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Abstract
The manipulation of matter at the nanoscale enables the generation of properties in a material
that would otherwise be challenging or impossible to realize in the bulk state. Here, we
demonstrate growth of zirconia nano-islands using atomic layer deposition on different substrate
terminations. Transmission electron microscopy and Raman measurements indicate that the
nano-islands consist of nano-crystallites of the cubic-crystalline phase, which results in a higher
dielectric constant (x ~ 35) than the amorphous phase case (k ~ 20). X-ray photoelectron
spectroscopy measurements show that a deep quantum well is formed in the Al,03/ZrO,/Al,O;
system, which is substantially different to that in the bulk state of zirconia and is more favorable
for memory application. Finally, a memory device with a ZrO, nano-island charge-trapping layer
is fabricated, and a wide memory window of 4.5V is obtained at a low programming voltage of
5V due to the large dielectric constant of the islands in addition to excellent endurance and
retention characteristics.

Supplementary material for this article is available online
Keywords: zirconia, atomic layer deposition, memory devices

(Some figures may appear in colour only in the online journal)

Nanoscale materials often exhibit significantly different
properties to those in their bulk state. The distribution of
nanoscale materials on large areas provides a route towards
functional materials with novel properties [1-3]. These pro-
mising properties have enabled new technologies, including
nanoscale lasing schemes [4, 5], memory devices [6, 7],
sensitive detection devices [8—10], and improved photovoltaic
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sensitivities [11]. Further progress towards achieving new
nanomaterial properties necessitates the ability to grow the
nanoparticle constituents on different substrate terminations
to meet the requirements of different applications.

In addition to its various applications in fuel cells [12],
dentistry [13], the aviation industry [14], nanoelectronics
[15], etc, ZrO, is widely used as a high-~x material in dynamic
random access memory (DRAM) as well as for MOS gate
oxides [16]. In fact, ZrO, is projected to be the key material in

© 2017 IOP Publishing Ltd  Printed in the UK
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sub-20nm DRAM generation [17]. However, deep knowl-
edge of ZrO, thin-film characteristics, especially of the
electronic and structural properties, is critical to meet the
requirements of future devices. In addition, high-x materials
are preferred to be used in the charge-trapping layer of
memory devices, since this will increase the electric injection
field and, therefore, a lower operating voltage can be achieved
[18]. ZrO,-based dielectrics are a promising candidate for this
since they can be crystallized into cubic and tetragonal phases
with large dielectric constants (k-values of ~35 and ~46,
respectively) [19]. However, it is commonly believed that an
amorphous material would be more suitable for a memory
charge-trapping layer since grain boundaries existing in
crystalline materials can provide leakage paths and deteriorate
the retention characteristic of the memory [19]. At the same
time, amorphous ZrO, has a lower dielectric constant (~20)
than the crystalline phases, which would result in a lower
injection field and thus a higher required operating voltage.
Therefore, there would be a trade- off between the retention
characteristic and operating voltage of the memory. One
solution would be to use nano-islands/nano-crystals in the
charge-trapping layer instead of a continuous crystalline
layer, so that the leakage probability is reduced since only the
nano-crystallites above the defects in the tunnel oxide would
leak, and thus the retention would be improved without
sacrificing the large dielectric constant of the crystalline
material.

In addition, atomic layer deposition (ALD) is currently
being extensively used in industry to deposit conformal thin
films for various nanoelectronic applications where any dis-
continuity in the film would cause reliability issues such as
leakage paths in the gate oxide of transistors. Other applica-
tions require nano-island growth such as in light-trapping
schemes for increasing solar cells’ efficiency. Therefore, it is
crucial to understand the deposition conditions in ALD that
lead to nano-island growth instead of continuous thin-film
growth on different substrate terminations.

In previous work, island growth has been observed on
hydrogen (—H)-terminated Si substrates, which are obtained
when the Si is pretreated with hydrofluoric (HF) acid to
remove the native oxide [20, 21]. However, some applications
require the deposition of ZrO, on hydroxyl (—-OH)-terminated
substrates or Al,Os5 as in the case of charge-trapping memory
devices. Here, we show that zirconia nano-islands can also be
grown on Si substrates with —OH termination and on Al,O;
thin films. The effect of the substrate termination on the size
and density of the nano-islands is also studied. In addition, it
has been previously demonstrated that growth in ALD during
the first few cycles follows the Volmer—Weber (VW) growth
mode where the deposition happens on the active sites of the
substrate resulting in nano-islands and, as the number of
cycles increases, the islands start to merge and form a con-
tinuous layer [22]. In this work, we show that nano-islands
can also be formed during ALD deposition due to the diffu-
sion and agglomeration of the adsorbed atoms (adatoms)
when the temperature is high enough to provide the adatoms
with the energy needed to diffuse, resulting in thicker nano-
islands than in the case of VW growth. The electronic and

structural properties of the nano-islands grown are char-
acterized using different tools such as atomic force micro-
scopy (AFM), transmission electron microscopy (TEM),
Raman spectroscopy, and UV-vis—NIR spectrophotometer.
Specifically, we demonstrate that the zirconia nano-islands
consist of nano-crystallites of the cubic phase and, therefore,
result in a higher dielectric constant in addition to having a
large band offset with Al,O5. In addition, a memory device
with zirconia nano-islands as the charge-trapping layer is
fabricated for the first time and the results show that a low
operating voltage can be achieved with excellent retention
and endurance characteristics, making the nano-islands pro-
mising in low-power memory application.

Nano-island deposition and physical
characterization

The deposition of the ZrO, nano-islands is conducted using
thermal ALD on p-type Si substrates. The ALD system is an
S200 Savannah ALD and the precursors are Tetrakis(dime-
thylamido)zirconium(IV) and H,O. Firstly, the Si substrates
are treated in a piranha solution at 120 °C for 20 min to
remove any organic contamination followed by 30s dip in
50:1 DI:HF solution to remove the native oxide. Then, the
substrates are inserted into the ALD chamber and a deposition
of 20, 30 and 40 cycles of ZrO, is conducted at 150 °C,
200 °C, and 250 °C. The deposition process consists of the
following steps: a pulse of the zirconium precursor for 300 ms
followed by a N,-purging step for 20s, then the H,O pre-
cursor is added for 15 ms followed by a N,-purging step for
20, during which the chamber pressure is 300 mTorr. In
addition, in order to understand the effect of the substrate
termination on the islands’ growth mechanism, the same
deposition of the ZrO, cycles is conducted on Si substrates
with only piranha treatment (i.e. without HF treatment), and
Si substrates with piranha and HF treatment followed by
deposition of 4 nm Al,O;5 thin film by ALD.

AFM (AC-in-air mode) is first used to characterize the size
and density of the nano-islands. The substrate with only pir-
anha treatment (-OH termination) showed ZrO, nano-islands
with less than 30 nm width and thickness ranging from 10 to
20 nm (figures 1(a)—(c)) after 20 cycles of deposition at 250 °C,
while after 30 cycles, the number of nano-islands increased, but
their size was reduced so that the width is less than 10 nm and
the thickness is around 8 nm (figures 1(d)—(f)). Moreover, after
40 cycles of deposition, a 2.9 nm continuous film was obtained
with an RMS roughness of around 0.35 nm (figures 1(g)—(h)).
Therefore, it is observed that the islands are first larger and
then, as the number of cycles is increased, their size is reduced
but their density is increased, until a thinner continuous film
(compared to that of islands) is obtained.

The steady-state ALD deposition rate of continuous
ZrO, thin film under the same conditions is known to be
~0.8 A°/cycle; however, the size of the islands obtained
with 20 and 30 ALD cycles is much larger (>~7 nm) and
the sizes of the islands are also different, which indicates
that they were not grown at the same time. In fact, the



Nanotechnology 28 (2017) 445201

N El-Atab et al

300 400

7.91
3.95

-3.95

-7.91

10
3
£ 5
£
oo
T 0
-+
-5l T T
0 100 200
nm
0 100 200 300 400 500 nm
500
d) e)
400
4 "
300 ‘g 2 Y
£ = 0 “‘ il A
< 200 S 2] ||
Q | | | | |
T 4 \| | v /
100 W : :
0 100 200
0
500
) )
g400
_04
E
300 :—0.2 \
£ o) od/I/)
c ‘@
200 T J
024
100 0.4
r T T
o ! 0 100 200

0 100 200 300 400

500 nm

Figure 1. AFM characterization of the nano-islands deposited on ~OH-terminated Si at 250 °C: (a) 2D AFM image of 20 ALD cycles of
Zr0,. (b) Line cross-section across the black line shown in (a). (c) 3D AFM image of the nano-islands shown in (a). (d) 2D AFM image of 30
ALD cycles of ZrO,. (e) Line cross-section across the black line shown in (d). (f) 3D AFM image of the nano-islands shown in (d). (g) 2D
AFM image of 40 ALD cycles of ZrO,. (e), Line cross-section across the black line shown in (g).

growth mode can be understood by considering the ther-
modynamic tendency of a system to minimize its total
energy [23]. Since the surface atoms are bound less tightly,
they are more energetic than the bulk atoms in the same
structure. This energy increase is known as ’surface free
energy’. The surface free energy tends to be reduced when
the surface area is minimized. This phenomenon is respon-
sible for common effects such as droplet formation and
capillary action [23]. In addition, at lower deposition tem-
peratures of 150 and 200 °C, no islands were observed,
which further confirms this analysis. Therefore, when the
temperature is high enough, the adatoms or surface atoms
gain enough energy to diffuse on the surface and agglom-
erate to reduce the total energy of the system, resulting in
large islands. Another phenomenon that is needed to
understand the growth mechanism is the stress evolution
during growth. Stress evolution during island growth has
been well studied in the past, and it has been shown that a
compressive stress is first generated in the islands and then,
as the islands get closer to each other, a tensile stress
develops, which is explained by the stretching of the islands
to close the gap between each other and reduce the total
energy of the system. Finally, when the islands have coa-
lesced, the stress becomes compressive again [24, 25].

Therefore, in our fabricated nano-islands, as the number of
cycles is increased, the number of islands is increased and
the spacing in between them is reduced. Therefore, the
islands will stretch to close the gap between each other and
reduce the total energy of the system, resulting in smaller
number of larger-sized islands until a continuous thin film is
obtained, as shown in figure 1(g). In fact, with 30 cycles, the
islands start to merge, so their bottom forms a larger island
base, but their top consists of smaller islands. And since the
AFM image shows the topography of the top islands and not
their base, smaller islands are observed on the AFM 2D
images with 30 cycles than with 20 cycles (figure 1(d)). This
can also be seen in the line-section image of the islands
obtained using the AFM tool (figure 1(e)), which shows how
the islands’ bases merged, resulting in thinner top islands
with smaller widths.

On the Si with —H termination, after 20 cycles, the observed
number of islands is larger than in the case of Si with —-OH
termination, and the thickness ranges from 6 to 12 nm while the
width is less than 15 nm (figures 2(a)—(c)). After 30 cycles, a
continuous 2.8 nm thin film is obtained with an RMS roughness
of around 0.28 nm (figures 2(d)—(e)). The reason for the larger
number of islands observed in the case of the —OH-terminated
substrate after the same number of cycles can be explained by
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Figure 2. AFM characterization of the nano-islands deposited on —H-terminated Si at 250 °C: (a) 2D AFM image of 20 ALD cycles of ZrO».
(b) Line cross-section across the black line shown in (a). (c) 3D AFM image of the nano-islands shown in (a). (d) 2D AFM image of 30 ALD
cycles of ZrO,. (e) Line cross-section across the black line shown in (d).
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Figure 3. AFM characterization of the nano-islands deposited on Al,O3 at 250 °C.: (a) 2D AFM image of 20 ALD cycles of ZrO,. (b) Line
cross-section across the black line shown in (a). (c) 3D AFM image of the nano-islands shown in (a). (d) 2D AFM image of 30 ALD cycles of
Zr0;. (e) Line cross-section across the black line shown in (d). (f) 3D AFM image of the nano-islands shown in (d). (g) 2D AFM image of 40
ALD cycles of ZrO,. (e) Line cross-section across the black line shown in (g).

the —H termination. In fact, —H termination plays the role of a
surfactant that affects the film growth by modifying its kinetics
[26]. In this case, the surfactant reduces the adatom mobility on
the substrate resulting in a higher density of islands. Indeed, the
reduction of the adatom mobility is known to improve the 2D

growth of films because it results in a higher density of nano-
islands [26].

On ALOj;, the growth is similar to that of the —OH-
terminated substrate since the ALD deposition of Al,O3 film
is ended with a H,O dose/purge cycle, which results in
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Figure 4. AFM topography of the zirconia samples obtained with (a) 20 ALD cycles at 150 °C, (b) 30 ALD cycles at 150 °C, (c) 40 ALD
cycles at 150 °C, (d) 20 ALD cycles at 200 °C, (e) 30 ALD cycles at 200 °C, and (f) 40 ALD cycles at 200 °C.

a —OH-terminated surface. However, due to the different
properties of the substrate, the resulting deposition rate is
different and, therefore, the sizes of the islands are different as
well. But the trend is similar to the case of Si with —OH
termination where fewer islands are obtained after 20 cycles
of deposition in comparison to the —H-terminated sample.
After 20 cycles, islands with a width of less than 25 nm are
obtained with a 4-12 nm thickness (figures 3(a)—(c)), while
after 30 cycles, more islands are obtained with smaller sizes
where the width is less than 10 nm and the thicknesses range
is 4-6nm (figures 3(d)-(f)). Finally, after 40 cycles of
deposition, a continuous film is obtained with a 2.5nm
thickness and an RMS roughness of around 0.3 nm
(figures 3(g)—(h)). Finally, it is worth mentioning that no
islands are observed at temperatures lower than 250 °C for all
three substrates.

Therefore, it can be confirmed that the nature of the growth
is affected by many factors, including substrate temperature,
film and substrate species/termination, and deposition energy
and rate. Overall, we can summarize this as follows: when
surface diffusion/adatom mobility is high and the deposition
rate is low, which occur at high deposition temperatures, then
the nucleation density is low and larger islands form.

At temperatures of 150 °C and 200 °C, no islands were
observed; instead, a continuous thin film was obtained. The
AFM topography for the samples with 20, 30 and 40 cycles
deposited at 150 °C are shown in figures 4(a)-(c), respec-
tively, and the AFM figures for the samples with 20, 30, and
40 cycles deposited at 200 °C are shown in figures 4(d)—(f),
respectively. It is clear from the figures that continuous films
are obtained with a small RMS roughness (less than 1 nm)

and, in addition, smaller grains are obtained with 150 °C than
with 200 °C, as expected. The measured thicknesses for the
thin films obtained are 1.96 nm, 2.94 nm, 3.92 nm, 1.72 nm,
2.58 nm, and 3.44 nm, respectively, for the films shown in

figures 1(a)—(f).

Structural and optical characterization of the nano-
islands

TEM analysis is conducted for nano-islands grown on substrate
with —H termination (pretreated with HF) after a deposition of
20 ALD cycles. The TEM images were obtained using an FEI
TECNAI TF-20 FEG/TEM operated at 200kV in bright-field
TEM mode (figure 5(a)), high-resolution TEM mode
(figures 5(a), (c), (e)), and high-angle annular dark-field STEM
(scanning transmission electron microscope) mode (figure 5(d)).
The STEM probe size was 1-2 nm in nominal diameter. The
TEM images show that the island thickness is in the range of
7-12nm and the width is in the range of 9-15nm, which is
consistent with the AFM results provided above. In addition,
the TEM image shows that the nano-islands are polycrystalline,
as indicated by the fast Fourier transformation (FFT) pattern
showing clear rings (figure 5(e)). Moreover, TEM images show
an interdiffusion layer which consists of the elements S, O, and
Zr. This interdiffusion layer is thinner below the islands
(figure 5(d)) since little interdiffusion is expected under a
crystalline material due to the limited solid solubility in equi-
librium. While in the areas in between the islands, which are
exposed to ambient air, the oxygen can diffuse through this
layer, resulting in a thicker interdiffusion layer [27].
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Figure 5. TEM characterization of the 20-cycle nano-islands deposited on —H terminated at 250 °C: (a) Bright-field TEM mode showing the
nano-islands. (b) High-resolution TEM mode showing the size of the islands. (c) High-resolution TEM mode showing the size of different
islands. (d) High-angle annular dark-field STEM mode. The STEM probe size was 1-2 nm in nominal diameter. (e) High-resolution TEM
mode showing the polycrystalline nature of the island and the FFT pattern showing circular rings and dots.

In order to determine the crystalline phase available in
the islands, Raman measurements are conducted on the
samples with 20 and 30 ALD cycles (figure 6(a)). The cubic-
phase zirconia is characterized by broad bands [28] centered
at 246, 301, 436, and 625 cm~'. Our measurements for the
sample with 20 cycles show peaks at 448, 490, 610, and
815cm ', which are roughly the version of the cubic-phase
peaks blue-shifted by 200 cm ™' while the 30-cycle sample
results in peaks blue-shifted by around 160 cm™". This shift is
explained by a compressive stress in the material [29]. This is
expected since, with 20 cycles, the islands are still isolated,
spaced and have still not coalesced, as shown in the TEM
images. Therefore, they are supposed to be experiencing
compressive stress, as already explained in the first section.
With 30 cycles, however, the island bottoms have already
merged and coalesced, which is explained by the smaller
widths and thicknesses measured for the islands (figures 1(d)—
(f)). Therefore, the film would be experiencing compressive
stress again. Moreover, the Raman signal intensity is different
between 20 and 30 cycles since it depends on the thickness
and roughness of the film: thicker and rougher films result in
stronger signal intensity [30].

Thus, the dielectric constant of the nano-islands is
expected to be around 35, which is the known dielectric
constant of cubic-phase zirconium dioxide [19]. This high-x
value is favorable for the charge-trapping layer of memory
devices since it will boost the electric field injection leading to
a lower-power memory. Transmittance and reflectance

measurements are also conducted using the UV-vis—NIR
spectrophotometer and the Kubelka—Munk function is used to
extract the bandgap of the nano-islands (figure 6(b)). The
function plots (five) * versus fiv, where fiv is the photon
energy and « is the absorption coefficient [31-33]. The
extracted bandgap value is around 4.2 eV, which is consistent
with the cubic-phase bandgap [28].

To understand the electron transfer processes and charge
transfers in the ZrO, nano-islands deposited on the Al,O;
structure, the valence and conduction band offsets (AEv and
AEc) are extracted using XPS measurements, as explained in
[34]. In this technique, AEc is the energy difference between
the Zr3d and Al2p core levels (CLs) in the Al,O;3/ZrO, het-
erojunction, as shown in Fig Sla-b and AE; is found to be
107.85eV. The energy difference between the CL and the
valence-band maximum (VBM) for bulk ZrO, (Ec; -Evem)zo2
is determined to be 176.92 eV [35], while this value for bulk
AlLOs (Ecr-Evem)anos is 71.42 eV [36]. Here, the calculated
Evgwm values are 2.2eV and 2.7eV for ZrO, and Al,Os;,
respectively (see figures 6(e)—(f)). It should be noted that the CL
spectra of Zr3d® /2 and A12p3/ % show peaks located at 182.13 eV
and 74.28, respectively. All results obtained are summarized in
table 1. The optical bandgap of the cubic-phase ZrO, estimated
from the Kubelka—Munk graph is 4.2 eV, as mentioned above.
The bandgap of Al,O3 is 6.8eV at room temperature [37].
Finally, AEy and AE( are calculated as 2.35eV and 4.95eV,
respectively.
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Figure 6. Optical and electronic characterization of the 20-cycle nano-i

slands deposited on Al,O3 at 250 °C. (a) Raman spectrum of the nano-

islands. (b) Kubelka—Munk plot showing the bandgap of the nano-islands. (c) XPS peaks of the ZrO, islands. (d) XPS peaks of the Al,O3

background. (e) Valence band of the ZrO, islands. (f) Valence band

Table 1. XPS parameters for band alignment between ZrO, nano-
islands and Al,Os3.

of the Al,O5; background.

which results in zirconia nano-islands with thicknesses of
4-12nm. The nano-islands form the charge-trapping layer.
Then, a 10 nm Al,O3 blocking oxide is deposited by ALD at

Sample Region Binding Energy (eV)
250 °C, followed by the deposition of Al contacts using
Bulk Zt0,  Zr3d*? 179.12 e-beam evaporation and a shadow mask to form the patterns
VEM 220 (80 x 80 ,umz). The cross-sectional illustration of the fabri-
(Ec-Evem) 176.92 cated memory is depicted in figure 7(a). High-frequency
Bulk ALO;  Al2p*/? 74.12 (1 MHz) capacitance—voltage (C—V) measurements are con-
VBM 2.70 ducted on the memory devices: first, a programming gate
(EcL-Evem) 71.42 voltage of 5V is applied for 1s and the gate voltage is then
5/ swept from 5 to —5 V. The C-V curve obtained corresponds
Zr0y/AlLOs irédg /2 13421;2 to the programmed state. Then, a —5 V gate voltage is applied
AEy (V) P 2:3 5 for 1 s and the gate voltage is swept from —5 V to 5V which
AE, (V) 4.95 results in the erased state (figure 7(b)). A large memory

Fabrication and characterization of memory device
with a ZrO, nano-island charge-trapping layer

On highly doped p-type substrates, 4 nm Al,O5 tunnel oxide
is deposited by ALD at 250 °C followed by 20 ZrO, cycles,

window of around 4.5V is obtained at this low program/
erase voltage (P/E), which can be explained by the high
electric field across the tunnel oxide due to the large dielectric
constant of the cubic-phase zirconia. In addition, by pro-
gramming and erasing the memory at different voltages, it is
shown that large memory windows can be obtained at low
operating voltages such as 3.9V at 4/—4 V P/E reaching up
to 7V at 10/—10V P/E (figure 7(c)). The error bars for
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Figure 7. Characterization of the MOS memory device with a 20-cycle ZrO, nano-island charge-trapping layer: (a) Cross-sectional
illustration of the fabricated memory device. (b) C-V characteristic of the memory programmed and erased at 5/—5V and 4/—4 V. (c)
Average of the measured V, shifts at different program/erase voltages: error bars are included for n = 20. (d) Energy-band diagram of the
memory across a nano-island. (¢) Endurance characteristic of the memory up to 10° program /erase cycles. (f) Retention characteristic of the
memory extrapolated up to 10 years. (g) Energy-band diagram of the memory across a nano-island showing the bandgaps of the different

material (E,).

n = 20 memory cells depicted in the figure confirm that the
shift in the measured values is negligible, which could be due
to the large number of islands in each memory device. In
scaled devices, the physical gate length is projected to be
around 100 nm for the next couple of years [17] and from
figures 3(a) and (d), there will definitely be several nano-
islands embedded in each memory cell; therefore, these
devices are expected to be scalable.

In addition, the charge-trap state density in the nano-
islands is calculated using the following equation [38—42]:

G x AVt
q

N, ey
where C; is the capacitance of the MOS memory with nano-
islands per unit area (obtained from the C-V curves), AVt is
the threshold-voltage shift, and g is the elementary charge. N;
of the ZrO, nano-islands is found to be 1.2 x 10" cm™2,
which is almost two orders higher than the reported trap-state
density in ZrO, continuous thin films deposited by
ALD [43, 44].

In additional, in our previous work, a memory with zinc-
oxide (ZnO) nano-islands was demonstrated; however; due to
the much higher dielectric constant of the cubic-phase ZrO,
nano-islands, a lower operating voltage is achieved whereby a
4 V memory window can be obtained at roughly 4/—4 V P/E
voltages with ZrO, while 6/—6V P/E voltages would be
required with ZnO nano-islands [45]. In addition, it is
observed from the C-V curves (figure 7(b)) that the memory
is being programmed by storing electrons in the islands and is
being erased by removing the electrons from the charge-
trapping layer (figure 7(b)). This is observed from the fact that
the C-V curve corresponding to the erased state of the
memory is the same at different erase voltages while the C-V
curve corresponding to the programmed-state shifts to the
right at higher program voltages, indicating that more elec-
trons are stored in the nano-islands. The energy-band diagram
of the memory structure is also constructed, and a deep
quantum well is formed by the conduction bands of ZrO,
embedded in between the Al,O; layers (figure 7(d)). This
deep quantum well allows for the storage of electrons, while
there is no quantum well formed by the valence bands of the
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layers, which may inhibit the storage of holes and cause their
easy leakage. This confirms the observed program/erase
mechanism of the memory, only storing and removing elec-
trons from the charge-trapping layer. Moreover, the endur-
ance characteristic of the memory is studied by programming
and erasing the cells at 5/—5V up to 10° cycles while noting
the change in the threshold-voltage (V,) shift. The results
show that a large memory window of around 3.5 V can still be
achieved after 10° cycles, which means that ~13.3% of the
initial stored charge is lost (figure 7(e)). In addition, the
retention characteristic of the memory is analyzed by first
programming /erasing the memory at 5/—5 V and reading the
memory state in time (figure 7(f)). The retention characteristic
extrapolated to 10 years shows a 3.65V V; shift, which
indicates that ~18.8% of the initial stored charge is lost in
10 years. This confirms that the electrons are well confined in
the deep quantum well with a large barrier of 4.95eV that
prevents them leaking out. In addition, although the charge-
trapping layer is polycrystalline, having nano-islands as
opposed to a continuous film helps to reduce the probability
of charge leakage since only the grain boundaries in nano-
islands above a defect in the tunnel oxide will contribute to
charge leakage. These excellent endurance and retention
characteristics indicate that such a memory structure is pro-
mising for future low-power memory devices.

Finally, to understand the charge-emission mechanism,
the electric field across the tunnel oxide is calculated using
Gauss’s law in an MOS memory structure. In order to check if
F-N tunneling is the main charge-emission mechanism
[46-48], the logarithm of the threshold-voltage shift over
the squared electric field across the tunnel oxide versus the
reciprocal of the electric field is plotted (figure 7(g)). The
linear trend shows that F-N tunneling is the dominant emis-
sion mechanism at electric fields above 4.53 MV cm ™!, which
corresponds to a program gate voltage of 3 V. In fact, it is
known that F-N tunneling requires an electric field above
45MV cm ™! to be dominant [45-49].

Conclusion

In conclusion, we have shown that ZrO, nano-islands can be
grown on substrates with different terminations using ALD.
Hydroxyl termination leads to larger islands, while hydrogen
termination acts as a surfactant in slowing the mobility of the
adatoms, leading to smaller and higher-density nano-islands.
The growth of the nano-islands is explained by the surface
diffusion and agglomeration of the adatoms to reduce the
overall energy of the system. The nano-islands obtained
consist of nano-crystallites of the cubic-crystalline phase,
resulting in a high-« value, which is a desirable property for a
charge-trapping-layer in memory devices. In addition, the
extracted bandgap value of 4.2eV is consistent with the
cubic-zirconia bandgap. The Al,O3/ZrO,/Al,03 system
shows a deep quantum well formed by the conduction band
offsets, which allows the storage and good confinement of
electrons in the corresponding MOS memory device. Finally,
a memory device with a ZrO, nano-island charge-trapping

layer is fabricated and a large memory window of 4.5V is
achieved at 5/—5 V. This can be explained by the high-x of
the cubic phase of zirconia, which results in a high electric
field across the tunnel oxide and, therefore, leads to large
memory windows at low operating voltages. The memory
showed outstanding retention characteristics, unlike those
generally known for crystalline charge-trapping-materials,
and this may be due to the island structure of the material and
the deep quantum well formed by the band offsets. In addi-
tion, the memory exhibited an excellent endurance char-
acteristic and the charge-emission mechanism was found to
be based on F-N tunneling. Finally, the results indicate that
zirconia nano-islands deposited by ALD are very promising
in low-power memory applications.
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