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Abstract

Metal-Oxide-Semiconductor  structures  exhibiting
significant charge storage due to the presence of Si
nanocrystals into the amorphous oxide matrix have been
fabricated by lkeV Si ion implantation into 10nm SiO,
gate oxide layer. The effect of the implanted dose and
annealing temperature on the memory window is
reported. Large shifis of flat-band voltage are achieved
at very low programming electric fields (4V at 2MV/cm).

1. Introduction

Memory cells consisting of a MOSFET with a charge
storage medium made of nanocrystals are promising
candidates for high storage density low power
applications. Nanocrystal memories obtained by ultra-
low energy silicon implantation and subsequent
annealing have been recently reported [1]. This work
gave attractive results but also revealed the need for
reliable and systematic experimental studies that will
offer a global exploration of the potential of the ion
beam synthesis technique. In this work, charge storage
effects of Si-implanted SiO, as a function of the
implantation dose and annealing temperature are
investigated through capacitance and current voltage
measurements of MOS capacitors.

2. Experimental Procedure

10nm thick SiO, layers were thermally grown on 8
inch p-type (100) Si wafer. The average substrate doping
was at the 6x10”cm™ level. These layers were
subsequently implanted with **Si atoms with an energy
of lkeV at doses varying from 2x10" to 1.5x10'
Si/em®. The projected range of the implanted Si atoms
was estimated by LSS theory to be about 3.5nm. This
simulation allows us to calculate the concentration of
excess Si atoms into the oxide matrix and thus the
supersaturation of Si. A SiO, layer of 16nm was then
deposited onto the initial implanted oxide layer,
increasing the control oxide thickness and hence the
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asymmetry of barrier heights for carrier injection. In
order to create Si nanocrystals (ncs) thermal annealing
was subsequently performed at two different
temperatures, 950°C or 1050°C, in inert ambient for
30min. Finally, Al was evaporated on both sides of the
structures and used as top-bottom capacitor’s electrodes
(see Fig.1). Sample reference code numbers are
presented in Table 1. A comprehensive -electrical
characterization of the final devices was followed. C, G,
I-V measurements were utilized in order to evaluate the
memory behaviour of the implanted SiO, layers. The
evaluation parameter was the flat-band shift after the
application of different polarity electric fields.

Table 1. Sample reference code numbers

Code Number Annealing Implantation
Temperature (°C) | Dose (Si/cm’)
102A, B 950, 1050 2x10"
105A , B 950, 1050 5%10"
108A , B 950, 1050 8x10"
110A, B 950, 1050 1x10'°
115A, B 950, 1050 1.5x10'¢

3. Results and Discussion

3.1. TEM Analysis

Transmission electron microscopy performed on
oxides without additional SiO, deposition reveals the
presence of a single layer of Si nanocrystals into the gate
oxide for doses of 8x10'° cm™ and above [2]. A typical
HREM image of a Si nc embedded into the SiO, matrix
is presented in figure 2. The thickness of the ncs band is
in the 2.4 nm range for the 8.10" and 1.10'® cm™ doses
and reaches 3.4 nm for the 1.5x10'® cm™ dose. For all
samples the ncs band starts at 3.5nm from the surface.
The above dimensions are relatively insensitive to
annealing temperature variations.




3.2. Electrical Characterization

High Frequency (IMHz) Capacitance — Voltage
measurements are used to estimate the net oxide charge
concentration and the flat-band voltage, Vgg, of each
sample. Capacitance-voltage measurements are carried
out with a step delay time of Is and a sweep rate of
0.1V/s. The voltage sweep starts from inversion to
accumulation and back to inversion. The indication for
the memory effect is the hysteresis in the C-V curves.
Hysteresis would be observed between the two
characteristics with opposite sweep rates. This happens
because there is an appreciable density of states deep in
the oxide having time constants longer than the bias time
necessary to sweep the voltage [3]. The magnitude of the
flat-band voltage shift is proportional to the trapped
charges Q, into electronic states (traps) that are present
in the SiO, matrix and/or in the Si ncs. A significant
“memory effect” is observed for doses larger than
5%10"> em™. The application of a positive voltage results
in electron injection into SiO, trapping centres
originating from the interface, deep traps in the ncs and
unsaturated Si bonds due to the excess Si atoms into the
oxide (oxide bulk traps) [4,5]. The annealing process in
the range of 950-1050°C removed most of the
implantation damage. The application of a negative
voltage results in holes injection from Si substrate and/or
electron injection from the gate into the SiO,.

From a device point of view, a voltage sweep from
inversion to accumulation results in a positive shift of
the C-V curve with a flat-band voltage V5", while the
voltage sweep in the opposite direction results in a
negative shift of the C-V curve with a flat-band voltage
Vrg. The value of Vig' or Vig depends on the starting
bias voltage, i.e. on the starting applying electric field
(fig. 3).

In figure 4(a), the experimental values of V" and
Vip are presented. In the case of MOS transistor, these
quantities are related to the threshold voltage and hence
govern its operation status (on/off with respect to
Vi /Vpg). It is obvious that these quantities change
almost symmetrically with respect to their initial values,
except for the case of capacitors implanted with 1.5x10'
Si ecm™ For these MOS devices, we find that as the
electric field increases V' changes very little while
Vi saturates very quickly. In other words, more holes
are trapped into the SiO, matrix than electrons. Similar
results have been reported in the literature [4, 6, 7]. This
difference in the stored charge would indicate that the
number of injected holes is greater than the number of
injected electrons. However, the same phenomenon
would be observed if the injected holes are equal to the
injected electrons but the electrons are tunnel back faster
than holes, as reported by Shi et al [5].

The flat-band voltage shift, AVp=Vis -Vig, as a
function of the electric field is shown in figure 4(b) for
different implantation doses. AVgp is a figure of merit of
the programming voltage window, i.e. the lower and the
highest gate bias necessary to be applied in order to

switch between states “0” and “1”. It is obvious that as
the implantation dose increases, the electric field needed
to obtain a given flat-band voltage shift decreases. For
1.5x10" Si cm? implanted devices, both Vgz" and Vig
and hence AVpp saturate. A fully charged memory
window of 4V is achieved for a programming electric
field of about 2MV/cm. According to [8,9], silicon doses
larger than 1x10'® Si cm™ implanted at 1keV are suitable
for the fabrication of well-crystallized Si islands after
annealing temperature as low as 900°C. For lower doses
the nc formation strongly depends on the annealing
temperature. We attribute the rather abrupt flat-band
voltage saturation observed for the 1.5%10'® Si cm’
implanted devices to the near complete saturation of the
traps associated with the presence of ncs. On the other
hand the absence of abrupt-saturation found for the other
doses is viewed as a reflection of the saturation
behaviour of small ncs and a substantial population of
isolated Si atoms present simultaneously. These
arguments  become  stronger  considering  the
experimental results for the different annealing
temperatures described in the following paragraphs.

Table 2. The effect of Si supersaturation on
device performance characteristics

Code Super- E.
Number | saturation (MV/cm)
(%)
102A,B 10 >4
105A,B 25 >4
108A, B 39 >3.5,>4
110A, B 49 2.97,2.38
115A,B 74 1.91
Al O
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Figure 1. The tested memory structure.

The effect of the annealing temperature is shown in
figures 5(a) and 5(b). The onset of charge storage is
enhanced for higher annealing temperature. Oxides
implanted with 8x10'" Si/cm” can store more charges at
low electric fields when the annealing is performed at
950°C. This is because at higher annealing temperatures,
the oxide trap concentration is reduced and the excess Si



atoms form small clusters at a longer distance from the
Si/Si0, interface.

Figure 2.High Resolution TEM image of Si nc
observed in a 10 nm-thick, 1x10"® Si cm? implanted
oxide annealed at 1050°C for 30min. Polysilicon
was deposited for TEM observation after the post
implantation annealing
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Figure 3. The influence of implantation dose on
charge storage into Si ncs embedded in SiO,
matrix. The annealing temperature is 950°C

For oxides implanted with 1x10'® Si/cm® formation of
nanocrystals occurs at both temperatures; with
increasing temperature crystallite lateral size increases
(not shown here) and the density of oxide traps is
substantially reduced. Consequently, the charge storage
for samples annealed at 1050°C takes place principally at
the energy states located within or at the interface of
nanocrystals. Hence, the flat-band voltage shift changes
more rapidly and saturates near 3MV/cm.
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Figure 4. (a) The dependence of the flat-band
voltage on the electric field and (b) flat-band
voltage shift vs the applied electric field. The

annealing temperature is 950°C.

Regarding the accumulation condition under negative
gate bias voltage, all samples show Js-V curves with one
or two humps (fig. 5(b)). Jg-V curves were obtained
with a sweep rate of 0.4V/s, starting from zero bias until
breakdown occurs. Similar humps have been reported
before [10], but no satisfactory interpretation has been
offered. The humps may be closely related to a
mechanism of current flow towards the implanted Si-
sites at the corresponding bias voltage. Additionally, our
samples show clear negative dynamic resistance in the
region below —10V. It is believed that the presence of
negative dynamic resistance is due to the lowering of the
neutral trap level with increasing gate bias. The neutral
traps generated by Si-implantation are 3eV below the
Si0, conduction band [10]. The gate currents measured
under accumulation conditions are mainly determined by
electron injection into SiO, from the metal gate and/or
hole injection from the accumulated Si substrate.
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Figure 5. The influence of annealing temperature
(a) on charge storage into Si ncs embedded in SiO,
matrix and (b) on the Jg-V characteristics in
accumulation.

In general, the higher is the implantation dose or the
annealing temperature the lower the breakdown voltage.

4. Conclusions

Low-energy Si implantation into thin SiO, can be
used to form two-dimensional Si nanocrystal arrays
capable of substantial charge storage. As a consequence,
flat-band voltage shifts as large as 4V can be achieved
by applying an electric field less than 2MV/cm. By
changing the implantation dose and the annealing
temperature the programming electric field can be tuned.
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