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Charge storage and interface states effects in Si-nanocrystal memory
obtained using low-energy Si ¿ implantation and annealing
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Thin SiO2 oxides implanted by very-low-energy~1 keV! Si ions and subsequently annealed are
explored with regards to their potential as active elements of memory devices. Charge storage
effects as a function of Si fluence are investigated through capacitance and channel current
measurements. Capacitance–voltage and source–drain current versus gate voltage characteristics of
devices implanted with a dose of 131016cm22 or lower exhibit clear hysteresis characteristics at
low electric field. The observed fluence dependence of the device electrical properties is interpreted
in terms of the implanted oxide structure. ©2000 American Institute of Physics.
@S0003-6951~00!05447-4#
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In order to overcome limitations of conventional no
volatile and dynamic memory devices, it has recently be
proposed1–3 to use nanocrystals as charge storage elem
embedded in the gate oxide of a field-effect transistor
located in close proximity~2–3 nm! to the transistor channe
Floating gates consisting of Si or Ge nanocrystals have b
fabricated through the use of various depositi
techniques,1,2 ion implantation and annealing,2 or following3

thermal oxidation of Si12xGex . The ion implantation tech-
nique is attractive because of its well-established manu
turing advantages but faces the major challenge of mak
nanocrystals close to the channel without compromising
integrity of the gate oxide and the quality of the SiO2/Si
interface. For this purpose,low-energy Si implantation is a
promising approach. Because of decreasing ion strangle
implantation energy, energies as low as 1 keV are suita
for making well-located two-dimensional~2D! arrays of Si
nanocrystals at a relatively low dose and at a tunneling
tance from the SiO2/Si interface.4 In order to explore the
potential of this approach for memory applications, meta
oxide–semiconductor~MOS! capacitors andnMOS transis-
tors with 1 keV Si implanted gate oxides are investigated

Capacitors with 6.431024 cm22 gate area and transis
tors with a gate length ranging from 2 to 10mm and 100mm
gate width have been fabricated following a process sim
to that used for conventional MOS devices. The main n
element is the introduction of Si with a narrow distributio
peaking at a tunneling distance from the SiO2/Si interface.
For this purpose, Si implantation is carried out into 8-n
thick thermally grown oxide at an energy of 1 keV and
doses ranging from 531015 to 531016cm22. Subsequently,
a 30-nm-thick control oxide is deposited, followed by a

a!Electronic mail: kapetan@imel.demokritos.gr
3450003-6951/2000/77(21)/3450/3/$17.00
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min nitrogen annealing at 950 °C, aiming at the precipitat
of Si nanocrystals. To investigate the effects of interfa
traps and defects originating from the nanocrystal fabricat
process, aluminum sintering was carried out in N2 and N2/H2

environment. The devices were characterized through
and frequency dependent capacitance measurements, as
as static and dynamic transistor current measurements.

The nanocrystal characteristics as a function of the
plantation dose were deduced from a transmission elec
microscopy study combining cross-sectional and associ
plane-view images ande-diffraction patterns. The major re
sults are as follows:~a! The 531015cm22 dose leads to very
small ill-defined Si clusters.~b! The 131016cm22 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 ill-crystallized quasispherical Si grains, 3–8
in size. ~c! A 231016cm22 dose or higher leads to well
crystallized plateletlike Si grains~4–15 and 5–20 nm in size
for the 2 and 531016cm22 cases, respectively! with a thick-
ness;4 nm. These large Si nanocrystals are almost in to
with each other@Fig. 1~b! and plane-view images~not shown
here! for the full ~111! diffraction ring#.

Figure 2 shows high-frequency~HF! capacitance–
voltage (C–V) curves for nonimplanted and Si-implante
SiO2 gate capacitors under dark conditions swept from210
to 110 V and back to210 V with a voltage step of 0.1 V/s
A clear hysteresis is found for the 531015 and 1
31016cm22 cases and it corresponds to a flatband volta
shift (DVFB) of about 4.6 and 10.0 V, respectively. The hy
teresis is attributable to the trapping of electron/holes in
insulator during the positive/negative gate voltage swe
Nonimplanted devices do not exhibit any shift in theC–V
curves, showing that the hysteresis is Si implantation rela
Furthermore, the observation of a largeDVFB at a low-
0 © 2000 American Institute of Physics
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3451Appl. Phys. Lett., Vol. 77, No. 21, 20 November 2000 Kapetanakis et al.
electric field ~,2.5 MV/cm! suggests that charge injectio
involves direct tunneling. From the above-mentioned fin
ings we conclude that devices implanted with a dose o
31016cm22 or lower exhibit the function of a memory. On
memory state corresponds to excess electrons in the
oxide and another to excess holes. In contrast, devices
planted with a dose of 231016cm22 or higher do not exhibit
any memory effect. In this case the HF-C–V curves are
significantly stretched out and the capacitance in the ac
mulation regime increases with the gate bias. For a be
understanding of the HF-C–V results, the frequency depen
dence of the capacitance under accumulation is investig
~Fig. 3!. A constant capacitance~;60 pF! is found for the
nonimplanted, and the 531015 and 131016 Si cm22 im-
planted devices. The observed capacitance corresponds
effective SiO2 thickness of about 37 nm, a value in agre
ment with the total oxide thickness of 3761 nm, determined
by transmission electron microscopy~TEM! analysis. For the
2 and 531016Si cm22 implanted devices, the capacitan
shows a strong frequency dependence. At low frequen
the capacitance saturates at about 75 pF, a value corresp
ing to an effective thickness of 29.5 nm~comparable to the
3061 nm TEM observed thickness for the deposited oxid!.
As the frequency increases, the capacitance becomes l
and asymptotically saturates at values corresponding to
effective thickness close to that for the nonimplanted dev
These observations indicate that holes move between th

FIG. 1. Plane-view~PV! TEM micrographs from samples with a 8-nm-thic
SiO2 layer implanted with 231016 ~a! and 531016 ~b! Si1 cm22 at 1 keV
and annealed at 950 °C for 30 min. Nanocrystals appear as open entit
~a! and ~b!. The cross-section image pertains to the~a! case. A high-
resolution PV TEM image of a Si nanocrystal is shown in~c!. The
e-diffraction pattern~d! pertains to~a! ~arrow indicates the$111% Si ring!.

FIG. 2. High-frequencyC–V characteristics for a reference~nonimplanted!
and Si-implanted SiO2 gate capacitors at three different doses.
Downloaded 14 Jun 2012 to 195.251.197.160. Redistribution subject to AIP 
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nanocrystal layer and the Si substrate in phase with the s
amplitude modulation (25 mVp2p). The characteristic time
constant,t, for this dynamic hole exchange can be obtaine5

by consideringt as the only parameter to fit the experimen
results to the theoretical capacitance derived from
equivalent circuit shown in the inset of Fig. 3.C1 is the
Si-nanocrystal/SiO2/Si-substrate junction capacitance,C2 is
the Si-nanocrystal/deposited oxide/n1-poly-Si gate junction
capacitance, andR is the tunneling resistance of the fir
junction ~the resistance of the deposited oxide is conside
as infinite!. R is inversely proportional to the transition ra
between a Si nanocrystal and the substrate, and is stro
affected by the thickness and quality of the injection oxid
as well as by the size of the nanocrystals. Fitted results
the 2 and 531016Si cm22 implanted devices indicate chara
teristic times of 5.5 and 1.2ms, respectively, for a gate volt
age of210 V. More negative gate bias leads to shorter ch
acteristic times, while longer times are observed for a low
negative bias. This is because the coupling between the
cumulation layer and the Si nanocrystals depends on
charge density in the nanocrystals. The charge densit
governed by the transition rate between the substrate and
nanocrystals, and is affected by the lateral coupling betw
the nanocrystals.

For the 2 and 531016 Si cm22 implanted devices,
where the nanocrystals appear to be coupled laterally~i.e.,
the layer of nanocrystals is quasicontinuous!, charge injec-
tion through the more conductive paths in the defective ox
leads to a strong charging of the nanocrystals. As the de
states in the oxide introduced by ion implantation and a
the extent of the lateral coupling between the nanocrys
are both expected to vary with dose, a lower dose gives
to a longer characteristic time, in agreement with our obs
vations for the 2 and 531016cm22 cases. The very long
characteristic times observed for low implantation dose
(,231016cm22! are due to the improved quality of the ox
ide and the structural arrangement of the Si material a
annealing. The traplike behavior of excess Si6 expected in
the case of 531016cm22 and/or the presence of electron
states at the surface of the uncoupled Si grains~case of 1
31016cm22) lead to an increased charge storage time in
oxide and cause the flatband voltage shifts shown in Fig

in

FIG. 3. Frequency dependence of the capacitance under accumulation
ditions for three implantation doses and a reference. Fittings are for th
31016 cm22 ~dashed line! and 531016 cm22 ~solid line! cases with indi-
catedt values, on the basis of the shown equivalent circuit.
license or copyright; see http://apl.aip.org/about/rights_and_permissions
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The transfer characteristics ofnMOS transistors with
531015cm22 and 131016 Si cm22 implanted gate oxides
under different gate voltage sweep rates appear in Fig. 4.
measurements were performed in a way similar to tha
Ohzoneet al.7 A load resistor (RL5100V) is connected be-
tween the source electrode and ground to monitor
source–drain currentI DS through source voltage (Vs

5I DSRL) measurements. Triangular signals of115/215 V
and 110/210 V amplitude (VG) were applied to the gate
electrode for a wide range of frequencies. A strong reduc
of the source–drain current is observed, as the frequenc
the VG signal decreases. The magnitude of the source–d
current suppression is found to depend on the implanta
dose. This effect can be related to the interface traps ge
ated by ion implantation. It has been reported that exces
at the Si/SiO2 interface acts as a slow interface trap in th
mal equilibrium with the Si substrate. The occupancy
these traps in the inversion regime results in the accum
tion of negative charge close to the Si/SiO2 interface. This
charge accumulation effect reduces the mobile charge
sity in the transistor channel. Figure 4~inset! shows the de-
pendence of the threshold voltage shift (DVT) on the gate
voltage sweep rate. For 531015 Si cm22 implanted devices,
DVT monotonically increases as the frequency decrea
with a tendency for saturation in the115 V/215 V VG re-
gime. In the case of 131016 Si cm22 implanted devices and
for a 115 V/215 V VG signal,DVT increases continuousl
up to 10 Hz and then decreases significantly, approach
saturation values lower than that for the 531015cm22 case.
For aVG signal of110 V/210 V, DVT increases up to 1 Hz
and then slightly decreases, reaching saturation values s
lar to those measured in the115 V/215 V VG regime. The
decrease of the threshold voltage shift observed for
131016cm22 case in the low frequency regime can be
tributed to a dynamic charge exchange between the na
rystals and the transistor channel during the measurem
Because a nanocrystal has a larger capture cross section
the defects related to the implantation~case of
531015cm22) or those located at the nanocrystal–oxi

FIG. 4. Source–drain current vs gate voltage~triangular signal! of nMOS
transistors with a 4mm gate length for two Si implantation doses and tw
different sweep rates~frequencies!. The device threshold voltage shi
(DVT) vs frequency of115/215 V and110/210 V VG triangular signals
is shown in the inset. The drain voltage was fixed at 0.1 V.
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interface ~case of 131016cm22), the observed dynamic
charge exchange mainly takes place through the nanocr
electronic states and the inversion layer. This implies a th
mal activation process as an electron injected into a na
crystal is localized at an interface defect. The sugges
mechanism is supported by our experimental results at
temperature~77 K!, where the threshold voltage shift in
creases monotonically as the frequency decreases.

Figure 5 shows the effect of H2 annealing treatment on
the logarithmic and linear~inset of Fig. 5! transfer character-
istics of a 131016 Si cm22 implanted device.I DS2VG char-
acteristics are substantially improved after H2 treatment, re-
sulting in a subthreshold swing~SS! of 0.32 V/decade and an
ON-current (I ON) of 250 mA, compared to a SS of 0.44
V/dec andI ON of 80 mA for N2-annealed devices. This ob
servation suggests that hydrogen passivates silicon-dang
bonds at the Si/SiO2 interface, thereby reducing the interfac
trap density. Moreover, the threshold voltage window
larger for the N2-annealed devices, indicating that H pas
vation also takes place at the Si–nanocrystal/SiO2 interface.

In brief, we have explored the possibility of fabricatin
MOS memory devices through very-low-energy~1 keV! Si1

implantation. Device electrical characteristics correla
strongly with the spatial arrangement and structural state
implanted Si as well as with the presence of various defe
traps in the injection oxide and at the Si nanocrystal/S2
and SiO2/Si substrate interfaces. Clear memory characte
tics are observed for doses less than 231016cm22 and low
electric fields.
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FIG. 5. Logarithmic and linear~inset! transfer characteristics for 1
31016 Si cm22 implanted, H2- and N2-annealed devices. The gate voltage
swept continuously from215 to 115 V.
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