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High-Performance Double-Layer Nickel Nanocrystal
Memory by Ion Bombardment Technique

Sheng-Hsien Liu, Wen-Luh Yang, Yu-Hsien Lin, Chi-Chang Wu, and Tien-Sheng Chao

Abstract— A novel ion bombardment (IB) technique is pre-
sented to fabricate and embed double-layer (DL) Ni nanocrystal
(NQ) in silicon nitride for TaN/Al,03/Si3N4/SiO,/Si nonvolatile
memory applications. In contrast to other methods of forming
DL metal NC, the IB technique is a relatively simple fabrication
method and completely compatible with the current IC man-
ufacturing technologies. Using the IB technique, a high-quality
ultrathin interlayer between top and bottom layered NCs can be
easily formed and controlled. Compared with the control sample,
the IB-induced DL Ni NC memory exhibits superior performance
in terms of faster program and erase (P/E) speeds, longer
data retention, better endurance, negligible program disturbance,
and great potential for a multilevel operation. In addition, the
IB-induced DL Ni NC device also shows higher P/E efficiency
as well as similar excellent reliability by comparison with other
conventional DL metal NC memories due to the high-quality
ultrathin interlayer.

Index Terms— Double-layer metal nanocrystal, ion bombard-
ment (IB), nickel, nonvolatile memory (NVM).

I. INTRODUCTION

ECENTLY, floating-gate nonvolatile memory (NVM)

has been actively investigated and widely applied to
portable electronic productions, such as smart phone, tablet
PC, and global positioning system. As the device size is
continuously shrunk, however, the conventional floating-gate
structure will face serious reliability challenges [1]-[6]. To
smoothly promote NVM scaling down, various discrete storage
layers have been proposed to replace a continuous poly-Si
storage layer in the floating-gate structure, such as high-k
trapping layer [7]-[9], semiconductor dots [10]-[12], and
metal nanocrystals (NCs) [13]-[15]. Among various discrete
storage layers, double-layer (DL) metal NC has attracted
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considerable attention for large-capacity and high-reliability
NVMs [16]-[21]. For the realization of DL metal NC,
several fabrication methods have been proposed, such as
repeating dip-coating process (RDCP) [16], thermal silicida-
tion reaction (TSR) [17], and multistep deposition (MSD)
[18]—[21]. For the RDCP, it employs a poly (styrene-b-methyl
methacrylate) diblock copolymer as an etching mask to form
fillisters in the dielectric layer for self-aligned DL metal NC.
The symmetry between top-layered (TL) and bottom-layered
(BL) metal NCs can be easily controlled, but the NC size is
not easily shrunk. Moreover, this process is very complex and
incompatible with the standard CMOS process. For the TSR, it
utilizes silicidation reaction between silicon and silicide metal
atoms to directly embed DL metal-silicide NC in the dielectric.
During formation of DL metal NC, a large thermal budget is
required for silicidation reaction and diffusion between silicon
and silicide metal atoms. This method limits the selection
of metal NC materials. For the MSD, it uses a repeating
single-layer (SL) metal NC process. So far, this method has
been the most popular and direct fabrication method. The
MSD has been developed to realize various DL metal NCs,
but complex processes and a high manufacturing cost are
unavoidable due to repeating and interlaced physical vapor
deposition (PVD), chemical vapor deposition (CVD), and
thermal-annealing processes.

To improve the above drawbacks, a novel ion bombardment
(IB) technique is presented to fabricate a DL metal NC.
Compared with other fabrication methods, the IB technique is
a relatively simple process. Using the IB technique, complex
and high-cost processes can be avoided. Also, the IB technique
is completely compatible with the current IC manufacturing
technologies. On the other hand, the IB-induced DL metal
NC memory possesses a high-quality and ultrathin interlayer
between TL and BL NCs. Due to the high-quality ultrathin
interlayer, the IB-induced DL metal NC memory has higher
program and erase (P/E) efficiency and similar excellent
reliability by comparison with other DL metal NC memories
fabricated by general method.

In this paper, a TaN/Al,03/Si3N4/Si0,/Si (TANOS) NVM
with embedded IB-induced DL metal NC was fully studied.
We employed the Ni element as the material of DL metal
NC. This is because, in contrast to other metal NC materials,
the Ni material has been completely compatible with the
current IC manufacturing technologies and widely used in
the semiconductor industry [22]-[25]. In addition, the Ni NC
also has a great storage capability due to the high work
function [26]. The sizes and densities of the IB-induced DL
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Fig. 1.

Process flow diagrams of the SL, IB-induced DL, and conventional
DL metal NCs.

Ni NC were analyzed by high-resolution transmission electron
microscopy (HR-TEM). The performance and reliability of
the IB-induced DL Ni NC memory, including P/E speeds,
data retention, device endurance, and program disturbance
properties, were also investigated in this paper.

II. DEVICE FABRICATION

The samples were prepared on <100> p-type silicon
wafers. After local oxidation of silicon formation, a 3-nm thick
tunneling SiO; film was thermally grown by vertical furnace
in NoO ambient, and then a 5.4-nm thick bottom Si3zNy film
was deposited by low pressure CVD. Subsequently, a 5-nm
thick Ni film was deposited by E-gun evaporation. Next, an
Ar IB treatment for 5 s was performed on the Ni thin film
by high density plasma CVD. The RF and DC were set at a
power of 200 and 20 W, respectively. After the Ar IB process,
partial Ni atoms of the Ni film sank into the bottom SizNy4 film
due to physical impact. Afterward, a 500 °C for 30-s thermal
annealing was used for forming a DL Ni NC. A 3-nm thick
top Si3Ny4 and 12-nm thick blocking Al,O3 were sequentially
deposited by plasma enhanced CVD and metal organic CVD,
respectively. A TaN control gate was then deposited by sputter.
Finally, the standard n-MOSFET process was followed to
complete a TANOS NVM device with embedded IB-induced
DL Ni NC. In addition, a device without Ar IB treatment
was also prepared as a control sample, namely, SL Ni NC
memory. The channel width and length of the devices were 10
and 0.35 um, respectively. The structural analyses of Ni NCs
were performed by HR-TEM, and the electrical characteristics
were demonstrated by Keithley 4200 system.

III. RESULTS AND DISCUSSION

Fig. 1 shows process flow diagrams of the SL, IB-induced
DL, and conventional DL metal NCs. It is observed that a
SL metal NC can be obtained by an ultrathin metal film and
competent thermal-annealing process. As processed by thermal
annealing, an ultrathin metal film self-assembles into a SL
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Fig. 2. Cross-sectional HR-TEM images of 5-nm thick Ni films (a) without
and (b) with Ar IB treatment after 500 °C for 30-s thermal annealing.

metal NC [14]. However, the conventional DL metal NC is
fabricated by repeating the formation method of SL metal NC
[18]-[21]. Repeating and interlaced PVD, CVD, and thermal-
annealing processes would increase the manufacturing cost
and decrease the processing stability. Additionally, the MSD
and thermal stresses easily cause a large number of shallow
deficiencies around NCs during formation of DL metal NC
to result in serious charge loss problems, especially in high-
temperature environment [27]-[29]. Using the IB technique,
however, this complex and high-cost fabrication method of
DL metal NC can be improved. While an ultrathin metal film
is treated by Ar IB treatment, partial metal atoms of the metal
film could sink into the bottom dielectric due to physical
impact of Ar plasma. Subsequently, a DL metal NC can be
formed after thermal annealing. As can be observed easily,
by comparison with the conventional fabrication method, the
IB technique is a relatively simple fabrication method. Also,
the IB technique is completely compatible with the standard
CMOS process [30]. On the other hand, it is worth noting that
the interlayer between the IB-induced TL and BL NCs is from
the original bottom dielectric. For the conventional DL metal
NC, however, the formation of the interlayer between TL and
BL NCs must rely on additional CVD deposition.

Fig. 2 shows the HR-TEM images of 5-nm thick Ni films
with and without IB treatment after 500 °C for 30-s thermal
annealing, respectively. From Fig. 2(a), it is shown that a
5-nm thick Ni film without IB treatment directly transforms
into a SL Ni NC after 500 °C for 30-s thermal annealing. The
size of the SL Ni NC is estimated to be ca. 5 nm. Meanwhile,
a 5-nm thick Ni film with IB treatment transforms into a DL
Ni NC after 500 °C for 30-s thermal annealing, as shown in
Fig. 2(b). The sizes of the TL and BL Ni NCs are estimated
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Fig. 3. (a) Program and (b) erase characteristics of the TANOS memories
with embedded SL and IB-induced DL Ni NCs under different applied
voltages. As to the erase measurement, the devices were initially operated
at the program state, that was, Vi—initial Vi = 3 V. The fresh threshold
voltages (Vi) of the TANOS memories with embedded SL and IB-induced
DL Ni NCs are 0.9 and 0.74 V, respectively. The Vi, is defined as the applied
gate voltage when the drain current is 100 nA during operation mode.

to be ca. 4 and 3 nm in diameter, respectively. In addition,
the average thickness of the interlayer between the TL and
BL Ni NCs is smaller than 2 nm. As can be observed easily,
a DL metal NC can be realized by the IB technique. On the
other hand, because all of the Ni NCs are almost sphere, the
densities of the TL and BL Ni NCs can be calculated from
the 1-D TEM image. The 1-D densities of the TL and BL Ni
NCs are estimated to be ca. 2.07 x 10° and 1.62 x 10° #/cm,
respectively. Consequently, the 2-D densities of the TL and
BL Ni NCs can be further obtained to be ca. 4.28 x 10'? and
2.62 x 10'2 #/cm?, respectively. For the SL Ni NC,
likewise, the 2-D NC density can be estimated to be ca.
2.9 x 10'2 #/cm?.

Fig. 3 shows the P/E characteristics of the TANOS mem-
ories with embedded SL and IB-induced DL Ni NC. The
memory window is defined as a threshold voltage change
(Vin shift) of a device between P/E states. The Fowler—
Nordheim tunneling was employed for programming and
erasing. From Fig. 3, it is shown that the P/E speeds and
memory windows are increased with increasing the applied
voltage for the TANOS memories with an embedded Ni NC.
As can be observed in Fig. 3(a), the IB-induced DL Ni NC
device exhibits a faster program speed and larger memory
window than the SL Ni NC sample. Under Vp = 17 V
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at 100 us, a 7 V memory window can be observed for
the IB-induced DL Ni NC memory. By contrast, the SL Ni
NC sample only shows a 4.4 V memory window under the
same programming condition. As can be observed easily, the
IB-induced DL Ni NC memory has a great potential for storage
capability. This implies the IB-induced DL. Ni NC memory
could be suitable to be applied to a multilevel storage. From
Fig. 3(b), it is observed that the IB-induced DL Ni NC device
also shows better erase properties than the SL Ni NC sample.
For example, a 97% memory window can be erased under
VE = —17 V at 10 us for the IB-induced DL Ni NC device,
while an only 67% memory window can be erased under
the same erasing condition for the SL Ni NC sample. These
improvements in P/E efficiency are attributed to an increase
in the number of NCs, 3-D distribution of NCs, and DL metal
NC-induced strong coupling with conduction path [31]. On the
other hand, as compared with other DL. metal NC memories
fabricated by general method [16]-[21], the IB-induced DL
Ni NC has superior P/E efficiency. This is due to the ultrathin
interlayer between TL and BL NCs of the IB-induced DL
Ni NC. As the thickness of interlayer becomes thinner, the
electric-field intensity between TL and BL NCs becomes
stronger under the applied-voltage situation. This implies the
decrease of interlayer thickness would significantly improve
the efficiency on charge injecting into and escaping from TL
NC and further increase P/E efficiency. By the conventional
method of DL metal NC [18]-[21], it is difficult for an
ultrathin interlayer between TL and BL NCs to be controlled
due to limitation of the conventional CVD process. Using this
IB technique, however, an ultrathin interlayer between TL and
BL NCs can be easily controlled and realized.

Fig. 4 shows the data retention characteristics of the TANOS
memories with an embedded SL and IB-induced DL Ni NCs at
room temperature (RT) and 125 °C, respectively. At RT, they
both show stable data retention properties without any apparent
change in memory window, as shown in Fig. 4(a). As the test
temperature is increased to 125 °C, the SL Ni NC sample
shows ordinary high-temperature retention properties with a
33% charge loss at extrapolation up to 10 years, as shown
in Fig. 4(b). By contrast, the IB-induced DL Ni NC device
exhibits better high-temperature retention properties with an
only 9% charge loss at extrapolation up to 10 years at 125 °C.
This improvement in data retention is attributed to the coulomb
blockade effects between TL and BL NCs [17], [31]. As stored
in the TL NC, charges are prevented from leaking out at high
temperature by the coulomb repulsion effects of charges stored
in the BL NC. On the other hand, previous reports indicated
that the data retention characteristics of DL metal NC memory
and the thickness of the interlayer between TL and BL NCs
are closely interactive [32]. With decreasing the thickness of
the interlayer between TL and BL NCs, the charge retention
capability of DL metal NC memory is degraded. It is easy for
charge stored in the TL NC to leak to BL NC via an ultrathin
interlayer between TL and BL NCs. Even so, the IB-induced
DL Ni NC device with the ultrathin interlayer still shows good
data retention properties by comparison with other DL metal
NC memories fabricated by general method [16]—[21]. This
is attributed to the high-quality interlayer of the IB-induced
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Fig. 4. Data retention characteristics of the TANOS memories with embedded
SL and IB-induced DL Ni NCs at (a) RT and (b) 125 °C, respectively. As to
the data retention measurement, the devices were initially tested at program
state, that was, Vi—initial Vi, = 3 V.

DL Ni NC. For the IB-induced DL metal NC, it employs the
original bottom dielectric as the interlayer. For DL metal NC
formed by the conventional method [18]-[21], however, the
interlayer is obtained by an additional CVD process, as shown
in Fig. 1. The heteromaterial deposition processes easily cause
a large number of natural shallow deficiencies around the
interface between two kinds of materials. After formation of
DL metal NC, a large number of shallow defects exist around
the interlayer. This would cause serious charge loss problems,
especially in high-temperature environment [27]-[29]. This
implies the interlayer quality of the conventional DL metal
NC is difficultly controlled. As can be observed easily, the
interlayer quality of the IB-induced DL metal NC is certainly
better than that of the conventional DL Ni NC. This also
explains that why the IB-induced DL Ni NC memory can
has such good retention properties, although the interlayer is
ultrathin. According to the above results, it is confirmed that
the IB-induced DL Ni NC memory possesses wide memory
window as well as strong data retention characteristics. For
this reason, the IB-induced DL Ni NC memory should be
suitable to be applied to multilevel operation. Fig. 5 shows
the multilevel-operation data retention characteristics of the
TANOS memories with embedded SL and IB-induced DL Ni
NCs at 125 °C. For the SL Ni NC sample, a 23% memory
narrowing is found at 125 °C for 10* s. By contrast, the
IB-induced DL Ni NC device exhibits great multilevel data
retention properties with an only 11% change in memory
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Fig. 6. Endurance characteristics of the TANOS memories with embedded
SL and IB-induced DL Ni NCs. The conditions of programming and erasing
were (Vp = 16 V at 100 us, Vg = —17 V at 1 ms) and (Vp = 15 V
at 100 us, Vg = —16 V at 1 ms) for the SL and IB-induced DL Ni NCs
devices, respectively.

window at 125 °C for 10* s. This demonstrates that the
IB-induced DL metal NC memory has good potential for
multilevel storage. This good potential is attributed to the high-
quality ultrathin interlayer between TL and BL NCs induced
by the IB technique.

Fig. 6 shows the endurance characteristics of the TANOS
memories with embedded SL and IB-induced DL Ni NCs.
For the SL Ni NC sample, it is observed that the memory
window is seriously degraded after 10° P/E cycles with a
39% narrowing. The shifts of Vi, in erase and program states
are, respectively, dominated by different physical mechanisms.
The upward shift of Vy;, in erase state is due to NC-induced
strong coupling of conduction path [27]. After frequent P/E
cycles, it is easy for injection charge to be trapped around
the top dielectric due to the NC-induced strong coupling
of conduction path. It is difficult for charge stored around
the top dielectric to be removed during erasing operation.
On the other hand, the downward shift of Vi, in program
state is ascribed to the damage of the dielectric between
BL NC and Si-sub caused by frequent P/E cycles [27].
This damage results in immediate charge losses during pro-
gramming process. By contrast, the IB-induced DL Ni NC
device exhibits better endurance properties with no apparent
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Fig. 7. Postcycled data retention characteristics of the TANOS memories
with embedded SL and IB-induced DL Ni NCs at 125 °C. As to the postcycled
data retention measurement, the devices were initially tested at program state,
that was, Vip—initial Vi = 3 V.

memory window narrowing. This improvement in endurance
is attributed to the increase on P/E efficiency and data retention
capability. The high P/E efficiency decreases programming and
erasing operation voltages to significantly reduce the damage
caused by frequent P/E cycles. The excellent data retention
suppresses the immediate charge losses. For the IB-induced
DL Ni NC device, furthermore, the upward shifts of Vi,
in erase and program states are both ascribed to the DL
metal NC-induced strong coupling of conduction path. Using
a decrease of program voltage, however, the upward shifts
of Vin can be suppressed. On the other hand, it is found
that the IB-induced DL Ni NC device shows the roughly
same endurance properties as other DL metal NC memories
fabricated by general method [18]. It is worth noting, in
contrast to other DL metal NC memories fabricated by general
method, the IB-induced DL metal NC device can use relatively
low operation voltages to P/E memory window due to the
IB-induced ultrathin interlayer between TL and BL NCs.
The low operation voltage can significantly decrease the P/E
cycles-induced damage and suppress the upward shifts of Vi,
to improve endurance characteristics. Fig. 7 shows the postcy-
cled data retention of the TANOS memories with embedded
SL and IB-induced DL Ni NCs at 125 °C. As can be observed,
the S Ni NC sample shows disappointing postcycled data
retention properties at 125 °C. The memory window of the SL
Ni NC sample is extrapolated to near zero at 6 x 10° s. The
P/E cycles-induced damage and external thermal energy cause
fast charge losses. Compared with the SL Ni NC sample, the
IB-induced DL Ni NC device exhibits better postcycled high-
temperature retention properties. After 10> P/E cycles, a 1 V
memory window is still maintained at extrapolation up to 10
years at 125 °C. This demonstrates again that the IB-induced
DL Ni NC memory has excellent reliability characteristics.
On the other hand, the IB-induced DL Ni NC device shows
the best postcycled high-temperature retention properties than
other multilayer Ni-based NC memories [19], [31]. This is also
attributed to the IB-induced high-quality ultrathin interlayer.
Due to an array of arrangements in the practical NAND-type
memory design, a continuous stress on a device may influence
the states of surrounding devices [30]. However, so far the
related studies have been lacking for DL metal NC memory.
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Fig. 8. Program disturbance characteristics of the TANOS memories with
embedded SL and IB-induced DL Ni NCs.

To ensure the devices’ reliability, therefore, the disturbance
phenomena have to be investigated. Fig. 8 shows the program
disturbance characteristics of the TANOS memories with an
embedded SL and IB-induced DL Ni NCs. For the SL and
IB-induced DL Ni NCs memories, the shifts of Vi, on the
program disturbance are both <0.1 V under Vgisurp = 16 V
for 103 s. As can be observed easily, the program disturbance
can be ignored for this IB-induced DL Ni NC memory.

IV. CONCLUSION

The TANOS memory with an embedded IB-induced DL
Ni NC has been successfully fabricated and investigated.
Compared with the control sample, the SL Ni NC memory,
the IB-induced DL Ni NC device exhibits superior electrical
characteristics in terms of faster P/E speeds, larger memory
window, more stable data retention, and better endurance
properties. These improvements in performance are attributed
to the 3-D arrangement of DL Ni NC. Additionally, the
IB-induced DL Ni NC memory also demonstrates great poten-
tial for multilevel operation and high resistance to program
disturbance. In contrast to other methods of forming DL metal
NC, the IB technique is a relatively simple fabrication method
and completely compatible with the current IC manufacturing
technologies. Using the IB technique, complex and high-cost
processes can be avoided. The IB-induced DL Ni NC memory
can combine the properties of high P/E efficiency and excellent
reliability simultaneously due to the high-quality ultrathin
interlayer between TL and BL NCs. For the conventional
fabrication method of DL metal NC, it is difficult for a
high-quality ultrathin interlayer to be achieved and controlled.
On the contrary, using the IB technique, a high-quality ultra-
thin interlayer can be easily formed and controlled owing to
elimination of the additional CVD deposition. This is why the
IB-induced DL Ni NC device reveals higher P/E efficiency
as well as similar excellent reliability by comparison with
other DL metal NC memories fabricated by general method.
We believe that the IB-induced metal DL NC is a potential
technique to be applied to specific NVM products, such as
thin-film transistor flash NVM which the cell size is a minor
concern for these devices. In addition, the IB technique could
be possible to be integrated to 3-D package technology of
through silicon via in the future.
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