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Abstract: Group IV quantum dots (QDs) in HfO2 are attractive for non-volatile memories (NVMs)
due to complementary metal-oxide semiconductor (CMOS) compatibility. Besides the role of charge
storage centers, SiGeSn QDs have the advantage of a low thermal budget for formation, because
Sn presence decreases crystallization temperature, while Si ensures higher thermal stability. In this
paper, we prepare MOS capacitors based on 3-layer stacks of gate HfO2/floating gate of SiGeSn
QDs in HfO2/tunnel HfO2/p-Si obtained by magnetron sputtering deposition followed by rapid
thermal annealing (RTA) for nanocrystallization. Crystalline structure, morphology, and composition
studies by cross-section transmission electron microscopy and X-ray diffraction correlated with
Raman spectroscopy and C–V measurements are carried out for understanding RTA temperature
effects on charge storage behavior. 3-layer morphology and Sn content trends with RTA temperature
are explained by the strongly temperature-dependent Sn segregation and diffusion processes. We
show that the memory properties measured on Al/3-layer stack/p-Si/Al capacitors are controlled
by SiGeSn-related trapping states (deep electronic levels) and low-ordering clusters for RTA at
325–450 ◦C, and by crystalline SiGeSn QDs for 520 and 530 ◦C RTA. Specific to the structures annealed
at 520 and 530 ◦C is the formation of two kinds of crystalline SiGeSn QDs, i.e., QDs with low Sn
content (2 at.%) that are positioned inside the floating gate, and QDs with high Sn content (up
to 12.5 at.%) located at the interface of floating gate with adjacent HfO2 layers. The presence of
Sn in the SiGe intermediate layer decreases the SiGe crystallization temperature and induces the
easier crystallization of the diamond structure in comparison with 3-layer stacks with Ge-HfO2

intermediate layer. High frequency-independent memory windows of 3–4 V and stored electron
densities of 1–2 × 1013 electrons/cm2 are achieved.

Keywords: group IV quantum dots; HfO2; magnetron sputtering; floating gate memory; SiGeSn
nanocrystals; charge storage

1. Introduction

Group IV quantum dots (QDs) are attractive for non-volatile memories (NVMs) con-
sidering their compatibility with CMOS technology [1–10]. Additionally, QDs can tune
NVM device parameters related to performance and stability by tailoring their size, density,
and interface quality with embedding oxide [11–14]. As embedding matrix and gate oxide,
the high-k dielectric HfO2 is suitable to be used in high-density NVMs. HfO2 is already
used in the CMOS industry due to its high CMOS compatibility and high scalability [15],
and shows potential as a gate dielectric layer for post-Si electronic devices as well [16].
HfO2 is also promising for integrated ferroelectric memory devices due to nanoscale fer-
roelectricity [17,18]. More than that, NVM performance can be further enhanced by the
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cumulative contribution of the ferroelectric HfO2 matrix besides that of Ge QDs charge
storage centers [19]. By using a channel with Ge:HfO2 gate, ferroelectric gating of the
metal-insulator transition in ultra-thin VO2 was also successfully demonstrated [20]. Using
HfO2 instead of classical SiO2 in NVMs enables a lower oxide equivalent thickness, also en-
suring higher charge retention, lower operating voltages, and large memory windows [21].
The phototunable charging and discharging effect of Ge nanocrystals (NCs) embedded
in nanocrystallized HfO2 for photonic flash memories was also evidenced [22]. By fa-
cilitating the charge tunneling between Ge NCs and Si substrate due to photogenerated
excitons, the memory window is increased. All these highlight the application fields of
micro/nanoelectronics, industrial automation, portable devices, computer systems [1].

In this paper, we use alloy SiGeSn QDs as charge storage nodes with the advantages of
a low thermal budget for formation, high stability, and adjustable composition. By adding
little Si to GeSn, the already known Ge fast diffusion in oxides [14] and Sn diffusion and
segregation [23] are controlled under optimal annealing conditions of temperature and
duration, leading to efficiently increased NCs stabilization [24,25] and reduced strain. This
ensures a strong quantum confinement effect in SiGeSn QDs that in turn allows a high
charge storage efficiency. On the other hand, alloying with Sn leads to highly short-wave
infrared (SWIR) photosensitivity [26,27] that can be further exploited for photonic flash
memories enabling fast access speed and low energy consumption by optical control of
threshold voltage shift [1].

Our approach for QDs-based NVM consists of preparing structures with trilayer con-
figuration with SiGeSn QDs-based floating gate and HfO2 gate and tunnel oxides fabricated
on Si wafer in which the charge is injected from Si substrate. Besides the above-mentioned
advantages, HfO2 also plays the role of barrier for Ge and Sn diffusion, and tunnel and
gate oxide layers play the role of spacers allowing to control QDs size [27,28]. The use
of nanocrystallized HfO2 as a matrix for SiGeSn QDs enables a good separation of QDs
to each other [14]. More than that, Sn presence decreases the crystallization temperature,
making the fabrication of memories with SiGeSn QDs nodes to be more suitable in terms of
CMOS compatibility due to the reduced thermal budget compared to Si and Ge NCs/QDs
formation. On the other hand, by tuning component layer thicknesses, high versatility
in tuning morphology parameters is achieved also through the versatility of magnetron
sputtering deposition and rapid thermal annealing (RTA) nanostructuring by the large vari-
ation of technological preparation conditions and parameters (sputtering targets, powers
and rates, atmosphere; RTA temperature, ramps, gas flows, gases) [14,19].

In this paper, we present for the first time MOS capacitor floating gate memories based
on SiGeSn QDs in a 3-layer stack of gate HfO2/floating gate of SiGeSn QDs in HfO2/tunnel
HfO2/ on a p-Si substrate. The 3-layer structures are obtained by magnetron sputtering
deposition followed by RTA for nanostructuring. The crystalline structure, morphology
and composition are investigated and correlated with the memory properties of Al/gate
HfO2/SiGeSn-HfO2 floating gate/tunnel HfO2/p-Si/Al capacitors for different RTA conditions.
The contribution of different SiGeSn-related charge storage centers to the memory effect is
evidenced, i.e., SiGeSn-related trapping states (deep electronic levels) and low-ordering
clusters for RTA at 325–450 ◦C, and crystalline SiGeSn QDs for 520 and 530 ◦C RTA. The
highest memory windows of 3–4 V are obtained by the formation of two kinds of crystalline
QDs, i.e., low Sn (2 at.%) content SiGeSn QDs positioned inside the floating gate and SiGeSn
QDs with high Sn content up to 12.5 at.% at the interfaces with HfO2 layers. The stored
electron density reaches up to 2 × 1013 electrons/cm2.

2. Materials and Methods
2.1. Sample Preparation

Our approach for QDs-based NVM capacitors consists of magnetron sputtering deposi-
tion (Surrey Nanosystems Gamma 1000 equipment, Surrey NanoSystems Ltd., Newhaven,
UK) of 3-layer stacks of gate HfO2/SiGeSn-HfO2/tunnel HfO2/p-Si followed by nanostructur-
ing using RTA (Annealsys AS-Micro rapid thermal processing system, Annealsys, Mont-
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pellier, France). Firstly, we deposit the thin HfO2 tunnel layer with a thickness in the
4–8 nm range by sputtering from HfO2 target (45–55 W RF power) on (100) p-Si substrates
(7–14 Ωcm resistivity) that were previously cleaned using standard procedures [11]. Then,
we co-deposit SiGe (25–35 W DC), Sn (3.5–10 W DC), and HfO2 from corresponding targets
for the intermediate layer (7–12 nm) that will play the role of the floating gate, and finally,
sputter a thick 16–21 nm gate HfO2 layer. The intermediate layer has the composition of
10% Sn: 90% SiGe (vol.) and 80% SiGeSn: 20% HfO2 (vol.) estimated from the equiva-
lent thicknesses based on the XRR calibration deposition rates of Sn (~0.5 nm/min), SiGe
(~4.0 nm/min), and HfO2 (~1.2 nm/min); 5% Si: 95% Ge (at.) is the atomic composition of
the SiGe target (provided by Kurt J. Lesker Company Ltd., East Sussex, Hastings, United
Kingdom). In this work, we will present results on structures M1 and M2 with slightly dif-
ferent designed thicknesses of 16–17/9–10/7–8 nm and 20–21/11–12/6–7 nm, respectively,
for the gate oxide/intermediate layer/tunnel oxide stack.

The obtained HfO2/SiGeSn–HfO2/HfO2/p-Si amorphous stacks are thermally treated
by RTA in N2 (6N purity) for nanostructuring of the floating gate, i.e., formation of SiGeSn
NCs/QDs as charge storage nodes in HfO2. Samples are RTA annealed in the 325–600 ◦C
temperature range for 2–15 min. RTA also leads to HfO2 nanostructuring.

Finally, MOS capacitors are obtained by depositing top and bottom Al electrodes
using thermal evaporation. Shadow masks with 1 mm × 1 mm areas were used for top Al
contacts deposition.

2.2. Measurement Methods

Samples’ crystalline structure, morphology and composition were investigated by X-
ray diffraction (XRD—Rigaku SmartLab, Rigaku, Tokyo, Japan), cross-section transmission
electron microscopy (XTEM—Jeol JEM-ARM 200F electron microscope, JEOL Ltd., Tokyo,
Japan), and Raman spectroscopy (Horiba LabRAM HR Evolution µ-Raman spectrometer
with 325 nm laser excitation, HORIBA France SAS, Loos, France).

The memory properties of Al/gate HfO2/SiGeSn-HfO2 floating gate/tunnel HfO2/p-Si/Al
capacitors were studied by measurements of capacitance–voltage (C–V) hysteresis loops at
frequencies of 100, 500 and 1 MHz using a precision LCR meter (Agilent 4980A, Agilent
Technologies, Inc., Santa Clara, CA, USA.). The hysteresis loop was measured in a quasi-
static regime with 0.1 V/0.5 s steps by sweeping from +U to −U voltage and back. Before
measuring each hysteresis branch, charging at the ends of the cycle was done for 1–5 min
at +U and −U, respectively.

3. Results and Discussion
3.1. Crystalline Structure, Morphology and Composition Studies

High resolution TEM (HRTEM) results. Figure 1 shows HRTEM images for a trilayer
structure M1 annealed at 530 ◦C for 10 min (sample called M1-530-10 in the function of RTA
temperature and duration). The designed thicknesses for as-deposited structure M1 are
16–17 nm for the gate oxide, 9–10 nm for the intermediate layer and 7–8 nm for the tunnel oxide
in agreement with the cross-section TEM image in Figure 1a. In the high-resolution TEM
image in Figure 1b, two lattice fringes are evidenced in the floating gate and at the interface
with adjacent layers, of d111 = 0.327 nm and d111 = 0.332 nm, respectively, with an absolute
error of 0.002 nm. It is known that lattice fringes corresponding to pure Si, Ge, and α-Sn are
0.314, 0.326, and 0.375 nm, respectively. Based on d111 values, we calculated the Sn content
y for strain-relaxed SixGe1−x−ySny NCs (with Si content x of 5 at.%,) by using relationship
a = 31/2d111 = 0.56575(1 − x − y) + 0.54307x + 0.64912y for the lattice constant. The a value
was calculated by Vegard’s law [29] considering the lattice constants of Ge, Si, and Sn
(0.56575, 0.54307, and 0.64912 nm, respectively). We obtain y = 2.1 at.% for d111 = 0.327 nm
(close to pure Ge with plane spacing of 0.326, corresponding to the compensation by Sn
alloying of the 5% Si mismatch in SiGe) and y = 12.5 at.% for d111 = 0.332 nm. This means
the formation of low Sn content SiGeSn QDs in the floating gate, and the formation of SiGeSn
QDs with high Sn content of 12.5% at the interface of the floating gate with adjacent layers
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(gate and tunnel HfO2). We remark that the Ge:Sn atomic ratio measured by EDX in the
intermediate layer is ~4.3 in good agreement with HRTEM results.
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Figure 1. XTEM results on structure M1-530-10: (a) low magnification cross-section TEM image
revealing the thicknesses of component layers in the 3-layer stack structure; (b) HRTEM image evidenc-
ing lattice fringes d111 = 0.327 nm very close to pure Ge plane spacing (0.326 nm) in the floating gate,
and d111 = 0.332 nm at the interface of floating gate with adjacent layers, respectively (with 0.314 nm
(111) lattice distance measured in the Si substrate as the reference); (c) HRTEM image showing the
monoclinic crystalline structure of HfO2 (e.g., 0.314 nm fringe) in the gate oxide layer, the amorphous
structure in the tunnel layer, and a 5 nm SiGeSn crystallite in [110] orientation in the floating gate.
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The much higher Sn content at the interface of the floating gate with adjacent layers can be
explained by Sn diffusion to the floating gate interfaces and by considering that Sn presence
favors the SiGeSn crystallization process (decreasing SiGe crystallization temperature).

So, the SiGeSn QDs are rich in Ge (~90%) and have about 5 nm diameter. The density
of QDs with high Sn content (12.5% Sn) is high enough to be also detected by Raman and
XRD measurements and to contribute to the memory window widening as shown below.

Finally, the HRTEM image from Figure 1c shows the monoclinic structure of gate HfO2,
the diamond structure of SiGeSn-based floating gate and the amorphous tunnel HfO2 layer.
A plausible reason for maintaining the amorphous structure of tunnel HfO2 would seem
to be the Sn diffusion at the interfaces of the floating gate with HfO2 layers. The top gate
oxide layer is free to nucleate the HfO2 crystallization at the free surface, and the crystal
growth is coherent in the whole layer thickness. The size of HfO2 NCs in the gate oxide
layer is between 10 and 12 nm (HRTEM images). At the same time, the Si presence in the
SiGeSn-based intermediate layer stops the Ge diffusion into the HfO2 layers. For this reason,
we do not observe the HfO2 orthorhombic structure in the HfO2 layer, as is the case of
3-layer stacks with Ge-HfO2 intermediate layer [18].

The presence of Sn in the SiGe intermediate layer induces the easier crystallization
of the diamond structure. This is in contrast to 3-layer stacks with Ge-HfO2 intermediate
layer in which Ge QDs with a hexagonal crystalline structure are formed by topotactic crys-
tallization on the HfO2 structure with corresponding tetragonal/orthorhombic lattice [14].

XRD results. Figure 2 shows an XRD diffractogram obtained on an annealed sample
M2 with designed thicknesses for the as-deposited structure of 20–21 nm for the gate oxide,
11–12 nm for the floating gate and 6–7 nm for the tunnel oxide. The trilayer was annealed at
530 ◦C for 3 min (called M2-530-3). High-intensity XRD peaks correspond to monoclinic
nanocrystallized HfO2 (according to PDF 01-078-0049). The estimated size of HfO2 NCs
from the width of X-ray diffraction lines is in the 8–12 nm range in good agreement with
HRTEM results.
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Figure 2. XRD diffractogram of structure M2-530-3: high-intensity peaks correspond to monoclinic
nanocrystallized HfO2 by comparing with PDF 01-078-0049 data (indicated in green on top of figure).
A small intensity feature around 26.8 deg seen as a shoulder of (−111) HfO2 maximum can be
observed. This feature related to (111) diamond maximum suggests the formation of SiGeSn NCs,
and is evidenced (and indicated by an arrow and encircled) in the 23.5–40 deg zoom of XRD curve
from the bottom part of the figure.

Even if the SiGeSn equivalent thickness is relatively small for XRD, however, a small
intensity feature related to (111) diamond line, seen as a shoulder of (−111) HfO2 maximum
and being positioned at about 26.8 deg was detected. The 26.8 deg evaluated position corre-
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sponds to a lower 2θ value in comparison to Ge (tabulated 27.28 deg in PDF 00–004–0545)
and Si (28.445 deg in PDF 01−070−5680) [25], and to higher 2θ values than α-Sn (23.7 deg
in PDF 00−005−0390) [23] showing the formation of Ge-rich SiGeSn NCs in good agree-
ment with HRTEM and Raman results (Section 3.2). The SiGeSn (111) peak position of
26.8 deg corresponds to the interplanar distance d111 with a mean value of 0.332 nm similar
to the HRTEM results lattice (Figure 1b).

3.2. RTA Temperature Effects

Raman scattering. Raman spectroscopy was carried out by using ultraviolet (UV)
excitation laser emitting at 325 nm. The use of UV excitation has the advantage of a stronger
absorption in the SiGeSn containing layer (floating gate) and thus to less penetrate in the
bulk Si substrate lowering its 2TA contribution to the spectrum, altering by superposition
the evidencing of Ge-Ge peak as in the case of using low absorption light of longer wave-
length excitation (e.g., 633 nm). Figure 3 shows spectra obtained on structures M1 (16–17/
9–10/7–8 nm) and M2 (20–21/11–12/6–7 nm) annealed at different temperatures for differ-
ent durations (Table 1). The Ge-Ge vibration’s Raman signal is within the 200–320 cm−1

range. One can see that the RTA temperature of 500 ◦C is not enough for the formation of
SiGeSn NCs, and the Raman spectra show a broad band corresponding to clusters forma-
tion at the start of nanocrystallization (Figure 3a). By annealing structures M1 at 530 and
600 ◦C, a sharp Raman peak corresponding to NCs formation is detected, meaning that the
SiGeSn-based floating gate crystallizes (Figure 3a,c). In a similar way to Ge acting in SiGe
alloys [28], the Sn alloying of Ge reduces the crystallization temperature, below 400 ◦C [23].
In our case, the small amount of Si in GeSn increases the crystallization temperature to
about 530 ◦C. By increasing the RTA temperature from 530 to 600 ◦C, the Ge-Ge maximum
narrows and shifts towards higher wave numbers. The Raman behavior of structures M2
(Figure 3b,d) is similar to structures M1.
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Figure 3. Raman spectra: (a,b) as-deposited and RTA samples M1 and M2, respectively;
(c,d) normalized spectra of annealed structures M1 and M2, respectively plotted in the 270–310
cm−1 region corresponding to Ge-Ge mode in SiGeSn NCs.
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Table 1. Deconvolution results of 3 Gauss peaks of Raman spectra: peak positions, area ratio of Peak
2 to Peak 3, and Sn content in the SiGeSn QDs with high Sn content (Peak 2).

Structure

RTA
T t
(◦C)

(min)

Position
Peak 1
(cm−1)

Position
Peak 2
(cm−1)

Sn content in
SiGeSn QDs—Peak 2

(%)

Position
Peak 3
(cm−1)

Area
Ratio
Peak

2/Peak 3

M1-530-5 530 5 298.62 288.27 12 262.65 1.9
M1-530-

10 530 10 298.79 288.54 12 261.68 1.9

M1-600-2 600 2 299.50 290.36 11 265.14 1.4
M1-600-8 600 8 299.84 291.28 10 263.24 1.3
M2-520-5 520 5 299.19 290.12 11 263.19 1.6
M2-530-3 530 3 299.21 289.87 11 262.77 1.6
M2-530-5 530 5 299.41 290.01 11 260.86 1.6
M2-550-5 550 5 299.83 290.38 11 260.40 1.3
M2-600-2 600 2 300.28 292.01 9 259.97 1.0

By deconvolution in the 220–320 cm−1 range of 3 Gauss peaks of the Raman spectra
corresponding to M1 and M2 samples with nanocrystallized SiGeSn (by RTA at 520, 530,
550, and 600 ◦C), we obtain the results from Table 1.

Examples of deconvolution for 530 and 600 ◦C RTA structures M1 and M2 are illus-
trated in Figure 4. The most intense Gauss Peak 1 (red) corresponds to Ge-Ge vibration
mode in SiGeSn NCs with low Si and Sn content, being positioned around 300 cm−1. Peak
2 (green) centered around 290 cm−1 describes the Ge-Ge mode in SiGeSn NCs with higher
Sn content. This is in good agreement with HRTEM results, i.e., formation of low Sn content
SiGeSn QDs in the floating gate, and formation of SiGeSn QDs with high Sn content of
12.5% at the interface of floating gate with adjacent HfO2 layers. The last Peak 3 (blue), practi-
cally a low-intensity broad band centered at about 260 cm−1 corresponds to low ordering,
i.e., formation of clusters or amorphous SiGeSn nanoparticles [25].
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By considering the Peak 2 position wGe-Ge in the Raman spectrum, the Sn content y
in SixGe1−x−ySny QDs was evaluated using the formula wGe-Ge = 301 − 19.2x − 93.5y in
which the 301 cm−1 value corresponds to the Raman shift of Ge-Ge mode in bulk Ge [30].
We obtain 12% Sn in SiGeSn NCs in structures M1 annealed at 530 ◦C in good agreement
with HRTEM. By RTA at 600 ◦C, the Sn content decreases (down to 10%) due to Sn diffusion
enhanced by the higher RTA temperature [23]. Enhancement of Sn diffusion is also reflected
in the decreasing trend of the area ratio of Peak 2 to Peak 3 with the increase of annealing
temperature (Table 1). Structures M2 show similar Raman behavior (Figure 4c,d) that also
shows the formation of two kinds of SiGeSn NCs, ones with small Sn and Si content (Peak 1)
and others with high Sn content of 11% for RTA at 520–550 ◦C and 9% by RTA at 600 ◦C
(Peak 2).

The observed Raman and Sn content trend with RTA temperature was also evidenced
in GeSn NCs embedded in SiO2 [23]. By low RTA temperature that is high enough to form
NCs, alloy NCs with high Sn content are formed in the first stage of crystallization due to
faster segregation of Sn than Ge from the SiO2 matrix. For higher annealing temperatures,
a separation of β-Sn phase from GeSn NCs (low miscibility of Ge and Sn) is accompanied
by Sn diffusion toward film surface. Similar segregation and diffusion processes take place
in the case of SiGeSn NCs formation in the HfO2 matrix of the 3-layer structure. Here, the
Sn diffusion in intermediate SiGeSn-HfO2 layer toward its interfaces with tunnel and control
HfO2 layers results in higher Sn concentration SiGeSn NCs at the interface, as revealed by
HRTEM analysis. By higher RTA temperatures, nanocrystallization is enhanced, but at the
same time, Sn phase separation and Sn (and Ge) diffusion into the tunnel and control layers
is favored leading to the reduction of the Sn content and density of SiGeSn NCs. This could
be the reason for the diminished memory window in the structures annealed at higher
temperatures of 600 ◦C. Another phenomenon that can take place is the increase of the
conductivity of the tunnel layer by Sn diffusion.

C–V hysteresis. Figure 5a,b illustrates typical C–V hysteresis loops measured on M1-
530-10 and M2-520-5 capacitors at frequencies of 100 and 500 kHz and 1 MHz, with memory
windows of 3.7 and 3.1 V, respectively. The memory capacitors present C–V hysteresis loops
with counter-clockwise direction and frequency-independent memory window that are due
to charge storage in SiGeSn QDs. Memory window ∆Vfb was determined by considering
the flat band voltage position at 80% of maximum capacitance from the C–V loops obtained
on structures M1 and M2 annealed under different conditions of temperature and duration
(Table 2). One can see from Figure 5c that the memory window increases with the increase
of annealing temperature from 325 to 530 ◦C, the maximum values being obtained for RTA
at 520 and 530 ◦C. Additionally, annealing for 5 min leads to obtaining slightly higher
memory windows than for 10 min RTA.

Table 2 lists the memory window obtained on different structures M1 and M2. The
highest memory windows are in the 3–4 V range, being produced by the charge storage in
SiGeSn QDs subjected to RTA at temperatures of 520 and 530 ◦C favorable for diminished
Sn phase separation and, consequently, to the formation of alloy SiGeSn NCs with high Sn
content, in good agreement with Raman results. Structures M1 annealed at 530 ◦C, with
the highest Sn content of 12% in SiGeSn QDs, show the highest memory windows of 4 and
3.7 V for 5 and 10 min RTA duration, respectively. Similarly, structures M2 annealed at 520
and 530 ◦C (5 min RTA) show the highest memory windows of 3.1 and 3.2 V, respectively.
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Figure 5. C–V results: (a,b) C–V hysteresis loops measured at frequencies of 100 and 500 kHz, and
1 MHz on structures M1-530-10 (absolute measured values expressed in terms of device’s area, e.g.,
capacitance/area unity) and M2-520-5 (normalized curves for evidencing the frequency-independent
memory window; the maximum capacitance at 1 MHz is 1.3 nF equivalent to 1.3 × 106 fF/mm2);
(c) memory window ∆Vfb in function of RTA temperature for different structures annealed for 5 min
(M1 and M2) and 10 min (M1).

Table 2. Memory window ∆VFB and stored electron density n.

Structure
RTA
T t

(◦C) (min)

∆Vfb
(V)

n
(cm−2)

M1-325-5 325 5 1.4 6.5 × 1012

M1-325-10 325 10 1.1 5.2 × 1012

M1-325-15 325 15 0.6 2.8 × 1012

M1-350-5 350 5 1.9 8.8 × 1012

M1-400-5 400 5 2.3 1.1 × 1013

M1-530-5 530 5 4.0 2.0 × 1013

M1-530-10 530 10 3.7 1.9 × 1013

M2-350-5 350 5 1.1 4.1 × 1012

M2-450-5 450 5 1.3 4.9 × 1012

M2-520-5 520 5 3.1 1.2 × 1013

M2-530-5 530 5 3.2 1.2 × 1013

M2-600-2 600 2 0.8 3.1 × 1012

Additionally, as one can see from Figure 5c and Table 2, there is an increase of the
memory window with the increase of RTA temperature up to 530 ◦C (e.g., from 325 to
530 ◦C for structures M1 with 5 min RTA) reflecting the evolution of charge storage centers
from SiGeSn-related trapping states (deep electronic levels) and low-ordering clusters for
RTA at 325–450 ◦C to SiGeSn QDs for RTA at 520 and 530 ◦C [11]. As shown by Raman
measurements, RTA temperatures under 500 ◦C are not enough for obtaining SiGeSn NCs,
the 500 ◦C RTA leading to the formation of clusters at the start of nanocrystallization or
amorphous SiGeSn nanoparticles. SiGeSn related states (deep energy levels) present in the
amorphous structure and in clusters (low ordering) act as storage centers giving the main
contribution to the memory effect (325–450 ◦C RTA).

The annealing at 520 and 530 ◦C leads to the formation of SiGeSn NCs (HRTEM, XRD
and Raman) of two kinds, i.e., SiGeSn QDs with low Sn content (2 at.%) that are positioned
inside the floating gate, and SiGeSn QDs with high Sn content (up to 12.5 at.%) located at the
interface of the floating gate with the adjacent HfO2 layers. The main contribution of SiGeSn
QDs as charge storage centers is demonstrated by the highest frequency-independent
memory windows of 3–4 V with values similar to those for structures with the Ge QDs-
based floating gate [14]. This is also correlated with the Sn content of QDs by the high area
ratio of Raman Peak 2 (corresponding to QDs with 12 and 11 at.% Sn) to Peak 3 (for QDs
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SiGeSn NCs with low Si and Sn content—Table 1). The density of QDs with high Sn content
is high enough to contribute to the memory window widening. The presence of Sn in the
SiGe intermediate layer induces the easier crystallization of the diamond structure (decreasing
the (Si)Ge crystallization temperature) in comparison with the 3-layer stacks with a Ge-
HfO2 intermediate layer. More than that, Sn presence decreases the (Si)Ge crystallization
temperature (from 600 to 520–530 ◦C RTA), making the fabrication of memories with SiGeSn
QDs nodes to be more suitable in terms of CMOS compatibility.

RTA at higher temperatures of 600 ◦C leads to a pronounced decrease of a memory
window. This can be explained by the high-temperature favored Sn diffusion leading
to the reduction of the Sn content and density of SiGeSn NCs (reflected in decreased Sn
content in QDs described by Raman Peak 2 that also has decreased area in comparison
with Raman Peak 3 corresponding to QDs with low Sn content of 2%) or by the increase
of the conductivity of layers by Sn diffusion in HfO2 layers. Besides, Ge fast diffusion is also
more pronounced by increasing RTA temperature [13].

Based on the memory window ∆Vfb results, we evaluated the stored electron density
n (Table 2). Figure 6 illustrates the stored electron density versus RTA temperature for
structures M1 and M2 annealed for 5 min, and structures M1 annealed for 10 min. As in
the case of ∆Vfb, the 5 min RTA leads to obtaining a slightly higher stored electron density
than for 10 min RTA.
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The stored electron density was evaluated by using the relation
∆Vfb = (qn/ε0) × (dg/κg + dNC,FG/2κNC,FG) [22,31,32] considering the structure and the
morphology of samples. So, for structures with crystallized floating gate (e.g., RTA at 520,
530 ◦C) of SiGeSn QDs in HfO2, the formula considers the diameter dNC and dielectric
constant κNC of SiGeSn NCs charge storage centers, while for the structures with amor-
phous SiGeSn (RTA at 325–450 ◦C), thickness dFG and dielectric constant κFG of floating
gate trapping layer are used instead [32]. The dielectric constants were extracted by simula-
tion of frequency dispersion of capacitance and resistance measured in the accumulation
regime [33].

One can see that the stored electron density is maximum for 520 and 530 ◦C, reaching
1–2 × 1013 electrons/cm2 for structures M1 and M2 in good agreement with the structure
and morphology results that show the formation of dense SiGeSn QDs that act as charge
storage centers.

The obtained charge storage results are promising for high-density NVMs based on
highly CMOS compatible materials, i.e., the highly scalable high-k dielectric HfO2 and
SiGeSn-related storage centers. More than that, the pathway to achieving simultaneous
electrical and optical control of the memory effect by further optimization is also favored
considering the high SWIR sensitivity demonstrated by alloying (Si)Ge with Sn in NCs
based structures.
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4. Conclusions

We have shown that specific to the 3-layer gate HfO2/SiGeSn-HfO2 floating gate/tunnel
HfO2/p-Si stacks annealed at 520 and 530 ◦C is the formation of two kinds of crystalline
SiGeSn QDs, i.e., low Sn content SiGeSn QDs (2 at.%) positioned in the floating gate and
SiGeSn QDs with high Sn content up to 12.5 at.% located at the interface of the floating gate
with adjacent HfO2 layers. The memory properties measured on Al/3-layer/p-Si/Al capacitors
are controlled by SiGeSn-related trapping states (deep electronic levels) and low-ordering
clusters for RTA at 325–450 ◦C, and by crystalline SiGeSn QDs for 520 and 530 ◦C RTA. The
density of QDs with high Sn contents is high enough to contribute to the memory window
widening, meaning high frequency-independent memory windows of 3–4 V and stored
electron densities of 1–2 × 1013 electrons/cm2 are achieved. The results are promising
for high-density electronic NVMs with extension to photonic memories based on highly
CMOS compatible materials and low thermal budget fabrication.
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