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Design of monodisperse ultra-small nanocrystals (NCs) into large scale patterns with ad hoc

features is demonstrated. The process makes use of solid state dewetting of a thin film templated

through alloy liquid metal ion source focused ion beam (LMIS-FIB) nanopatterning. The solid

state dewetting initiated at the edges of the patterns controllably creates the ordering of NCs with

ad hoc placement and periodicity. The NC size is tuned by varying the nominal thickness of the

film while their position results from the association of film retraction from the edges of the lay out

and Rayleigh-like instability. The use of ultra-high resolution LMIS-FIB enables to produce

monocrystalline NCs with size, periodicity, and placement tunable as well. It provides routes for

the free design of nanostructures for generic applications in nanoelectronics. VC 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4730620]

During the last decades, mobile electronic products have

invaded our daily lives by increasing their innovation, tech-

nical achievement, and marketability. Many of these devices

require flash memories where a floating-gate structure forms

the primary technology. In such a situation, conventional

nonvolatile memory suffers from certain physical limita-

tions. In order to overcome these limitations, it has been pro-

posed to use nanocrystals (NCs) as charge storage elements

embedded in the gate oxide of a field-effect transistor.1–6

Various processes have been developed to elaborate silicon

(Si) or germanium (Ge) NCs, including self-assembly,7–9

precipitation,10 ion implantation,11–14 and annealing.15–17

Si and Ge NCs for which the local physical properties

govern their electronic response have recently been

fabricated.18–21 The synthesis make use of dewetting which

involves the transformation of a bi-dimensional (2D) thin

film into an array of isolated three-dimensional (3D) islands

due to a morphological instability.22 It is the balance

between the surface and interfacial energies of the thin film

and substrate that defines the 3D islands morphology.23–27

The energetic informs about the global energy of the system,

but the evolution of each component depends on the local

energetic changes in its immediate vicinity.28–30

It was reported that when a thin film is unstable, it first

develops a series of holes at the film/substrate interface (ho-

mogeneous dewetting), then the holes evolve and grow later-

ally while islands form on the edges of the dewetted front,

and finally, the dewetted areas come into contact to form a

fully dewetted layer.31–33 In the case of crystalline thin films,

the holes nucleation was described by a breaking time which

follows an exponential evolution with temperature.34 The

second regime (retraction) is controlled by the surface diffu-

sion from the edges of the holes. The third regime (coales-

cence) requires to overcome an additional nucleation barrier

to come into contact.35 The islands represent a metastable

morphological state and could undergo coarsening on a time-

scale commonly longer than the experiment.36,37 In the case

of amorphous Ge layer (a-Ge) on a silicon dioxide (SiO2)/Si

substrate, ultra-small and dense Ge hemispheric NCs with

high aspect ratio can be produced.38,39 In these conditions,

the shape transformation results from two energy driven phe-

nomena implying first the crystallization of the amorphous

layer and second the redistribution of the matter around the

crystalline clusters.40

In all the situations, after dewetting, the surface is fully

covered by NCs with broad size distribution that are ran-

domly distributed over the surface. These NCs have been

demonstrated to exhibit remarkable properties such as

single-electron tunnelling, ballistic transport, and light

emission.41–45 However, their size dispersion and random

spatial distribution produce fluctuations from device to de-

vice and charge leakage.46

The aim of this study is to design specific patterns of

semiconductor NCs fully adapted to memory applications.

Here, we report a design concept, based on the dewetting of

pre-patterned thin films (amorphous and single crystal). In

this process (heterogeneous dewetting), the solid state dewet-

ting initiated at the edges of the layout controllably creates

free patterns of NCs with ad hoc placement and length scales

different from the original patterns.47 The NCs size is tuned

by varying the nominal thickness of the film while their posi-

tion results from the association of processes such as the film

retraction initiated at the edges of the patterns and the break-

up of the film perpendicular to the dewetting edges due to a

Rayleigh-like instability.

The samples investigated are (i) ultra-thin crystalline

silicon on insulator (SOI) layers (ref. c-Si); (ii) amorphous

germanium and silicon layers deposited on SiO2 thermal

oxide/Si substrate (ref. a-Ge and a-Si, respectively), and (iii)

patterned ultra-thin crystalline SOI (ref. p-Si).48 They are

single-crystal Si(001) films, with thickness between 5 and

20 nm, bonded to a 150 nm thick SiO2 layer on a standarda)E-mail: isabelle.berbezier@im2np.fr.
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Si(001) wafer. The thickness of the top layer was varied

using chemical etching cycles. The thickness homogeneity

and the crystalline quality of the c-Si after etching were

determined by high resolution transmission electron micros-

copy (HRTEM). The a-Ge and a-Si layers, with thickness

between 0.5 and 5 nm, were deposited on a SiO2 thermal

layer, using a RIBER solid source molecular beam epitaxy

(SSMBE) system with a background pressure �10�11Torr.

Patterns consisting of lattices of lines and holes were

prepared by electron beam lithography (EBL) or by liquid-

metal ion source focused ion beam (LMIS-FIB) nanowrit-

ing.49 EBL patterns were created on Si/SiO2 or Ge/SiO2 sys-

tems cleaned by an ultrasonic treatment with organic

solvents. Then a polymethylmethacrylate (PMMA) layer

was deposited by spinning (4000 rpm) and baked for 1 h at

160 �C after resist deposition. Scanning electron microscopy

(SEM) was performed using a Philips XL30 SFEG SEM

with a Raith Elphy Quantum lithography attachment and a

Scanservice beam blanker. By reactive ion etching (RIE),

about 11 nm of SOI were etched (using 50 sccm of CF4 at a

power of 50W and a pressure of 6 mTorr). For every expo-

sure, the patterned area was 25� 25 lm2 with lines regularly

spaced between 100 nm and 1lm. Figure 1 gives the typical

morphology of EBL patterns on Si/SiO2/Si substrate (lines

along [100] and [110]). A single sample presents six geome-

tries, the first three with lines along [110] direction and the

others with lines along [100].

Large 100� 100 lm2 patterns with complex geometries,

such as arrays of linear, square, and circular features, were

also created by focused ion beam (FIB) nanomilling carried

out in a Tescan LYRA1 XMH dual-beam FIB workstation

operating at 30 keV. This FIB is equipped with a mass-

filtered ultra-high resolution focused ion beam COBRA-type

FIB from Orsay Physics, which has an ultimate resolution of

5 nm (using Gaþ ions). Patterning was performed using ei-

ther single element (Gaþ ions) or AuGe alloy sources (Auþþ

or Geþ ions).50,51 The metallic incident ions implanted in the

substrate at the end of the patterning process are removed by

successive cleaning cycles involving both chemical cleaning

(HCl solution) and thermal cleaning. After patterning, all

samples were analyzed by SEM and atomic force micros-

copy (AFM) in air to check the depth and quality of patterns.

After ex situ chemical cleaning, the samples are immedi-

ately transferred under clean room atmosphere to the MBE

chamber where they are in situ cleaned at low temperature

(600 �C for 30min) to remove the contaminants at the Si sur-

face. Dewetting is obtained by in situ ultra-high vacuum

(UHV) annealing at temperatures 650-800 �C.

We first measured the morphological evolution of the

NCs produced by homogeneous dewetting for the three sys-

tems: c-Si, a-Si, and a-Ge on top of SiO2/Si substrate. The

results show that the temperature and time of annealing

(between 650 and 800 �C and 25–120min, respectively) do

not affect the NC diameter (U). The latter depends only on

the nominal thickness (h) of the thin film, following a linear

evolution U� k.h with kSi¼ 20 and kGe¼ 7 for Si and Ge,

respectively, when annealed for instance at 750 �C for

120min (Fig. 2(a)). These evolutions are related to the ener-

getic balance of the system (surface and interfacial energies)

since NCs represent the pseudo-equilibrium shape of the

Si/SiO2 or Ge/SiO2 systems; indepently of the dynamics to

reach the equilibrium. It depends on the chemical species of

the dewetted layer. The balance and contact angle differ sig-

nificantly for Si and Ge as testified by the very different as-

pect ratios of the NCs A¼H/U (where H is the NCs height)

since ASi¼ 0.3 and AGe¼ 0.8 for Si and Ge, respectively.

This explains why the NC size evolution is the same for a-Si

and c-Si although the dynamics of dewetting are very differ-

ent.35 Continuous thin films (amorphous and crystalline) on

flat surfaces dewet to form NCs with broad distributions of

sizes and spacings.47

However, it has recently been shown that dewetting of

pre-patterned films with regular pit-like topographic features

can lead to ordered arrays of near mono-disperse NCs.52,53

FIG. 1. Typical EBL arrays of lines along (a) [100] and (b) [110] with a pe-

riodicity of 500 nm (scan areas are 3 � 3 lm2).

FIG. 2. (a) Size evolution of Si and Ge NCs as a function of the nominal

thickness of the dewetted film for (!) c-Si, (n) a-Si, and (�) a-Ge. AFM

images and perimeter L(lm) histograms of Si NCs formed after 120min

annealing at 750 �C by (b) homogeneous dewetting and (c) heterogeneous

dewetting (scan areas are 3 � 3 lm2).

013117-2 Aouassa et al. Appl. Phys. Lett. 101, 013117 (2012)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

131.175.28.158 On: Thu, 03 Jul 2014 14:19:06



In these conditions, the so-called heterogeneous dewetting

occurs. For comparison, the size of the NCs obtained by ho-

mogeneous (Fig. 2(b)) and heterogeneous (Fig. 2(c)) dewet-

ting are presented. The images and histograms evidence the

better size homogeneity in the case of heterogeneous dewet-

ting. We first note that the size (density) of NCs is systemati-

cally larger on the patterned areas than on the continuous

film. This is attributed to the confinement of matter coming

from the two opposite dewetted sides of the mesas, which

favors the coalescence of NCs.

Fig. 3 shows the heterogeneous dewetting initiated by

EBL lines patterned along [001] or [110]. The different steps

of heterogeneous dewetting observed are (i) the periodic

breaking of the film perpendicular to the dewetting front fol-

lowing a Rayleigh-like instability (Fig. 3(a)); (ii) the regular

nucleation of NCs along these cracks from which the matter

is retracting (Fig. 3(b)). For patterns with periodicity �1 lm,

the NCs systematically form in the middle of the mesa. (iii)

The proper alignment of NCs parallel to the dewetting front

into periodic arrays. A perfect bi-dimensional design with

one NC per period is obtained when the size of the NCs

matches the period of the patterns (Fig. 3(c)). The same evo-

lution is observed with EBL lines along [100], but the NCs

undergo a shape transformation. In a first step, the NCs sides

follow the dewetted fronts (along the [100] EBL lines) and

exhibit (100) facets (Figs. 3(d) and 3(e)), while in a second

step, they rotate by 45� to reach the equilibrium shape of sili-

con with well faceted equilibrium shape: {111}, {113} facets

on the sides, and {100} on the top (Figs. 3(f) and 3(g)).

More complex configurations are observed when the vol-

ume of matter collected over the width of the mesa between

two periodic cracks of the film is larger than the volume of a

whole number of NCs. For instance, when this volume is

larger than the volume of one NC but smaller than the volume

of two NCs, they create a bi-modal periodic array (Fig. 3(g)).

As a consequence, dewetting of pre-patterned films enables

the self-assembly of NCs to be directed along the initial pat-

terns while a Rayleigh-like instability controllably creates the

perpendicular periodicity. This way, bi-dimensionnal periodic

arrays of NCs are achieved when matching the size of the

NCs with the periodicity of the patterns.

The use of ultra-high resolution FIB direct nanowriting

combined with dewetting produces precise alignments of

ultra-small NCs with size and position tunable at will. In the

examples presented on Fig. 4, thin films have been prepat-

terned by FIB to create lines and concentric squares and

circles extending over 100 lm (pitch� 100 nm). They con-

trollably create ad hoc features of well ordered NCs with a

mean diameter �25 nm. On these images, the thin a-Ge film

was dewetted at 750 �C for 30min.

The designing process developed here can be used to

create free patterns of NCs with monodisperse size and ad

hoc spatial placement. The lay out is produced by the associ-

ation of dewetting from patterns edge and Rayleigh-like

instability. The use of ultra-high resolution LMIS-FIB ena-

bles to produce monocrystalline NCs with size, periodicity,

and placement tunable as well. It provides routes for the

design of specific arrangement of nanostructures for generic

applications in nanoelectronics (such as nanocrystal memo-

ries and single electron transistor).

FIG. 3. AFM images after heterogeneous dewetting (EBL patterns) of

11 nm thick c-Si at 750 �C: (a) first step is a periodic breaking of the film

(t¼ 10min); (b) second step is the periodic alignment of NCs along the dew-

etted fronts along [110] (t¼ 30min); (c) bi-dimensional periodic ordering of

NCs induced when matching the NCs size and the pre-patterns 500 nm pe-

riod (t¼ 120min). The inset shows the same behaviour for a smaller period

of the patterns (�200 nm); (d) ordering of NCs along [100] lines

(t¼ 30min); (e) zoom of these NCs; (f) zoom of the NCs shape after longer

annealing (t¼ 120min); (g) bi-modal NCs size and periodicity after

t¼ 120min annealing.

FIG. 4. AFM images of self-organized ultra-small nearly monodisperse Ge

NCs (25 nm large) into 2D periodic arrays of lines, squares, and circles using

heterogeneous dewetting of FIB patterned 5 nm thick a-Ge (t¼ 30min;

T¼ 750 �C).
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