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Abstract

Graphene nanodiscs (GNDs), functionalized using NHj3 plasma, as charge trapping
sites (CTSs) for non-volatile memory applications have been investigated in this study. The
fabrication process relies on the patterning of Au nanoparticles (Au-NPs), whose
thicknesses are tuned to adjust the GND density and size upon etching. A GND density as
high as 8 x 10" cm™ and a diameter of approximately 20 nm are achieved. The
functionalization of GNDs by NH; plasma creates N-H ™ functional groups that act as CTSs,
as observed by Raman and Fourier transform infrared spectroscopy. This inherently
enhances the density of CTSs in the GNDs, as a result, the memory window becomes more
than 2.4 V and remains stable after 10* operating cycles. The charge loss is less than 10%
for a 10-year data retention testing, making this low-temperature process suitable for low-

cost non-volatile memory applications on flexible substrates.




1. Introduction

Two-dimensional (2D) materials, such as graphene, hexagonal boron nitride (h-BN),
and transition metal dichalcogenides, have attracted significant attention because of their
planar structure and outstanding properties |1-7]. Several studies have been performed for
the integration of these materials in various applications such as field-effect transistors
(FETs), heterojunctions, photo-detectors, supercapacitors, and conductive transparent
electrodes |8-15]. With regard to graphene, its large-scale synthesis by chemical vapor
deposition (CVD) and its transfer process onto functional substrates has opened up new
opportunities for device integration. However, the growth as well as transfer of the material
inherently generates structural and electrical defects. Although defects are usually
detrimental for the operation of most devices, they can be used as trapping centers, i.e.,
charge storage nodes, for the fabrication of atomically thin-film non-volatile memories
(NVMs) | 16]. It has been demonstrated that both multi-layer graphene and functionalized
graphene oxide (GO) exhibit a sufficiently large memory window, making these materials
suitable for charge storage |17, 18]. This field of application is particularly important as the
conventional floating gate (FG) flash memory suffers from severe scaling limitations and
reliability issues, especially for the ultra-thin silicon dioxide tunneling layer |19, 20].
Industrial as well as academic researchers have investigated several alternatives to solve
these limitations and issues over the last few years. One concept consists of replacing the
FG with discrete charge storage nodes constructed from nanoparticles (NPs) such as Si, Ge,
and Au [20-26] and charge trapping sites (CTSs) such as a silicon nitride layer [27-29]. It
has been demonstrated that a large memory window can be obtained using the Ge-NPs

embedded in dielectrics [20, 21]. Moreover, the spatial distribution of discrete charge
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storage nodes prevents the lateral migration of charges and reduces the probability of
leakage through tunnel and/or blocking oxides.

Several studies have demonstrated that nano-sized graphene structures, graphene
nanodots, exhibit unique electronic properties on the edges, i.e., with zigzag and armchair
structures |30-35], which are particularly favorable for functionalization. These graphene-
based nanodots were patterned using either silica nanodots or polystyrene spheres as an
etching mask |36-38]. Although these methods produce organized graphene nanodot arrays,
the tedious manufacturing procedure and the large diameter of the as-prepared nanodots (>
150 nm) limit their application in high-density memory devices. Yang e al. proposed the
integration of isolated nanographene particles for charge trapping memory (CTM) |39].
However, the nanographene crystals were formed by remote plasma-enhanced chemical
vapor deposition (RPECVD) and the overlap between the nanodots seriously affects the
reliability of the device. In this study, we report on the self-aligned fabrication process of
ultra-high density graphene nanodisc non-volatile memory (GND-NVM), where
functionalized GNDs are used as CTSs. The memory characteristics are dependent on the
size and thickness of the Au-NPs utilized to pattern the GND trapping nodes. The latter
were functionalized using NH; plasma to introduce CTSs in the defects at the edges sites.
This functionalization substantially enhances the memory window and the GND-NVMs

exhibit a reliable endurance with an expected charge loss of 10% for 10-year data retention.

2. Experimental

2.1. Device fabrication




The GND-NVM devices have a (n)-c-Si/Si0,/GNDs/S10,/Al structure. After substrate
preparation using standard RCA cleaning, a 3-nm-thick tunnel oxide was thermally grown
in a horizontal furnace at 850 °C under a N,/O, mixture. The uniformity of the tunnel oxide
thickness is critical for ensuring that carrier injection from the n-type c-Si substrate to the
GNDs occurs at the same speed. Then, the CVD graphene was transferred onto the 3-nm-
thick SiO, film as described by Suk er al. |40]. In this work, we employed Au-NPs as a
hard mask to define the GNDs. In order to evaluate the impact of Au-NP thickness, 1-, 2-,
and 3-nm-thick Au films were evaporated onto the CVD graphene and subjected to a rapid
thermal annealing step at 700 °C for 30 s in N, atmosphere. The 1-, 2-, and 3-nm-thick Au
samples are labeled as GND M1, GND M2, and GND M3, respectively. Fig. 1(a)
displays the Au-NP diameter and density as a function of the Au thickness on CVD
graphene, using Si10; as a reference. The density and size of the Au-NPs were analyzed by
the contrast in color between the dark and bright parts using ImageJ software |41]. This
yields GNDs with a diameter as small as 20 nm and a density of 8 x 10'! cm™ for 1-nm
thick Au film. Note that the density achieved here is comparable to the density of CTSs
available in silicon nitride, for instance. Then, the GNDs were patterned by oxygen plasma
using reactive ion etching (RIE) and the Au-NPs were stripped using potassium iodide (KI)
etchant. Fig. 1(b) shows a high-resolution transmission electron microscopy (HRTEM)
image of a GND enclosed between the tunnel oxide and an Al,O; film. The use of ALO;
film in HRTEM analysis is to clearly identify the interface that the GNDs can be observed.
The atomic force microscopy (AFM) profile of GNDs after Au-NP stripping (for an initial

Au film thickness of 3 nm) is displayed in Fig. S1 of the Supplementary Information. We




observed that the average width of the GNDs is close to 20 nm, as expected from the Au-
NP diameter utilized and the height was an average of ~1 nm. Having defined the GNDs, it
i1s now important to increase the density of the CTSs in order to trap the carriers injected
from the substrate through the tunnel oxide during the program/erase (P/E) operations. For
this, we functionalized the samples with low-power NH; plasma at 300 °C. All the samples
were then capped with a 10-nm-thick SiO, film as a blocking oxide deposited by a plasma-
enhanced CVD (PECVD) system. Finally, a 300-nm-thick Al film was evaporated and the
gate was patterned by a photolithography process. Fig. 2 illustrates the entire fabrication

process of the functionalized GND memory devices.

2.2. Material and electrical characterization

The scanning electron microscopy (SEM) images were acquired using a JEOL JSM-
7500F apparatus. The AFM images were obtained using a Veeco Dimension-Icon system
and measured at 0.976 Hz with 512 scanning lines. Further, Raman spectra were measured
using an NT-MDT Raman microscopy system at 473 nm and a spot size of 3 ym. Before
the measurement, the Si peak at 520 cm™ was used as a reference for calibration. Because
of the small diameter of GNDs, ~20 nm, the Raman spectra of the GND samples were
averaged. The Fourier transform infrared spectroscopy (FTIR) analyses were performed
using a Bruker 66v/s system. The capacitance-voltage (C-V) characteristics were measured
using an HP4284 precision LCR meter, and the gate pulse was generated using a HP8110A
pulse generator. All the electrical measurements were performed under ambient conditions

with a semi-auto cascade system.




3. Results and discussion

Fig. 3(a) shows the Raman spectra of pristine and GND samples before the NH;
plasma functionalization. The pristine signature is typical for monolayer graphene with a
2D/G ratio close to 2.1. However, the GND signatures exhibit features that could be related
to both doping and strain. First, we observe the D, D’, and D+D’ peaks, which can be
assigned to defects created during the deposition and annealing of the Au hard mask.
Moreover, we note the emergence of peaks at 1450 and 1550 cm™. These contributions are
stable and appear for both the treated and untreated samples. We believe that these peaks
can be ascribed to the silicon substrate and the ambient, as reported by Spizzirri ef al. |42].
Nevertheless, the blue shift observed for the G peak (from 1589 cm™ to 1596 cm™ for
GND_M3) and the 2D peaks (from 2706 cm™ to 2714 cm™ for GND M3) are contrary to
those observed by Mohiuddin ez al. |43|. They observed a G peak splitting when graphene
is subjected to stress. Here, it is likely that despite the strain induced by the incorporation of
Au from the hard mask, it is the doping inherent to these discs that is dominant, as we can
see from the Raman shifts, i.e., p-type doping. Fig. 3(b) shows the Raman spectra for the
same samples after NHz plasma exposure. The Raman shifts increase further to 1592 cm™
and 2729 cm™ for the G and 2D peaks of GND M3, respectively. The prominent D peak
and the hardly distinguishable 2D peak for GND M1, GND M2, and the pristine sample
indicate that the graphitic feature of the material is lost. GND_ M1 has the smallest diameter
(< 20 nm), and it is possible that the NH; plasma functionalization has effectively

transformed the material, as opposed to GND M3.




Fig. 4(a) presents the FTIR characterization of the GNDs after O, plasma etching. The
oxygen functionalities appear at 1720 and 1627 cm™ (stretching vibrations from C=0),
1401 cm™ (carboxyl O=C-0O), 1040 em™ (C-O stretching vibrations), and 948 em” (O-H
stretching vibrations). Fig. 4(c) illustrates the bonding of the O=C-O-H groups attached to
the edges of the GNDs |44 |. After the NH; plasma exposure, additional N groups appear at
1600 cm™ (C=N stretching vibrations), 1417 cm™ (N-H stretching), and 1080 cm™ (C-N
stretching), as shown in Fig. 4(b). These observations confirm the incorporation of N into
the lattice through the defect, and most likely at the edges of the GNDs. Fig. 4(d) illustrates
the presence of the positively charged N-H™ groups within the GNDs. These functional
groups induced by the NH; plasma functionalization may substantially increase the amount
of CTSs available for charge trapping. To further clarify the location of the functional
groups within the GNDs, the peripheral and area values of the GNDs, according to the
SEM images of Fig. 1(a), are shown in Fig. 4(e). In addition, the perimeter to area ratio of
the GNDs is calculated and shown in Fig. 4(f). GND M1 exhibits the largest perimeter to
area ratio, indicating that several functional groups are located at the edges of the GNDs for
charge trapping. There is a blue shift of the G and 2D peaks, indicating that the p-type
doping inherent to the Au-NPs has not been compensated by the n-type doping expected by
the incorporation of N groups. This is advantageous for the operation of these memory
devices, as the charges are trapped in deeper energy levels within the trapping medium, i.e.,
the GNDs, and as a result, encounters a larger energy barrier, improving the data retention
behavior.

GND-NVMs were fabricated following the procedures depicted in Fig. 2. A control

metal-oxide-silicon (MOS) capacitor without GNDs was also fabricated similarly. The
9




control MOS exhibits a negligible capacitance-voltage (C-V) hysteresis, i.e., a memory
window, whereas a ~3 V window is clearly visible because of the larger amount of CTSs
available in the functionalized GND devices, as shown in Fig. S2 of the Supplementary
Information. Fig. 5 shows the program and erase (P/E) characteristics of the GND-NVMs
with and without NH; plasma functionalization. Twenty samples were tested for each type
of device. The flat-band energy diagrams as well as the P/E operations are illustrated in Fig.
6 for studying the operation mechanisms. During the program operation (Fig. 6(b)), the
electrons tunnel through the 3-nm-thick SiO, barrier and fill the traps created in the GNDs,
especially at the edges of the GNDs. Detailed illustrations are shown in Fig. S3 of the
Supplementary Information. On the other hand, during the erase operation (Fig. 6(c)), the
holes tunnel through the SiO, to recombine with the trapped electrons. This mechanism is
identical to that observed in conventional CTS memories [45]. For the samples without
NHj; plasma functionalization (Fig. 5(a)), a flat-band voltage shift (AVeg) of approximately
0.5 V is observed for programming at V,-Vgg=8 V for 1 s, and only 0.2 V at Ve-Veig=-8 V
for 1 s for the erase operation. The small AVgp obtained for these devices is inherent to the
limited amount of CTSs in and surrounding the GNDs trapping medium. On the other hand,
the characteristics are significantly improved when the GNDs are functionalized with NH;
plasma, as depicted in Fig. 5(b). Indeed, at V-V =8 V and -8 V for 100 ms, one can
achieve a AVgg of 1.2 V and -0.7 V for the P/E operations, respectively. This improvement
is assigned to the larger amount of CTSs attached to the GNDs, as observed by FTIR (Fig.
4). Note that the erase operation is slower (i.e., the window is smaller for the same time)
because of the larger effective mass of the hole and a larger energy barrier at the c-Si/SiO,

interface encountered by the holes at ~4.7 eV, as opposed to the 3.2 eV for the electrons
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[46]. Furthermore, in Fig. 5(b), even for the GND-NVMs with NH; plasma
functionalization, a limited program and erase timing performances of 100 ms are observed.
The insufficient operation speed can be ascribed to the small perimeter to area ratio of
GNDs (< 0.215 nm), as shown in Fig. 4(f), by the hydrophobic nature of graphene surface
for the Au-NP formation |47]. To enhance the program and erase characteristics, the
optimization of GND size and density for a larger perimeter to area ratio could be
performed by the modification of graphene surface to be more hydrophilic |47, 48|.

Fig. 7(a) shows the endurance characteristics of the GND-NVMs. All devices maintain
the P/E operations without dramatic failure of the window up to 10* cycles, demonstrating
that no charges are trapped elsewhere, other than in the GNDs. The GNDs act as isolated
CTSs, and therefore, have a high immunity to tunnel or blocking oxide failure. Finally, we
performed data retention measurements at room temperature. The devices are programmed
at Vy-Ves= 8 V to achieve a AV of 1 V. GND_MI-NVM exhibits the best performance
compared to the other devices, extrapolated to 10 years, as illustrated in Fig. 7(b). This
implies that the thinner the hard mask, the better is the data retention. The higher CTS
density of GND M1 compared to others is responsible for the superior memory properties,
and the method developed in this work appears suitable for charge trapping NVM

applications.

4. Conclusion
In this study, a charge trapping memory device based on the trapping of carriers in
NHj3 plasma-functionalized graphene nanodiscs, with a diameter of 20 nm, was developed.

The size and density of the GNDs can be tailored by tuning the Au-NP hard mask. The
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incorporation of defect sites of the N-H' groups around the functionalized GNDs was
identified using Raman and FTIR spectroscopy. As a result, data retention was improved
because of the deep CTS level available for trapping electrons. The GND-NVMs with NH3
plasma functionalization exhibit a wide memory window of 2.4 V, good endurance up to
10* cycles, and only a 10% charge loss at room temperature, extrapolated to 10 years. This

method offers a low cost technology that can be integrated on flexible substrates.
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Figure Captions

Fig. 1(Color online) (a) Au-NP dot density on silicon oxide and graphene layer as a
function of the Au film thickness. The FE-SEM images of the Au-NPs are shown in inset
figures. (b) Cross-sectional HRTEM image of GNDs on 3-nm SiO, and capped with Al,O;
to improve the contrast. The GNDs are ~ 20 nm in diameter.

Fig. 2(Color online) Fabrication procedures of the GND-NVMs. (a) Graphene transferred
on thermally grown 3-nm-thick SiO, tunneling oxide layer, (b) 1-, 2-, and 3-nm-thick gold
films deposited on graphene layer by a thermal coater, (¢) rapid thermal annealing (RTA) to
form Au-NPs, (d) O, plasma to remove the unwanted graphene and form the graphene
nanodiscs (GNDs), () Au-NPs stripped using gold etchant, potassium iodide (KI), (f) NH3
plasma treatment to functionalize the GNDs, and (g) blocking oxide deposition and Al
contact formation to fabricate GND-NVMs.

Fig. 3(Color online) Raman spectra of (a) pristine and (b) NH; plasma-functionalized
graphene and GNDs as a function of the Au film thickness.

Fig. 4(Color online) FTIR spectra of GNDs after (a) O, plasma etching and (b) NH; plasma
functionalization. The dominant functional groups of the GNDs without and with NH;
plasma modification were O=C-O-H groups and N-H" groups respectively which may
increase the CTSs for charge trapping, as illustrated in the chemical structure of the GNDs
after (c) O, plasma etching and (d) NH; plasma functionalization respectively. (e) The
peripheral and area dependence and (f) the perimeter to area ratio of GNDs as a function of
the Au film thickness.

Fig. 5(Color online) (a) P/E characteristics of GND-NVMs without NH; plasma

functionalization. The gate voltage (calibrated by initial Vgg) is 8 V for program and -8 V
18




for erase, with 10 s to 1 s pulse width. (b) P/E characteristics of GND-NVMs with NHj
plasma functionalization. The memory window enhances significantly.

Fig. 6(Color online) Illustration of the energy band diagram of (a) (n)-c-
Si/Si0,/GNDs/S10,/Al structure at the flat-band. (b) Program operation with the electrons
tunneling through the 3-nm-thick SiO, barrier. (c) Erase operation with the holes tunneling
through the 3-nm-thick S10, barrier to recombine the trapped electrons.

Fig. 7(Color online) (a) Endurance characteristics of GND-NVMs with NH; plasma
functionalization. The samples can sustain more than 10* cycles with +/-8 V/100 ms P/E
operations. (b) Extrapolated data retention characteristics of GND-NVMs with NH; plasma

functionalization. Less than 10 % charge loss after 10-year is expected.
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