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Conditions for formation of germanium quantum dots in amorphous matrices by MeV ions:
Comparison with standard thermal annealing
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We investigate how MeV ions with different ion-beam parameters (ion type, electronic stopping power,
and velocity) influence the formation, arrangement, and ordering quality in three types of (Ge + SiO2)/SiO2

multilayer films. The multilayers differ in total thickness, Ge-rich layer thickness, and Ge content. The results
show that the most important parameter for structural manipulation with MeV ions is the electronic stopping
power Se. Ion velocity is found to be another crucial parameter, while at the same time it can be seen
that the multilayer type does not play an important role. The temperature increase within the ion tracks is
estimated using the thermal spike model and cluster separation distribution. The structural changes produced
by ion beams and estimated temperatures are compared to those obtained by standard thermal annealing.
It is concluded that the estimated temperatures within the ion tracks are in excellent agreement with the
annealing temperatures and with the structural changes observed in the irradiated multilayers. Furthermore,
a characteristic parameter of the temperature profile that presents the model-predicted temperature increase is
determined for which the structural changes caused by ion beams are comparable to those achieved by standard
annealing.
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I. INTRODUCTION

Materials based on semiconductor quantum dots (QDs) are
very interesting due to the their size-tunable properties and
many relevant applications.1 The properties of such materials
are highly influenced by the arrangement and size properties
of the QDs and therefore it is important to achieve the con-
trollable production of such materials. Especially interesting
are materials based on semiconductor QDs, embedded in
amorphous matrices. Ge QDs embedded in a SiO2 matrix show
strong quantum confinement effects,2 nonlinear properties,3

electroluminescence, and photoluminescence.4,5

Recently we have reported a method for the production of
self-assembled QDs by ion-beam irradiation.6–8 Self-assembly
was induced by the passage of 3-MeV oxygen ions through
(Ge + SiO2)/SiO2 multilayer. The observed behavior was
explained in terms of the electronic stopping values of the ions
used for the irradiation and by the system efficiency for transfer
of deposited energy into the thermal spike (g). By electronic
stopping, one means the slowing-down of ions due to inelastic
collisions between bound electrons in the medium and the
ion moving through it. Due to electron-phonon coupling,
the ions cause a local temperature increase, which determines
the diffusion rates of Ge atoms in the area around the ion
trajectories. Thus, if the temperature is too low, there is no
diffusion of Ge atoms and self-assembly cannot happen. On the
contrary, the optimal temperature causes diffusion of Ge atoms
and formation of Ge nuclei along the ion tracks. Based on this
concept, we have developed a three-dimensional (3D) Monte
Carlo model for the simulation of self-assembly by ion-beam
irradiation.7,8

Herein we present and discuss the influence of different
ion-beam properties such as ion type, energy, and stopping
power values on the self-assembly process and structural
changes in different (Ge + SiO2)/SiO2 multilayer types. The
effects produced by ion beams are compared to those produced
by standard thermal annealing at different temperatures. The
range of ion-beam parameters where the formation of Ge
clusters and the Ge self-assembly process are optimal was
explored. The influence of the ion velocity on the temperature
increase was examined and found to be very important. The
width parameter of the temperature profile within the ion
tracks is determined by applying a recently developed method
based on the thermal spike model and distribution of cluster
separations.9 This parameter is used for estimation of the
temperature-increase profiles that are caused by the passage of
various ion types through the investigated systems.

The results obtained show excellent agreement of the
estimated temperatures within the ion tracks and structural
changes in the multilayers. Finally, a characteristic parameter
of the temperature profile was found for which the structural
changes caused by ion beams are comparable to those achieved
by standard annealing. The procedure presented may be
applied to other similar systems for prediction of temperature
changes caused by ion beams and for design of QD formation
in them.

II. EXPERIMENTAL

Multilayer films containing 20 (Ge + SiO2)/SiO2 bilayers
were deposited by magnetron sputtering on a Si(111) substrate
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TABLE I. Description of three types of (Ge + SiO2)/SiO2

multilayer films. Each multilayer contains 20 periods (bilayers)
characterized by bilayer thickness (P ), Ge-rich-layer thickness (PGe),
and atomic percentages (cSi,O,Ge) of all elements in the Ge-rich layers.

Multilayer type P (nm) PGe (nm) cSi (at%) cO (at%) cGe (at%)

S1 15 5 0.173 0.592 0.235
S2 10.5 4.5 0.373 0.500 0.127
S3 6 1.5 0.373 0.500 0.127

at room temperature (RT) under the working gas pressure of
0.7 Pa. All characteristics of three produced types of mul-
tilayer samples—total thicknesses (P ), Ge-rich-layer thick-
nesses (PGe), and atomic percentages (cSi,O,Ge)—are listed in
Table I. After deposition, the multilayers were irradiated at RT
(TIRR = 300 K) by various ions at one of the three ion fluences
(D1 = 5 × 1014, D2 = 1 × 1015, or D3 = 2 × 1015 ions/cm2)
and one of the four ion-beam incidence angles with respect
to the multilayer surface (ϕirr = 30, 45, 60, or 90◦). Ion
beams used for irradiation together with their electronic
stopping power values Se for different layers are listed in
Table II.

The internal structure of the material was investigated by
the combination of grazing incidence small-angle x-ray scat-
tering (GISAXS), scanning transmission electron microscopy
(STEM) measurements, and Rutherford backscattering spec-
troscopy (RBS). GISAXS maps were measured at Synchrotron
Elettra, Trieste, and at the SAXS beam line using a photon
energy of 8 keV and a 2D image plate detector. Determination
of the clustering of Ge atoms and the existence of a correlation
in the cluster positions were analyzed by complementary
GISAXS and TEM techniques. The GISAXS technique is
especially suitable for the analysis of irradiation effects,
because irradiation-induced structural changes in the films
cause the appearance of strong correlation maxima (Bragg
sheets) in their GISAXS maps. These sheets have a tilt angle
dependent on the correlation of the structural features induced
by irradiation.6–8,10–12

STEM measurements were performed using a JEOL 2010
F microscope, operated at 200 kV and equipped with a
field-emission gun and a high-angle annular dark-field detector
(HAADF) for Z-contrast imaging. RBS measurements were
done using a 2-MeV He beam from the 6-MV tandem Van
de Graaff accelerator at the Rudjer Bošković Institute, Zagreb.
Backscattered spectra were collected using a particle detector
placed at 165◦.

III. ION-BEAM-INDUCED FORMATION
OF GERMANIUM NANOCLUSTERS

For all multilayer films the energy of the ions used was
selected to be high enough to ensure approximately straight
trajectories of ions through the multilayer with the end of
the projected range located deep in the Si substrate. O ions
(1 MeV) entering the target under ϕirr = 60◦ stop at 1.3 μm
below the surface, and Si ions (15 MeV) stop at 5.5 μm,
which is significantly deeper than the total multilayer thickness
(up to 300 nm) in both cases. This means that the ion beam
interacts with a multilayer only by energy transfer, and not
by changing the multilayer composition. Also, other effects
such as elastic collisions with nuclei in the target material
(nuclear stopping power Sn) that become dominant near the
end of the ion range can be neglected for the investigated
multilayer thicknesses. Below we investigate the properties of
the as-deposited films after irradiation treatment but before
they were thermally annealed.

GISAXS intensity distributions measured on the same
multilayer type, irradiated with oxygen ions with the same
fluence, D2 = 1 × 1015 ions/cm2, and irradiation angle, ϕirr =
60◦, but with different energies of the oxygen ion (3, 1, and
15 MeV) are shown in Figs. 1(a), 1(b), and 1(c), respectively.
For comparison, a GISAXS map of the nonirradiated sample
is displayed in Fig. 1(d). The insets show the corresponding
TEM images. All GISAXS maps show strong Bragg sheets
(indicated by dashed lines) with different inclination angles
with respect to the vectors of the reciprocal space Qy and Qz.
The sheets are the consequence of the strong correlation in
the QD and/or interface roughness positions. As shown in our

TABLE II. Ion beams used for irradiation together with their electronic stopping power values Se in a-SiO2 and Ge + SiO2 layers calculated
using the SRIM 2008 code.16 E denotes the energy of the ions used, ρ is the material density, c is the specific heat capacity, T (r = 0) is the
temperature in the center of the track, T (r = a0) is the maximal temperature at distance r = a0 from the center of the ion track, and g is the
fraction of the energy deposited in the thermal spike.

Ion E (MeV) Se (keV nm−1) ρ (g cm−3) c (J kg−1 K−1) T (r = 0) (K) T (r = a0) (K) g

Ge + SiO2 (12.7% Ge)
16O 1 1.358 3.8 854 972 556 0.4
16O 3 2.303 3.8 854 1457 735 0.4
16O 15 2.330 3.8 854 873 520 0.2
28Si 6 3.920 3.8 854 2287 1040 0.4
28Si 15 4.896 3.8 854 2787 1224 0.4

Ge + SiO2 (23.5% Ge)
16O 1 1.469 4.7 777 945 546 0.4
16O 3 2.594 4.7 777 1458 735 0.4
16O 15 2.729 4.7 777 897 529 0.2
28Si 6 4.443 4.7 777 2301 1045 0.4
28Si 15 5.715 4.7 777 2881 1259 0.4
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FIG. 1. (Color online) (a–c) GISAXS maps of (Ge + SiO2)/SiO2 multilayer irradiated with 1 × 1015 ions/cm2 oxygen ions with different
energies under an angle of 60◦, with respect to the multilayer surface. (d) GISAXS map of a nonirradiated sample. Dashed lines indicate Bragg
sheets, while arrows indicate the irradiation direction. Insets: TEM images corresponding to the GISAXS image shown.

previous work,6 ion-beam irradiation under specific conditions
(3-MeV O ions; fluence, 1 × 1015 ions/cm2) causes formation
and ordering of QDs and interface roughness features along
the irradiation direction (indicated by the arrow). The tilt
angle of the sheets for that specific case is perpendicular to
the irradiation angle (ϕirr). For the case of the nonirradiated
multilayer, the sheets are parallel to the multilayer, i.e.,
they are along the Qy axis. Therefore, the presence of the
self-assembly caused by irradiation under some angle different
from 90◦, can be easily determined just by visual inspection
of GISAXS maps. The values of the parameters describing
the QD arrangement and their sizes can be obtained by fitting
experimentally obtained maps using the model published in
Ref. 6.

From Fig. 1 it follows that only 3-MeV ions cause
the appearance of tilted Bragg sheets with the sheet angle
approximately perpendicular to the irradiation direction. So,
for that case, irradiation caused the formation and ordering of
QDs along the irradiation direction. A detailed study of that
system, i.e., of the QD size, distance, and arrangement type in
the case of irradiation with 3-MeV O ions, is given in Ref. 8
for different irradiation angles, ion fluences, and multilayer
types. The most important findings were summarized in a set
of simple equations [Eqs. (1)–(3) in Ref. 8] that enables the
estimation of nanoparticle sizes as well as the determination
of their spacing and arrangement in the matrix.

Contrary to 3-MeV oxygen ions, Bragg sheets are just
slightly tilted for the two other energies of the O beam, and they
are more similar to the nonirradiated multilayer stack shown in
Fig. 1(d). Slightly tilted sheets were observed earlier for very
low irradiation fluencies8 of 3-MeV O ions that produce small
effects in the material resulting in very small agglomerates
of Ge atoms (smaller than 1 nm) that are close together. As
GISAXS is very sensitive to structural changes of Ge QDs in
a SiO2 matrix, we believe that 1- and 15-MeV ions do not
cause significant structural changes in the material. A similar
conclusion follows from the semicircular background intensity
correlated with the size of the Ge clusters in Ge + SiO2 layers.
This means that ions with lower electronic stopping (1-MeV
O ions, Se ∼ 1.4 keV nm−1) do not cause significant diffusion
and clustering of Ge atoms. The same is valid for 15-MeV O
ions, although those ions have almost the same Se as 3-MeV
O. This indicates that, in addition to ion electronic stopping,
another parameter plays an important role in the ordering of

Ge QDs. GISAXS maps showing the influence of 15-MeV
O ions on multilayer type S2 for different irradiation angles
are displayed in Figs. 2(a)–2(c). No significant changes with
the irradiation angle are visible, especially if these results are
compared with the effect produced by 3-MeV O ions.8 So, the
15-MeV O ions have not produced changes in the material
for any investigated irradiation angle. This result strongly
indicates the importance of the ion velocity for QD formation
and ordering. 15-MeV O ions are much faster during their
passage through the multilayer, and the velocity effect13,14

significantly reduces the ion beam’s ability to induce structural
changes in the material.

We have also analyzed the influence of the thickness of
the Ge-rich layer and the concentration of Ge atoms in it
on the QD ordering. GISAXS maps showing the irradiation
of different multilayer types with 1-MeV O ions under 60◦
are presented in Figs. 3(a)–3(c). For all multilayer types,
differing by layer thickness and Ge content, the tilt angle of
the Bragg sheets is nearly the same and practically equal to the
nonirradiated case with sheets parallel to the Qy axis. So, the
effect of ordering was negligible for the different multilayer
types after irradiation with 1-MeV O ions. From Figs. 2 and 3
it can be concluded that, regardless of the multilayer type
or irradiation angle, tilted Bragg sheets perpendicular to the
irradiation direction have not been observed for either 1- or
15-MeV O ions. The self-assembly of QDs was not efficient
during irradiation at these two energies. From the numerical
analysis of these maps we can conclude that the size of the
clusters eventually formed by the irradiation process is smaller
than 1 nm, and their separation within the layers is less than
1.5 nm. Ge atoms remain confined within the multilayer stack

FIG. 2. (Color online) (a–c) GISAXS maps of (Ge + SiO2)/SiO2

multilayers irradiated with 1 × 1015 ions/cm2, 15-MeV oxygen ions
under different incident angles (indicated in the figure) with respect
to the multilayer surface.
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FIG. 3. (Color online) (a–c) GISAXS maps of different multilayer
types (S1–S3) irradiated with 1 × 1015 ions/cm2, 1-MeV oxygen ions
under 60◦ with respect to the multilayer surface.

prepared by the deposition whose parameters are given in
Table I.

In addition, we have investigated the effect of irradiation
with Si ions that have a significantly larger Se value as
reported in Table II. GISAXS maps for samples irradiated
with 6- and 15-MeV Si ions are displayed in Fig. 4. The
maps were measured perpendicular (⊥) and parallel (‖) to
the ion irradiation plane.6,7 Strongly tilted Bragg sheets and
a strong semicircular intensity in the background are visible
for the ⊥ configurations, showing the formation and regular
ordering of QDs for both energies of Si ions used. In the
maps measured in a ‖ configuration, lateral maxima are visible,
showing the correlation of the QD positions within the Ge-rich
layers. From GISAXS maps the mean separation of the Ge
clusters formed can be calculated. For that purpose a specially
developed paracrystal model, described in detail in Ref. 12,
was applied. The obtained separations are L1 = 5.5 ± 0.1 nm
for 15-MeV Si and L2 = 4.4 ± 0.2 nm for 6-MeV Si ions for
the ‖ configuration. The mean values of the cluster sizes are
found to be 3.8 ± 0.3 nm for 15-MeV Si ions and 3.0 ± 0.4 nm
for 6-MeV Si ions. The distances for the ⊥ configuration
were found to be elongated in comparison to the ‖ distances
for the factors in (sin ϕirr)−1, which is in agreement with our
previous findings.8 The separations between clusters obtained
for different ion types were further used for the determination

FIG. 4. (Color online) GISAXS maps of multilayers irradiated
under 60◦ with (a, b) 6-MeV Si and (c, d) 15-MeV Si ions. The
probing x-ray beam was perpendicular (⊥) or parallel (‖) to the
irradiation plane as indicated in the upper right corner.

FIG. 5. STEM/HAADF (Z-contrast) images of films (a) irradiated
with 6-MeV Si ions, (b) irradiated with 15-MeV Si ions, and (c)
nonirradiated film annealed at 1120 K for a duration of 1 h.

of ion track radii in the investigated systems, as demonstrated
in Sec. IV.

It is important to note that the after-irradiation annealing
treatment (which was not used for the films presented here)
causes an increase in the mean separation between clusters.
For example, if annealing at T = 1073 K is applied after
the irradiation,8 the mean separation of the clusters formed
increases due to the Ostwald ripening process,15 which causes
degradation of smaller clusters. Therefore, the separations of
Ge clusters formed by Si ion irradiation are smaller than
the separations of Ge clusters formed by O-ion irradiation
followed by annealing at 1073 K.8

Si ions, 6 and 15 MeV, strongly influence the multilayer
structure and cause very prominent QD formation as shown by
the TEM images of the irradiated films in Figs. 5(a) and 5(b).
In these figures, a very strong clustering process is shown for
both irradiated films, especially when the figures are compared
to the TEM image of the film irradiated with 3-MeV O ions
[Fig. 1(a)]. Traces of multilayer destruction and intermixing
of neighboring layers are also visible. The destruction is less
prominent for the 6-MeV-irradiated film, where the lower and
upper layers are preserved after irradiation. The film irradiated
with 15-MeV Si ions retained the layered structure only in the
few layers that are close to the substrate. A similar destruction
effect is produced when a standard 1-h annealing at 1120 K
is applied [Fig. 5(c)]. After the annealing process, the lower
and upper layers are also preserved, as for the 6-MeV Si
irradiation. This strongly implies that the temperature caused
by ion passage through the Ge-rich layer was close to 1120 K
for the 6-MeV Si ions and above this for the 15-MeV Si
ions. Also, shrinkage of the neighboring layers associated with
ion-beam compaction or plastic flow can be seen.11

IV. THERMAL SPIKE MODEL: CALCULATION
OF SYSTEM PARAMETERS

In this section we calculate the parameters of the investi-
gated systems needed to determine the temperature profiles
inside the ion tracks. The temperature profiles are used to
explain the experimentally observed structural properties of
the irradiated films. For that purpose we apply the analytical
thermal spike model and method for calculation of the ion
track radii.8,13

According to the thermal spike model, the temper-
ature increase �T (r,t) caused by ion-beam passage is
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given by

�T (r,t) = Q(t) exp

[
− (x − x0 − (z − z0)/ tan(ϕirr))

2

wx(t)2

− (y − y0)2

wy(t)2

]
, (1)

where r = (x,y,z) is the position coordinate; r0 = (x0,y0,z0)
denotes the center of the ion track; t is the time; the three
time-dependent functions,

wx(t) =
⎧⎨
⎩

w0t
1/2
0

sin(ϕirr)
, t � t0,

w0t
1/2

sin(ϕirr)
, t > t0,

wy(t) =
{

w0t
1/2
0 , t � t0,

w0t
1/2, t > t0,

Q(t) =
{

Tmax
t
t0
, t � t0,

Tmax
t0
t
, t > t0,

(2)

describe the propagation of heat within the material, where
Tmax is the peak temperature in the center of the ion track; t0
is the time when the temperature inside the ion track is the
highest; and w0 is a parameter determined by the material
properties. The irradiation direction is placed in the x-zplane.
The value a0 = w0t

1/2
0 is the characteristic width of the initial

temperature profile at time t0.
The peak of the temperature increase Tmax is given by13

Tmax = Seg/
(
πρcw2

0t0
)
, (3)

where g is the fraction of the deposited energy Se transferred
into the energy of the thermal spike, Se is the electronic
stopping of the ion in the material, ρ is the material density,
and c is its specific heat capacity. The temperature achieved in
the system caused by ion passage is

T (r,t) = TIRR + �T (r,t), (4)

where TIRR is the temperature at which the irradiation is
performed. The parameters that are needed for calculation
of the temperature profiles in the investigated systems are
the following: Se, a0, ρ, g, c, t0, and TIRR. Their values
for the investigated systems are given in the following. The
value of electronic stopping Se in the material can be easily
determined by the SRIM code.16 For a realistic determination of
Se, the atomic composition and density of the system should be
known. We have determined the densities of our systems using
a combination of RBS (which gives us the atomic percentages
of the constituent elements per unit area) with GISAXS and
TEM (which provide us the thickness of the layers). Due to the
multilayer structure of the films, with different Ge percentages
in the Ge-rich layers, we have calculated the parameters for
two types of materials: (i) a Ge + SiO2 mixture with 12.7% Ge
atoms and (ii) a Ge + SiO2 mixture with 23.5% Ge atoms. The
determined density values are listed in Table II. The constant
g has the value of 0.4 for low ion velocities, but g = 0.2 for
high ion velocities.13

Determination of the initial temperature width parameter
a0 was performed using the procedure described in Ref. 9.
Namely, we use the distances between Ge clusters (L1 and L2)
formed in the same multilayer type by using 6- and 15-MeV
Si ions. The mean value for distances between clusters can be

related to a0 using the following equation:9

a2
0 = L2

2 − L2
1

4 ln(Se2/Se1)
, (5)

where L1 and L2 are the measured mean values for distances
between the clusters formed by 6 and 15 MeV, respectively,
obtained from the analysis of GISAXS maps. Using the values
of L1 and L2 and applying Eq. (5), a0 = 3.5 ± 0.6 nm was
calculated. The value of a0 can be determined only for films
irradiated with Si ions, as this method requires the formation of
clusters by irradiation only. Due to the same preparation of all
films and similar percentages of Ge atoms, we can assume that
the a0 value is similar for all studied films. This assumption is
supported by the value of a0 found for the (Ni + SiO2)/SiO2

system, which is practically the same as the value obtained
here.9 This value is smaller than the a0 = 4.5 nm found earlier
for insulators13 but higher than the value needed to describe
ion tracks in vitreous silica.17 Possibly, the introduction of a
semiconductor in SiO2 results in an increase in a0.18

Another task is the determination of the material specific
heat capacity without direct measurements. The material is
deposited at RT, and its density and stoichiometry are different
from those of standard fused silica, so we cannot apply the heat
capacity values of standard SiO2. Therefore, we have used the
Dulong-Petit law and treated our material as a mixture of Si,
O, and Ge atoms at the ratio found from RBS measurements.
Using these assumptions, we obtained the calculated values
for specific heat capacities listed in Table II. The obtained
values correspond to the upper limit of the heat capacity for
the materials in question. The value of t0 is in the range
of picoseconds19—we take t0 = 1 ps—but as explained in
Ref. 9, the maximal temperature and width of ion tracks
are not dependent on this quantity for the high-temperature
regime.

Thus, we have determined all parameters needed to
estimate the temperature increase in the material caused
by ion irradiation. All temperature parameters characteristic
for the investigated systems were calculated using these
values and Eqs. (1)–(3). For each material, two characteristic
temperatures were calculated: the maximal temperature in the
system Tmax and the temperature achieved at r = a0 [denoted
T (r = a0)]. The maximal temperature is achieved at time
t = t0, and it decreases rapidly with time according to Eq. (1).
The time dependence of the thermal spike in the film is shown
in Fig. 6. This figure shows that the maximum temperature of
the thermal spike decreases with time and it is 50% lower after
a duration of 2t0. So, the time during which the temperatures
are close to Tmax is very short, and also, the maximal radius of
the ion track r(T ∼ Tmax) is very small at these temperatures.
Therefore, we consider the temperature T (r = a0) to be an
important temperature for the estimation of the influence of ion
passage on changes in the materials. All calculated parameters
are listed in Table II. A similar requirement was found for other
temporal-sensitive processes like growth of nanohillocks at ion
impact sites.20,21

V. DISCUSSION

Here we discuss the experimentally measured structural
properties of films irradiated with various ion types. For
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FIG. 6. (Color online) Dependence of the maximal temperature
increase (�Tmax) in the film on time. The maximal temperature in
the system (Tmax) achieved in time t = t0 and the characteristic
temperature achieved for width r = a0 and t = t0 are indicated by
arrows.

the explanation we use the temperature-increase parameters
determined in the previous section. We compare the structural
changes in films caused by irradiation with the changes that are
a consequence of standard thermal annealing. Although this
comparison cannot be direct due to the fact that the temperature
pulse caused by ion passage is very short (in the range of
picoseconds) compared to that caused by standard annealing,
some conclusions can be drawn.

According to our previous work on similar or the same
systems, four characteristic temperatures can be recognized
for the (Ge + SiO2)/SiO2 multilayer system.22–24 First is the
temperature at which weak clustering of Ge atoms starts. A
change in the material and a weak redistribution of deposited
Ge atoms start already at 570 ± 50 K during the postdeposition
annealing process when the deposition is performed at RT.22

The formation of small Ge clusters is found at a slightly
lower temperature (about 520 K) when it occurs during
deposition.24 The difference can be attributed to the diffusion
constant, which is larger at the growing surface (and causes
clustering during growth) than for the bulk (clustering during
afterdeposition annealing). The clusters formed are fully
amorphous and usually not regular in shape.22,23 Second is the
temperature of the prominent Ge clustering and beginning of
the Ge crystallization process. Prominent Ge clustering starts
at 820 ± 50 K.22 The crystallization of Ge atoms also starts
at approximately the same temperature. However, the clusters
formed are not fully crystalline; instead, mixed (crystalline
+ amorphous) Ge clusters are formed.23 The third important
temperature is that of the strong clustering and crystallization
process. Significant and relatively fast changes in the material
occur at 1020 ± 30 K. The clusters formed at this temperature
are fully crystalline and approximately spherical in shape.22,23

And finally, the temperature at which destruction of the
multilayer film structure and Ge loss from the film start is
1120 ± 30 K as shown in Fig. 5(c) here as well as in Refs. 22
and 23. So we expect that the changes caused by ions will
be smaller than or equal to the changes caused by long-time
annealing or deposition at elevated temperatures, due to the

FIG. 7. (Color online) Comparison of the temperature regimes for
standard thermal annealing versus ion-beam irradiation concerning
effects induced in the material. Shaded areas represent uncertainties
for determination of characteristic temperatures.

short duration of the temperature pulses. A scheme showing
a comparison of the temperature-induced effects of standard
annealing versus irradiation is shown in Fig. 7.

First, we focus on the system irradiated with 3-MeV O
ions, for which the GISAXS data are shown in Fig. 1(a). The
maximal temperature and the temperature at r = a0 for that
system (Ge-rich layer with 12.7% Ge) are 1457 and 735 K. The
estimated temperatures for r = a0 are in excellent agreement
with the observed structural changes and the characteristic
temperatures that are found to be important for Ge clustering
using a standard annealing treatment (shown in Fig. 7). The
maximal temperature is not significantly higher than the
destruction temperature. So the 3-MeV O ions are found to
be optimal for the production of ordered Ge clusters in the
investigated system.

The second system is a multilayer irradiated with 1-MeV O
ions. The temperature of T (r = a0) = 556 K is estimated for
a Ge-rich layer (12.7% Ge) for the given ion type and material.
These temperatures are below the temperatures that are found
to be important for clustering of Ge atoms using standard
annealing or deposition at elevated temperatures. Therefore
the absence of changes in the material observed by GISAXS
[Fig. 1(b)] is in agreement with the findings of the temperature-
increase analysis.

The third system [Fig. 1(c)], a multilayer irradiated with
15-MeV O ions, also does not show any significant structural
changes after irradiation, though the electron stopping of
15-MeV O ions is almost identical to the stopping of 3-MeV O
ions. This observation can be explained by the velocity effect.
Due to the high velocity, the energy transfer is less effective
so the temperature increase is smaller. We have used a value
of the constant g = 0.2 instead of the 0.4 that is used for the
description of the other systems. The calculated temperatures
for this system are even lower than those found for 1-MeV
O ions. So the absence of structural changes is in excellent
agreement with the temperature estimation.

A similar temperature behavior is found for the system with
a slightly higher Ge content. The temperature changes in the
system with 23.5% Ge are very similar to those for the system
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with 12.7% Ge (Table II). Therefore, we conclude that small
differences in Ge content do not cause significant differences
in the temperature changes or, consequently, in the structural
properties of the irradiated Ge-based multilayer. The same is
found experimentally; the data are shown in Fig. 3.

Finally, we focus on the effects of Si ions. As reported in
Table II, the temperatures caused by Si ions are considerably
higher than those produced by O ions. The peak temperatures
are higher than the melting temperature of fused quartz (about
2000 K) for both Si-ion energies and all multilayer types.17,25

The temperatures estimated for r = a0 (1040 and 1224 K for
6- and 15-MeV Si ions respectively) are below the melting
temperature of fused silica. However, they are close to the
limiting temperature for the multilayer destruction (1120 K)
that is caused by standard thermal annealing. The changes
caused by Si-ion passage are significant, and the observed
structural changes are in good agreement with the temperature
estimations. Precisely, large and clearly separated clusters are
formed, according to the TEM images in Fig. 5, but there is
no loss of Ge in these films. The multilayer structure is not
completely destroyed but disintegration has started to occur.
The destruction is more pronounced for the film irradiated
with 15 MeV than for 6-MeV Si ions, in accordance with
the higher temperature estimated for r = a0. So, we conclude
that the structural changes in the (Ge + SiO2)/SiO2 multilayer
system can be well described and predicted by the temperature
increase T (r = a0, t = t0).

VI. CONCLUSIONS

The influence of different ion-beam properties on the
self-assembly process in (Ge + SiO2)/SiO2 multilayers was
studied. It was shown that self-ordering can be explained
by two important ion properties: ion electronic stopping and

the efficiency of deposited energy transfer to the thermal
spike. The ordering can be easily determined by visual
inspection of GISAXS maps through tilted Bragg sheets that
are perpendicular to the ion irradiation direction if ordering
along the irradiation direction occurred. The temperature
increase in the system caused by ion-beam passage was
estimated using the thermal spike model and cluster separation
distribution. Structural changes in the films caused by ion
beams were compared with those obtained by standard thermal
annealing. Our results show a good correlation between the
estimated temperatures and the observed structural changes in
the investigated systems.

The most effective formation and ordering of Ge QDs were
achieved using a 3-MeV O beam. On the contrary, 15-MeV
O ions with the same value of Se but with a lower value for
the energy efficiency transfer g did not cause self-assembly.
Using Si ions, mixing and destruction of multilayers occurred
due to the high-temperature increase induced by ion beams.
The temperature at which destruction of the multilayer film
structure and Ge loss start was found to be around 1100 K
in the case of thermal annealing, which corresponds to the
temperature increase caused by irradiation of the film with
15-MeV Si ions.
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