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Structures of (25 nm SiO2 /12 or 8 nm SiO1:4 /3 nm SiO2 ) have been prepared on Si wafers by
ion beam sputtering and were subsequently annealed at 1100  C for 20 min to form Si nanocrystals
(NCs) in the SiO1:4 layers. Nonvolatile memory devices based on these structures were fabricated
based on 0.5-m complementary metal-oxide semiconductor standard processes with e-beam lithography. The program/erase (P/E) speeds depend on channel length, but only slightly on channel
width. The threshold voltages (Vth 's) in P/E states are shifted by about 4.23/4.38 V during 10/100
ms under 17 V, for the device with a 12 nm NC layer. For the same device, the endurance shows
almost negligible degradation up to 104 P/E cycles, irrespective of channel width. There is no
obvious change in the programmed Vth 's for up to 105 s, but the erased Vth 's show a sharp change
during the entire time range, indicating that trapping into NCs is easier than detrapping from
NCs. The charge loss rate is smaller for the device with longer channel length, possibly due to the
increased potential barrier height in the channel.
PACS numbers: 73.63.Bd, 73.40.Qv, 81.07.Bc
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has proven to be a promising technique for the growth of
Si NCs due to its prominent capabilities, including the
exact control of the oxygen composition/deposition rate
and the low substrate temperature [9{11].
In this paper, we employ 0.5-m CMOS fabrication
processes for nMOSFET NVM devices containing Si NCs
with defect states minimally reduced by using IBSD under UHV. We present the NVM characteristics, such as
program/erase (P/E) speeds, endurance and retention
time, especially as functions of channel width and length
for two di erent thicknesses of the Si-NC layer.

I. INTRODUCTION

Nonvolatile memory (NMV) device structures with
nanocrystal (NC) oating gates (FGs) have been considered as a possible solution for the next-generation
nonvolatile memory (NVM) devices [1{5]. In NC ash
memory devices, charges are stored in discrete NCs instead of a continuous poly-silicon layer. Hence, the NC
devices can be less sensitive to the local oxide defects
responsible for the leakage of the stored charges and
their retention properties can be improved based on the
Coulomb blockade and quantum con nement e ects [2].
These facts enable the use of thinner tunnel oxides in the
NC devices, thereby lowering operating voltages. Various methods, including CVD [1{3] and ion implantation [6{8], have been employed to precipitate the Si NCs
used for the metal-oxide-semiconductor eld-e ect transistor (MOSFET) NVM devices. Despite intense studies
of Si NC NVMs, their real applications are still being
debated because the leakage and the NC density could
become substantial limiting factors as the device size is
reduced. Recently, good-quality Si NCs have been successfully formed by using ion beam sputtering deposition (IBSD), followed by annealing. These have subsequently been used for the fabrication of nMOSFET
NVM devices, showing promising retention properties,
based on 1.5-m CMOS standard processes [9,10]. IBSD
 E-mail:

II. EXPERIMENT

sukho@khu.ac.kr

-131-

UHV-IBSD was employed to fabricate structures of
(SiO2 /SiOx /SiO2 ) for MOS memory devices. Si-rich
SiOx layers of 8 or 12 nm in thickness were rst grown
on a 3-nm SiO2 /p-type Si(100) wafer at room temperature by using an Ar+ beam with an ion energy of 750 eV
and a Si target under an oxygen atmosphere in a reactive
IBSD system with a Kaufman-type DC ion gun. The relative lm thickness was controlled from the growth rate
calibrated by using high-resolution transmission electron
microscopy (HRTEM) measurements of thin lms grown
within a given time. The deposition chamber was evacuated to a pressure of 5.0  10 9 Torr before introducing
argon gas into the system. The details of the system are
described elsewhere [9]. The stoichiometry of the SiOx
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Fig. 1. P/E characteristics of (25, 12, 3) devices with
channel width/length of 5/0.17 m.

lms could be analyzed and controlled with in-situ Xray photoelectron spectroscopy using the Al k line of
1486.6 eV. A stoichiometric SiO2 thin lm was used as
a reference for the determination of the relative sensitivity factors of the Si 2p and O 1s peaks. A control
oxide was deposited on top of the SiOx layer to form
an (SiO2 /SiOx /SiO2 ) sandwich structure. Two di erent samples, (25, 8, 3) and (25, 12, 3), were prepared by
changing the thickness of the SiOx layer, where the numbers in the parentheses indicate the nm-scale thicknesses
of the control oxide, the SiOx and the tunnel oxide, in
sequence. The two di erent samples are named as M08
and M12. After deposition, the samples were annealed
at 1100  C in a ultra-pure nitrogen ambient to form Si
NCs in the SiOx layers.
The size of NCs used in this work has been analyzed
in detail by photoluminescence (PL) and HRTEM for
various x values [12]. The sizes of Si NCs were estimated as 2.5 and 3.1 nm for the SiO1:4 layers with 8and 12-nm thicknesses, respectively. Based on these results, nonvolatile Si-NC oating-gate nMOSFETs with
channel widths of 3 to 10 m and channel lengths of 0.09
to 0.25 m were fabricated at x = 1.4 following 0.5 m
CMOS standard procedures with electron beam lithography. Electrical characterization was performed on the
devices by using an Agilent 4156C semiconductor parameter analyzer. The programming and erasing operations
were carried out with an Agilent 16440A pulse generator
selector together with the Agilent 4156C analyzer and a
41501B pulse generator.

III. RESULTS AND DISCUSSION

The program/erase (P/E) operations were performed
using the Fowler-Nordheim (FN) tunneling method by
applying a voltage pulse on the gate electrode of the devices. Figure 1 shows P/E behaviors of M12 with varying

Fig. 2. (a) E ect of channel length on the P/E characteristics of (25, 8, 3) devices with 5 m channel width. (b)
E ect of channel width on the P/E characteristics of (25, 8,
3) devices with 0.17 m channel length.

pulse widths from 1 s to 1 s under di erent gate voltages. During programming, the electrons directly tunnel
from the Si substrate through the tunnel oxide and are
trapped in the Si NCs. During erasing, the holes tunnel
from the valence band of the Si substrate and recombine with the electrons trapped in the Si NCs. The fully
programmed and fully erased states are de ned as those
programmed by a pulse of (+18 V, 1 s) and erased by
a pulse of ( 18 V, 1 s), respectively. The Id -Vg (drain
current - gate voltage) characteristics of the devices were
measured at a xed Vds (source-drain voltage) of 500 mV
by varying Vg in steps of 100 mV. The threshold voltage
(Vth ) is de ned as the value Vg at a drain current of 1
A. The P/E speeds are almost invariant with increasing
applied bias up to about 10 3 s, but above 10 3 s, they
show increasing behavior with increasing applied bias.
The Vth shifts in P/E states reach 7.6/7.58 V for fulltime (1 s) pulses at 17 V, which is much larger than the
previously-reported values [4{8], even though it is dicult to directly compare them due to the di erent device
sizes.
Figure 2 (a) shows the Vth shift of M08 as a func-
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Fig. 4. Retention characteristics of (25, 12, 3) and (25, 8,
3) devices with a channel width/length of 5/0.17 m.

Fig. 3. E ect of channel width on the P/E cycling characteristics of (25, 8, 3) and (25, 12, 3) devices with 0.09-m
channel length.

tion of channel length at a xed channel width of 5 m.
As the length increases from 0.09 to 0.17 m, the P/E
speeds slightly increase, but above 0.17 m, almost no
change of speeds is observed. The device with a 0.09-m
length shows a short channel e ect (SCE), as is evident
from the observed smaller threshold voltages at all pulse
times. The increase in the program speed with increasing
channel length is also thought to be correlated with the
observed SCE, as suggested in the previous report [13].
Figure 2 (b) shows P/E characteristics as a function of
channel width at a xed channel length of 0.17 m. The
P/E speeds almost do not depend on the width. Such a
trend is also valid for the devices with 0.09- and 0.25-m
lengths, not shown here. Previously, the variation in the
Vth shift was reported to be greatly reduced at widths
above 50 nm [4{14].
Pulses of (+17 V, 10 ms) and ( 17 V, 100 ms) were
applied to evaluate the endurance and the retention characteristics for the P/E operations, respectively. Figure 3
shows the endurance characteristics of the M08 and the
M12 devices with varying channel widths from 3 to 10
m at a xed channel length of 0.09 m. The M12 and
the M08 devices exhibit memory windows of about 1.54
 2.62 and 0.81  1.16 V, respectively, possibly resulting from the di erence in the number of NC charge traps
between the two devices [12]. The programmed/erased
Vth 's of M08 devices show a gradual drift-down, almost
in a parallel way, whilst in M12 devices, almost negligible

degradation is observed. Most of the electrons injected
during programming are stored in the NC traps of M12
devices whilst only a part of the electrons can be stored
in M08 devices because the NC traps are not enough for
storing all the injected electrons in M08 devices. During
erasing, M12 devices show stable endurance properties
because only the stored electrons are detrapped, whilst
in M08 devices, more electrons than stored could be detrapped, resulting in the drift-down of Vth . Only a slight
dependence of the cycling behaviors on the channel width
is observed for both devices.
Figure 4 shows the retention characteristics of M08
and M12 with a 5-m channel width and a 0.17-m channel length at room temperature. There are no obvious
changes in the programmed Vth 's for up to 105 s for both
devices. In contrast, the erased Vth 's of both devices
show a sharp change over the entire time range. These
results suggest that the electrons are easily trapped in Si
NCs whilst the stored electrons are not well detrapped.
Oxygen vacancies, called as E' centers, could be formed
in the SiO2 matrix when stressed by high electric eld
and they are usually positively charged. As a result, the
SiO2 matrix containing Si NCs can trap electrons easily [15, 16]. By extrapolating the retention data up to
10 years, the charge losses of M08 and M12 are almost
82.3 % and 74.9 %, respectively. This di erence could
be attributed to the smaller-volume distribution of NCs
in M08, thereby detrapping electrons more easily. These
retention properties are relatively good compared to the
previous results for similar Si NC-based NVMs [3{17],
considering the smaller sizes of the devices used in the
present work. Figure 5 shows the retention behaviors of
M12 devices with di erent channel lengths and widths.
The charge loss rate is smaller for the device with a 0.17m length, irrespective of channel width. The increase in
the e ective channel length also reduces the charge loss
rate in dynamic memories [18]. The enhanced retention
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Fig. 5. E ect of channel width on the retention characteristics of (25, 12, 3) devices with channel lengths of 0.09 and
0.17 m.
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