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Impact statement

The use of germanium nanocrystals for applications,
such as floating gate memory cells, is very difficult
due to challenges in size and position control. This arti-
cle presents important steps toward the solution of
those challenges in the material system germanium/
tantalumzirconiumoxide. Our path allows the forma-
tion of electrically isolated nanocrystals between 3

Germanium nanocrystals embedded in high-k dielectric matrices are of main interest
for infrared sensing application, as a role model for Ge-based nanoelectronics
passivation or for nonvolatile memory devices. The capability of the size control of
those nanocrystals via rapid thermal processing of superlattice structures is shown
for the [Ge-TaZrO,/TaZrO,],, [Ge-TaZrO,/SiO,/TaZrO,]s, and [TaZrO,/Ge-SiO,],
superlattice systems. All superlattices were deposited by radiofrequency magnetron

and 6 nm in diameter embedded in an amorphous
high-k matrix. In comparison o our previous publica-
tion, which mentioned the general possibility of size-

controlled germanium nanocrystals in tantalumzirco-
niumoxide, details and limits of this material system
and the influence of an additional Si0, inferlayer are
shown here.

sputtering. Transmission electron microscopy (TEM) imaging confirms the formation
of spherically shaped nanocrystals. Raman scattering proved the crystallization of
Ge above 700°C. The TaZrO, crystallizes above 770°C, associated with a phase
separation of Ta,O5 and ZrO, as confirmed by x-ray diffraction. For the composite
layers having 3 nm and 6 nm thickness, the size of the Ge nanocrystals correlates
with the deposited layer thickness. Thicker composite layers (above 9 nm) form two
fractions of nanocrystals with different sizes. An additional SiO, layer in the [Ge-
TazZrO,/SiO,/TaZrO,] superlattice stacks facilitates the formation of larger and better
separated Ge nanocrystals. The deposition of Ge-SiO, composite layers separated
by pure TaZrO, illustrates the barrier effect of TaZrO, against Ge diffusion. All three
material systems allow the controlled formation of Ge nanocrystals in amorphous
matrices at temperatures above 700 and below 770°C.

Introduction

Semiconductor nanocrystals embedded in
dielectric matrices have been widely studied
over the last decades. In particular, Si and
Ge nanocrystals are considered for applica-
tions as absorbers for the third generation

Ge nanocrystals are compatible with
current CMOS technologies and offer ben-
efits compared to Si nanocrystals such as
a lower crystallization temperature and
larger exciton Bohr radius. The synthe-
sis of Ge nanocrystals can be realized by

Ge ion implantation into an oxide matrix’
or by deposition of Ge-rich oxide films
using chemical vapor deposition (CVD),?
% or evaporation'”

of solar cells,' as sensitizers enhancing the
luminescence of rare earth elements,” > as
light emitters* for integrated photonics, and
as charge storage nodes for nanocrystal-
based nonvolatile memory devices.> followed by thermally triggered phase

sputtering techniques,
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separation and Ostwald ripening of Ge clusters and their
crystallization. The size control is normally realized by
adjusting the Ge content in the oxide matrix'' or using
tailored annealing temperatures'?>~!* or annealing times.'
However, the broad size distributions resulting from these
methods may deteriorate the electronic and optical proper-
ties of the final devices.

A more promising way to prepare nanocrystals of con-
trolled size, position, and areal density is a high-temperature
treatment of superlattice structures. When annealing alternat-
ing composite (semiconductor and matrix material) and pure
(matrix material only) layer stacks, the interplay between
Gibbs energy and interface energy restricts the formation of
the semiconductor nanocrystals to roughly the thickness of
the mixed layers.

This approach was initially applied to obtain Si nanocrys-
tals in a Si0, matrix.'® 7 For Ge, this approach was docu-
mented by Zschintzsch et al.,'® who used a periodic arrange-
ment of thin Ge-rich GeO, layers separated by SiO, layers. In
the case of this approach, the prevention of Ge diffusion into
the separation layer is one important requirement. Therefore,
the choice of the separation layer material is crucial. Only
if the material is a good barrier against the Ge diffusion, the
position and size of the Ge nanocrystals can be controlled
by the location of the Ge-rich layers and by its thicknesses,
respectively. Furthermore, the thickness of the separation
layers determines the distances between the layers contain-
ing Ge nanocrystals and hence the nanocrystal density across
the stack.!® There are several studies about embedding Ge
nanocrystals in different matrix materials like A10,,%%2! SiC,?
or GeO,.”?

In this study, ZrO,-based matrix materials are used.
Zr0, shows good barrier properties against Ge diffusion,?*
and possesses a high bandgap of 5.1-7.1 eV?> 26 as well as
a high permittivity of 20—47 depending on its crystal struc-
ture.”” Because of the marginal miscibility of ZrO, and Ge,
the growth of Ge nanocrystals within a ZrO, matrix is pos-
sible via phase segregation of Ge from Ge-rich Ge-ZrO, lay-
ers separated by ZrO, layers. Attempts have been made to
use [Ge-ZrO,/Zr0O,] superlattices for controlled formation
of Ge nanocrystals within a ZrO, matrix.?*° However, this
approach has two drawbacks. It leads to the formation of elon-
gated Ge clusters with insufficiently controlled size, shape and
spatial distribution.?® Furthermore, the crystallization of Ge
and ZrO, occurs simultaneously at about 660°C.% 2*

Amorphous matrices provide potentially better passivation
of the nanocrystal surface, which is required to observe
quantum confinement effects by preventing the instant recom-
bination of an exciton?' and can suppress leakage currents
through the stack more efficiently (due to the absence of grain
boundaries). The latter effect helps to suppress discharging
of the nanocrystals across the blocking oxide, if the Ge
nanocrystals are used in nonvolatile memories.*?

Recently, it has been shown that the crystallization tem-
perature of ZrO, can be increased by adding tantalum into
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the ZrO, layers.*® Based on this result, the work presented
here discusses the use of TaZrO, as separation layers in
[Ge-TaZrO,/TaZrO, ], superlattices for controlled forma-
tion of Ge nanocrystals within an amorphous high-k matrix.
For this purpose, [Ge-TaZrO,/TaZrO ], superlattices with
different thicknesses of the periodic motif were deposited
and subjected to a rapid thermal annealing process. Fur-
thermore, the effect of additional SiO, separation layers
on the formation of Ge nanocrystals in [Ge-TaZrO,/Si0,/
TaZrO, ] superlattice stacks was studied. For comparison,
the formation of separated Ge nanocrystals with controlled
size in [Ge-Si0,/TaZrO,] superlattice structures was inves-
tigated as well.

Experimental

The [Ge-TaZrO,/TaZrO, ], [Ge-TaZrO,/Si0,/TaZrO, ], and
[TaZrO,/Ge-Si0,], stacks were fabricated using an rf mag-
netron sputtering system, equipped with three plasma sources
carrying 3" Ge, ZrO,/Ta,O5 and SiO, targets, respectively.
In the sputtering chamber, the targets are arranged confo-
cally in a top-down approach above the substrate, which is
rotated during the deposition. The sputtering processes were
performed by an argon plasma, without substrate heating, at a
pressure of 5.2-107> mbar. The applied power densities, used
for the deposition of the respective layer, are given in Table
I. As substrates, {100) silicon wafers were used, which were
subjected to a standard RCA cleaning procedure, dipped in
diluted hydrofluoric acid, and immediately transferred to an
oxidation chamber to form a 3-nm-thin SiO, layer by dry oxi-
dation. The Ge-TaZrO, composite layers were co-sputtered
using a confocal arrangement of a Ge target and a mixed
Zr0,/Ta, 05 target with a Ta content of 17 at.%. Pure TaZrO,
and pure SiO, layers were deposited by sputtering only the
Zr0,/Ta,05 or the SiO, target, respectively. To avoid the
evaporation of volatile GeO and the oxidation of Ge in the
layers during annealing, all stacks were covered by a top
10-nm SiO, capping layer.

Four different superlattice structures were deposited. Super-
lattice SL1 is a [Ge-TaZrO,/TaZrO,],, stack consisting of 10
periods of alternating Ge-TaZrO, composite and pure TaZrO,
separation layers with a thickness of 5 nm each. In order to
reveal the influence of the Ge-TaZrO, composite layer thick-
ness on the nanocrystal size, a [Ge-TaZrO,/TaZrO,], stack
with four composite layers of varied thickness between 3 and
12 nm and a constant Ge concentration was fabricated (SL2).
To show the influence of a SiO, layer on the phase separation
and nucleation processes, a [SiO,/Ge-TaZrO,/TaZrO ], stack
was fabricated (SL3), comprising an additional SiO, interlayer
beneath each composite layer. For comparison a [Ge—SiO,/
TaZrO_], superlattice was sputtered (SL4). The detailed sput-
tering conditions are given in Table L.

The chemical composition of the as-deposited films (SL1,
SL2, and SL3) was determined by Rutherford backscatter-
ing spectrometry (RBS) using helium ions with an energy of
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Table I. RF sputter deposition parameters of the investigated superlattice structures.

SL# Composite Layer
Material RF Power Thickness Material
Density (nm)
(W/cm?)
SL1 Ge 1.3 5 Tazr0,
Tazr0, 3.3
SL2 Ge 2.2 3,6,9,12 Tazr0,
Tazr0, 3.3
SL3 Ge 2.2 3,6,9,12,15,25 Tazr0,
Tazr0, 33
SL4 Ge 1.87 3 Tazr0,
Si0, 3.3

1.7 MeV (normal incidence, scattering angle 170°). For the
RBS experiments, single composite films were deposited on
glassy carbon substrates (to enable a background-free oxy-
gen signal) using the same deposition conditions as previ-
ously stated. According to RBS, the Ge-rich layers contained
19 at.% Ge, 12 at.% Ta, 9 at.% Zr, and 60 at.% O in the case
of SL1 and 36 at.% Ge, 9 at.% Ta, 7 at.% Zr, and 48 at.% O
in the case of SL2 and SL3. The chemical composition of
the separation layers is always 17 at.% Ta, 12 at.% Zr, and
71 at.% of O. The relative uncertainties of about 5% for the
heavy elements Ge, Zr, and Si with well-known cross sec-
tions are smaller than the relative uncertainty for O (about
10%).

To trigger the segregation and crystallization processes,
the multilayer stacks were annealed for 30 s at temperatures
between 650°C and 800°C in a nitrogen atmosphere using a
rapid thermal processing (RTP) tool.

The size, form, and spatial distribution of the Ge nanoclus-
ters were analyzed on cross-section specimens using a JEOL
2200 FS transmission electron microscope (TEM), which
is equipped with a corrector for spherical aberration in the
illumination system. In order to enhance the visibility of the
nanoclusters, the Fresnel defocus mode was employed, which
can lead to an overestimation of the crystallite size.

Raman scattering and glancing angle x-ray diffraction
(GAXRD) measurements were performed to study the crys-
tallization temperatures of individual phases in this system.
All Raman spectra were detected in the 50-600 cm ™! spectral
range using a LabRAM HR 800 spectrometer (Horiba Jobin
Yvon) with a thermoelectrically cooled CCD detector. The
spectrometer was equipped with gratings of 1800 grooves/
mm. Raman scattering was excited by a 532-nm (2.33 eV)
spectral line of a frequency-doubled Nd:YAG laser. The lin-
early polarized laser beam was focused on the sample sur-
face using a 100x Olympus microscope objective (numerical
aperture 0.80) with a long working distance. In order to avoid
laser-induced heating or thermal decomposition of the sam-
ples, the applied laser power was adjusted by a filter and kept
very low (0.4-0.5 mW).

Separation Layer Interlayer
RF Power Thickness Material RF Power Thickness
Density (nm) Density (nm)
(W/cm?) (W/cm?)
33 5 - - -
33 7 - - -
33 7 Si0, 3.3 5
33 6 - - -

The GAXRD patterns were measured with a thin-film dif-
fractometer (X’Pert from PANalytical), which was equipped
with a 0.4° equatorial Soller collimator and with a planar Ge
monochromator, both located in the diffracted beam. CuK,
radiation (4,=0.15406 nm and 1,=0.15444 nm) was used.
The GAXRD patterns were collected in a 20 range between
10° and 90° at a fixed glancing angle of incidence of 1°. The
small incidence angle reduces the penetration depth of x-rays
into the sample and increases the scattering power of the thin
films. In order to avoid the substrate reflection 311, all samples
were mounted with a 45° rotation between the [001] direction
of the (100)-oriented Si wafer and the diffraction plane. The
instrumental broadening of the diffractometer was determined
using a LaB, standard from NIST. To interpret the GAXRD
pattern Rietveld analysis, performed with the MAUD software
were used.>*

Results and discussion

Formation of Ge nanocrystals in Ge-TaZrO,/TaZrO,
superlattices [SL1]

Rapid thermal annealing triggers the segregation of Ge from
originally intermixed continuous Ge-TaZrO, layers and stimu-
lates the desired nucleation, growth, and crystallization of Ge
nanoclusters, but also the undesirable crystallization of the
TaZrO, matrix. Therefore, the temperature of the rapid ther-
mal annealing must be adjusted between the crystallization
temperatures of Ge and TaZrO,.

The crystallization temperature of the Ge nanoparticles
was determined using Raman spectroscopy on the super-
lattice stack SL1, having 19 at.% Ge in the Ge-rich layers.
Individual samples were annealed at temperatures between
650°C and 800°C (Figure 1). The Raman spectra of the as-
deposited sample and the sample annealed at 650°C show
a broad band at about 275 cm ™', which is a feature of the
amorphous contributions of Ge and matrix.>* The weak
signal at around 300 cm™! is the second order transverse
acoustic (274) phonon mode of the silicon substrate.’® The
transition from amorphous Ge (or from Ge dissolved in
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Ge-TaZrO,) to crystalline Ge is observable between 650°C
and 700°C, as indicated by the steep increase of the inten-
sity of the signal at about 300 cm™!, which belongs to the
I',s. optical phonon at the I'-point in the Brillouin-zone.*’
Annealing at higher temperatures further reduces the full
width at half maximum of the phonon mode and leads to a
more symmetric shape of this mode. This indicates a con-
tinuous improvement of the grade of crystallinity in the Ge
clusters.

The crystallization temperature of the amorphous TaZrO,
matrix was determined using glancing angle x-ray diffrac-
tion. Figure 2 depicts GAXRD patterns of superlattice SL1
annealed at 750°C, 770°C, and 800°C. The sample annealed
at 750°C revealed three broad reflections at 20 = 27°, 20 =
45°, and 20 = 55°, which originate from nanocrystalline Ge,
and two broad peaks at 20 = 30° and 20 = 52° that can be
attributed to the amorphous matrix. The crystallization of

Log(Intensity) (a. u.)

the matrix starts at 770°C annealing temperature, demon- c-Ge ! ! !
strated by the sharp reflection at 20 = 30° originated by an ozz0, L L & I LEd L L]
orthorhombic phase of TaZrO_.>* According to the Raman o-Ta0; 11 L Lt
measurement (Figure 1), the temperature window to syn- 20 30 40 50 60
thesize Ge nanocrystals within an amorphous matrix is thus Diffraction Angle (°20)

between 700°C and 770°C. After annealing at 800°C, three
crystalline phases were 1iient1ﬁed in the sample: cubic Ge Figure 2. Glancing angle x-ray diffraction (GAXRD) patterns
with the space group Fd3m, orthorhombic (Zr,Ta)O, with of the [Ge-TaZrO,/TazZrO,],, superlattice (SL1) after annealing
the space group Phc2i, and orthorhombic (Ta,Zr),05 with at 750°C, 770°C, and 800°C. Black dots mark the measured

13 intensities. The red line represents the result of the Rietveld refine-
the space group C2mm. ment that was performed for the sample annealed at 800°C with
cubic Ge (space group Fd3m), orthorhombic ZrO, (space group
Pbc2;), and orthorhombic Ta,O5 (space group C2mm). Positions
of diffraction lines of individual phases are shown by bars at the
bottom of the figure. For the sake of clarity, only the low-angle
parts of the GAXRD patterns are displayed.

The presence of Ge nanocrystals in the annealed Ge—TaZ-
r0,/TaZrO, multilayers (SL1) was confirmed by HRTEM
(Figure 3). The formation of Ge nanoclusters is triggered
by the interplay between the Gibbs energy of the metasta-
ble Ge-TaZrO, solid solution and the interface energy of
the Ge/TaZrO, interfaces. A horizontal arrangement of the
nanocrystals is supported by the presence of TaZrO, separa-
tion layers. The volume density of Ge nanocrystals depends

; 700°C on the Ge concentration and thickness of the Ge-TaZrO,
: layers, and on the Ge-TaZrO,/TaZrO, thickness ratio.

Normalized Intensity I/l _(a.u.)

: 650°C Rietveld analysis of the GAXRD patterns of the

: superlattice SL1 annealed at 800°C (Figure 3) revealed crys-

tallite sizes and lattice parameters of individual phases that

are summarized in Table I. Cubic Ge was refined in the space

group Fd3m,*® orthorhombic (Zr,Ta)O, in the space group

Pbc2,,% and orthorhombic Ta,Os in the space group C2mm.>’
. ) o The used TaZrO, sputtering target with the same amount of Ta

Figure 1. Raman scattering spectra of the periodic [Ge-TaZrO,/ . . .

Tazr0,J,, superlattice (SL1) in the as-deposited state and after and Zr leads to an interaction of both orthorhombic phases and

annealing at temperatures between 650°C and 800°C. For better changes the lattice parameters.® Crystallite sizes were deter-

comparison, all spectra are normalized to their highest intensity. mined using the Williamson—Hall approach.41

The dashed line at about 300 cm~" marks the position of the . ° .

crystalline Ge phonon mode. After annealing at 800°C, the size of the Ge nanocrystals

in superlattice SL1 determined using XRD was (8.0+1.0)

as deposited
200 250 300 350
Raman Shift (cm™)
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Composite layer

Figure 3. Defocused transmission electron microscope (TEM)
micrographs of a [Ge-TaZrO,/TaZrO,],o superlattice stack (SL1)
after annealing at 725°C. The marked areas in the defocused
micrograph (left) are shown in high-resolution (HRTEM) micro-
graphs on the right-hand side of the figure in order to confirm the
crystallinity of the Ge clusters and the amorphous nature of the
TaZrO, separation layers.

nm. These nanocrystals are significantly larger than the Ge
nanocrystals annealed at 725°C, which size was (3.1+1.3)
nm as revealed by the HRTEM micrograph (Figure 3). The
larger size of Ge nanocrystals in the superlattice annealed
at a higher temperature is a consequence of Ostwald rip-
ening of Ge nanoclusters. However, the Ge nanocrystals in
superlattice SL1 annealed at 800°C, determined by XRD,
are even larger than the thickness of the original Ge-TaZrO,
composite layers (5 nm). This phenomenon can be explained
by a decreasing of the barrier effect of TaZrO, against Ge at
higher temperatures. Note that the different techniques of
size determination can lead to different results, but the differ-
ence in the size is too significant to be caused by the method
only. The average sizes, also identified by XRD, of the Ta,O;

and (Zr,Ta)O, crystallites are (20+ 1) nm and (24+1) nm,
respectively. Both sizes are also significantly larger than the
original thickness of the TaZrO, separation layers. Obviously,
the crystallites of the oxide matrix grow coherently not only
through the original separation layers, but also through the
original Ge-TaZrO, composite layers. A similar effect was
already reported for annealed Fe/Au multilayers.*?

From the difference between the measured lattice param-
eters of Ge and Ta,O5 and the corresponding reference val-
ues (Table II) it follows that the phase segregation (Ge, ZrO,,
Ta,05) is not fully complete at the annealing temperature of
800°C and the annealing time of 30 s. ZrO, contains Ta that
acts as a stabilizer of the metastable orthorhombic crystal struc-
ture of zirconia.>* Vice versa, Ta,Os contains possibly a small
amount of Zr. From the thermodynamic point of view, Ge can
accommodate less than 4.5x 10~ tantalum® and much less
than 5x 1075 oxygen.* The expected maximum concentration
of Zr in Ge is even lower. Presence of the impurities in the Ge
nanocrystals can only be assumed from the deviation of its
lattice parameter from the intrinsic value (Table II). As several
foreign elements can be involved, it is not possible to determine
their concentrations solely from a single lattice parameter.

The main reason for the presence of impurities in Ge is
the intermixing of the elements during the deposition pro-
cess. During the annealing, Ge segregates from the other
elements and the Ge nanocrystals are "purified." As the out-
diffusion that accompanies this process is facilitated by the
temperature and time of the annealing process, a strategy to
reduce the amount of impurities further is the increase of the
thermal budget. Higher temperatures lead to the crystalliza-
tion of the matrix material (see Table II), so that a longer
annealing time might be preferable.

Pure oxygen interstitials are not problematic due to their
electric inactivity.*’ The effects of high-k cations like Zr in
Ge induced by high-k oxide/Ge interfaces were investigated
by DFT calculations, which revealed that Zr is able to form
clusters either with vacancies or with oxygen interstitials, both
reducing the charge carrier mobility, which is not a relevant
parameter in nanocrystals. However, the formation of high-
k-Ge—O clusters should occur at the Ge-matrix interface in this

Table Il. Structure and microstructure parameters obtained from Rietveld analysis of the GAXRD patterns of superlattice SL1 annealed at
800°C.

Rietveld Refinement

Phase Space Group Crystallite Size
(nm)
Ge Fd3m 8+1
(Ta,Zr),05 Cc2mm 201
(Zr,Ta)0, Pbc2, 24 +1

Lattice Parameters (nm)

Literature Data

Lattice Parameters (nm)

a=0.5635+0.0002 a=0.5646133 +0.000001%

2=0.6320+0.0001 a=0.62
b=0.35851+0.00008 b=0.366
¢=0.38866+0.00009 c=0.389%

a=0.487090.00009
b=0.53028 +0.00009
¢=0.51790+0.00008

a=0.48706+0.00005
b=0.53065+0.00005
¢=0.51902+0.00005
for [Ta]/([Ta] + [Zr]) = 0.57%
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process.*® Other effects (e.g., on the optical properties) cannot
be excluded, but have not yet been reported in the literature to
the best of our knowledge.

Effect of the Ge-TaZrO, layer thickness and Ge
concentration on the formation of Ge nanocrystals
[SL2]

The influence of the Ge-TaZrO, composite layer thickness on
the phase segregation and Ge nucleation was studied with the
superlattice structure SL2, which contains composite layers
with a constant Ge concentration of 36 at.% and successively
increasing thickness. The thickness of the separation layers
was kept constant at 7 nm. As the Ge concentration in this
sample series is higher than in superlattice SL1 (19 at.%),
also the effect of the Ge concentration on the formation of Ge
nanocrystals is illustrated by this experiment.

HRTEM micrographs of the superlattice SL2 (Figure 4)
prove that the originally continuous Ge-TaZrO, layers become
fragmented after annealing for 30 s at 725°C. As described for
SL1, this fragmentation is driven by phase segregation and
accompanied by the nucleation, growth and crystallization of
Ge nanoclusters. However, the comparison with the superlat-
tice SL1 (Figure 3) shows that a higher Ge concentration in
the Ge-TaZrO, layers facilitates the formation of separated
Ge nanoclusters. This phenomenon is a consequence of the
concentration dependence of the Gibbs energy in immiscible
or metastable systems. As the Gibbs energy of the GeTaZrO,
solid solution increases with increasing Ge content (up to
50 mol% Ge), the driving force for the phase decomposition
increases with increasing Ge content as well. Furthermore, a
higher Ge concentration in Ge-TaZrO, leads to the formation
of Ge nanoclusters with a larger volume.

D
“Q))\ SIZE- AND POSITION-CONTROLLED GE NANOCRYSTALS SEPARATED BY HIGH-K DIELECTRICS

The size and size distribution of the Ge nanocrystals depends
strongly on the composite layer thickness (Figures 4 and 5).
The quantity and the size of the nanocrystals were determined
by visual inspection. Ge nanocrystals formed from the first
composite layer having the thickness of 3 nm exhibit an aver-
age size of (4.7+0.8) nm (Figure 5a), which is slightly larger
than the thickness of the original composite layer. Nanocrystals
formed in the second layer (thickness 6 nm) have an average
size of (6.2+1.3) nm (Figure 5b). In the third layer having the
thickness of 9 nm, the size distribution of the Ge nanocrystals
had to be fitted with a bimodal size distribution leading to aver-
age nanocrystal sizes of (4.4+1.5) nm and (8.2+1.6) nm (see
Figure 5c). A bimodal size distribution was also observed for
the Ge nanocrystals in the fourth composite layer having the
thickness of 12 nm. The fitted average sizes of the nanocrystals
are (5.4+1.3) nm and (9.1+1.9) nm (Figure 5d).

In the Ge-TaZrO, layers, which contain 36 at.% Ge and
which are thicker than 6 nm, several Ge nuclei form at dif-
ferent vertical positions, because the wavelength of the
composition modulations*® 47 is shorter than the composite
layer thickness. However, as the wavelength of the compo-
sition modulations is not necessarily commensurable with
the composite layer thickness, the Ge nanocrystals located at
different vertical positions have different size and different
volume, as seen in Figure 5. If the composite layers are much
thicker than the wavelength of the composition modulations,
the Ge nanocrystals show a single normal size distribution
with a center. This expectation was confirmed by our previous
experiments with 500-nm-thick Ge-TaZrO, composite layers,
in which Ge nanocrystals with unimodal size distribution of
about 4 nm are formed after annealing. The bigger sizes in the
bimodal size distributions may be caused by the limited diffu-

sion geometry in the super-

12 hm Ge-TaZrO,

TazrO,

9 nm

resolution.

Figure 4. Defocused transmission electron microscope micrographs of a [Ge-TaZrO,/TaZrO,], stack
with successively increasing Ge-TaZrO, composite layer thicknesses (SL2): (a) as-deposited and (b)
after annealing for 30 s at 725°C. The inset in the top right corner shows one Ge nanocrystal in high

lattice structure.

In particular, in the
Ge-TaZrO, composite lay-
ers, in which Ge nanocrys-
tals having a multimodal
size distribution are formed
after annealing, Ostwald
ripening is an important
issue, because it can con-
tribute to the growth of
large Ge nanocrystals and
to the disappearance of the
small ones. Nevertheless,
the above-mentioned results
document that the size con-
trol of the Ge nanocrys-
tals via adjustment of the
Ge-TaZrO, layer thickness
works reliably only up to
a certain Ge-TaZrO, layer
thickness, which is smaller
than 9 nm for 36 at.% Ge.
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Figure 5. Size and size distribution of the Ge nanocrystals formed from Ge-TaZrO, composite layers of different thicknesses (SL2): (a) 3 nm, (b)
6 nm, (c) 9 nm, and (d) 12 nm after annealing at 725°C. The size distribution was fitted with one or two normal distributions. The center position
(dnp) and the full width at half maximum (FWHM) are given in the respective figure.

Effect of a SiO, layer underneath the GeTaZrO,
composite layer on the growth of Ge nanocrystals
[SL3]

The HRTEM micrograph of SL2 (Figure 4) suggests that Ge
nanocrystals penetrate into the silicon dioxide, if they grow in
contact with a SiO, layer. In order to elucidate the influence of

neighboring SiO, on the formation of Ge nanocrystals within
the Ge-TaZrO, composite layers, the sample series SL3 was
fabricated. In SL3, the composite layers have a Ge concentra-
tion of 36 at.% (the same as in SL2). However, SL3 uses addi-
tional SiO, layers, which are located beneath the Ge-TaZrO,
composite layers. After annealing for 30 s at 725°C, two types

of Ge nanocrystals formed

Figure 6. Defocused transmission electron microscope (TEM) micrographs of a [Ge-TaZrO,/SiO,/
TaZrO,] stack with successively increasing Ge-TaZrO, composite layer thicknesses and additional
SiO, layers beneath the composite layers (SL3): (a) in the as-deposited state and (b) after annealing at
725°C. The insets in the top right corner show high-resolution TEM images without defocus affirming
the crystallinity of the Ge clusters and the amorphous nature of the SiO, layers.

in SL3: larger nanocrys-
tals with a direct contact to
Si0, (Type I) and smaller
nanocrystals without con-
tact to SiO, (Type II). Even
keeping in mind that TEM
images in the defocus mode
overestimate the nanocrys-
tal size, we can state that the
Type I nanocrystals appear
to be better separated and
more spherical shaped than
the Type Il nanocrystals.
The size and size distri-
bution of nanocrystals in
SL3 depends again strongly
on the thickness of the com-
posite layers (see Figures 6
and 7). In the first two lay-
ers having a thickness of
3 nm and 6 nm, the Ge
nanocrystals have a uni-
modal size distribution. The
mean diameter of the Ge
nanocrystals is (6.3£2.6)
nm and (9.4+3.3) nm for
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Figure 7. Size and size distribution of the Ge nanocrystals formed from Ge-TaZrO, composite layers of different thicknesses (a) 3 nm, (b) 6 nm,
(c) 9 nm, and (d) 12 nm above SiO, layers (SL3). The stack was annealed for 30 s at 725°C. The size distribution was fitted with one or three nor-
mal distributions. The center position (dyp) and the full width at half maximum (FWHM) are given in the respective figure. Only the first four layers

of SL3 were analyzed.

the initially 3- and 6-nm-thick composite layer, respectively.
Hence, at the same composite layer thickness, the nanocrys-
tals of the first two layers are significantly larger in SL3
than in SL2. In addition, the distribution of the crystallite
size is much broader if the Ge nanocrystals grow on SiO,
(SL3) than if they grow in the TaZrO, matrix (SL2). With
increasing thickness of the Ge-TaZrO, layers, the size dis-
tribution of Ge nanocrystals becomes progressively larger.
For the third and fourth layer having an initial thickness of
9 nm and 12 nm, respectively, the size distributions were
approximated by three normal distribution functions. Besides
the Type I nanocrystals, composite layers thicker than 6 nm
contain several Type II nanocrystals at different vertical posi-
tions and with a bimodal size distribution like in SL2. This
can again be explained with the wavelength of the composi-
tion modulations,*® 4" which is shorter than the composite
layer thickness.

It has been shown that there is no diffusion of Ge atoms
into Si0, at 725°C."8 Thus, we explain the growth of the
Type I Ge nanocrystals into the SiO, layer (Figure 6) by
a lower surface energy at the interface SiO,/Ge than at
the Ge/TaZrO, interface, leading to a preferred nucleation
process of the nanocrystals at the interface between the
composite Ge/TaZrO, and the pure SiO, layer. The growing
Ge nanocrystal displaces SiO,, which gives the impression
of growth into the SiO, layer. However, this effect does not
affect the spatial positioning significantly, due the stop of
the growth at the underlying TaZrO,/SiO, interface. To
prove this hypothesis, sample SL4 with Ge—-SiO, compos-
ite layers was grown and investigated.
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[TaZrO,/Ge-SiO,], superlattice structure [SL4]

For comparison, the behavior of the mixed Ge—SiO, sys-
tem in contrast to the Ge—TaZrO, material system was
investigated on superlattice structure SL4. In this case,
no penetration of the Ge nanocrystals into the TaZrO,
separation layers can be detected by TEM imaging. This
supports the assumption that the surface energy at the
Ge/Si0, interface does not reinforce a crystal growth
of the Ge clusters into the TaZrO, separation layers.
The good barrier characteristics of the TaZrO, leads to
a high positioning accuracy, as discussed earlier. How-
ever, the Ge segregation and hence the nanocrystal
formation are much less developed than in the compa-
rable Ge-TaZrO, layers for the same thermal budget
(Figure 8a). A possible explanation of this phenom-
enon could be the mentioned smaller interface energy
of Ge nanocrystals in SiO, compared to TaZrO, leading
to a weaker driving force for Ge segregation. The for-
mation of well-defined nanocrystals in an amorphous
Si0, matrix may need a higher thermal budget (e.g., a
deposition at increased temperatures).*® An increase
of the annealing temperature above 800°C, however,
would lead to undesirable crystallization of the TaZrO,
barrier layers.

Conclusions

Superlattices of Ge-containing composite layers and TaZrO,
separation layers with the structures [Ge-TaZrO,/TaZrO,],,
[Ge-TaZrO,/Si0,/TaZrO,]4, and [TaZrO,/Ge-Si0,], were
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sizes is much
broader here
than for Ge
nanocrystals
grown in the
TaZrO, matrix
only. At least

fabricated by confocal rf magnetron sputtering. Size-con-
trolled crystalline Ge nanoclusters were successfully grown
in an amorphous high-k matrix by appropriate choice of matrix
material and annealing procedure. By introducing Ta,O5 into
the ZrO,, the amorphous phase of the matrix has been stabi-
lized up to 770°C, whereas the Ge nanoclusters start to crystal-
lize at 700°C for 30 s RTP annealing. Hence, the simultaneous
crystallization of the Ge and the ZrO,, which was reported
several times for the system Ge/ZrO,,* ?* * has been suc-
cessfully avoided. In this work, the superlattices deposited
with an amorphous TaZrO, matrix contain spherical shaped
Ge nanocrystals with very good control over size and spa-
tial distribution. This enables the use of this material system
for applications such as nonvolatile memories. The forma-
tion of separated Ge nanoclusters can further be facilitated
by increasing the Ge concentration in the Ge-TaZrO, layers
up to 50 at.%.

Nevertheless, there are minor drawbacks. Mainly, the
nanocrystal size control is less efficient for mixed layers exceed-
ing 6-nm thickness. Ge-TaZrO, composite layers of 9 and 12 nm
thickness form a bimodal nanocrystal size distribution, which
is likely due to short-range composition modulations being
smaller than the layer thickness. The lattice parameter of the
Ge nanocrystals is found to deviate from the bulk value, which
indicates the incorporation of foreign atoms (presumably Ta,
Zr, O) and an incomplete phase separation into Ge and Ta and
Zr based oxides. These impurities could influence the physical
properties of the Ge nanocrystals.

The addition of a SiO, layer underneath the composite layer
([Ge-TaZrO,/SiO,/TaZrO, ], supetlattice stacks) leads to the for-
mation of well-shaped and separated nanocrystals that penetrate
into the SiO, layer and in difference to SiO,-free superlattices

the segrega-
tion of Ge from the Ge-TaZrO, composition layer leads to better
results than the segregation from the Ge-SiO, compound layer.
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