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The effect of the ﬂuorination of aluminum oxide (Al2 O3 ) in an oxide-nitride-aluminum oxide (SiO2 –
Si3 N4 –Al2 O3 , ONA) layer through ﬂuorine (F) ion and neutral-beam treatments on the characteristics
of the ONA layer was investigated to study the effect of charge-related damage during F ion beam
treatment. The treatment with an FDelivered
beam at ∼10
energyto:
produced an about-5-nm-thick ﬂuoriby eV
Ingenta
nated alumina layer by replacing
the
aluminum–oxygn
(Al–O)
bonding with Al–F bonding for both
Sung Kyun Kwan University
the F neutral-beam and F ion beam treatments.
Moreover,
no
signiﬁcant
differences in the physical
IP : 115.145.196.113
and chemical properties of the ONA layers treated with the two beams were observed. When the
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electrical characteristics of the metal-oxide-semiconductor (MOS) devices were compared, however, the lowest leakage current and highest memory window characteristics were observed in the
MOS device fabricated with an F neutral beam, due to the Al–F layer formed on the Al2 O3 surface.
In the case of the MOS device fabricated with the F-ion-beam-treated ONA layer, however, lower
electrical characteristics were observed compared to the MOS device fabricated with the F-neutralbeam-treated ONA layer, possibly due to the charge-related damage that occurred during the F ion
beam treatment, even though the memory characteristics were improved compared to the reference
due to the Al–F layer formed on the Al2 O3 surface.
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1. INTRODUCTION
For the next-generation nanoscale volatile- and
nonvolatile-memory devices, materials more advanced
than silicon oxide (SiO2 ) are required for the gate
dielectrics because the SiO2 gate dielectric is approaching
both its technological and theoretical limits.1 2 Especially, these days, ﬂash memory devices such as the
silicon-oxide-nitride-oxide-silicon (SONOS) devices,
which utilize charge trapping at the gate dielectric for
nonvolatile-memory storage, have received much attention
as mass storage electronic equipment. In these devices,
increasing the capacity of the gate dielectrics is the most
important objective.
Various high-k dielectric materials are currently being
investigated, and among these, aluminum oxide (Al2 O3 )
shows the best dielectric properties, such as a high
dielectric constant and a lower leakage current at an
equivalent SiO2 thickness, even though it has problems
regarding its electrical properties (e.g., interface charges,
∗
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capacitance frequency dispersion, etc.) that still need to be
addressed.3–6 One of the techniques that have been used
to resolve these problems is the ﬂuorination of Al2 O3 via
ﬂuorine (F) ion implantantion, F plasma treatment, etc.,
to improve the electrical properties of Al2 O3 . It has been
reported that ﬂuorination improves the electrical properties and reliability of the dielectric materials, including
Al2 O3 .7–10
The ﬂuorination of Al2 O3 for SONOS devices was previously investigated by treating Al2 O3 using a low-energy
F neutral beam. The results showed that the ﬂuorination of
Al2 O3 with an F neutral beam can lower the leakage current and signiﬁcantly improve the memory window characteristics of SONOS devices.11 As the F neutral beam
is a chargeless F particle beam, the improved electrical
properties of Al2 O3 treated with an F neutral beam may
be partly due to the fact that no charge-related damage
occurred during the F neutral-beam treatment of Al2 O3 .
Even though the previous study showed the effect of
the F neutral beam on the electrical characteristics of the
oxide-nitride-aluminum oxide (SiO2 –Si3 N4 –Al2 O3 , ONA)
gate dielectric stack, F neutral-beam treatment has not
1533-4880/2011/11/5904/005
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of graphite plates tilted by about 5 towards the direction
of the ion beam was installed in front of the ICP ion gun
for the neutralization of the F ion during the reﬂection of
the extracted F ion beam on the reﬂector. More details
regarding the beam source can be found elsewhere.12–14
Therefore, by installing or removing the reﬂector stack
in front of the 6-inch-diameter ICP ion gun, the source
was operated as an F neutral- beam or ion beam source,
respectively.
The Al2 O3 of the ONA layer on p-type (100) silicon was
treated with an F neutral or F ion beam for 15 min. After
the beam treatment, a metal-oxide-semiconductor (MOS)
device was fabricated to measure the electrical properties
of the ONA layer on the p-type (100) silicon wafer. To
form the MOS device structure, a 50 × 50-m2 , 100-nm2. EXPERIMENTAL DETAILS
thick Pt electrode was deposited via dc sputtering on the
top and bottom of the samples, as the gate electrodes,
An ONA gate dielectric stack layer was formed on p-type
followed by forming gas annealing (FGA) at 400  C for
(100) silicon as a ﬂuorination sample. 4-nm-thick SiO2
30 min.
was grown thermally, 7-nm-thick Si3 N4 was
deposited by Ingenta to:
Delivered
The distribution of F atoms in Al2 O3 , produced by the
via low-pressure chemical vapor deposition,
and Kyun
15-nm-Kwan University
Sung
F beam treatment, was measured, and the Al bonding
in
thick Al2 O3 was deposited via atomic-layer deposition,
IP : 115.145.196.113
state on the surface of the ﬂuorinated Al2 O3 thin ﬁlm
sequence, on the silicon wafer. After the formation
of Jan
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Mon, 02
was analyzed, via X-ray photoelectron spectroscopy (XPS,
ONA layer on the silicon wafer, post-deposition rapid therVG Microtech Inc. ESCA2000). Atomic-force microscopy
mal annealing was performed at 1080  C for 2 min, in a
(AFM, Thermomicroscopes Autoprobe CT) was used to
N2 ambient.
analyze the surface morphology of the Al2 O3 thin ﬁlm
The Al2 O3 of the ONA layer, which is used as a chargeafter the ﬂuorination procedure. The thickness of the ﬂublocking layer, was ﬂuorinated using an F ion beam and
orinated Al2 O3 layer was observed with a transmission
an F neutral beam. Figure 1 shows the schematic diaelectron microscope (TEM, JEOL JEM 2100F). Finally,
grams of the F ion and neutral-beam systems that were
the high-frequency (100 kHz) capacitance–voltage (C–V )
used for the ﬂuorination. For the extraction of the F beam,
and current–voltage (I–V ) curves were measured using
a 6-inch-diameter, three-grid inductively coupled plasma
HP4284A and HP4155C semiconductor parameter analyz(ICP) source was used. The ICP source was operated at
ers, respectively.
300 W, with a 13.56 MHz rf power supply, and 30 sccm
NF3 was ﬂown to the source to generate F ions. F ions
with a low energy of ∼10 eV were formed by applying
3. RESULTS AND DISCUSSION
+10 and −700 V to the ﬁrst grid (located close to the ICP
Figure 2 shows the XPS depth proﬁles of the ﬂuorine (F),
source) and the second grid, respectively, while the third
oxygen (O), and aluminum (Al) in the ONA layers treated
grid (located close to the reﬂector) was grounded. To form
an F neutral beam, as shown in Figure 1, a parallel stack
been compared with the conventional F plasma treatments,
such as the treatment using an F ion beam. Therefore, in
this study, F beam treatment was carried out on the Al2 O3
layer of an ONA gate dielectric stack, using an F neutral beam and an F ion beam, to improve of the electrical
properties (e.g., charge-trapping properties) of SONOStype ﬂoating-gate-memory devices. Moreover, the effects
of F beam treatment with an F neutral beam and an F ion
beam on the physical and chemical characteristics of the
Al2 O3 gate dielectric material and on the electrical characteristics of the ONA structure, such as the leakage current
and the hysteresis of the capacitance–voltage, due to the
ﬂuorination of Al2 O3 , were compared.
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Fig. 1. Schematic diagrams of the (a) F ion beam system and
(b) F neutral-beam system used in the experiment.
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Fig. 2. XPS depth proﬁles of the F, O and Al atomic distributions in the
F-neutral- and F-ion-beam-treated ONA layers. The XPS depth proﬁle of
the untreated ONA layer was included as a reference.
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(a)
with low-energy F neutral/ion beams, respectively. The
Glue
XPS depth proﬁles of the F, O, and Al in the ONA layers
before the F beam treatment were included as references.
For XPS depth proﬁling, a 3 kV and 2uA argon (Ar) beam
ed)
talliz
was used. As shown in Figure 2, after the low-energy F ion
(crys
beam and F neutral-beam treatment, the penetration of F
Al 2o 3
into Al2 O3 was observed. The maximum amount of F was
observed to have penetrated into Al2 O3 , rapidly decreasing
SiN
with the increasing depth of Al2 O3 , and reaching the minimum amount after a sputter etch time of about 275 sec
SiO 2
for both treatments. The fact that the maximum amount
5 nm
Si
of F was observed on the surface is believed to be due
to the low-energy F beam treatments that were used in
(b)
the experiment. In the case of the O XPS depth proﬁle,
Glue
AlO
it increased with increasing proﬁling depth and reached
x Fy
the maxiumum after about 275 sec. As for the Al XPS
(amo
rpho
us)
peak, no change in the composition with the depth was
Al o
2 3
observed in either of the treated samples. When the XPS
depth proﬁles of O and Al for the Al2 O3 layers treated
Delivered by Ingenta to:
(crys
talliz
and untreated with an F beam were compared, the loss
SiN
ed)
Sung Kyun Kwan University
of O on the surface of Al2 O3 due to the F beam treatment
IP : 115.145.196.113
was seen. Therefore, due to the F beam treatment,
of 2012 06:31:29
SiO
Mon, some
02 Jan
2
the O in the Al2 O3 appeared to have been replaced by F
in both treated samples. When the chemical-binding state
5 nm
Si
of Al on the Al2 O3 surface after the F beam treatments
was investigated via XPS, the samples that were treated
(c)
with both the F neutral and F ion beams showed a peak at
Glue
AlO
x Fy
76.7 eV related to Al–F bonding, in addition to the peak at
(amo
74.2 eV related to Al–O bonding. In addition, the intensity
rpho
us)
Al o
of the Al–O bonding peak decreased after the formation of
2 3
Al–F bonding. Al–F bonding thus appeared to have been
(crys
formed by the replacement of the Al–O bonding during
talliz
SiN
ed)
the F beam treatments of the Al2 O3 layers on the ONA
layers (not shown).
SiO
2
Figure 3 shows the cross-sectional TEM images of the
ONA layers for the (a) untreated ONA layer, (b) F-ionSi
5 nm
beam-treated ONA layer, and (c) F-neutral-beam-treated
ONA layer. As shown in Figure 3(a), a total ONA thickness of 26 nm (15 nm: Al2 O3 ; 7 nm: Si3 N4 ; 4 nm: SiO2 
Fig. 3. Cross-sectional TEM images of the ONA layers: (a) untreated
on the silicon wafer was conﬁrmed for the untreated ONA
ONA layer; (b) F-ion-beam-treated ONA layer; and (c) F-neutral-beamlayer. Even after the F beam treatment with the neutral and
treated ONA layer.
ion beams, the total thickness of the ONA stack remained
close to 26 nm, as shown in Figure 3(b) and (c), respecof the F-ion- and F-neutral-beam-treated samples were
tively, indicating that there was no observable etching
025 ± 004 and 024 ± 004 nm, respectively. Therefore,
of the Al2 O3 layer during the low-energy F beam treatF beam treatment appeared to have slightly improved the
ments. After both F beam treatments, however, a change
surface roughness of the ONA layers, and no difference
in the Al2 O3 surface of the ONA layer (i.e., Al2 O3 ’s thickbetween the F ion beam and F neutral-beam treatments
ness decreased to about 5 nm) was observed for both
was observed in this regard.
treatmenents.
Using the ONA layers on the silicon wafers treated with
The surface roughnesses of the ONA layers before and
the F neutral/ion beams, MOS devices were fabricated, as
after ﬂuorination with an F neutral or ion beam were
described in the “Experimental Details” section, to meainvestigated via AFM (scan area: 3 × 3 um; three-time
sure the electrical properties of the ONA layers. The I–V
scan), and the results are shown in Figure 4 and Table I.
characteristics of the fabricated MOS devices are shown
As shown in the table, the rms surface roughness of
in Figure 5. For reference, the I–V characteristics of the
MOS device fabricated with the untreated ONA layer are
the untreated sample was 035 ± 005 nm, while those
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Ref.
Neutral beam
Ion beam
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Vg (V)
Fig. 5. I–V characteristics of the MOS devices fabricated with the ONA
layers treated with the F neutral/ion beams. The I–V characteristics of
the device with the untreated ONA layer were included as references.

Cg (F) (normalized)

Table I. AFM images and rms surface roughnesses of the ONA layers:
(a) Reference; (b) F-neutral-beam-treated ONA layer; and (c) F-ion-beam
treated ONA layer (AFM scan area: 3 × 3 um; three-time scan). The
treatment time was 15 min.

RMS roughness

Reference

NF3 neutral
beam treatment

NF3 ion beam
treatment

035 nm ± 004

024 nm ± 004

025 nm ± 004
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Fig. 6. C–V hysteresis curves of the MOS devices fabricated with the
ONA layers treated with the F neutral/ion beams. The C–V curve of the
device with the untreated ONA layer was included as a reference.
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caused charge-related damage, even though the samples
were made to undergo FGA at 400  C for 30 min after the
(b) NF3 neutral beam (RMS = 0.24 nm)
depositionto:
of the gate electrodes.
Delivered by Ingenta
The
C–V
characteristics of the MOS devices described
Sung Kyun Kwan University
above
were
also
measured, and the results are shown in
IP : 115.145.196.113
Figure
6.
The
C–V
characteristics of the MOS devices
Mon, 02 Jan 2012 06:31:29
showed a hystesis curve (related to the memory window
characteristics) within the voltage range of −15∼15 V,
due to the charge trapping between Si3 N4 and Al2 O3
in the ONA layers. As shown in the C–V hysteresis
curve, the MOS device fabricated with the F-neutral-beamtreated ONA layer showed the widest memory window
(c) NF3 ion beam (RMS = 0.25 nm)
characteristics due to the increase in its charge-trapping
Fig. 4. AFM images and rms surface roughnesses of the ONA layers:
characteristics. When the C–V characteristics of the MOS
(a) Reference; (b) F-netral-beam-treatment ONA layer; and (c) F-iondevice fabricated with the F-neutral-beam-treated ONA
beam-treated ONA layer. The treatment time was 15 min.
layer were compared with those of the MOS device fabraicated with the untreated ONA layer, the charge-trapping
characteristics related to electron trappling were found to
also shown. The I–V characteristics of the MOS device
have been signiﬁcantly improved for the MOS device fabwith the ONA layer showed three distinct regions (from 0
ricated with the F-neutral-beam-treated ONA layer. This
to −2 V, from −2 to −12 V, and above −12 V), which
is believed to be related to the effective electron blocking
may be related to the breakdown of each material in the
ONA layer at the respective voltages. The operating voltages of the SONOS device were 0 to −10 V. Even though
Reference
Vg /± ~15 V sweep
Neutral beam
no signiﬁcant differences were observed among the MOS
Ion beam
1
devices, the F-neutal beam-treated MOS device showed
the lowest leakage current among the MOS devices fabricated in this study. In the case of the MOS device treated
with the F ion beam, a slightly higher leakage current in
the regions of 0 to −2 V and above −12 V was observed.
Therefore, the F ion beam treatment appeared to have
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by the Al–F layer formed on the surface of the Al2 O3
treatment, possibily due to the defect passivation by the
without causing any charge-related damage. In the case
incorporation of F into the Al2 O3 layer and the enhanced
of the C–V characteristics of the MOS device fabricated
electron trapping by the Al–F layer formed on the surface
with the F-ion-beam-treated ONA layer, the memory winof Al2 O3 without any charge-related damage incurred durdow was also improved compared with that of the MOS
ing the F beam treatment. On the other hand, the slightly
device fabricated with the untreated ONA layer, due to the
increased leakage current compared to that of the referAl–F layer formed on the Al2 O3 . The memory window,
ence, and the limited improvement of the C–V characterhowever, was narrower than that of the MOS device fabistics obtained after the F ion beam treatment, appear to
ricated with the F-neutral-beam-treated ONA layer. Morebe related to the charge-related damage that was incurred
over, the improvement of the memory window was related
during the F ion beam treatment, even when an Al–F layer
to hole trapping rather than to electron trappling, which
was formed on the surface of the Al2 O3 layer.
might be due to the positive-charge-related damage during the F ion bombardment. The charge-related damage to
Acknowledgments: This work was supported by
the ONA layer during the F ion beam treatment needs to
the National Research Foundation of Korea Grant
be investigated in detail, but the signiﬁcant differences in
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