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Room-temperature single-electron charging phenomena in large-area
nanocrystal memory obtained by low-energy ion beam synthesis

E. Kapetanakis,a) P. Normand, and D. Tsoukalas
Institute of Microelectronics, NCSR ‘Demokritos,’ 15310 Aghia Paraskevi, Greece

K. Beltsios
Institute of Physical Chemistry, NCSR ‘Demokritos,’ 15310 Aghia Paraskevi, Greece

~Received 18 October 2001; accepted for publication 15 February 2002!

We investigated the dependence of implantation dose on the charge storage characteristics of
large-arean-channel metal–oxide–semiconductor field-effect transistors with 1-keV Si1-implanted
gate oxides. Gate bias and time-dependent source–drain current measurements are reported.
Devices implanted with 131016 cm22 Si dose exhibit a continuous~trap-like! charge storage
process under both static and dynamic conditions. In contrast, for 231016 cm22 implanted devices,
electrons are stored in Si nanocrystals in discrete units at low gate voltages, as revealed by a periodic
staircase plateau of the source–drain current with a low gate voltage sweep rate, and the step-like
decrease of the time-dependent monitoring of the channel current. These observations of
room-temperature single-electron storage effects support the pursuit of large-area devices operating
on the basis of Coulomb blockade phenomena. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1470262#
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Single-transistor memory devices consisting of a met
oxide–semiconductor~MOS! field-effect transistor~FET!
with nanocrystals embedded in the gate oxide have rece
attracted much attention as alternatives to conventional v
tile and nonvolatile memories.1,2 In addition, for the case o
small ~,10 nm! and uniform in size nanocrystals, quantu
confinement and single-electron charging effects offer
possibility of quantized shifts of the transistor threshold vo
age at room temperature.3 The successful exploitation o
these discrete changes may lead to the development of
tilevel logic devices. This approach has been demonstrate
both nanoscale Si channel FET devices with a single~or few!
nanocrystals3–5 and in multiple dot memory devices~large-
area FET! using Si nanocrystals formed by deposition
oxide–nitride tunnelling dielectrics.6 However in the latter
case, a fabrication route of forming high-density of small a
uniform in size nanocrystals is an important issue to be
solved before the practical application of single-electron p
nomena. For this reason, thevery-low energySi implantation
technique is a promising candidate.7 We recently explored
the possibility of fabricating MOS memory devices throu
1-keV Si1 implantation of a thin thermal oxide~8 nm! and
subsequent annealing.8 Clear memory effects are observe
for devices implanted with a dose of 131016 cm22 or lower,
while for higher implantation doses the lateral coupling
the Si nanocrystals at relatively high gate voltages is fou
to strongly affect the memory operation of the devices.
this letter, charge storage effects for the 1~low dose! and 2
31016 ~high dose! cm22 Si1 fluences are investigated in th
low gate bias regime. The step-like source–drain current
sus time~I DS– t! characteristics and the discrete thresh
voltage shifts versus gate voltage~VG!, observed for the high
dose implanted case, constitute evidence for room- temp
ture single-electron charging effects.

a!Electronic mail: kapetan@imel.demokritos.gr
2790003-6951/2002/80(15)/2794/3/$19.00
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Memory devices with large channel widthW and length
L ~W/L510/40mm! are fabricated in a manner similar t
that used for conventional depleted-moden-channel MOS
transistors, except that the gate oxide bears silicon wit
narrow distribution, peaking at a tunnelling distance fro
SiO2 /Si interface. For this purpose, Si is implanted at do
of 131016 or 231016 Si1 cm22 at 1 keV into 8 nm thick
thermally grown SiO2 film. Subsequently, a 30 nm thic
SiO2 layer is deposited, followed by a 30 min, 950 °C nitr
gen annealing, aiming at the precipitation of Si nanocryst
The nanocrystal characteristics~size, spatial distribution, and
crystallinity! as a function of the implantation dose ha
been deduced earlier.7 In brief: ~a! The 131016 cm22 dose
gives rise to a Si-rich band with a thickness of about 3
located at 2–3 nm from the SiO2 /Si interface; the band is
composed of low-density ill-crystallized quasi-spherical
grains, 3–8 nm in size and~b! the 231016 cm22 dose leads
to the formation of a dense arrangement of crystalliz
platelet-like Si grains with a thickness about 4 nm and lin
dimension ranging from 4–15 nm peaking at about 7–8 n
Because of their dense arrangement, the nanocrystals ap
as a quasi-continuous nanocrystalline layer located v
close ~1–2 nm! from the Si/SiO2 interface. Electrical char-
acterization of the resulting memory devices is performed
room-temperature under dark conditions.

The charge storage behavior of the implanted device
investigated by monitoring the time evolution of the sourc
drain current for various gate voltages. Before each run,
hold VG at 25 V for extended time to fully discharge th
memory and then abruptly set the charging voltage. Figur
shows the room-temperatureI DS– t curves for the low and
high dose implanted devices and for 4.1 V gate volta
Low-dose implanted devices exhibit a continuous sourc
drain current reduction indicating a continuous build up
negative charge in the insulator with time. This finding
attributed partly to thelow density of Si grains formed and
partly to the trap-like behavior of excess silicon atoms in
4 © 2002 American Institute of Physics
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SiO2 matrix ~Si atoms that do not form Si grains!. Due to the
low density of the Si grains, percolation transport throu
the low-resistive conduction paths in the channel cause
broadening of the quantized shifts inVTh . In addition, it has
been reported9 that excess Si acts as a neutral trap with
ergy Et at or above the Si conduction band. The tunnel
probability is inversely proportional to the distance of t
trap from the Si/SiO2 interface. Thus, for the case of spatial
distributed storage sites~low-dose case! and for constant
VG , the trap charging process continuously proceeds w
time from traps closest to the SiO2 interface to those furthe
from the interface~left-hand side inset of Fig. 1!, resulting in
a continuous reduction of the source–drain current. In c
trast, high-dose implanted devices show a step-like decr
of the source–drain current, a direct piece of evidence fo
discrete charging mechanism. The formation of we
crystallized Si grains in dense arrangement is considere
be the origin of the observed current steps. Quantum c
finement and Coulomb blockade effects inhibit the succ
sive electron injection into the nanocrystals~right-hand side
inset of Fig. 1!, resulting in a discrete build up of charge
the insulator withVG . The observed similar heights of th
current steps indicate successive injection events of a si
electron to each nanocrystal.

Figure 2 shows theI DS– t characteristics for the high
dose implanted device under various gate voltages. Clea
jection events are observed for gate voltages lower than
V. The latter events occur at a low electric field~under 1
MV/cm! as a result of the lowered quality~due to excess
silicon traps and implant-related damage! of the tunnel
oxide.8 For VG higher than 5.5 V, theI DS– t curves do not
exhibit any structure due to the fast charging response ti
As we decrease the gate voltage, the position of the sou
drain current steps shifts to longer times. TheI DS– t curves
are found to be reproducible during successive runs for
sameVG . The continuous reduction of the current, befo
the current steps appear, as well as the broadening of
steps are considered to originate from the background ch
due to electron trapping within the defected tunnel ox
and/or within the few large nanocrystals with Coulomb g
lower than the room-temperature thermal energy~kT
;26 meV!. The continuous reduction of the current betwe

FIG. 1. Room-temperatureI DS vs time characteristics, for large-area chann
MOSFETs with 1 ~solid circles! and 231016 cm22 Si1 ~open circles!-
implanted gate oxides under 4.1 V gate voltage and 0.1V drain–so
voltage~VDS!. Schematic energy band structures~insets! based on structura
observation of the state of implanted silicon after annealing. Left-hand
inset: case of Si atoms distributed within the implanted oxide~1
31016 cm22!; right-hand side inset: case of Si nanocrystal formation~2
31016 cm22!.
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the steps~instead of a flat plateau! is attributed to the large
number of nanocrystals involved in the transistor chan
screening. However, the similar heights of the current st
indicate that these nanocrystals have a narrow-size dis
sion and located at about the same distance from the cha
It should be noted that for each gate voltage, the succes
charge injection events are spaced at about equal distan
the logarithmic time scale. Based on the dynamic Coulo
blockade model proposed by Yanoet al.,3 we express the
time ~t! needed for the next electron to come from the ch
nel to the nanocrystal as: ln(t)5const2(e/kT)(Cgd/CS)VG ,
where e is the electron charge,Cgd is the capacitance be
tween the gate and the nanocrystal, andCS is the total ca-
pacitance related to the nanocrystal. By plotting on a sem
plot the time needed for the second injection event for d
ferent gate voltages, a linear dependence is obtained~inset of
Fig. 2!. These findings constitute evidence for a sing
electron charging effect.

In order to further investigate this possibility we estima
the capacitances for our structure. Neglecting the coup
between the nanocrystals and the source–drain extensio
gions~a reasonable assumption for alarge channel area! and
the coupling between adjacent nanocrystals~delocalization
of electrons is expected at higher confinement energies10 and
thus at higherVG! CS is Cgd1Ccd , where,Ccd , is the ca-
pacitance between the channel and the nanocrystal. Base
our previous structural observations,7 we approximate the
nanocrystals as disk-shaped objects with a diameter of a
7.5 nm and a thickness~td! of 4 nm, and placed at a distanc
~tgd! of 33 nm from the gate electrode and at a distance~tcd!
of 1–2 nm from the channel. In the plate capacit
approximation,1 a value of 0.045 aF is estimated for theCgd .
The capacitance between the channel and the nanocry
Ccd, depends strongly on the distancetcd . From the experi-
mental ~inset of Fig. 2! value Cgd /CS50.055, we obtain
Ccd50.770 aF that corresponds1 to tcd51.3 nm, a value in
very good agreement with findings from direct structu
observation.7 The Coulomb energyEC is given by EC

5e2/2CS1En . The first term is the classical electrostat
charging energy and is calculated to be 98 meV. The sec
term, due to quantum confinement, is the energy separa
between the lowest subband and the second band an
estimated10 to be 70 meV SinceEC is 168 meV, a value in

l

ce

e

FIG. 2. Room-temperatureI DS– t curves, for the case of a 231016 cm22

Si1-implanted device under different gate voltages and a 0.1 V drain–so
voltage. Inset: time needed for the second injection event for different
voltages. From the linear dependence,Cgd /CS50.055 is obtained.
license or copyright; see http://apl.aip.org/about/rights_and_permissions
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excess of 6kT ~for T5300 K!, Coulomb blockade effect ca
be observed at room temperature.

The other evidence revealing a single-electron charg
effect is the plateau structure of theI DS versusVG character-
istics, shown in Fig. 3 for the high-dose case and measu
under differentVG sweep rates. Electron injection in th
nanocrystals during each measurement causes a dyn
shift of the threshold voltageVTh of the device, resulting in
the observed source–drain current structures. The t
needed for an electron to come into the nanocrystal, stron
depends onVG . Thus, for the case of a fast sweep, cha
injection takes place at relative highVG resulting in an effi-
cient reduction of theI DS due to the large number of injecte
electrons. The initial part of theI DS–VG curve in this case
corresponds to the uncharged state of the nanocrystals~num-
ber of electronsn in the nanocrystals equals zero,n50!.
With decreasing sweep rate,VG for electron injection de-
creases together with the number of involved electrons,
sulting in the appearance of a plateau in theI DS–VG curves.
For a sweep rate slower than 5 mV/s~10 mV step and 2 s
delay time!, I DS shows the same plateau indicating a se
limiting charging process. We argue that theI DS–VG plateau
structure is caused by the Coulomb blockade effect. In s
port of this claim is the periodicity of the plateau with perio
DVGS53.8 V, shown in Fig. 3. The gate voltage increme
DVGS required for the addition of one electron into the nan
crystal~DVGS5e/Cgd! is calculated to be 3.6 V, a value th
is very close to the experimental one. TheDVTh for one
electron per nanocrystal is:1 DVTh5eANd /Cgd , whereNd is
the density of the nanocrystals andA is the effective capaci-
tor area between the nanocrystal and the gate electrode.
ting the experimentalDVTh of 2V into this expression, we
get Nd5431012 cm22, a value in agreement with electro
microscopy data.7 Such a high nanocrystal areal density r
duces the low-resistance percolation paths in the channe
allows for the observation of the Coulomb blockade effe
However, the lateral coupling of the Si nanocrystals restr
the observation at the lowVG regime.

The quantized nature of electron removal from t
nanocrystals is shown in Fig. 4. TheI DS–VG curves are ob-

FIG. 3. Room-temperature transfer characteristics, for the case o
31016 cm22 Si1-implanted devices measured under differentVG sweep
rates andVDS50.1 V. With decreasing sweep rate, theI DS–VG curves show
a clear staircase structure. The arrows indicate voltage regionsDVGS with 1
and 2 stored electrons per nanocrystal~n51, 2!, while the initial part of the
fast sweptI DS–VG curve corresponds ton50. DVTh is the threshold voltage
shift caused by the storage of a single electron per nanocrystal.
Downloaded 14 Jun 2012 to 195.251.197.160. Redistribution subject to AIP 
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tained by sweepingVG at a rate of 0.8 V/s. The solid-circle
curve corresponds to the initial part of the forward swe
shown in Fig. 3, while the open-circle curve is obtained
backward sweeping, after discharging atVG525 V. The
observed sharp steps during the backward sweep sugg
discrete charge ejection process, while the magnitude
DVTh is comparable to that obtained by the slow~5 mV/s!
forward sweep shown in Fig. 3. The successive ejection o
single electron from each nanocrystal is inferred.

We have investigated the influence of implantation do
on the charge injection and storage mechanisms in large
MOSFETs structures with low energy Si1-implanted and an-
nealed gate oxides. Devices implanted at 131016 cm22 ex-
hibit a continuous charge injection and storage process
to the trap-like behavior of excess Si atoms in the SiO2 ma-
trix. In contrast, 231016 cm22 implanted devices exhibi
clear, step-likeI DS– t and periodic staircase plateauI DS–VG

characteristics, both in support of the notion of room
temperature single-electron storage. The simple fabrica
technique makes thevery-low energySi nanocrystal memory
device an attractive option for low cost very large scale
tegrated memory and logic applications.

This work was partially supported by the Europe
Union through the Growth project NEON.
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