
IEEE ELECTRON DEVICE LETTERS, VOL. 28, NO. 9, SEPTEMBER 2007 793

Fabrication of Ni Nanocrystal Flash Memories Using
a Polymeric Self-Assembly Approach

Davood Shahrjerdi, Domingo I. Garcia-Gutierrez, and Sanjay K. Banerjee

Abstract—Fabrication of nickel nanocrystal Flash memories us-
ing a polymeric approach is presented. Heat treatment of the poly
(styrene-b-methyl methacrylate) block copolymer with a molec-
ular weight of 67 000 g/mol followed by PMMA removal in an
organic solvent created a porous PS film with 20-nm-diameter
pores and a total pore density of ∼6 × 1010 cm−2. A trilayer
pattern-transfer approach was employed in order to solve the
metal lift-off issue intertwined with the low aspect ratio of the
block copolymer patterns. As a result, a highly uniform self-
assembled array of nickel nanocrystals was attained and utilized
for Flash memory fabrication. The memory devices demonstrated
an unchanged memory window for up to 2 × 105 stressing cycles.

Index Terms—Diblock copolymer, nanocrystals, nonvolatile
memory, self-assembly.

I. INTRODUCTION

THE MARKET for NAND floating gate nonvolatile Flash
memory is growing fast. Currently, NAND Flash mem-

ory is the dominant technology for high-volume, low-cost,
and low-power memory applications such as cellular phones,
memory cards, and multimedia storage appliances. Flash mem-
ory devices are pushing to sub-50-nm dimensions, imposing
formidable challenges on device scaling mainly due to the
stringent leakage requirements for long term charge storage
which severely restrict tunnel oxide scaling [1], [2].

Nanocrystal floating gate Flash memory is considered as
a promising candidate to continue the scaling trend which
offers potential advantages over the conventional floating gate
structure, including improved scalability, as well as superior
charge storage properties [3]. In general, an electrically isolated
discrete array of nanocrystals provides better immunity against
local defects in the tunnel oxide, thereby allowing the use of
a thinner oxide which, in turn, gives rise to a lower operating
voltage [4], [5]. Moreover, charge loss through the lateral paths
appears to be significantly suppressed by utilizing nanocrys-
tals, as opposed to a continuous film as the charge trapping
layer, leading to a better retention properties. From a material
standpoint, metal quantum dots are of interest due to their
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higher density-of-states and potentially larger work function, as
compared to silicon nanocrystals. This consequently provides a
larger barrier for stored electrons [6], [7]. Nonetheless, forma-
tion of quantum dots with uniformity in both size and density
remains a challenge which can be considered as the overriding
hurdle to device manufacturability.

For the first time, Guarini et al. [8] have successfully
demonstrated silicon nanocrystal Flash memory devices us-
ing a self-assembled poly (styrene-b-methyl methacrylate)
(PS-b-PMMA) copolymer nanotemplate. In addition to syn-
thetic polymers, self-assembly of biological polymers such as
Chaperonin and Ferittin protein molecules has also attracted a
lot of interest for nanoscale ordering of materials intended for
nanocrystal Flash memory application [9], [10].

In this letter, we demonstrated fabrication of nickel nanocrys-
tal Flash memory using a polymeric self-assembly approach in
order to attain a tight control over the size and the density of
metal nanocrystals using PS-PMMA diblock copolymer as a
nanotemplate. Using the block copolymer only as the sacrificial
layer during the metal lift-off process, limits the thickness of
the deposited metal to a few nanometers [11]. Hence, a trilayer
pattern-transfer approach was employed in order to engineer
the aspect ratio of the patterns which is intended to facilitate
the metal lift-off process [12], [13].

II. COPOLYMER SELF-ASSEMBLY

Block copolymers are composed of two chemically distinct
polymer chains that are covalently linked at one end. Polymer
blends are, in principle, immiscible and phase separate. The
connectivity between the two segments of a block copolymer
limits the length scale of this phase separation. Upon annealing,
block copolymers tend to self-assemble into nanometer scale
domains in order to minimize the total free energy of the system
[14], [15]. In this letter, a PS-b-PMMA block copolymer with
a molecular weight of 67 000 g/mol and polydispersity of 1.09
was used.1 Surface modification was carried out by spin casting
a comparatively thick film of a random copolymer,1 followed
by heat treatment of the samples at 170 ◦C for 48 h. Then, the
unanchored part of the random copolymer was washed off in
excess toluene, leaving behind a ∼6-nm-thick polymer film on
the surface. Subsequently, a ∼36-nm-thick PS-b-PMMA block
copolymer layer was spin cast and annealed for 24 h at 180 ◦C.
As a result, a highly uniform array of hexagonally close-
packed PMMA cylinders was produced within a PS matrix.

1Diblock copolymer and random copolymer were synthesized by Polymer
Source, Inc.
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Fig. 1. Schematic of the pattern-transfer approach representing the process flow to creating a highly uniform array of nickel nanocrystals.

The impact of annealing temperature, as well as film thickness
on the self-assembly of the aforementioned polymer, has been
systematically examined in [16]. Finally, the PMMA blocks
were removed in glacial acetic acid creating a PS nanotem-
plate with 20-nm-diameter pores and a total pore density of
∼6 × 1010 cm−2.

Although the use of this specific copolymer enables us
to control the spatial distribution of nanoparticles, from
a technological perspective, the obtained size and density
specifications need to be significantly improved in order to
meet the requirements for sub-32-nm nonvolatile memory
devices. It is notable that the spontaneous microphase
separation of diblock copolymers with a narrow polydispersity
occurs above their glass transition temperature if χN > 10
where χ is the Flory–Huggins interaction parameter, and
N is the number of monomers per chain [14]. For the
current copolymer system, this value is ∼12 indicating that
the cylindrical phase is almost at the low phase separation
limit. However, Russell et al. [17] have demonstrated phase
separation of a PS-b-PMMA with cylindrical microdomains
and a pore density of 1.9 × 1011 cm−2 by means of an external
electric field in order to orient the domains parallel to the field
lines. Alternatively, utilizing other polymer systems such as
spherical microdomains can easily generate porous copolymer
templates with pore densities > 1011 cm−2 simply by annealing
a thin spin-coated film of the copolymer [18]. The resulting
polymeric scaffolds may be suitable for sub-50-nm devices if an
extremely tight distribution of nanocrystals among the cells is
ensured.

III. DEVICE FABRICATION

Metal–oxide–semiconductor capacitors were fabricated on
conventional p-type (100) silicon substrates. Initially, a 47-Å-

thick tunnel oxide was thermally grown on Si wafers fol-
lowed by the formation of a trilayer sandwich of organic/
inorganic/organic structure. The trilayer structure consists of
a polyimide bottom layer, a plasma enhanced chemical va-
por deposition (PECVD) SiO2 middle layer, and a block
copolymer top layer. Polyimide was chosen as the bottom
layer due to its high glass transition temperature of 309 ◦C,
which is higher than the subsequent annealing temperatures. A
60-nm-thick polyimide film was spin coated, and a 15-nm-thick
PECVD SiO2 layer was deposited onto the polyimide at 285 ◦C.
Subsequently, a PS-b-PMMA block copolymer layer was spin
coated and treated to produce a porous PS nanotemplate
[Fig. 2(a)]. The statistical analysis of the copolymer pore size
distribution with a Gaussian fit is illustrated in Fig. 2(d).

This structure was used in the trilayer pattern-transfer tech-
nique, which is shown in Fig. 1, to form an array of nickel
nanocrystals. The polymer patterns were transferred into the
underlying oxide using CHF3 reactive ion etch (RIE) [Figs. 1(b)
and 2(b)]. The pattern-transfer process was further continued
within the polyimide layer using an O2 RIE [Fig. 1(c)] followed
by evaporation of ∼120-Å-thick nickel [Fig. 1(d)]. Next, poly-
imide was removed using a polyimide stripper 2 [Fig. 1(e)] leav-
ing behind a highly uniform array of 20-nm nickel nanodots,
as shown in Fig. 2(c). Fabrication of capacitors was finished by
depositing a 12-nm LPCVD SiO2 at 600 ◦C as the control oxide
followed by TaN metal gate deposition and patterning. The inset
of Fig. 3(b) demonstrates the cross-sectional TEM micrograph
of the ultimate gate stack of the memory MOSCAP with 20-nm-
diameter Ni nanoparticles with ∼37-nm pitch. A control sample
underwent the entire aforementioned processing steps with the
exception of nickel deposition.

2Polyimide stripper was purchased from Arch Chemicals, Inc.
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Fig. 2. SEM micrographs of (a) the copolymer patterns, (b) transferred patterns into the underlying PECVD oxide, and (c) nickel nanocrystals. (d) Histogram of
the copolymer pore size distribution.

Fig. 3. (a) High-frequency (1 MHz) C–V characteristics of the memory devices under different programming conditions. (b) Transient characteristics of the
memory device as a function of write voltage. The inset exhibits the cross-sectional TEM micrograph of the memory gate stack.

IV. DEVICE CHARACTERIZATION

Electrical characteristics of the memory devices were
monitored after Fowler–Nordheim tunneling program/erase.
Fig. 3(a) shows the high-frequency C–V characteristics of the
memory devices for two different programming stress pulses.
The inset illustrates the procedure for applying write/erase
pulses to devices. A flatband voltage shift of 0.5 V was obtained
with a 100-ms write/erase voltage of ±8 V. No flatband voltage
shift was observed for the control sample at different pulse du-
rations with a program voltage of 10 V [Fig. 3(b)] implying that
the flatband voltage shift of memory devices is attributed to the
charge storage in nanocrystals. Metal nanocrystals potentially
possess a higher density-of-states than semiconductors due to
their smaller deBroglie wavelengths. As a result, a smaller
quantum confinement effect allows a larger storage capacity

for each metal nanocrystal. The shift in flatband voltage can
be used in order to evaluate the number of trapped charges
theoretically by the following expression:

∆VFB =
d

εox
Qt (1)

where d is the distance between the storage node and the gate
electrode, and Qt is the area density of the trapped charges.
For a memory window of 0.5 V obtained with a 100-ms
write/erase pulse of ±8 V, using d = 40 Å gives a Qt of ∼4.3 ×
10−7 C · cm−2. Considering the density of dots, it is expected
that approximately 40 electrons were trapped in each nanocrys-
tal. The inset of Fig. 4(a) represents the energy band diagram of
the memory system. Endurance characteristics of the memory
devices were observed for up to 2 × 105 cycles with 2-ms stress
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Fig. 4. (a) Endurance characteristics of the memory device. ∆VFB remains unchanged even after 2 × 105 program/erase cycles. The inset illustrates the energy
band diagram of the memory device. (b) Retention properties of the memory device and its charge loss percentage versus time (s).

pulses of ±10 V, demonstrating a relatively stable memory
window [Fig. 4(a)]. The memory devices also demonstrated
good retention characteristics, as shown in Fig. 4(b). The
percentage charge loss versus time was evaluated using the
following expression:

Percentage charge loss =
(

1 − VFB(t)
VFB(0)

)
× 100 (2)

where VFB(0) = VFB_prog − VFB_erase, VFB(t)=VFB_prog −
VFB(t), t is time, and VFB_prog and VFB_erase are the flatband
voltages after program and erase, respectively [19]. This graph
indicates that the memory device initially loses a significant
amount of charge. However, beyond ∼104 s, the charge loss
appears to be remarkably diminished.

V. CONCLUSION

In summary, nickel nanocrystal Flash memory devices were
realized using a polymeric approach which offers a tight control
over both size and density of nanocrystals. In this letter, the
PS-b-PMMA block copolymer was used in order to create a
nanotemplate for the formation of nickel dots. However, the low
aspect ratio of the copolymer patterns inhibited the polymer
removal during the lift-off process. A trilayer pattern-transfer
technique was utilized to address this limitation and facilitate
the metal lift-off process. As a result, a uniform self-assembled
array of nickel dots was formed and used to fabricate Flash
memory devices. The memory devices demonstrated good re-
tention and endurance characteristics.
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