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Mo nanocrystal memory was fabricated through annealing the oxygen-incorporated Mo and Si layers. We then investigated the
influence an of ammonia plasma treatment on the nonvolatile memory characteristics of a charge storage layer composed of Mo
nanocrystal memory embedded in SiOx. Transmission electron microscopy revealed the nanostructure of the charge storage layer,
and X-ray photoelectron spectra analyses revealed that nitrogen was incorporated into the charge storage layer. Electric analyses
indicated that the memory window reduced, and both retention and endurance improved after the treatment. The reduction in the
memory window was attributed to the decrease in charge trapping centers in the surrounding oxide after the treatment. The
improvement of retention was interpreted in terms of the nitrogen passivation of traps in the oxide around the Mo nanocrystals.
The robust endurance characteristic was attributed to the improvement of the quality of the surrounding oxide by nitrogen
passivation.
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Nonvolatile memory composed of a floating structure plays an
important role in portable devices such as cell phones, notebook
computers, and digital cameras. However, conventional floating
structure confronts a bottleneck on the reduction in tunnel oxide in
the memory structure because carriers stored in an electrical con-
tinuously conducting polycrystalline silicon floating gate totally lose
if one defect chain exists in the tunnel oxide.1,2 The nanocrystals
embedded in dielectric as charge storage centers in the floating gate
structure has attracted much attention for next-generation nonvola-
tile memory because carriers stored in electrically isolated nanocrys-
tals can suppress carrier loss.2 Several methods have been investi-
gated to fabricate nanocrystals such as ion implantation,3,4

sputtering,5,6 and oxidation.7,8 It is expected that those processes can
induce defects or traps in the dielectric around nanocrystals during
the fabrication process. The induced deficiency in the surrounding
dielectric can lead to stored charges leaking out of the nanocrystals
through trap-assisted tunneling.9 Therefore, the quality of the sur-
rounding oxide, which electrically isolates the nanocrystals, is an
important issue in research on nanocrystal memory. Two possible
ways to gain good reliability are improving the surrounding oxide of
the nanocrystal by using a hydrogen treatment with a high pressure
at high temperature � � 900°C� and nitrogen annealing at high tem-
perature � � 1000°C�. However, the Si–H bond is weak and easily
to be broken during endurance tests. For the nitrogen annealing, a
high temperature process � � 1000°C� is required to dissociate the
nitrogen to strengthen the surrounding oxide layer.10,11 Therefore,
the process is not appropriate for application in semiconductor in-
dustry and for nanocrystal memory in terms of thermal budget.

In this study, Mo nanocrystal memory was fabricated through
annealing the oxygen-incorporated Mo silicide layer.12 We investi-
gated the effect of ammonia �NH3� plasma treatment on memory
characteristics of the Mo nanocrystal embedded in SiOx as the
charge storage layer. The plasma-enhanced process is widely used in
the semiconductor industry for its benefit with regard to small ther-
mal budget, which is important for integrated circuit technology
because the thermal budget may lead to the redistribution of source/
drain dopant or density and size of the nanocrystal. Furthermore, the
NH3 plasma treatment technique has been investigated to improve
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the quality of gate dielectric.13,14 Our experimental results show that
the memory characteristics including memory window, retention,
and endurance were influenced by the incorporation of nitrogen into
the surrounding oxide.

Experimental

The experimental process flow and memory structure is shown in
Fig. 1. The memory cells were fabricated on 6 in. p-type Si sub-
strate. After the substrate was cleaned by a standard RCA process, a
5 nm thick dry oxide layer was grown at 950°C on the substrate in
a horizontal furnace. An 8 nm thick Mo silicate layer was then de-
posited on the oxide layer using cosputtering Mo and Si in Ar
�24 sccm�/O �2 sccm� ambience. 30 nm thick Si oxide was depos-
ited on the Mo silicate layer as the blocking oxide by plasma-
enhanced chemical vapor deposition �PECVD� at 300°C. The ther-
mal annealing process was performed in N2 ambience at 900°C for
60 s to form Mo nanocrystals embedded in SiOx. Cells were subse-
quently treated with NH3 plasma in the PECVD chamber for 30 min
with an NH3 gas flow rate of 20 sccm and a chamber pressure of
67 Torr at a power of 50 W. For the electrical characteristic mea-
surement, 500 nm thick Al was thermally evaporated with a shadow
mask on the blocking oxide to form the metal-oxide-semiconductor
�MOS� structure. The nanostructure of Mo nanocrystals was ana-

Figure 1. Process flow and memory structure of this work.
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lyzed through a transmission electron microscope. The chemical
bonding and composition of the charge storage layer were analyzed
with X-ray photoemission spectroscopy �XPS�. Electrical character-
istics were measured using a Keithley 4200 and HP 4284 precision
LCR meter with a frequency of 1 MHz.

Results and Discussion

Figure 2a and b shows the transmission electron microscopy
�TEM� for the charge storage layer with and without the plasma
treatment. The average size and density of both samples are esti-
mated at about 4–5 nm and 1012 cm−2. A density as high as
1012 cm−2 is a basic requirement for nanocrystal memory to prevent
the variation in memory characteristics between cells during reduc-
tion in the nonvolatile memory structure. In this case, however, the
high density results in the thickness of the surrounding oxide, which
electrically isolates nanocrystals, being only 4–5 nm, as shown in
Fig. 2. Therefore, if traps exist in the oxide, this can result in a
serious tunnel process of the stored carriers between nanocrystals
�trap-assisted tunnel mode�.9

In our previous study, the oxide surrounding the Mo nanocrystal
was deficient �oxygen deficiency�.12 Figure 3 shows XPS Mo 3p and
N 1s spectra of the charge storage layer �a� without and �b� with the
plasma treatment, both performed by using a monochromatic Al K�
�1486.6 eV� X-ray. An additional XPS peak �397.8 eV� appears in
Mo 3p and N 1s spectra of the charge storage layer after the plasma
treatment due to the formation of O–Si–N bonds. This suggests that
the incomplete bonds in SiOx bonded with nitrogen after the plasma
treatment, as shown in Fig. 3.15

Figure 4a and b shows the C-V curves of the MOS structure
embedded with the Mo nanocrystal for the sample with and without
the plasma treatment, respectively. At the smaller sweeping voltage
of 2 V, there is a negligible memory window in Fig. 4a and b
corresponding to the quasi-neutral state �i.e., no charge is stored in
the charge storage layer under this sweeping range�. At the larger
sweeping voltages �−11 to 9 V and vice versa�, there are counter-
clockwise memory hystereses, as evident in Fig. 4a and b. The coun-

Figure 2. Plane-view TEM image of the sample �a� without and �b� with the
plasma treatment.

Figure 3. Mo 3p and N 1s core-level spectra of the charge storage layer
composed of Mo nanocrystals embedded in SiOx �a� without and �b� with the
plasma treatment.
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terclockwise hystereses are due to carrier transport through tunnel
oxide between the charge storage layer and the Si substrate. The
memory windows were reduced �0.6 V reduction� for the sample
with the plasma treatment. The reduction in the memory window
after the treatment was related to the nitrogen passivation in the
charge storage layer. It has been suggested that the traps in the oxide
around nanocrystals can capture carriers and contribute to the
memory window.12 According to XPS results, nitrogen was incorpo-
rated into the oxide around the Mo nanocrystals after the treatment.
The incorporated nitrogen can passivate the traps in the oxide,
which reduce the charge storage centers in the surrounding oxide,
leading to the smaller memory window.

Figure 5 is a comparison of retention behavior for the samples
with and without the plasma treatment, respectively. Retention was
measured at a stress voltage of 10 V on the Al gate electrode for 5 s.
The memory window was obtained by comparing the C-V curves
between the charged state and the quasi-neutral state. When carriers
are stored in the nanocrystals, the stored carriers raise the potential
energy of the nanocrystals and increase escape probability of the
stored carriers. Furthermore, carriers trapped in the shallow traps are
unstable and can easily leak back to the silicon substrate. Figure 5
shows that for retention time before 102 s, the charge loss rate is
significant, becoming stable over a longer retention time. This result
is inconsistent with partial carriers trapping in the shallow trap states
of the SiOx matrix around the nanocrystals. Because the decline rate
of the flatband voltage after 102 s retention time is stable, the reduc-
tion rate of the flatband voltage has an exponential dependence on
retention time according to the one-dimensional direct tunneling
model.16 Therefore we can extrapolate the retention characteristics
to 10 years with a slope of the stable range

Figure 4. C-V curves of the MOS structure without and with the plasma
treatment.

Figure 5. The retention behavior of MOS structures with and without the
plasma treatment.
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m =
VFB2 − VFB1

log t2 − log t1

where VFB1 and VFB2 are the flatband voltage shifts at retention
times of 102 s �t1� and 104 s �t2�, respectively. A 1.4 V memory
window �charge remaining at 68%� can be obtained after 10 years
by analyzing the extrapolation value of retention data. In contrast,
the charge loss rate of the sample after the treatment is slower than
that without the treatment, with the memory window remaining at
86%. The superior retention of the sample with the treatment can be
explained by the nitrogen passivation of the traps in the oxide
around Mo nanocrystals, schematically expressed in Fig. 6. When
carriers are stored in nanocrystals after programming, if there is a
defect chain in the tunnel oxide, the nanocrystal that aligns with the
defect chain is discharged immediately. As shown in Fig. 6a for the
sample without the plasma treatment, the carriers stored in the
neighbor nanocrystals can escape to the discharged nanocrystal by
assistance of traps �trap-assisted tunneling� in the surrounding oxide,
which results in a faster loss rate of the stored carriers. For the
sample with the plasma treatment, the traps in the surrounding oxide
were reduced by nitrogen passivation. The trap-assisted lateral mi-
gration of the stored carriers was suppressed, which improves the
retention of the memory structure, as shown in Fig. 6b.

Figure 7a is the comparison of the endurance characteristics of
the samples with and without the plasma treatment under pulse con-
ditions of VG = � 15 V for 1 ms, respectively. For the sample
without the plasma treatment, the �VFB �the difference between pro-
gramming and erase states� was reduced significantly, remaining
51% after 106 program/erase cycles. However, the plasma-treated
sample exhibits a robust endurance characteristic ��VFB of 89%
after 106 program/erase cycles�. Previously the �VFB reduction dur-
ing such an endurance test was due to the degradation of the gate
oxide.13 Carriers tunneling from the substrate into the charge storage
layer during the endurance test can release energy to destroy the

Figure 6. �Color online� Schematic explanation of the retention behavior for
the sample �a� before and �b� after the plasma treatment.

Figure 7. �a� Endurance characteristic of the MOS structures without and
with the plasma treatment and �b� band diagram of carrier transport during
the electron tunnel.
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surrounding dielectric �Fig. 7b�, which results in the reduction in the
�VFB. For the sample without the plasma treatment, there are sev-
eral weak or dangling bonds in the surrounding oxide induced dur-
ing the formation of nanocrystals. The bonds can easily break during
the programming/erase cycles, leading to a faster degradation rate of
the surrounding oxide. After the plasma treatment, because the traps
were reduced, and the surrounding oxide was strengthened by the
nitrogen incorporation, the generation rate of traps reduced, result-
ing in the better endurance characteristic.

Table I compares the memory characteristics of our experimental
result with those of Si nanocrystal memory in recent research. The
NH3 plasma-treated Mo nanocrystal memory has a large memory
window and good retention, and is suitable for nonvolatile memory
application.17-19

Conclusion

The nonvolatile memory characteristics of the Mo nanocrystals
were influenced by ammonia plasma treatment. The C-V hysteresis
reduced from 3.6 to 3.0 V due to a reduction in trapping centers in
the surrounding oxide. The retention characteristic improved from
68 to 86% remaining charges after the plasma treatment because the
carriers’ lateral migration between nanocrystals was suppressed
through the nitrogen passivation of the traps in the surrounding ox-
ide. The incorporation of nitrogen into the charge storage layer
through the NH3 plasma treatment can strengthen the endurance
characteristic of Mo nanocrystal memory. These results suggest the
promising usage of NH3 plasma treatment to passivate the surround-
ing oxide of nanocrystals in the next generation of floating gate flash
memory devices.
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