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A charge trapping memory with 2 nm silicon nanoparticles
(Si NPs) is demonstrated. A zinc oxide (ZnO) active layer is
deposited by atomic layer deposition (ALD), preceded by
Al,0O; which acts as the gate, blocking and tunneling oxide.
Spin coating technique is used to deposit Si NPs across the
sample between AL,O; steps. The Si nanoparticle memory
exhibits a threshold voltage (V;) shift of 2.9 V at a negative
programming voltage of —10 V indicating that holes are emit-
ted from channel to charge trapping layer. The negligible
measured V; shift without the nanoparticles and the good re-

1 Introduction Silicon nanoparticles (NPs) are con-
sidered as good candidates for charge trapping and storage
elements for future low voltage and high density nonvola-
tile charge trapping memory devices [1-4]. In addition, it
is validated recently that the use of ZnO leads through
promising low-cost memory device fabrications [5-7]. Ear-
lier, we demonstrated a ZnO-based memory with 2 nm Si
NPs embedded in a ZnO charge trapping layer [4]. The
structure showed a large memory window at very low op-
erating voltages. This was attributed to the Poole—Frenkel
emission of charges at low electric fields. In this work, a
memory structure with only 2 nm average size Si NPs and
without ZnO charge trapping layer is investigated. Com-
pared to Ref. [4], this structure enables a better understand-
ing of the charge trapping characteristics of the 2 nm Si
NPs. Also, the elimination of the ZnO layers reduces the
gate stack thickness which would allow for further increas-
ing the density of the memories. A diagram regarding the
fabricated memory device is given along with a transmis-
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tention of charges (> 10 years) with Si NPs confirm that the Si
NPs act as deep energy states within the bandgap of the AL,O5
layer. In order to determine the mechanism for hole emission,
we study the effect of the electric field across the tunnel oxide
on the magnitude and trend of the 7 shift. The ¥ shift is only
achieved at electric fields above 1 MV/cm. This high field in-
dicates that tunneling is the main mechanism. More specifi-
cally, phonon-assisted tunneling (PAT) dominates at electric
fields between 1.2 MV/cm < E <2.1 MV/cm, while Fowler—
Nordheim tunneling leads at higher fields (£ > 2.1 MV/cm).
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sion electron microscope (TEM) image of Si NPs and the
effect of the Si NPs on the device performance is shown
with electrical measurements. The emission mechanism is
determined by studying the V; shift vs. electric field across
the tunnel oxide.

2 Fabrication Dispersed silicon nanoparticles of
size 5-100 nm are first produced by applying a pulsed
laser on a silicon target wafer which is submerged in de-
ionized water. The femtosecond pulsed laser has a pulse
duration of 200 fs, a wavelength 1 =800 nm, an average
output power of 1.6 W, and a pulse repetition rate of
1 kHz which corresponds to an energy of 1.6 mJ. The Si
NPs are then treated in an ultrasound bath for 200 min
with an operating frequency of 40 kHz. Finally, filters
with pore size of 100 nm are used to remove large parti-
cles leaving a solution of Si NPs of predominately 2 nm
in size (ranging from 1-5.5nm) [8]. A TEM image of
the synthesized Si NPs is depicted in Fig. la. The image
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Figure 1 (a) TEM image of the synthesized silicon nanoparticles.
(b) Cross-sectional illustration of the fabricated charge trapping
memory with 2 nm Si nanoparticles.

shows that ultra-small and dispersed Si NPs are fabri-
cated.

The bottom-gate memory cells are fabricated on a
highly doped (10-18 m€ cm) p-type (111) Si wafer. First,
a 360 nm thick SiO, layer for device isolation is deposited
using plasma enhanced chemical vapor deposition
(PECVD). Then, the SiO, layer is patterned by optical
lithography and etched using the buffered oxide etch
(BOE) for 7 min. Using a Cambridge Nanotech Savannah
100 atomic layer deposition (ALD) system, a 15 nm thick
Al,O; blocking oxide is deposited at 250 °C.

Next, Si NPs are delivered by spin coating the NPs
solution at a speed of 700 rpm and an acceleration of
250 rpm/sec for 10 sec. A 4 nm thick Al,O; tunneling ox-
ide and an 11 nm thick ZnO channel are then deposited by
ALD. After patterning the ZnO channel by optical lithog-
raphy, it is etched in a solution of 98:2 H,O:H,SO,4. The
source and drain contacts are created by thermally evapo-
rating 100 nm Al followed by lift off. Lastly, rapid thermal
annealing (RTA) in forming gas (H,:N, 5:95) at 400 °C
for 10 min is performed on the devices. The fabricated
memory cell structure is depicted in Fig. 1b.

3 Experimental characterization The charging
effect of the Si NPs is analyzed by studying the Zurain—Vgate
curves of the programmed and erased states of memory
devices with and without Si NPs. Using the Agilent-
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Figure 2 (a) IV, of the memory showing V; shift with and
without Si nanoparticles. The memory is programmed by apply-
ing V,=-10V for 5sec. (b) Threshold voltage shift vs. pro-
gramming voltage with and without Si NPs. (c) V; shift vs. time
extrapolated to 10 years with 2 nm Si nanoparticles.

Signatone B1505A device analyzer, the memory cells are
programmed/erased by applying a gate voltage of
—10 V/10 V for 5 sec. Then, the gate voltage is swept from
0 V up to 20 V with a drain voltage V4 of 10 V in order to
read the state of the cell. In fact, applying a negative gate
voltage would program the memory and a positive gate
voltage would erase it. This confirms that holes are emitted
into the Si NPs. The obtained V; shift with Si NPsis 2.9V
while it is negligible without NPs as shown in Fig. 2a. This
proves that Al,O; of thickness up to 19 nm has a negligible
trapping density which makes this oxide an excellent can-
didate for tunnel and blocking oxides. Assuming the shift
in the threshold voltage is mainly due to the trapped
charges in the trapping layer, the charge trap states density
can be calculated by adopting Eq. (1) [9],
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where C, is the capacitance of the charge trapping layer per
unit area, AV, is the V; shift, and ¢ is the elementary charge.
For a 2.9 V V shift, the charge trap states density is rough-
ly 7x 10" cm™.

In addition, the erased state (also fresh state) of the
memory with Si NPs is shifted to the right with respect to
the eased state of the memory without NPs as shown in
Fig. 2a. The right shift of the threshold voltage indicates
that the 2 nm laser synthesized Si NPs are initially nega-
tively charged. The value of the initial negative charge on
the Si NPs can be calculated using Eq. (1) which results in
a charge density of 7 x 10'* cm ™. During the programming
operation, at a negative applied gate voltage, the Si NPs
initial negative charge increases the electric filed across
the tunnel oxide, thus enhancing the effect of hole injec-
tion.

Additionally, the mean and standard deviation of the
measured V; shifts at different programming voltages with
and without nanoparticles are shown in Fig. 2b. With Si
NPs, the V; shift at a programming voltage of -8 V is
around 1.4 V. Figure 2b confirms that Si NPs act as charge
trapping centers with high trapping density. Also, the stand-
ard deviation of the measured V; shifts with Si NPs are
higher owing to the non-uniformity of the distribution of
the Si NPs by spin coating in addition to the different
number and size of the Si NPs creating the charge trapping
layer of each memory cell.

Moreover, the retention characteristic of the Si NPs is
analyzed by plotting the V; shift vs. time as shown in
Fig. 2c. The curve is extrapolated to 10 years where the
memory cell exhibits a noticeable V; shift of 1.25 V, which
means a loss of 57% of the initial charge in 10 years. The
retention of the memory cell is due to the good confine-
ment of holes in the nanoparticles.

4 Analysis In order to determine the mechanism of
holes emission, V; shift versus the square of the electric
field across the tunnel oxide is plotted in Fig. 3a. The elec-
tric field is calculated using Synopsys Sentaurus Physics
based TCAD simulations. The details of the TCAD model
can be found in Refs. [10, 11]. In the simulations, size
quantization effects are included by using the density gra-
dient model. Also, the Lucent mobility model is used and
high-field saturation effects are accounted for. The V; is ex-
tracted using the maximum transconductance method. The
linear relation depicted in Fig. 3a between V; shift and the
square of the electric field confirms that phonon-assisted
tunneling is the main mechanism for hole emission from
the channel to the Si NPs charge trapping layer at electric
fields higher than 1.2 MV/cm.

The emission rate in PAT increases exponentially
with the square of the electric field intensity according to
Eq. (2) [12, 13]:
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Figure 3 (a) 7, shift vs. square of the electric field across the
tunnel oxide showing a linear dependence indicating phonon-
assisted tunneling for emission. (b) The natural logarithm of the
¥, shift over the square of the electric field is plotted vs. the re-
ciprocal of the electric field. The linear trend indicates that Fow-
ler—Nordheim (F-N) is the dominant emission mechanism at an
oxide electric field of 2.1 MV/cm.

where e(E) and e(0) are the thermal ionization probabilities
with and without electric field E, respectively, and E, is the
characteristic field intensity. PAT is an inelastic tunneling
mechanism where the holes in the channel gain enough en-
ergy from phonons and tunnel through the tunnel oxide to
the Si NPs. Another possible mechanism in PAT is that
holes in the channel tunnel to a trap within the tunnel oxide,
lose some energy by emitting a phonon, and tunnel again
to the charge trapping layer. However, since the memory
without NPs showed negligible V; shift, then the traps in
the Al,O; are expected to be near the interface between
AlL)O; and the ZnO channel so that they do not trap charges
with a long retention time.

In addition, the linear trend shown in Fig. 3b, where
the natural logarithm of the V; shift over the square of the
electric field across the tunnel oxide is plotted versus the
inverse of the field, shows that at electric fields larger than
2.1 MV/cm, F-N tunneling is valid. However, since F-N
tunneling has a stronger dependence than PAT on the elec-
tric field, then the dominant mechanism at higher fields
(E>2.1 MV/cm) is F-N tunneling. F-N tunneling is con-
sidered the tunneling mechanism which requires the high-
est electric field across the tunel oxide to be applicable.
Therefore, a triangular energy barrier is formed due to the
high electric field, and holes are injected by tunneling into
the valence band of the tunnel oxide through the formed
triangular barrier and then are swept by the electric field
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Figure 4 Energy band diagram of the Si NPs charge trapping
memory at a negative applied bias. (1) Holes gain a thermal ener-
gy and tunnel through the tunnel oxide through phonon-assisted
tunneling (PAT), (2) holes tunnel through a triangular energy bar-
rier by Fowler—Nordheim (F-N).

into the Si NPs. The emission rate of charges in F-N tun-
neling follows Eq. (3) [14]:

G
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where J is the F-N tunneling current, E,, is the electric
field across the tunnel oxide, and C; and C, are constants
in terms of the effective mass and barrier height. Further-
more, the negatively charged Si NPs enhance the electric
field across the tunnel oxide allowing for PAT and F-N
mechanisms to be applicable at lower electric fields.

Using the material properties of ZnO, AlLO; [7, 15,
16], and 2 nm Si nanoparticles [17-19], the energy band
diagram of the memory cell with Si NPs is constructed
and shown in Fig. 4. The changes in the electronic struc-
ture of the Si NPs due to quantum confinement in 0-D
[17] and to the increased charging energy are taken into
account when constructing the energy band diagram. The
Coulomb charging energy which represents the energy
needed to add a single charge to the nanoparticle is given

by Eq. (4),

q
E=". 4)
where ¢ is the Coulomb charge and C is the capacitance of
the nanoparticle given by 4neR, where ¢ is the dielectric
constant and R is the radius of the spherical nanoparticle.

The Coulomb charging energy of Si NPs of size 2 nm
is calculated to be 1.1 eV and is shown in the energy band
diagram plot. At 2 nm size scale, the “effective mass” for
holes and electrons is similar, thus the increase in energy
gap of the Si NPs from bulk silicon is partitioned and add-
ed equally to both the valence band and conduction band
[20]. Figure 4 shows that the conduction band offset be-
tween channel and tunnel oxide (AE.=1.92 eV) is larger
than the valence band offset (AE, = 1.36 e¢V), which makes
the tunneling probability of holes through the tunnel oxide
much higher than electrons probability of tunneling.
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Additionally, because the electron affinity is reduced
as the size of the NPs shrinks [19], the conduction band
minimum of the Si NPs is above that of the adjacent Al,O4
by 0.08 eV which might prevent electrons storage, but the
valence band minimum of the Si NPs is beyond that of the
adjacent Al,O; by 2.13 eV so a quantum well is formed
where holes can be confined in. This analysis supports
the observed hole trapping in the Si NPs. Figure 4 illus-
trates the PAT and F-N mechanisms for hole emission
from the channel to Si NPs. In the earlier work with the
ZnO layer, lower operating voltage was achieved since the
mechanism driving the emission was Poole-Frenkel effect
(PFE). The electric field needed is less than 1 MV/cm
since the ZnO layer adds available trap states to assist the
emission [4].

5 Conclusion A Si nanoparticle charge trapping
memory is demonstrated. A 2.9 V V; shift at —10 V pro-
gramming voltage is achieved with the Si NPs. This
confirms that the laser-synthesized Si NPs behave as
trapping centers with high trapping density. The domi-
nant mechanism for hole emission is found to be
PAT when 1.2 MV/cm < E <2.1 MV/cm, and F-N when
E>2.1MV/cm. The negatively charged nature of the Si
NPs helps in increasing the electric filed across the tunnel
oxide during the program function, allowing for an en-
hanced hole injection through PAT and F-N. The results
highlight the importance of the emission mechanism on the
magnitude of the voltage needed to achieve the memory ef-
fect. The good retention time of the memory allows for fur-
ther scaling of the tunnel oxide without compromising the
V; shift or retention. Finally, these results show that Si NPs
are a good candidate for charge trapping layers in future
low-cost nonvolatile memory devices.
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