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Top-Down Fabrication of Luminescent Graphene Quantum Dots
Using Self-Assembled Au Nanoparticles
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ABSTRACT: A new graphene quantum dot (GQD) fabrication method is presented, which employs a lithographic approach based
on self-assembled Au nanoparticles formed by solid-state dewetting. The GQDs are formed by the patterned etching of a graphene
layer enabled by Au nanoparticles, and their size is controllable through that of the Au nanoparticles. GQDs are fabricated with four
different diameters: 12, 14, 16, and 27 nm. The geometrical features and lattice structures of the GQDs are determined using
transmission electron microscopy (TEM). Hexagonal lattice fringes in the TEM image and G- and 2D-band Raman scattering
evidence the graphitic characteristics of the GQDs. The oxygen content can be controlled by thermal reduction under a hydrogen
atmosphere. In GQDs, the absorption peak wavelengths in the ultraviolet range tend to decrease as the size of the GQDs decreases.
They also exhibit apparent photoluminescence (PL). The PL peak wavelength is approximately 600 nm and becomes shorter as the
size of the GQDs decreases. The blue shift in the optical absorption and PL of the smaller GQDs is attributed to the quantum
confinement effect. The proposed GQD fabrication method can provide a way to control the physical and chemical properties of
GQDs via their size and oxygen content.

1. INTRODUCTION influence their dipole moments.”* Shape engineering, edge
passivation, and functionalization enable the control of
material properties for different applications. For example,
the engineered GQD-based type-II heterostructures are
beneficial for solar cell applications.*®

Recently, a number of GQD synthesis methods have been

reported, which can be categorized into two groups in a
2,22

Graphene quantum dots (GQDs) are mono- or few-layer
graphene with a lateral dimension less than 100 nm."” The
quantum confinement effect in GQDs opens a finite band gap
and provides to graphene several intriguing optical, thermal,
mechanical, and electrical properties including fluores-
cence.”” ™ Fluorescent GQDs with photostability, low toxicity,
and biocompatibility have several potential applications such as ) >
bioimaging,®” drug delivery,*’ photodynamic therapy,'® Bottom-up methods synthesize GQ]).S from carbon.—contalmn'g
photodetectors,'' =" light-emitting diodes,"*™*¢ solar small precursors. These methods 1nc1121;1e stepwise organic
cells,7™"° fuel cells”®*' etc. Choosing a relevant synthesis synthesis,”" pyrolysis (;g 3Bhe precursor, microw.a\.re—agﬁisted
method is critical for using GQDs in a desired application as hydrothermal method,™ .chemlcal vapor deposition,” etc.
the physical and chemical properties of GQDs are sensitive to The bottom-up approach is generally advantageous for the

their size, doping, defects, atomic edge structure, and surface

conventional manner: bottom-up and top-down methods.

functionalization,”*™** which are affected by the fabrication Received: December 1, 2022
methods. Recent theoretical studies have predicted that the Accepted: January 19, 2023

energy gap and edge states of GQDs depend on Published: February 1, 2023

passivation“'25 and doping.26 Oxygen passivation can

effectively decrease the energy gap in GQDs, and quantum
dot shape, edge termination, and functional groups can
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control of the size and shape of the GQDs and less defect
formation; however, this method has narrow process windows
and a limited number of usable precursors or solvents. The
top-down methods usually cleave the bulk graphite into small
flakes. The hydrothermal and solvothermal methods,*>*?
ultrasonication,®* microwave-assisted processes,35’36 and chem-
ical/electrochemical exfoliation’” " belong to this category.
This approach is generally simpler and more suitable for mass
production than bottom-up methods; however, random
cleavage limits size and shape controllability. Size-controllable
top-down fabrication methods have been developed using
block copolymers (BCPs).*>*' Lee et al. employed self-
assembled polystyrene-b-poly(dimethylsiloxane) BCPs to
fabricate an array of silica nanoparticles on graphene as an
etch hard mask.” Kim et al. made Au nanoparticles in a
hexa§onal array from an HAuCl-containing diblock copoly-
mer.”' However, such methods require a long process time. In
addition, the size-dependent optical properties of GQDs have
not been demonstrated using these methods.

In this study, we report a novel top-down GQD fabrication
method in a simple and fast manner that enables controlling
the size of GQDs and optical properties accordingly. This
method utilizes self-assembled Au nanoparticles, which are
formed by solid-state dewetting (SSD) on the SiO,
intermediate layer.””"> The Au nanoparticles act as hard
masks during the subsequent SiO, and graphene etching steps,
resulting in the formation of GQDs. The geometric features
and atomic structures of the GQDs were observed using
transmission electron microscopy (TEM). Raman spectrosco-
py clearly indicates G- and 2D-bands from the GQDs, which
are characteristic signatures of graphitic carbon materials. The
incorporation of oxygen into GQDs was also revealed by
Raman spectroscopy, which occurs at their edges during the
oxygen plasma-etching step. Thermal reduction under a
hydrogen atmosphere can remove oxygen, and this provides
a pathway to control the physical and chemical properties via
oxygen content. The optical properties of the reduced GQDs
were characterized using ultraviolet—visible (UV/vis) absorp-
tion spectroscopy and photoluminescence (PL). The blue shift
in both the optical absorption and PL spectra as the size of the
GQDs decreases is attributed to the size-dependent quantum
confinement effect.

2. FABRICATION PROCESS OF GQDS USING
SELF-ASSEMBLED AU NANOPARTICLES

The complete fabrication process is illustrated in Figure 1. The
substrate was cleaned with acetone and isopropyl alcohol to
remove organic contaminants (Figure la). Double-sided
polished c-plane sapphire substrates were mainly used in this
study. CVD-grown graphene on Cu foils was transferred onto
the cleaned substrate (Figure 1b) employing a poly(methyl
methacrylate) (PMMA)-assisted Cu etching method.** The
PMMA supporting layer was dissolved in hot acetone (60 °C).
PMMA residues were burned by heat treatment at 450 °C
under a N, ambient for 30 min. Note that the formation of
GQDs directly on Cu foil without transfer is also possible by
following the processes described later.

A 30 nm thick SiO, layer was deposited on the graphene
layer by plasma-enhanced chemical vapor deposition with SiH,
and N,O precursors (Figure 1c). The thin Au film deposition
by e-beam evaporation is sketched in Figure 1d. From the thin
Au film, nanoparticles were spontaneously generated by rapid
thermal annealing in N, ambient (Figure le). We controlled
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Figure 1. Illustration of the GQD fabrication process using self-
assembled Au nanoparticles. (a) Substrate cleaning, (b) graphene
transfer to the substrate, (c) deposition of the intermediate SiO, layer,
(d) deposition of the Au thin film, (e) thermal annealing to form Au
nanoparticles, (f) SiO, layer etching by CF, plasma, (g) graphene
etching by O, plasma, and (h) removal of Au nanoparticles and SiO,
layer.

the thickness of the Au film in the range of 2—5 nm, annealing
temperature in the range of 300—600 °C, and annealing time
in the range of 30—120 s to control the diameters of the Au
nanoparticles and improve their dispersion.

The Au nanoparticles were utilized as hard masks in the
subsequent SiO, etching step. The SiO, layer was etched using
inductively coupled plasma reactive ion etching with 10 sccm
of CF, gas (Figure 1f). The etching rate was approximately
0.65 nm/s. Only the graphene exposed on the surface was
etched by O, plasma; however, the one underneath the Au/
SiO, hard mask survived and formed GQDs (Figure 1g).
Finally, a 6:1 buffered oxide etchant and a diluted commercial
Au etchant removed the SiO, and Au nanoparticles,
respectively, revealing GQDs, as illustrated in Figure 1h.
Each wet etching process was followed by rinsing in deionized
water for a minute.

3. RESULTS AND DISCUSSION

3.1. Self-Assembled Au Nanoparticles. SSD refers to
agglomeration in a thin metal film on a substrate, activated to
reduce the surface energy of the film and interfacial energy
between the film and substrate.*” SSD can be thermally driven
through the enhanced surface diffusion of the metal atoms
even at temperatures below the melting point of a metal.*” The
SSD process parameters (Au film thickness, annealing
temperature, and time) are tuned to control the diameters of
self-assembled Au nanoparticles, as well as improve their
dispersion. Figure 2a—d provides the scanning electron
microscopy (SEM) images of Au nanoparticles fabricated
under optimal conditions. Each condition produced uniformly

https://doi.org/10.1021/acsomega.2c07683
ACS Omega 2023, 8, 5885—-5892


https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

700 12'%nm O Particlesin (a)
Particles in (b)
600 - a4 Particles in (c)
h O Particlesin (d)
500 4
(%) [
| 2 400t
3
o 300 F i g 27.4nm
200 n: .ijDD D‘:‘u
og o
100 - f al DD
Opgd \ cl -
0F = Dow- noes
0 10 20 30 40 50

Diameter of Au nanoparticle (nm)

Figure 2. Self-assembled Au nanoparticles. Scanning electron microscopy images of Au nanoparticles made from (a) 2 nm Au film annealed by 500
°C for 2 min, (b) 2.5 nm Au film annealed by 600 °C for 2 min, (c) 3 nm Au film annealed by 400 °C for 2 min, and (d) 5 nm Au film annealed by
300 °C for 30 s. (e) Histogram for the diameter of Au nanoparticles given in panels (a—d).

dispersed Au nanoparticles of different diameters. The process
parameters are presented in Table 1.

Table 1. Process Parameters for Fabricating Au
Nanoparticles™”

annealing condition

Au film particle
thickness temperature  time diameter
(nm) °C) (s) (nm) o (nm)
condition A 2 500 120 12.2 7.7
condition B 2.5 600 120 14.1 8.5
condition C 3 300 120 16.1 9.2
condition D S 400 30 5.1 2.86
274 16.0

“Particle diameter and dispersion are determined by the Gaussian
fitting of the Au nanoparticle diameter histogram illustrated in Figure
2e. "The parameter ¢ denotes the standard deviation.

A thin SiO, layer is crucial for the formation of Au
nanoparticles on graphene. On the pristine graphene surface,
Au nanoparticles were not uniformly formed, as indicated in
Figure S1. This could be attributed to the low interfacial
energy between graphene and metal.* The roughness and

thickness of the SiO, layer affect the formation of Au
nanoparticles. On a very thin SiO, layer (<15 nm), Au
nanoparticles were not evenly formed, which was probably due
to the rough surface. When using a thick SiO, layer (>35 nm),
the Au nanoparticles could not endure the long SiO, etching
process and failed to act as hard masks.

Figure 2e illustrates the histograms of the distribution of the
diameters of the Au nanoparticles, as illustrated in Figure 2a—
d. Assuming that a nanoparticle is hemispherical, its diameter
can be calculated from the area. Particle diameters and their
distributions were determined by the Gaussian fitting and are
presented in Table 1. We were able to precisely control the
particle diameters between 12 and 16 nm in steps of 2 nm.
Both the diameter and distribution tended to increase as the
initial Au film thickness increased. We also fabricated larger Au
nanoparticles with an average diameter of 27.4 nm. As
illustrated by the pale blue line in Figure 2e, small Au
nanoparticles (~S nm in diameter) survived when forming
larger particles. Such small Au particles could not function as
hard masks during the SiO, etching process and lead to small
GQDs.

3.2. Geometrical Features of the Fabricated GQDs.
The GQDs remained after graphene etching with a Au/SiO,
hard mask, as illustrated in Figure 1h. TEM measurements
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Figure 3. (a) Low-magnification TEM image of the fabricated GQDs dispersed on a TEM grid and (b) high-resolution TEM image of a single
GQD. (c) FFT image for the area indicated by the white dotted box and (d) lattice fringes over the green dotted box of panel (b).

5887

https://doi.org/10.1021/acsomega.2c07683
ACS Omega 2023, 8, 5885—-5892


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07683/suppl_file/ao2c07683_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07683?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

confirmed the formation of GQDs. Figure 3a illustrates a low-
magnification plane-view image of the GQDs on a TEM grid.
These GQDs were fabricated directly on a Cu foil without the
initial transfer step (Figure la,b) and transferred onto a TEM
grid from the Cu foil by the PMMA-assisted method described
before.

In Figure 3a, the most popular diameter of GQDs is ~14.3
nm and the standard deviation of the GQD diameter is ~5.9
nm. Since the process parameter has been optimized to
minimize the isotropicity of the etching process, the lateral
dimension of the SiO, hard mask is, in principle, one-to-one
with that of Au nanoparticles, which is again one-to-one with
the diameter of the fabricated GQDs. Consequently, the size of
Au nanoparticles and GQDs is similar to each other. It can also
be possible to obtain GQDs smaller than Au nanoparticles by
increasing the isotropic etching characteristics.

A high-resolution (HR) TEM image of a single GQD is
illustrated in Figure 3b, and the corresponding fast Fourier
transform (FFT) image of the area indicated by the white
dotted box in the figure is illustrated in Figure 3c. The clearly
visible lattice fringes in the HR-TEM image and hexagonal
structure in the FFT image are consistent with the graphene
lattice, and these guarantee the high crystal quality of the
fabricated GQDs. The lattice fringes in the green dotted area in
Figure 3b are magnified in Figure 3d. The hexagonal lattice
fringes are clearly visible. The measured lattice constant
(~249 A) and carbon—carbon bond length (~1.43 A) are
similar to those of pristine graphene.*® Lattice parameters are
obtained from the intensity profile of lattice fringes, as
indicated in Figure S2.

3.3. Raman Spectrum of the Fabricated GQDs. Raman
spectra of the GQDs and the graphene have been measured.
The results are shown in Figure 4. The wavelength of the
incident laser is 532 nm. Figure 4a illustrates the Raman
spectrum of the graphene transferred onto a sapphire substrate.
The peak around 1580 cm™ (G-band) is a signature of the sp*-
carbon system, which originates from the E,; vibration mode
(stretching of the C—C bond in graphitic material) at the I'-
point.”” Disordered structure, impurities, or surface charges in
graphene can induce D- and D’-bands, which peak at ~1350
and ~1650 cm™}, respectivelyf‘g_50 D’-band is attributed to
the interaction between the localized defect-related vibration
modes and extended vibrational modes of graphene. The 2D-
band at ~2680 cm™' is a second-order scattering of the D-
band, comprising the signature of graphitic carbon materi-
als.*”>” The 2D-band intensity being stronger than the G-band
indicates that this sample is mainly a single layer.”" The height
of the GQDs is determined by the thickness of the graphene.
We do expect that most of the fabricated GQDs will comprise
monolayer graphene.

As illustrated in Figure 4b, GQDs show the signature
scattering of graphitic material, G- and 2D-band, which is
consistent with the preserved graphene lattice of GQDs in the
TEM images. The intensities of the G- and 2D-bands decrease
because the graphene area is reduced by forming quantum
dots. This is a common feature of GQDs made of graphene
sheets."”*" The D-band intensity of GQDs increases
remarkably. The enhanced D-band intensity can originate
from the generation of edge structures that are inherently
disordered in several ways. Similar to the decrease in the G-
and 2D-band intensities, an increase in D-band scattering is
commonly observed in GQDs.**!
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Figure 4. Raman spectra of (a) graphene and (b) as-fabricated GQDs.

3.4. Presence of Oxygen in the Fabricated GQDs. In
the Raman spectra of the GQDs illustrated in Figure 4b, the
D’-peak at ~1620 cm™', which is absent in the Raman
spectrum of the transferred graphene film, is present. This can
be attributed to the vacancy-like defects at the GQD edges and
oxygen impurities in the GQDs.*”*® During oxygen plasma
etching, oxygen can be incorporated into GQDs by reacting
with the vacancy-like defects present along the exposed edges.
Thermal annealing in a reducing atmosphere can remove
oxygen impurities from GQDs. Figure 5 shows the Raman
spectra of the GQDs before and after thermal reduction at 800
°C in H, ambient for 10 min. A reduction in defect-related
Raman bands, particularly in the D-band, can be observed
clearly for 16 nm and 27 nm of GQDs. On the other hand,
there is little change in the D-band intensity of the 12 and 14
nm GQDs. The D-band intensity change can be relevant for
the modification of the edge structure. A more detailed
discussion is available in the Supporting Information based on
the intensity ratio between the D-band and G-band before and
after thermal treatment (see Figure S3).

The D’-peak tends to decrease by thermal reduction. The
D’-band suppression is attributed to the removal of oxygen
atoms. XPS confirmed that the thermal reduction process
effectively suppressed the C—O bonding, as shown in Figure
S4. The thermal reduction process can sometimes be crucial
for obtaining the desired properties because the physical and
chemical properties of GQDs can be affected by the oxygen
content.

3.5. Optical Properties of the Fabricated GQDs. The
optical properties of the reduced GQDs were characterized
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Figure 5. Raman spectra of as-fabricated GQDs and thermally
reduced GQDs.

using UV/vis absorption and PL spectroscopy. Figure 6
illustrates the room-temperature optical UV/vis absorption
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Figure 6. Optical absorbance of graphene and GQDs with different
diameters. The spectra are characterized by a blue shift for smaller
diameters of the GQDs.

spectra of graphene and GQDs with different diameters. In
graphene, the absorption peak at ~274 nm is attributed to the
excitonic effect on the interband transition near the saddle
point (M) in the graphene band structure.””>> An additional
small peak seen at ~320 nm is attributed to the n—z*
transition of the carbon—oxygen double bond,”* which may be
formed during the oxygen plasma etching performed to
remove the graphene on the back side of the Cu foil.

The predominant absorption peaks of GQDs are blue-
shifted compared to those in graphene. The absorption peaks
are at 246 nm (5.04 €V), 252 nm (4.92 eV), and 260 nm (4.77
eV) for 12.2, 14.1, and 16.1 nm GQDs, respectively. The
absorption peak wavelengths decrease as the size of the GQDs
decreases. The optical band gap was calculated using a Tauc
plot, as shown in Figure SS. The optical band gap of GQDs
decreases from 3.92 to 3.43 eV as their size increases from 12.2
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to 16.1 nm. The blue shift can be attributed to the stronger
quantum confinement effects in smaller GQDs.

The PL spectra of the GQDs on a sapphire substrate have
been measured at a cryogenic temperature (10 K) with an
excitation laser wavelength of 365 nm. The GQD diameters of
12.2 and 14.1 nm exhibit 582 nm (2.13 eV) and 599 nm (2.07
€V) luminescence, respectively, as illustrated in Figure 7a. PL
emission was not observed for graphene and the GQDs with
diameters of 16 and 27 nm. Most PL studies have been
conducted with very large numbers of GQDs dispersed in
liquid solutions.' > PL observation of thin-film-structured
GQDs has been challenging because of the limited number of
GQDs that should be compensated by the higher quality with
fewer defects for effective luminescence. Although measured at
a cryogenic temperature, the GQDs exhibited clear and
apparent luminescence and size dependence.

The size-dependent luminescence wavelength can behave in
a complex way because the emission from GQDs is easily
affected not only by their size but also by other variables such
as defects, edge structures, and functional groups. If internal
defects or disorders exist, the effective GQD volume where the
quantum confinement actually emerges can differ from its
physical volume, and the PL peak energy will alter
accordingly.”® Our method will be bound to limit the
generation of defects inside the GQD, owing to hard masks
protecting graphene from plasma damage. Therefore, we
would expect that the observed change in the PL peak
wavelength is mainly caused by the stronger confinement effect
in the smaller GQDs. The edge structures are also known to
affect the band-gap energy.23 Our GQDs can have a complex
edge structure comprising both zigzag and armchair structures
as generated by the plasma-etching process.”® Since a zigza
edge is theoretically favored to emit long-wavelength light,”
the zigzag structure may be more dominant in the GQDs over
the armchair structure. The observed PL peak energies of the
GQDs are in line with the trend observed for the other GQDs,
as illustrated in Figure 7b.

It is worth noting that size-controlled high-quality
luminescent GQDs were successfully fabricated in this study
through simple and fast processes using self-assembled Au
nanoparticles. This fabrication method comprises well-
established thin-film technologies that are compatible with
the conventional lithographic technique; therefore, it is also
possible to distribute GQDs only in a specific area through the
patterning of Au thin films. Process compatibility allows it to
be easily applied to a variety of devices, such as transistors,
nonvolatile memories, light-emitting devices, and photodiodes.

This fabrication method also has some challenges. The
luminescent properties of GQDs can be tuned by adding a
functional group to the edge.”””*> However, the functionaliza-
tion is limited to an etching-based top-down approach.
Postannealing in a reactive atmosphere like post-thermal
reduction in this study can be a countermeasure to relieve
the limitation. A low throughput is a typical issue in the top-
down approaches. The compatibility of the proposed process
with the well-established large-scale graphene production
technology™ can enable the fabrication of large amounts of
GQDs using the proposed method and alleviate the
throughput issue.

4. SUMMARY AND CONCLUSIONS

In summary, GQDs of various sizes have been fabricated by
the patterned etching of graphene with self-assembled Au
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Figure 7. (a) Photoluminescence spectra taken at 10 K from GQDs with diameters of 12 and 14 nm. A shorter PL peak is observed in 12 nm
diameter GQDs. (b) Trend of the PL peak energy depending on the diameter of GQDs. These results are consistent with the results in refs S5—57.
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nanoparticles, which were spontaneously formed from thin Au
films by SSD. The graphene underneath the Au/SiO, hard
mask was protected from oxygen plasma etching, resulting in
the formation of GQDs. The proposed method is simple and
faster than other top-down GQD fabrication methods. The
formation of the GQDs has been confirmed using microscopic
techniques and Raman spectroscopy. The graphitic character-
istics of the GQDs were directly observed using TEM and
evidenced by G- and 2D-band scattering in Raman spectros-
copy. Weak G- and 2D-bands and relatively strong D-band
scattering in the Raman spectrum were common features of
GQDs, owing to the high ratio of the perimeter to the surface
area. The oxygen incorporated into the dots during plasma
etching was removed by thermal reduction under a hydrogen
atmosphere. The reduced GQDs revealed optical emission and
a blue shift in the UV/vis absorption and PL peaks as the
diameter of the GQDs decreased. This trend is attributed to
the stronger quantum confinement effect in smaller QDs. The
proposed method is able to control the physical and chemical
properties of GQDs via their size and impurities. In addition to
the current thin-film and large-scale graphene production
technologies, these new GQDs are expected to show diverse
application possibilities.

B ASSOCIATED CONTENT
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SEM images of Au nanoparticles formed on graphene
layers (Figure S1); the intensity profiles of GQD’s lattice
fringes measured by HR-TEM (Figure S2); the intensity
ratio of the D-band to the G-band (I,/I;) of the GQDs
before and after thermal reduction (Figure S3); XPS of
GQDs before and after thermal reduction (Figure S4);
and Tauc plot from the absorbance spectra of GQDS
(Figure SS) (PDF)
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