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Abstract— In this work, the effect of embedding Silicon
Nanoparticles (Si-NPs) in ZnO based charge trapping memory
devices is studied. Si-NPs are fabricated by laser ablation of a
silicon wafer in deionized water followed by sonication and
filtration. The active layer of the memory was deposited by
Atomic Layer Deposition (ALD) and spin coating technique was
used to deliver the Si-NPs across the sample. The nanoparticles
provided a good retention of charges (>10 years) in the memory
cells and allowed for a large threshold voltage (Vt) shift (3.4 V)
at reduced programming voltages (1 V). The addition of ZnO to
the charge trapping media enhanced the electric field across the
tunnel oxide and allowed for larger memory window at lower
operating voltages.

I. INTRODUCTION
Recently, Silicon Nanoparticles (Si-NPs) have been
considered as promising candidates for charge storage
elements in future high density and low power charge
trapping memory devices. However, the majority of recent
experimental works studied Silicon-Oxide-Nitride-OxideSilicon (SONOS) memory devices with ≥ 5-nm Si-NPs
which exhibit bulk-like trapping characteristics [1-2].
Technologically feasible and competitive future devices
require nanoparticles of sub 3-nm dimensions; a zerodimensional regime where important modifications to the
silicon electronic structure occur. Additionally, ZnO based
memories have recently attracted attention due to the
excellent ZnO properties which allows for promising
memory devices [3-8]. In this work, laser ablated Si target
was used to fabricate non-agglomerate Si-NPs which were
applied in the charge storage media of ZnO-based memory
devices.
II. FABRICATION
A. 2-nm Si-Nanoparticles Fabrication
Silicon nanoparticles (Si-NPs) are synthesized in a twostage process. Initially, 100-500 nm Si-NPs are produced by
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Figure 1. TEM image of the synthesized 2-nm Si-NPs.

focusing on a Si wafer immersed in deionized water a
femtosecond pulsed laser of wavelength λ = 800 nm. pulse
duration of 200 fs, and an average output power of 1.6 W at
a pulse repetition rate of 1 kHz. Next, Si-NPs of size ranging
from 1-5.5 nm (with a dominant size of 2-nm) are
synthesized by performing sonication for 200 min at 40 KHz
followed by filtration of the NPs colloidal using filters with a
100-nm pore size [9]. A TEM image of the produced ultrasmall Si-NPs is shown in Figure 1.
B. Memory Fabrication
The channel-last memory cells are fabricated on a highly
doped (10-18 milliohm-cm) p-type (111) Si wafer. Firstly, a
360-nm-thick SiO2 layer is Plasma Enhanced Chemical
Vapor Deposited (PECVD) then patterned by and etched
using the Buffered Oxide Etch (BOE) for device isolation.
Next, the active layers of the memory device are deposited
using a Savannah 100 system Atomic Layer Deposition
(ALD): first a 15-nm-thick Al2O3 blocking oxide is deposited
at 250°C. Then, Si-NPs are deposited across the sample by
spin coating method at a speed of 700 rpm and an
acceleration of 250 rpm/sec for 10 sec. A 4-nm-thick Al2O3
tunneling oxide followed by an 11-nm-thick ZnO channel are
then ALD deposited at 250°C. The ZnO channel is patterned
by optical lithography and etched in a solution of 98:2
H2O:H2SO4. The source and drain contacts are created by
depositing 100 nm Al using thermal evaporation followed by
lift off. Finally, Rapid Thermal Annealing (RTA) at 400ºC
for 10 min in forming gas (H2:N2 5:95) is performed on the
devices. Similar memory devices with only Si-NPs charge
storage layer (ZnO is excluded) and with 4-nm tunnel oxide
are fabricated in order to study the effect of ZnO on the
memory device. The fabricated memory cell structure with 2nm Si-NPs embedded in ZnO is shown in Figure 2.
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Figure 2. Cross-section illustration of the fabricated memory device
with 2-nm Si-NPs embedded in ZnO.

Figure 4. Measured Vt shift at different programming voltages.

III. EXPERIMENTAL CHARACTERIZATION
Using the Agilent-Signatone B1505A semiconductor device
analyzer, the memory devices are programmed/erased by
applying -10/10 V gate voltage with the source and drain
being grounded. Then, the memory state is read by sweeping
the gate voltage from 0 V up 20 V with a drain voltage of 10
V and the source being grounded. The memory device is
found to be programmed by applying a negative gate voltage
which indicates that holes are being stored in the Si-NPs.
Figure 3 shows the Idrain-Vgate of the memory with Si-NPs
embedded in ZnO where a 6.3 V threshold voltage (Vt) shift
is achieved. Without NPs, the measured memory window is
2.6 V while 2.9 V with Si-NPs and without ZnO. Thus the
ZnO adds additional trapping states in the memory with SiNPs embedded in ZnO. The charge trap states density of the
Si-NPs can be calculated by adopting (1) in the case of the
memory with only Si-NPs [10]:
Q = (Ct ×ΔVt)/(2×q)

(1)

where Ct is the capacitance of the charge trapping layer per
unit area, ΔVt is the Vt shift, and q is the Coulomb
elementary charge. The charge trap states density with a 2.9
V Vt shift is roughly 7×1012 cm-2.

4. The plot shows that the memory device with Si-NPs
embedded in ZnO provides the largest memory windows at
reduced operating voltages where a 3.4 V Vt shift is obtained
at 1 V programming voltage. At this operating voltage, the
electric field across the tunnel oxide is calculated using
Synopsis Sentaurus Physics Based TCAD [11] and is found
to be 0.36 MV/cm which is too low for tunneling mechanism
to be applicable. This suggests that another emission
mechanism is dominant at such low electric field.
The retention characteristic of the memory devices are
also studied by first programming them at –10 V and then
reading the state of the memory in time at room temperature
as shown in Figure 5. The extrapolated retention of the
different memory devices at 10 years shows that 41%, 57%,
100% of the initial stored charge in the memory devices with
Si-NPs embedded in ZnO, Si-NPs only without ZnO, and
ZnO-only is lost in 10 years, respectively. The results
indicate that the retention of the memory devices can be
improved and that the tunnel oxide thickness can be further
reduced by adding ZnO to the charge storage media. In fact,
the ZnO layer acts as an extra-layer that holes must
overcome in order to leak out into the channel.

The memory devices are programmed/erased at different
gate voltages and the measured Vt shifts are plotted in Figure

Figure 5. Measured retention characteristic of the memory devices at
room temperature.

IV. ANALYSIS
Figure 3. I-V characteristic of the memory device with Si-NPs
embedded in ZnO programmed/erased at -10 V/10 V.

Using the materials properties of ZnO, Al2O3, [12-13]
and 2-nm Si-NPs, [14-17] the energy band diagram of the
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memory with Si-NPs embedded in ZnO is plotted in Figure
6. Component heads identify the different components of

Figure 6. Energy band diagram of the memory with Si-NPs embedded
in ZnO charge trapping layer.

The changes in the electronic structure of the 2 nm Si
nanoparticles due to quantization and coulomb charging
energy are included. In fact, it is proven that when the SiNPs size reduces; their their dielectric constant decreases
[15], bandgap increases due to quantum confinement in 0-D
[17], their electron affinity decreases, and their workfunction increases [16]. Additionally, the coulomb charging
energy - which is defined as the energy needed to add a
single electron or hole to the nanoparticle - is increased to
1.1 eV for a 2-nm Si-NP [16] where the charging energy is
calculated according to (2):
Ecoul= q2/C

(2)

where q is the Coulomb charge and C is the capacitance of
the nanoparticle given by 4πϵR, where ϵ is the dielectric
constant of the nanoparticle.
Furthermore, it is shown in the plot of the energy band
diagram in Figure 6 that the conduction band offset between
the ZnO channel and Al2O3 tunnel oxide is larger than the
valence band offset (ΔEc=1.92 eV< ΔEv=1.36 eV) which
makes the holes tunneling probability exponentially greater.
In addition, the conduction and valence bands of the Si-NPs
are above those of the surrounding ZnO which might prevent
electrons storage but allows holes storage in the Si-NPs. This
analysis supports the observed holes storage in the memory
device. Moreover, the large valence band offset between the
Si-NPs and the tunnel oxide (ΔEv=3.09 eV) reduces the
holes back-tunneling probability which exponentially
enhances the retention characteristic of the memory.

However, the trapped holes in the Si-NPs in the memory
without the charge trapping ZnO layer will leak out at a
higher rate since the tunneling layer thickness (ZnO+Al2O3)
will be reduced. The results of the retention characteristic
shown in Figure 6 support this analysis.
In order to specify the hole emission mechanism in the
memory devices with Si-NPs, the electric field across the
tunnel oxide is calculated using Synopsys Sentaurus Physics
Based TCAD` [11]. For the memory device with Si-NPs
embedded in ZnO charge trapping layer, a memory window
of 3.4 V is achieved at a gate voltage of 1 V which
corresponds to an electric field of 0.36 MV/cm. At such low
electric field, the tunneling probability is negligible. The
linear trend in Figure 7 showing the measured Vt shift vs. the
square root of the electric field indicates that Poole-Frenkel
Effect (PFE) is the dominant emission mechanism at low
electric fields E=0.36 MV/cm [18]. In fact, due to PFE, the
barrier for the holes in the ZnO channel is reduced by an
amount Δ which makes the holes more prone to overcoming
the barrier into the tunnel oxide and then; due to the electric
field, charges will be swept towards the charge storage
media.
Moreover, the linear trend in Figure 8 showing the
measured Vt shift vs. the square of the electric field shows
that Phonon-Assisted Tunneling (PAT) is the dominant
emission mechanism at higher electric fields of E > 2.7
MV/cm. In PAT, holes tunneling probability is exponentially
increased due to their thermal excitation. The emission rate
in PAT increases exponentially with the square of the
electric field according to (3) [19-20]:
=

(3)

where e(E) and e(0) are the thermal ionization probabilities
with and without an electric field E, respectively, and E c is
the characteristic field intensity.
In the case of the memory with only Si-NPs (without
ZnO), a high programming voltage is needed in order to
achieve a noticeable Vt shift as shown in Figure 4. At such
high programming voltages, the electric filed across the
tunnel oxide is high which suggests that tunneling
mechanism is the dominant emission mechanism. In order to
specify the type of the tunneling mechanism, the natural

Figure 8. Vt shift vs. square of the electric field across the tunnel
oxide of the memory with Si-NPs embedded in ZnO.

Figure 7. Vt shift vs. square root of the electric field across the
tunnel oxide of the memory with Si-NPs embedded in ZnO.

logarithm of the Vt shift over the square of the electric field
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across the tunnel oxide vs. the inverse of the field is plotted
in Figure 9 and the linear trend at electric fields larger than
2.1 MV/cm indicate that Fowler-Nordheim (F-N) tunneling
is valid. In F-N tunneling, holes tunnel through a triangular
energy barrier into the tunnel oxide, and due to the high
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