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Formation and ordering of Ge nanocrystals on SiO,
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This paper describes the mechanisms of formation and ordering of Ge nanocrystals on a pre-patterned silica
layer. In the first part, we investigate the nucleation and growth of Ge nanocrystals during thermal annealing of
an amorphous Ge layer. In particular, morphological evolution of nanocrystals with different experimental
parameters is analyzed. We show that nanocrystals exhibit a pseudoequilibrium shape independent on anneal-
ing conditions; their size and density being only controlled by the deposited thickness of the amorphous layer.
This behavior is explained by a nucleus density saturation due to the presence of exclusion zones around
critical nuclei. In the second part, we evidence a very nice ordering of Ge nanocrystals inside the focused ion
beam (FIB) patterns of a thin silica layer. Preferential nucleation of nanocrystals inside the holes is mainly
explained by energetic arguments. In particular, we find that surface free energy is dramatically reduced when
nanocrystals are located inside the holes instead of on the flat top surface between the holes. From a kinetic
side, preferential nucleation inside the FIB holes should also be favored due to the lower surface diffusion

inside the holes.
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I. INTRODUCTION

During the last decades, much effort has been devoted to
the study of semiconductor quantum dots for their interest
both in fundamental physics and device applications. Due to
their reduced dimensions, such nanostructures exhibit unique
physical properties based on quantum confinement. More-
over, the controlled fabrication of semiconductor quantum
dots remains a key requirement for the development of future
nanoelectronic devices such as single electron transistor or
nanocrystal (NC) memories. The latter device utilizes a new
memory-cell concept! based on a floating-dot gate embedded
in an oxide layer between the control oxide and the source-
drain conduction channel. Until now, most of the studies in
this field have been devoted to the fabrication of devices
based on self-assembled Si NC>* and on their physical
properties.’~ In first experiments the formation of Si NC was
obtained during the thermal oxidation steps.® Other processes
such as low energy Si implantation,””!! and selective chemi-
cal vapor deposition (CVD) on thermal SiO,,'? have been
successfully developed, allowing one to achieve a high con-
trol of tunnel oxide thickness and large NC density. How-
ever, these processes are far from the desired reproducibility
required for the understanding and modeling of NCs struc-
ture and properties.'3-!7

Replacing Si NC by Ge NC is expected to improve the
memory characteristics (charging time and retention time)
because of the smaller band gap of Ge which induces a va-
lence band offset between the substrate and NC.'8-22 Re-
cently, various self-assembling methods based on the
Stranki-Krastanov growth mode of Ge on Si substrate have
been attempted in order to create regular two-dimensional
(2D) arrays of Ge NCs.*?7 In this system, the self-
assembling process is mainly controlled by the gradient of
stress relaxation during epitaxial growth. Such a phenom-
enon cannot be used when Ge NCs are deposited on an
amorphous layer. In the latter case, the random heteroge-
neous nucleation of Ge NCs induces a lack of lateral order-
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ing. Furthermore, kinetics of NCs nucleation, growth, and
coalescence lead to large size nonuniformity?® which is not
fully understood. To our knowledge, these mechanisms have
not been extensively studied in the literature.

The aim of this paper is to understand first the kinetics of
NCs formation and second the driving forces of NCs order-
ing. This paper is divided into two parts, first the nucleation
and growth of Ge NCs during crystallization of an amor-
phous Ge layer deposited on SiO,. In this part, morphology,
size, and distribution of NCs are analyzed as a function of
annealing time and temperature and deposited thickness. In a
second part we use a prepatterned amorphous silica layer
with well-controlled and scalable patterns. The driving forces
of Ge NCs self-assembling are discussed.

II. EXPERIMENTS

Experiments were performed on thin SiO, layers obtained
by thermal oxidation of Si(001) substrate. SiO, prepatterning
was produced by focused ion beam (FIB) milling. A field
oxide, 500 nm thick, was first fabricated on all silicon (001)
wafers. Using standard optical lithographic techniques and
wet chemical SiO, etching, 10X 10 um? windows were
opened in this oxide in order to easily locate the arrays of
holes produced by the FIB. The wafers were then oxidized
again to form the oxide mask for prepatterning (5 nm thick
SiO, layer). FIB holes height was always deeper than the
mask oxide thickness in order to penetrate in the Si substrate.

Milling investigations were performed with a Focused Ion
Beam (FIB) FEI XL200. The FIB instrument is equipped
with a gallium liquid metal source primary ion gun. With
such a type of field emission gun the minimum spot size is
~10 nm and the brightness is very high. Both features com-
bined with the ion mass and the energy used allow a sharp
and fast milling of silicon. The FIB process has been per-
formed using a dual beam system in order to minimize the
possible gallium implantation during image grabs required
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FIG. 1. (Color online) RHEED patterns of a 2 nm thick Ge layer
deposited at room temperature: (a) as grown and (b) during the
temperature ramp of annealing (at 400 °C).

for target area location. Navigation on the wafer surface is
done using scanning electron microscopy (SEM) imaging
mode. FIB was used only for milling. Ion source gallium at
normal incidence angle with impact energy of 30 keV and
1 pA primary current was used.

After FIB milling, the presence of Ga was detected in the
milled areas. A special process was then developed in order
to fully restore the substrate cleanliness and to remove Ga
below 4 X 10'® cm™. During this cleaning step, the top part
of the FIB patterns is removed with the oxide removal and
the bottom part (located in the Si substrate) is slightly en-
larged. 3.5 nm thick oxide was subsequently grown and
cleaned again. Ge deposition was carried out in a molecular
beam epitaxy (MBE) Riber system with a base pressure in
the 107! Torr range. Ge was evaporated from an effusion
cell with a deposition rate about 0.017 nm/s.

Amorphous Ge was deposited at room temperature and
crystallized during in situ thermal annealing at temperatures
comprised between 500 and 750 °C. The temperature ramp
of the annealing was 50 °C/min. Reflection high energy
electron diffraction (RHEED) was used to follow in real time
the NCs crystallization. At the end of the annealing, the
samples were rapidly cooled at room temperature. Surface
morphology was characterized by atomic force microscopy
(AFM) operating in non contact mode.

III. RESULTS

During the first series of experiments Ge was deposited
on uniformly flat layers of SiO, (without FIB patterns). The
aim is to describe the crystallization process as a function of
annealing conditions and deposited thickness in order to de-
termine the experimental parameters that control the Ge NCs
morphological features (shape, size, and density). RHEED
pattern evolution was followed in real time during annealing.

After deposition of 2 nm Ge at room temperature, the
RHEED pattern of the surface exhibited a diffuse ring pat-
tern representative of an amorphous structure [Fig. 1(a)]. The
appearance of well-defined ring patterns, characteristic of
crystalline Ge, occurred during the rise in temperature at
~400 °C [Fig. 1(b)]. In such circumstances, it can be de-
duced that the onset of Ge crystallization occurs at a tem-
perature lower or equal to 400 °C. One can note that diffrac-
tion rings indicate a random orientation of the crystallites.

In order to understand the mechanism of NCs formation
and evolution, we annealed amorphous Ge layers 2 nm thick
at different temperatures (500, 600, 650, and 700 °C) for
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TABLE I. Mean NCs density, diameter, and height measured on
AFM images of Ge NCs formed by annealing of 2 nm amorphous
Ge for 30 min at 500, 600, 650, and 700 °C.

Annealing temperature 500 °C 600 °C 650 °C 700 °C
Mean NCs density D 10 12.5 11.2 10
(xX10'° cm™2)

Mean diameter ¢ (nm) 28 25 27 27
Mean height 4 (nm) 6.5 6 6 6.5

30 min. We first checked that the total volume of NCs (esti-
mated from AFM images) is approximately similar to the
total volume of the deposited layer in order to confirm the
absence of desorption during annealing up to 700 °C. After
the annealing, we systematically observed on all the samples
the formation of disconnected NCs with a broad size distri-
bution (standard deviation is about 9 nm). The mean
NCs density, diameter, and height have been measured by
AFM (Table I). The measurements show that all the
samples exhibit NCs with identical morphology (aspect ratio
h/¢~0.23) and density (D~ 10'"'/cm?). In a second series
of experiments the annealing temperature was fixed at
600 °C and the annealing time was varied from 5 to 10, 20,
and 30 min. The NCs morphology and density measured
were similar whatever was the annealing time. Moreover,
NCs exhibited aspect ratio and density similar to those ob-
tained in the previous set of experiments.

Consequently, NCs size and density are independent on
annealing parameters (temperature and time) in the experi-
mental conditions investigated here. It can then be concluded
that NCs have reached a pseudoequilibrium state character-
ized by a typical aspect ratio i/ ¢~ 0.23 and a critical wet-
ting angle #=50°. Furthermore, it can also be remarked that
the NCs height measured by AFM is about three times larger
than the deposited thickness. Such a large height cannot be
explained by a unique phenomenon of phase transformation
from amorphous to crystal. Consequently, the capture of at-
oms by unwetting and diffusion from extended areas around
the critical nuclei should also participate to the nuclei forma-
tion.

In the third series of samples the deposited thickness of
Ge (h) was varied from 1.5 to 5 nm. All the samples were
annealed at 700 °C for 30 min. All the samples exhibit
highly packed and randomly distributed NCs with a large
size distribution. AFM images of the NCs obtained for de-
posited thickness (hg) of 5, 3, 2, and 1.5 nm are presented in
Figs. 2(a)-2(d). The evolutions of NCs mean density and
area with h are plotted in Figs. 2(e) and 2(f). One observes
a clear dependence of NCs density (D) and size with h,,.
Experimental data can be fitted by DOCh(;1 and S,k (the
NCs radius evolves as RNCOCh(l)/Z). The fit curves are repre-
sented as dashed and dot lines, respectively. The opposite
evolution of D and S, is a direct consequence of mass con-
servation in the case of NCs with equilibrium shape. The
linear dependence of the NCs area with the deposited thick-
ness is not explained up to now.

In consequence, we have seen that the mean NCs area (S,
and density are only controlled by the deposited thickness
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FIG. 2. (Color online) AFM
images of samples with different
Ge deposited thickness (hg): (a)
-7 h0=5 nm, (b) h0=3 nm, (C) ho

-~ =2nm, and (d) ho=1.5 nm. All
e these samples were annealed at

- 700 °C for 30 min. Evolutions of
- NCs density and mean NCs area
# with & are presented in (e) and (f),

o respectively.

10 15 20 25 30 35 40 45 50
Deposited thickness h, (nm)

(hg) of the amorphous layer and are independent of the an-
nealing conditions (temperature and time). As a conse-
quence, we can conclude that in all these experiments, a
saturation of NCs size and density has been reached. Two
processes can be invoked to explain such behavior: a kineti-
cally limited coalescence and a saturation nucleus density
caused by exclusion zones around nuclei. The first argument
could be explained by a limited surface diffusion. However,
such a phenomenon can be ruled out since it would induce a
variation of NCs area and density with annealing tempera-
ture. Let us develop now the second argument based on ther-
modynamics. It is reasonable to assume that nucleation oc-
curs just at the interface between the SiO, substrate and the
amorphous layer of finite thickness (heterogeneous nucle-
ation). The evolution of the growth process cannot be deter-
mined from our experimental results, since droplets with
pseudoequilibrium shape were obtained whatever were the
annealing conditions (temperature and time). Nevertheless,
different evolutions could be considered. If the growth pro-
cess involves the entire layer volume, each nucleus grows
through the untransformed volume by converting sites neigh-
boring the surface of the growing nuclei to the new phase.?
In this case, it is shown that the growth kinetics of 2D nuclei
during heterogeneous nucleation is lower than the growth of
3D nuclei involving the entire layer volume. Time variation
of the transformed material fraction during heterogeneous
2D nucleation following this model considerably differs
from the standard Johnson-Mehl-Avrami (JMA) theory.3%3!
Alternatively, growth kinetics could follow a two step
process involving growth of individual nuclei followed by
coalescence of neighboring nuclei.> During the first step,
nuclei extend in diameter by capturing a large number of
neighboring atoms from the amorphous phase. Gradually the
surface covered by crystallites increases and when the pe-
ripheries of droplet neighbors meet coalescence occurs. As a
result, the adatom concentration around the growing crystal-

10 15 20 25 30 35 40 45 50
Deposited thickness h, (nm)

lites is reduced and the system is locally undersaturated. In
these areas (commonly called exclusion areas) nucleation is
more or less prohibited. When exclusion zones overlap a
saturation of the nucleus density is reached. Then new nuclei
do not form and growth of the island stops. The system has
reached a pseudoequilibrium state. This explains the invari-
ability of the droplets size/density with annealing conditions
in this set of experiments.

In conclusion of these series of experiments, we have
shown that it is possible to form highly dense ultrasmall Ge
NCs with a shape imposed by the thermodynamics equilib-
rium and a density/size controlled by the amorphous depos-
ited thickness. This result is in agreement with experimental
results on Si/SiO, system*} and Sn/SiO,.?

In the second part of the investigations, Ge has been de-
posited on FIB patterned silicon oxide in order to determine
the driving force of NCs ordering. Figure 3(a) presents the
2D array of FIB nanopatterns after cleaning just before Ge
deposition. Patterns consist of nanometer scale holes with
mean holes diameter and periodicity of ~25 and ~50 nm,
respectively. 2 nm of amorphous Ge was deposited at room

FIG. 3. (Color online) AFM images of FIB patterns on SiO2
substrate: (a) after cleaning. The array period is 50 nm; (b) after
room temperature deposition of 2 nm Ge and annealing at 600 °C
for 30 min. Islands density is about 4 X 10'* cm™2.
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FIG. 4. Schematic view of two NCs of similar volume deposited
on (a) a flat surface and (b) a FIB hole.

temperature on the patterned surface and in situ annealed at
600 °C for 30 min. The surface after NCs formation is pre-
sented in Fig. 3(b). We can see that an efficient ordering has
been obtained using FIB patterned substrates and that Ge
NCs sizes are homogenized as compared to the size of those
obtained on unpatterned areas. Moreover, their density ex-
actly matches the FIB pattern density (~4.10'°/cm? in the
example presented). Nevertheless, AFM image after NCs
formation does not allow one to definitely conclude on the
nucleation sites location (either inside or in between the FIB
holes).

Nucleation of Ge NCs on oxide could be driven by two
phenomena, surface diffusion barriers (a lower surface diffu-
sion is expected inside the FIB holes) or surface energy re-
duction. Regarding the first argument, even if we have seen
above that kinetics (and surface diffusion D) does not con-
trol the evolution of the surface in the Ge/SiO, system, NCs
nucleation could be sensitive to the surface diffusion inho-
mogeneity created by the hole patterns. This effect would
induce the nucleation of NCs inside the holes.

Regarding the thermodynamics arguments, during the first
stage of crystallization the change of free energy of the sys-
tem can be described by

v,
AG =—- a_GeA,LL + ENC
Va-Ge

with V,_g. and v,_g. the volume and molecular volume of
the amorphous Ge layer respectively, Au is the supersatura-
tion and Sy accounts for the surface energy and interfacial
energy of the NCs.

If we assume that the surface energy is constant (and does
not vary with the curvature of the surface) and if we consider
two NCs with the same volume, one located on a flat surface
[Fig. 4(a)] and the other on a hole [Fig. 4(b)], their difference
of surface free energy consists of three terms: AG
:AUGe-SiOZ+AO-Ge+AO-Si027 Where

b /
AUGe—SiOZ = WUGe_Sioz(Sln2 0(R12:IB - R2) - R%—I + RH\"R%-I + l’l%_l)
Aoge=270ge(1 — cos 0) (R — R?)

Aosio, = 050, (sin” 6(R” — Riyg) + Ry — Ry R}, + i),

0Ge-5i0,» OGes and Osio, are the Ge-SiO, interfacial energy
and the Ge and SiO, surface energy respectively; that are

related by the well-known Dupré expression: Usio,
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=0Ge-si0,+ 0Ge €08 0, where 6 is the wetting angle (Fig. 4).

The Ge and SiO, surface energy (og. and Tsio,» Tespec-
tively) are extracted from the literature: og.~ 700 mJ/m?
and 050, ~ 600 mJ/ m?. Since the wetting angle experimen-
tally measured is ~50° we find an interfacial energy
0Ge 5i0, ™ 150 mJ/m>. R and Rpp are the radius of the NCs
positioned on the flat surface and on the hole, respectively,
Ry and hy the radius and depth of the FIB hole.

Since the volumes of the two NCs (V; on the flat surface
and V, on the hole) are equals (V,=V,), we have

§R3(1 —cos 6)%(2 + cos 6)

= 7ETR%IB(I —cos 0)*(2 +cos 6) + ;IR%,hH

then

R%th )1/3

Repp=|R’ -
FB ( (1 =cos 6)*(2 + cos 6)

and
.2 gp2 2y _ p2
AG = m(0Gesi0, — Tsio,) (sin” O(Rg — RY) — Ry,
+ Ry \VRE, + h3) + 2706o(1 — cos 0)(Rég — R?),

AG is always negative and its value depends on the geo-
metrical features of the FIB holes and on the wetting angle.
In our experimental conditions, the experimental size of
the NC measured is ;=27 nm, then its real radius and
height are R=18 nm and 4=6.5 nm and the mean volume is
ViCeexp=Th*(R—h/3)=2101 nm’. Since the volume of a
conical FIB hole is V,u.=1/3 (WR%_IhH)Z 1047 nm?
(hy=10 nm,Ry=10 nm), then Vyc.xp™>Vy and when the
NC is positioned on the FIB hole we have the geometrical
situation described in Fig. 4. For volume conservation, the
radius and the apparent size of the NCs positioned on the
hole will be Rpp=14 nm and ®,=21.5 nm, respectively.

The total free energy gained when the nanocrystal nucle-
ates inside a FIB hole with regard to when it nucleates on the
flat area between the holes is AGye.fa~—10.33 meV/at.
Therefore location of NCs inside the holes is energetically
favored.

We can then conclude that ordering is mainly controlled
by free energy minimization. Diffusion barrier phenomena
are not considered here, but it can reasonably be assumed
that they will also favor the nucleation of NCs inside the
holes.>* In particular, geometrical confinement in the holes
should increase adatoms impingement and nucleation prob-
abilities.

IV. CONCLUSION

We have investigated the crystallization of Ge nanocrys-
tals during thermal annealing of an amorphous layer of Ge
deposited on amorphous silica. We have shown that the
shape of NCs is determined by the thermodynamics equilib-
rium shape while the density and size are only controlled by
the initial deposited thickness. The evolution of mean density
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and size of NCs can be fitted by DOChB1 and S.hj. The
invariability of NCs morphological features with annealing
temperature and time is discussed. In the second part, a pref-
erential nucleation of Ge NCs inside the FIB holes of a pre-
patterned substrate has been evidenced. The driving force of
NCs ordering in the holes is attributed to surface free energy
minimization. Kinetically limited nucleation would also fa-
vor the nucleation inside the holes. Homogenization of NCs
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size is obtained for high density patterns when the interhole
distance is of the same order of magnitude than the NCs size.
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