775 ◦C show organized

Ge dots with full di�usion in the perforations (Figure 7b). The TiO2 network begins to

collapse but the extent is not large enough to allow the Ge dots to merge. In this case, a

percentage of coverage of 98% is found with very few dots on the INPs. The average diameter

of the dots on the INPs is about the same than the ones in the perforations in contrast with

the previous case (Ge deposition at 650 ◦C). The very small size of the Ge dots embedded

in the perforations did not allow to obtain SEM images with su�cient resolution to extract

a size distribution. Nevertheless, as Ge crystals are located within the INPs perforations,

their size diameter is bound to be smaller than the one of the perforation ((12± 2) nm)

and can be roughly estimated to (9± 3) nm. Note that, in the case of smaller perforations,

the annealing step after evaporation (see scheme Figure 3) was suppressed from the process

as similar results were obtained with or without post-annealing. Since the temperature is

maintained for a shorter time, this allows to work at higher temperature without damaging

too much the INPs.

3.5 Comparison spontaneous/directed deposition

If deposition takes place on a non-patterned surface, randomly dispersed islands with a

large size distribution are expected (Figure 8a). For instance, the deposition of a 2 nm

thick layer of germanium (at 650 ◦C under ultra-high vacuum and annealed at 650 ◦C for
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20min) on bare silica gives Ge dots of an average diameter of 40 nm with a very large

diameter distribution ranging from 10 nm to 65 nm (Figure 8d). To direct the Ge atoms

di�usion and reduce size distribution, pre-patterning of the surface is thus necessary. In

our case, deposition and annealing is carried out on inorganic nanopatterns. Without any

additional treatment, Ge nanodots feature a narrower size distribution than for spontaneous

deposition (Figure 8b). An average diameter of (23± 10) nm is reported in accordance

with previous studies.19 Indeed, with this additional surface texturation, the presence of

energetically favorable points leads to a more homogeneous size distribution with respect to

the spontaneous deposition case. However, even if the size distribution is drastically reduced

compared to a �at surface, no precise spatial organization is found. In order to obtain a

precise organization of the dots, the position of defects must be controlled, which could be

the case with the INPs network as it bears organized perforations. Nevertheless, without

any additional treatment, the bottom of the perforations still consist of silicon oxide, which

displays a low a�nity with germanium. In �ne, Ge nanodots will preferably nucleate on

the TiO2 INPs network where defects, such as grain boundaries between rutile crystals, will

locally increase the surface energy, providing narrow size distribution but no organization.

In contrast, with the appropriate HF chemical etching, the silicon oxide can be eliminated

from the bottom of the perforations revealing the silicon surface while keeping the TiO2

structure intact (Figure 2). Silicon is a convenient nucleation point for Ge growth since Ge

is highly miscible in Si. Taking advantage of the chemical heterogeneity brought by the TiO2

INPs and in optimized deposition conditions discussed above, nucleation and growth of Ge

nanodots can be controlled leading to one dot per perforation (Figure 8c). A sharp size

distribution of (17± 2) nm is found without any dot on the INPs network. Ge nanocrystals,

in epitaxy with the silicon substrate, are well organized in a hexagonal lattice with their

diameter and spacing de�ned by the INPs network parameters.

17



Figure 8: Deposition and dewetting of 2 nm of Ge at 650 °C followed by annealing at 650 ◦C
for 20min on a) a bare silicon surface, b) TiO2 INPs without chemical etching, c) TiO2 INPs
after appropriate etching. d) Size distribution in diameter of Ge nanodots after deposition
in di�erent conditions, deduced from image analysis.

3.6 Organization of Au nanoparticles

TiO2 INPs are now used as a pre-pattern surface for the organization of metallic nanopar-

ticles. For this purpose, a thin gold layer of 3.5 nm is deposited by sputtering on the TiO2

nanoperforated layer. Even before annealing, the gold layer broke down into islands of var-

ious size and shape that cover the entire substrate (Figure 9a). This is expected as the

mobility of metals is higher than the one of semiconductors. The presence of the TiO2 net-
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work can be guessed with smaller islands inside the perforations and large elongated islands

on the network.

Figure 9: SEM images of a) TiO2 INPs after the deposition of a thin Au layer, b) TiO2 INPs
with Au droplets after annealing at 450 ◦C for 30min in ultra-high vacuum, c) TiO2 INPs
with Au droplets after annealing and mechanical etching. Insets display the corresponding
Fourier Transformation. d) Distribution of the Au dots diameter after annealing, before and
after mechanical etching.

In order to obtain more homogeneous Au domains, an annealing step is performed in an

epitaxy chamber under ultra-high vacuum (P = 10−10 Pa) at 450 ◦C for 30min. In those

conditions, Au thin layers are known to dewet and form isolated islands.10 The �lm after

annealing shows round gold droplets con�rming the high mobility of gold at this temperature

(Figure 9b). A large size distribution of the Au dots is found with size ranging from 10 nm to

45 nm (Figure 9d). Moreover, dots are randomly arranged without any speci�c interaction

with the bottom of the perforations (silicon) or with the INPs network (TiO2). This is due
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to the fact that Au does not have a speci�c a�nity for silicon compared to TiO2. In this

case, only topographical defects are directing the atomic di�usion, which is not su�cient

to directly obtain organized arrays of dots in contrast with germanium deposition process.

As ordering of Au dots could not be obtained solely via deposition and annealing, abrasion

of the surface by gently polishing with a fabric revealed to be e�cient to remove the dots

on the TiO2 without impacting those formed within the perforations. Indeed, as gold has

a poor a�nity for the surface, it can be easily removed mechanically. By polishing the

surface, only the raised areas will be impacted: the Au dots on top of the INPs. In this

case, the INPs network behave as a topographical mask that selectively protect the Au dots

in the perforations. Figure 9c presents the image of the surface where only Au dots in

the perforations are left after polishing with clean room paper with a force of 0.75N cm−2.

Nice organization with hexagonal arrangement is found corresponding to the INPs network

parameter as con�rmed by Fourier Transformation (FT). The size distribution of the Au

dots after such mechanical treatment is (28± 5) nm in diameter which is in good agreement

with the size of the perforations (Figure 9d). The slight broadening towards smaller dots can

be explained by the fact that not all the perforations are fully �lled by gold. For comparison,

if deposition of a thin Au layer is performed on bare silicon, a very large size distribution

with dots of diameter about roughly thirty times the Au deposited thickness is found.10 In

the present case of a 3.5 nm Au layer, this translates into droplets of about (100± 50) nm

in diameter. Furthermore, in the case of metals, as only a topographical control is used,

HF chemical treatment is not compulsory to organize the Au dots. However, revealing the

silicon surface at the bottom of the perforations is important to have an interface between

gold and silicon for instance in the case Au dots are further used as VLS catalysts to obtain

out of plane nanowires. In addition, such surfaces are expected to be interesting for Surface

Enhanced Raman Scattering (SERS) due to their unique organization.
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4 Conclusion

TiO2 inorganic nanopatterns proved to be an exceptional pre-templated surface for the di-

rected ordering of both semiconductor and metallic nanodots. In the case of germanium thin

layers, selective epitaxy of Ge on the bare silicon within the perforations allowed to orga-

nize the Ge nanodots after HF chemical treatment and in optimized deposition conditions.

Highly organized sub-100 nm germanium nanocrystals were obtained in epitaxy, with a sharp

size distribution. This is a huge improvement compared to stochastic nucleation of Ge on

Si. Next, TiO2 INPs were also exploited to control gold deposition. With an appropriate

polishing of the surface, gold nanodots were obtained in an organized fashion with a narrow

size distribution. Furthermore, we proved that the density and organization of the nanodots

can be easily tailored by changing the INPs network parameters.
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