N
N

N

HAL

open science

Optical, structural and electrical characterizations of
stacked Hf-based and silicon nitride dielectrics

Larysa Khomenkova, Pascal Normand, Fabrice Gourbilleau, Abdelillah Slaoui,

Caroline Bonafos

» To cite this version:

Larysa Khomenkova, Pascal Normand, Fabrice Gourbilleau, Abdelillah Slaoui, Caroline Bonafos. Op-
tical, structural and electrical characterizations of stacked Hf-based and silicon nitride dielectrics.

Thin Solid Films, 2016, 617, pp.143. 10.1016/j.tsf.2016.04.036 . hal-01402836

HAL Id: hal-01402836
https://hal.science/hal-01402836

Submitted on 15 Jun 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01402836
https://hal.archives-ouvertes.fr

Optical, structural and electrical characterizations of stacked Hf-based
and silicon nitride dielectrics

L. Khomenkova *><* P, Normand ¢, F. Gourbilleau €, A. Slaoui €, C. Bonafos

2 V. Lashkaryov Institute of Semiconductor Physics of NASU, 45 Pr. Nauky, 03028 Kyiv, Ukraine
> CEMES/CNRS, Université de Toulouse, 29 rue J. Marvig, 31055 Toulouse Cedex 4, France

€ CIMAP, CEA/CNRS/ENSICAEN/Unicaen, 6 Blvd Marechal Juin, 14050 Caen Cedex 4, France

4 INN/NCSR Demokritos, 15310, Aghia Paraskevi, P.O. Box 60228, Athens, Greece

€ ICube, 23 rue du Loess, 67037 Strasbourg, France

Keywords:

High-k dielectrics

RF magnetron sputtering

Plasma-enhanced chemical vapor deposition
Memory effect

ABSTRACT

High-k stacked dielectric structures were fabricated by a combination of RF magnetron sputtering and plasma-
enhanced chemical vapor deposition. Their structural properties were studied versus deposition and annealing
conditions by means of attenuated total reflection and high-resolution transmission electron microscopy tech-
niques. All samples demonstrated smoothed surface (with a roughness below 1 nm) and abrupt interfaces be-
tween the different stacked layers. No crystallization of Hf-based layers was observed after annealing at 800 °C
for 30 min, demonstrating their amorphous nature and phase stability upon annealing. Uniform capacitance-
voltage characteristics were measured along the wafers for all stacks. Besides, after round-voltage sweep they
demonstrate significant flat-band voltage hysteresis due to charging of the stack caused by carrier injection
from the substrate. These phenomena were found to be more pronounced for the stacks with pure HfO, layers.
The stacked structures were implemented for the formation of Ge nanocrystals by means of ion implantation
followed by the thermal treatment mentioned above. It was found that the spatial distribution of Ge crystallites

in stacked dielectrics affects significantly their electrical properties including the trapping of charge.

1. Introduction

The increasing market for portable electronic products (mobile
phones, digital cameras, external data storage devices, players etc.)
stimulated the development of nonvolatile memory (NVM) production.
Among various NVM architectures, flash memory has out run other
competitors due to its full process compatibility with CMOS technology
and superior performance [1]. However, conventional floating gate
structures have already faced a limit due to the aggressive scaling
trend in the vertical dimension.

The stacked dielectrics such as MNOS (metal-nitride-oxide-silicon),
SONOS (silicon-oxide-nitride-oxide-silicon), MONOS (metal-oxide-
nitride-oxide-silicon), MOHOS (metal-oxide-high-dielectric-oxide-
semiconductor) etc. were considered as promising alternatives for
next-generation flash memory applications due to layer's scalability,
process simplicity, power economy, operation versatility, and radiation
hardness [2]. Nevertheless, the continued minimization of NVM struc-
tures forces an application of high-k dielectrics instead conventional sil-
icon nitride trapping layer. For instance, pure and/or Al-doped HfO,
layers were stacked in MONOS-like structures, demonstrating better
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charge trapping parameters for sufficient density trap states and deep
trap energy level to achieve longer retention time [3,4]. The application
of stacked HfO,/SiON/SiN structures as charge trap node in junction-less
memory structures was demonstrated to achieve high programming
speed and good endurance [5].

There are many technological approaches used for the production of
high-k dielectric films such as atomic layer deposition (ALD) [6,7], dif-
ferent chemical vapor deposition (CVD) techniques [8-10], sol-gel pro-
cess [11,12], pulsed laser deposition [13,14] etc. However, despite its
flexibility radio-frequency magnetron sputtering (RF-MS) was not
often addressed [15,16].

Recently we have shown the simplicity and utility of the RF-MS ap-
proach for the production of fully Hf-based NVM structures with large
memory windows and enhanced dielectric properties in one deposition
run [17]. Besides, we have demonstrated that this approach can be used
to form Si nanocrystals (Si-ncs) in Hf-based host via phase separation
process [18,19] that required a lower thermal budget compared to the
formation of Si-ncs in SiO, or Al,03 matrix [20]. It was shown also that
Ge-ncs can be produced in Hf-based or Zr-based dielectrics at 600-
650 °C for 30 s depending on Ge content [21,22]. These annealing condi-
tions are “softer” than those used for Ge-ncs formation in SizN4 films
after Ge ion implantation (800-900 °C for 15 min) [23].

It was considered that Hf-based dielectrics suffer from their poor
thermal stability as well as from the formation of a SiO, interfacial
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layer either during the deposition process or upon thermal treatment
[24,25]. To solve these problems, the use of silicon nitride interlayer or
the doping of HfO, with silicon were considered as the most promising
[16,26].

This work concerns the elaboration of high-k dielectric structures
based on the combination of Hf-based and SiN, materials grown by
RF-MS and plasma-enhanced CVD (PECVD) approaches aiming at the
achievement of good-quality interfaces between the various dielectric
layers and smooth surface of the stacks. The interrelation of their struc-
tural and electrical properties was investigated as a function of deposi-
tion and post-annealing conditions for the pinpointing of optimal
device architectures. Besides, the stacks were implanted with germani-
um followed by thermal treatment aiming at the formation of Ge-ncs
and the investigation of their properties for possible application in
memory devices.

2. Experimental details and methods
2.1. Fabrication of dielectric layers and complex stacked structures

The stacks were grown on 2-in. B-doped, (100) oriented Si wafer
with a resistivity of 15 Q-cm (Sil'tronix S.T.). Prior deposition, Si wafer
was subjected to standard RCA cleaning process, dipped in a diluted
hydrofluoric solution (10%) for 10 s to remove thermal SiO- layer from
the surface. This procedure allowed only hydrogen termination of the
Si wafer surface to be reached. After drying with pure N, flow, the wa-
fers were immediately transferred into the “load-lock” chamber of the
deposition unit.

Single HfO, and Hf silicate layers were grown at 100 °C by “bottom-
up” RE-MS sputtering of pure HfO, (99.9%) and mixed Si-HfO, targets,
respectively, in pure Ar plasma. To produce Hf silicate layers, pure
HfO, target was topped with calibrated Si pellets. They covered about
6% or 12% of target surface allowed to achieve Hfg57Si0.0500.68 OT
Hfy.17Si0.2500 58 compositions, respectively. The RF power applied on
HfO, cathode was 0.74 W/cm? for all depositions.

Single Si nitride layers were produced both RF-MS and PECVD
methods. In the former case, the nitride layer of the SiNgg composition
was obtained by the sputtering of a pure Si target in Ar-N, mixed plasma
at 500 °C, whereas PECVD layers with SiN; 33 stoichiometry were grown
from a SiH4—N, mixture at 350 °C. More details about these techniques
can be found in [15,16,23]. The deposition time for single Hf-based
layers and complex stacks was chosen to achieve an equivalent oxide
thickness (EOT) of in the range 2-3 nm.

After deposition of the above dielectric films, an additional 12-nm-
thick Si nitride layer was grown either by RF-MS or PECVD methods.
Then each wafer was cut on 2 parts. One of them was implanted with
74Ge™ ions using GeH, gas as a source. The implantation energy and
the dose were 5 keV and 1.5 x 106 at/cm?, respectively. All the samples
were annealed at 800 °C for 30 min in a conventional horizontal furnace
in pure dry nitrogen flux. The furnace was heated up to 800 °C without
samples. The samples were placed on horizontal holder in cold load-
lock, pumped and purged with nitrogen flow at 48 sccm during 5 min,
and then passed in within 15 s into the hot zone of the furnace with con-
tinuous nitrogen flow. After annealing (30 min in the present study) the
samples were removed from the furnace within 15 s and cooled down
to room temperature in nitrogen ambient. For Ge-implanted samples
such treatment allows the formation of Ge crystallites [23].

The architecture of all the samples investigated is presented
in Table 1. For easier recognition of the different parts of the same
wafer submitted to different treatment (annealing, implantation), the
samples were re-numerated as follows. “R1” marks the as-deposited
and unimplanted sample, while “R2” marks the unimplanted and
annealed at 800 °C for 30 min samples. The “Ge3” mark is used for the
samples submitted to Ge implantation and annealing at 800 °C for
30 min.

Table 1
The parameters of the stacked structures investigated.

Set Dielectric layers (physical thickness, nm) Estimated EOT? of

no. tunnel dielectric,
(nm)
A 12-nm-SiNy 33/7-nm-HfO, /p-Si 1.7
B 12-nm-SiN; 33/5-nm-Hf0,/3-nm-SiNg g/p-Si 2.9
C 12-nm-SiNg g/5-nm-Hf0,/3-nm-SiNg g/p-Si 2.9
D  12-nm-SiNj; 33/6-nm-Hfj 27Si0.0500.6s /P-Si 1.9
E 12-nm-SiN; 33/6-nm-Hfy 17Si0.2500.58/P-Si 1.9
F 12-nm-SiNy 33/4.5-nm-Hfj 37Sip,0500.68/3-nM-SiNg g/p-Si 3.1

2 The EOT values for were estimated using the data for dielectric constants for Hf-based
materials taken from Ref. [6,10,27]; for amorphous layers it was considered that kyo, =
16, kutsio, = 12 (for Si content lower 25%), ksin, ,, = 7.

2.2. Experimental methods

The combination of non-destructive methods allows information
about microstructural and optical properties of the films. Infrared atten-
uated total reflectance (ATR-FTIR), was used to provide information
about the structure and chemical composition of the films. The ATR-
FTIR spectra were measured in the range 600-4000 cm™ ' by means of
a 60° Ge Smart Ark accessory inserted in a Nicolet Nexus spectrometer.

The analysis of the structural properties was completed by high-
resolution transmission electron microcopy (TEM) observation. Cross-
sectional specimens were prepared by the standard procedure involv-
ing grinding, dimpling and Ar* ion beam thinning until electron trans-
parency. The samples were examined using a FEI Tecnai microscope
operating at 200 keV equipped with a field emission gun and a spherical
aberration corrector.

For electrical characterization, Al was deposited by thermal evapora-
tion on the as-deposited and annealed samples to form top electrodes of
100 x 100 um? using photolithography and the back side contact.
Capacitance-voltage (C-V) characteristics of the so-formed metal-
insulator-semiconductor (MIS) capacitors were measured at different
frequencies using a HP 4192 A Impedance Analyzer.

3. Results and discussion
3.1. ATR-FTIR spectra of as-deposited and annealed samples

Among nondestructive methods to study thin films, ATR technique
holds an important place, since it allows very thin layers to be analyzed.
Unfortunately, referenced ATR data for Hf silicates are not so numerous.
The only known data are those regarding the monoclinic HfO, phase,
while for tetragonal and cubic phases of HfO, and, moreover, for
HfSiO,4 they are not available in the case of ultra-thin films.

There are few reports on traditional FTIR experiments for Hf silicate
films [26,28] that considered Hf silicates as a solid solution consisted of
HfO, and SiO, unit cells, i.e. as a (HfO,)x(Si0,); — x. Recently, we have
shown that the interpretation of experimental ATR data for Hf silicate
materials can be based on the comparison of ATR spectra obtained for
amorphous SiO, and HfO, and their transformation due to increase of
high-k material contribution [16].

The SiO, films thicker than 50 nm demonstrate several vibration
bands in the 600-1300 cm~' spectral range caused by motion of
oxygen atoms. They are centered at about 1076 cm™' (transverse opti-
cal phonon, TO5) and 1256 cm ™! (longitude optical phonon, LO3), at
1160 cm~! (TO4) and 1200 cm~! (LO,), at 810 cm~! (TO,) and
820 cm™ ' (LO;) [29,30]. The decrease of the SiO, thickness to 10 nm
leads to the spectral shift of all vibration bands towards the lower
wavenumbers. For LO3 and TOs it can reach about 25-30 cm™ ! [31],
being accompanied to the decrease of the contribution of TO4~LO,4 pho-
nons [30]. This transformation of FTIR spectra with the thickness scaling
brings some difficulty in the recognition of different vibration bands due
to their significant overlapping. Moreover, the appearance of LO5 Si-O



phonon is usually reported as a signature of the formation of Si/SiO- in-
terface [29]. Besides, the coordination number of Hf ions can also change
versus Hf content in the silicate [ 16]. All these facts will result not only in
the shift of main Si-O-Si band towards the lower wavenumbers due to
the formation of Si-O-Hf bonds, but also an appearance of Hf-O vibra-
tions themselves in 450-800 cm™ ' spectral range [15,19,28,32].

Usually, the simultaneous appearance of the 770-780 cm™ * and
670-680 cm ™! vibration bands in FTIR spectra of Hf-based materials
is considered as a signature of monoclinic HfO, phase [15,33], whereas
the vibrations of random Si-O-Hf bonding can be seen in 900-
1020 cm ™! spectral range being centered at ~970 cm™ ! [34]. In the
case of Si nitride materials the main Si-N vibrations can be detected in
the 700-1100 cm~ ', demonstrating TO and LO phonons at about
840 cm™ ! and 1080 cm™ ! respectively [35,36].

The ATR-FTIR spectra of the as-deposited Hf-based layers and
stacked structures grown by RF-MS approach are shown in Fig. 1. The
pure HfO, layer (sample A-R1) shows the presence of the characteristic
Hf-0 band located at ~720 cm™ . No band peaking at 770-780 cm ™!
was observed that testifies to the amorphous nature of HfO, layer. How-
ever, for this sample two vibration bands centered at ~920 cm ™! and
~1100 cm™ ! can be seen (Fig.1a, curve 1). The former can be caused
by Si-O-Hf vibrations [16] while the latter can originate either from
Si-0-Si [16] or Si-O-Hf [29,32] bonds. Since the deposition of HfO,
layers on Si substrate is usually accompanied by the appearance of
SiO, IL, the band at ~1100 cm ™! can originate from the Si-O bonds
formed within SiO, layer at the SiO,-IL/Si interface, whereas Si-O-Hf
bonds can construct at the SiO,-IL/HfO, interface. This assumption
agrees with the data of Ref. [15].

The spectrum of the B-R1 sample demonstrates two main bands lo-
calized at about 1100 cm ™" and 750 cm™ ! with a shoulder-like feature
at about 880-900 cm ™! (Fig.1a, curve 2). Since the SiNg s layer was
grown on H-terminated Si substrate, it is hardly believed that the
band at about 1100 cm™! can be caused by the formation of SiO, IL.
Most probably it can be attributed to the vibration of bonding groups in-
volving Si, O, N, and Hf, which may be formed at the SiN/HfO, interface
in small concentration. The band peaked at 750 cm™ ! originates from
Hf-O vibrations whereas the shoulder-like feature is due to overlapping
of Si-N (peaking usually at 844-860 cm™ ') and Si-O-Hf bands. The
comparison of ATR spectra of the SiNg g/HfO, (sample B-R1) and the
SiNg.g/HfO,/SiNg g structure (sample C-R1) shows that the presence of
top SiNgg layer causes the increase of the contribution of the band
peaked at ~850 cm~! (Fig.1a, curve 3).

1
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The spectra of Hf silicate layers (used in sample D-R1 (curve 4) and
sample E-R1 (curve 5)) demonstrate similar vibration bands in the 900-
1200 cm™ ! spectral range due-to Si-O-Hf bonds. However, for the film
with higher Hf content (sample E-R1), the Hf-O related band is also ob-
served in 600-850 cm™ ! (curve 5). The featureless shape of this band is
an evidence of the amorphous nature of this layer.

Annealing of the samples at 800 °C for 30 min in N, flow results in
the transformation of the ATR spectra (Fig. 1,b). For the samples A-R2
(curve 1), B-R2 (curve 2) and C-R2 (curve 3), the appearance of LO3
Si-O phonon peaked at ~1240 cm ™! testifies to the reconstruction of
Si-O bonds towards the configuration observed for stoichiometric SiO,
unit cell [16,34]. Besides, peak position of the Hf-O band shifts towards
the lower wavenumbers. No additional Hf-O band at about 770 cm ™!
was appeared that confirmed the amorphous nature of the Hf-based
layer in the structures.

For the samples contained Hf silicate layers (samples D-R2 (curve
4) and E-R2 (curve 5)), annealing causes the transformation of Si-O-
Hf network via the variation of the angles and lengths of the Si-O and
Hf-0 bonds and does not lead to significant phase separation [16,19].

The ATR spectrum of the B-R2 sample, besides the peak at
~1240 cm™ ', reveals an additional peak at ~1160 cm™ ! (Fig.1b, curve
2). The appearance of these both bands can be explained by the recon-
struction of Si-N bonds [35,36] as well as by the formation of Si-O
bonds. However, the location of the latter cannot be clearly distin-
guished from the ATR spectra.

It is worth to note also that the ATR spectrum of the sample C-R2
shows slight transformation after annealing (Fig.1b, curve 3). The con-
tribution of the Hf-0O vibrations become more pronounced in the 600-
800 cm ™ ! spectral range, but the featureless shape of this band confirms
the amorphous HfO, nature. This means that this stacked structure is
thermally stable until 800 °C annealing. Along with this, the appearance
of the peak at about 1240 cm™! can be assigned to the Si-O bonds sim-
ilar to the case of the D-R2 sample. The shape of ATR spectrum of sample
F-R1 and its transformation after annealing (sample F-R2) were found
to be similar to those of sample D-R1 and D-R2, respectively. A slight
higher contribution of Si-N vibration bands in the spectra for samples
F was detected (not shown here).

3.2. HR-TEM observation of the samples

HR-TEM observation was performed for all the samples described
above. Earlier we have demonstrated that as-deposited samples

\_B-R2

1 b :
. A-R2:

1300 1200 1100 1000 900 800 700
Wavenumber (cm™)
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Fig. 1. Normalized ATR-FTIR spectra of the samples A (1), B (2),C(3),D (4) and E (5): a) as-deposited (marked with R1) and b) annealed at 800 °C for 30 s in N, flow (marked with R2).
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(whatever the deposition approach) are homogeneous and smooth
enough [15,16,18,23]. For the pure HfO, layers grown on Si substrate,
Si0, interfacial layers (IL) thinner than 1 nm were observed. Other
layers and structures did not show the formation of such SiO, IL. As-
deposited samples grown by either RF-MS approach or by combination
of RF-MS and PECVD techniques showed similar structural properties.
The deposition of top SiN; 33 layer by PECVD (when it was required)
did not modify the structure of the underlying layers.

Fig. 3 represents the HR-TEM images of the annealed samples. All the
samples show smoothed surface (with the roughness below 1 nm) and
abrupt interfaces between different stacked layers. No crystallization of
Hf-based layers was observed for all structures. This means that neither
the formation of grain boundaries in HfO, layers nor phase separation in
Hf silicate ones occurred upon annealing at 800 °C during 30 min. Be-
sides, a good interface quality was also observed for the structures pro-
duced by combination of RF-MS and PECVD methods (Fig. 2a,b,d)
offering good compatibility of both processes for device fabrication.

The formation of SiO, IL was observed only for the stacks with pure
HfO, layers (sample A, Fig. 2a). The comparison of the stacks with the
SiNpg layer separating Hf-based layer from Si substrate in the samples
B-R2, C-R2 and D-R2 (Fig. 2b-d) showed that the bottom SiNg g layer
prevents the development of SiO, IL for the structures with pure HfO,
layer (samples B-R2 and C-R2, Fig.2c,d). The comparison of HR-TEM im-
ages with corresponding ATR-FTIR spectra allows assuming that the ap-
pearance of Si-O vibration band peaked at about 1240 cm~ " is due to
either the reconstruction of Si-O bonds in Hf silicate layers (sample D-
R2) or the formation of Si-O bonds at SiNg g/HfO interface (samples
B-R2 and C-R2). This fact showed that produced stacked structures
will keep their high permittivity after processing that can be used for
further vertical scaling of similar structures. The TEM study of the

samples E-R2 and F-R2 revealed that their TEM images were very simi-
lar to that of sample D-R2 (not shown here).

The samples with SiN; 33 top layer implanted with Ge and submitted
to the annealing at 800 °C (sample A-Ge3), showed the appearance and
crystallization of numerous Ge-ncs (Fig.2a). The position of the formed
Ge-ncs is in good agreement with the projected range and width of the
low energy implanted profile predicted by TRIDYN for such samples.
The Ge diffusion after annealing is limited here due to the low thermal
budget used for Ge-ncs nucleation. It is worth to note that no Ge-ncs
were observed in the top SiNg g layer after such treatment (not shown
here).

3.3. Electrical properties of the structures

High-frequency (100 kHz-1 MHz) C-V characteristics were mea-
sured for all samples. Single sweep measurements were first carried
out along the samples. The distance from capacitor to capacitor was
about 3 mm (Fig. 3a-b). In most cases uniform C-V curves were obtain-
ed, so indicating a good uniformity in flat-band voltage and equivalent
oxide thickness along the samples. No substantial difference in C-V
data under light and dark conditions was observed.

Comparison of the C-V single sweeps for the different structures
(Fig.3c) shows that the samples A-R2, C-R2 and D-R2 exhibit sharp
C-V transition from the depletion to the accumulation regime. At the
same time, the C-V curves of the samples B-R2, E-R2 or F-R2 suffer
from a significant shift towards negative bias values that can be ex-
plained by the presence of a high amount of positive charge trapped
in the stack.

Forward and backward C-V sweeps were registered for the samples
A-R2, D-R2 and B-R2 (Fig. 4), E-R2 and F-R2 (not shown here). Strong

Fig. 2. High-resolution TEM bright field images of Ge-implanted (a) and not-implanted (b-d) structures: for samples A-Ge3 (a), D-R2 (b), C-R2 (c), and B-R2 (d). The samples were
annealed at 800 °C for 30 min in N, flow. Top SiN; 33 layer was grown by PECVD (a, b, d) and RF-MS (c) approaches.
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Fig. 3. The single sweep C-V data for samples A-R2 (a) and C-R2 (b), demonstrated the uniformity of electrical properties. c) The comparison of single sweep C-V curves for different
structures mentioned in the figure. All measurements were performed in darkness. The samples were annealed at 800 °C for 30 min in N, flow.

hysteresis phenomena were detected for the samples A-R2 (Fig.4a) and
D-R2 (Fig.4b). These memory effects, depicted as flat-band voltage
shifts in Fig. 4c, relate to both electron and hole injection from the sub-
strate for the sample A-R2, while they are mainly caused by electron in-
jection from the substrate in the case of the sample D-R2; a trait
indicating a larger energy barrier for hole injection for the latter sample
compared to the former. The charging effect was found to be uniform
from capacitor to capacitor under light conditions. Only slight variations
in the injection efficiency of minority carriers (electrons) were found
under dark conditions.

Preliminary charge retention measurements have been performed
at room temperature after application of a 4+ 6 V gate voltage stress
for 10s. Two charge-loss regimes were observed. A regime where a sig-
nificant part of the injected charge (~30% for sample D-R2 and 60% for
sample A-R2) is rapidly lost within the first 100 s, and a second regime
during which the flat-band voltage shift decreases linearly with the log-
arithm of the waiting time (see Fig. 4d). From the logarithmic time de-
pendence of the charge loss, flat-band voltage shifts of about 0.2 (D-R2)
and 0.1 V (A-R2) are estimated for a 10-year waiting time. The two
above regimes suggest two different charge-loss processes but more
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Fig. 4. The C-V data for the samples A-R2 (a) and D-R2 (b). (c) Extracted flat-band voltage shift as a function of the gate voltage sweep for A-R2 and D-R2. (d) Charge retention
characteristics at room temperature for the A-R2 (1) and D-R2 (2) samples after application of a gate voltage of 4-6 V for 10 s. Extrapolation curves for a 10-year waiting time are also
reported. The samples were annealed at 800 °C for 30 min in N, flow. The measurements were performed in darkness.
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Fig. 5. The C-V data for the samples C-R2 (a), B-R2 (b) and A-Ge3 (c). The samples were annealed at 800 °C for 30 min in N, flow. The measurements were performed in darkness.

investigations are needed to draw safe conclusions on the leakage paths
and the nature of the associated mechanisms.

C-V hysteresis was also observed for the sample B-R2 (Fig.5a),
whereas no (or negligible) charge trapping was detected for the sample
C-R2 (Fig.5b). These two samples differ in the stoichiometry of the top Si
nitride layer. Stoichiometric SiN; 33 (former case) is known to demon-
strate good charge trapping characteristics [2,3,32,36]. Thus, one can as-
sume that for the structures with top SiN; 33 layer, the latter can
contribute significantly to the hysteresis effect. Besides, Hf-silicate
layer can also participate to charge trapping as it was shown earlier
[17]. It is worth to note that the triple stacked samples demonstrated
also good reproducibility in C-V characteristics from capacitor to
capacitor.

C-V measurements of the samples implanted with Ge and submitted
to annealing at 800 °C (see Fig.5c) revealed the vanishing of the strong
hysteresis phenomenon previously reported for the non-Ge-implanted
sample (Fig.4a). Similar C-V data were obtained for most samples
with embedded Ge-ncs. The comparison of their structural and electri-
cal properties (Figs. 3-5) allowed the assumption that the lateral and
vertical spatial distribution of Ge-ncs can be responsible for the disap-
pearance of the memory effects. However, this effect requires further in-
vestigations and additional studies are ongoing to draw safe conclusions
regarding the location and the retention time of the trapped charge.

4. Conclusions

Stacked dielectrics were fabricated by combination of RF magnetron
sputtering and PECVD approaches. All the stacked samples demonstrate
good interface and surface roughness quality after thermal treatment at
800 °C for 30 min in N, flow. Amorphous nature and stable phase com-
position were observed for pure HfO, and Hf silicate layers after anneal-
ing. Significant charging effects caused by carriers' injection from the
substrate and further trapping were observed for the stacks with a top
Si nitride layer grown by PECVD. No substantial memory phenomenon
was observed when Ge nanocrystals were formed in the top Si nitride
layer. Such a concern may be related to the spatial distribution of the
Ge nanocrystals within the dielectric stacks but more research is needed
to confirm this point.
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