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Abstract
Nanofabrication of two-dimensional materials through mechanical machining is normally influenced by not only process 
parameters such as load and velocity but also intrinsic properties such as strength and thickness. Herein, we examined the 
effects of graphene oxide (GO) film thickness on nanofabrication on the plane surfaces and at the step edges using scan-
ning probe microscope lithography. The material removal of GO initiates at the load above a critical value, which strongly 
depends on film thickness and locations. With the increase in film thickness, the critical load decreases monotonically on the 
plane surfaces but increases gradually at the step edges. Further, the critical load for the GO monolayer at the step edges is 
at least 25 times lower than that on the plane surfaces, and the gap decreases to around 3 times when GO thickness increases 
to four layers. Then, mechanical nanofabrication initiating from the GO step edge allows producing various nanopatterns 
under extremely low loads around 1 nN. Finally, the GO nanostructures are deoxidized by annealing at 800 °C in high-purity 
argon to restore their highly functionalized conjugated structures, which are supported by X-ray diffraction and Raman 
characterizations. This work provides a novel approach to fabricating graphene-like nanostructures by deoxidizing GO after 
nanofabrication, which holds significant potential for applications in graphene-based devices.

Graphical Abstract

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s41871-024-00226-9&domain=pdf
http://orcid.org/0000-0001-9167-7700


 Nanomanufacturing and Metrology             (2024) 7:8     8  Page 2 of 13

Highlights

1. The minimum load for GO removal initiation presents 
negative layer dependence on the plane surface but posi-
tive at the step edge.

2. The minimum load for GO monolayer nanofabrication 
at the step edge is at least 25 times lower than that at the 
plane surface.

3. GO nanopatterns can be fabricated under a low load and 
further deoxidized by high-temperature annealing.

Keywords Graphene oxide · Nanofabrication · Film thickness · step edge · Nanopattern · Deoxidized treatment

1 Introduction

Graphene, renowned for its remarkable optical, electrical, 
and mechanical properties, has been envisioned as a highly 
promising material with applications in various devices such 
as optoelectronic devices, sensors, field-effect transistors, 
and spintronic devices [1–4]. However, nanofabrication of 
these nanoelectronic devices that depend on various nano-
structures is still extremely difficult due to the ultrahigh 
mechanical strength and chemical inertness of the graphene 
layer.

At present, several nanomanufacturing technologies have 
been developed for graphene, such as top-down electron-
beam [5] or ion-beam [6, 7] lithography, laser ablation 
[8], plasma etching [9], scanning probe microscope (SPM) 
lithography [10], and bottom-up molecular self-assembly 
synthesis [11, 12], and they have their own advantages and 
disadvantages. For example, graphene patterns with differ-
ent dimensions can be prepared through electron- and ion-
beam etching [5–7]; however, the use of masks may cause 
incomplete removal of the resist residues after etching [13, 
14] and adsorption of the charged electrons and particles 
[15], thereby negatively impacting the performance of the 
fabricated nanodevice. Meanwhile, although bottom-up 
molecular self-assembly provides controllable fabricated 
nanoribbons with different widths and edge atomic struc-
tures, its high costs and harsh preparation conditions of high 
temperatures and pressures limit large-scale mass production 
[11, 12].

More recently, SPM-based lithography, particularly scan-
ning tunneling microscope (STM) lithography, has emerged 
as a promising approach for nanoscale patterning of graphene, 
offering simplicity and precise control over structure and loca-
tion [10]. However, the tunneling current induced by the STM 
tip inevitably damages the electronic structure of graphene 
edges during nanomanufacturing, resulting in reduced device 
performance [16]. In addition, STM lithography is suitable in 
ultrahigh vacuum conditions, which is associated with com-
plex operations and high costs. On this subject, atomic force 
microscope (AFM), as a type of SPM, has advantages over 

STM in nanomanufacturing due to its high efficiency, cost-
effectiveness, and ambient environments. Moreover, AFM 
enables combining different approaches, such as chemical 
[17] and electrical [18] methods, to improve nanomanufac-
turing capabilities. While using hard probes for mechanical 
scratching has been applied for the fabrication of graphene 
nanostructures, this often causes partial peeling and uncontrol-
lable damage to shape and size [19]. Electrochemical etching 
based on AFM can make graphene patterns depend on the 
electrochemical reaction between the electrically biased probe, 
graphene, and their interfacial meniscus [20]. However, this 
method causes oxidized pattern edges and bumpy structures 
at the contact zone with the probe [21, 22].

Preserving the structural integrity of graphene during 
fabrication is crucial to determine nanodevice performance. 
Minimizing damage to graphene and preserving its excellent 
properties are of great importance. Thus, developing a novel 
manufacturing method with lower processing environment 
requirements and a simple process is essential to obtain ordered 
edge structures. It is challenging to manufacture directly gra-
phene on its plane due to its ultrahigh mechanical properties 
(high fracture strength, hardness, and fatigue strength), and 
even if possible, graphene nanostructures are destroyed. Mean-
while, graphene oxide (GO), as a graphene-based material, 
exhibits weaker mechanical properties than graphene, mak-
ing it suitable for the flexible and controllable fabrication of 
various nanostructures [23, 24]. Through chemical reduction, 
high-temperature graphitization, electrochemical reduction, 
and solvent thermal reduction for deoxygenation, the electri-
cal conductivity of GO can be improved [25]. Deoxidation 
treatment of GO for the production of graphene nanostructures 
is a well-known, attractive method due to its efficiency and 
cost-effectiveness. Although most studies have concentrated 
on various methods for the deoxidation treatment of GO, there 
is still a lack of research on the postfabrication deoxidation 
treatment of GO nanostructures. Moreover, nanofabrication 
parameters (such as cutting force and manufacturing time and 
speed) for graphene or other two-dimensional (2D) materials 
vary with different film thicknesses, and the effects of film 
thickness on material removal in nanofabrication still need to 
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be explored. Therefore, investigations of such the effects of 
film thickness and a simple, efficient approach involving the 
fabrication of graphene nanostructures by removing oxygen-
containing GO functional groups after nanomanufacturing are 
crucial for various applications of graphene-based nanoelec-
tronic devices.

Herein, a method of SPM lithography coupled with 
annealing was developed to fabricate nanopatterns of gra-
phene-like materials based on the characterizations of load-
dependent material removal at the atomic step edges and on 
the in-plane surfaces, and the effects of film thickness for 
material removal were examined. This work would help in 
the widespread applications of graphene-based materials, 
especially in micro/nanodevices.

2  Materials and Methods

2.1  Sample Preparation

GO was synthesized using the modified Hummer’s method 
[26]. In this method, as raw material, graphite was oxidized 
by  KMnO4 and  NaNO3 in concentrated sulfuric acid, fol-
lowed by annealing of the GO solution at 95 °C for 30 min. 
Subsequently, the GO nanoflakes were uniformly dispersed 
in deionized (DI) water by ultrasonication for 1 h. The GO 
suspension was deposited onto the silicon substrate covered 
with a ~ 0.8-nm-thick native oxide at the outermost surface 
[27]. The GO samples were heated and dried at 60℃ for 
10 min to ensure effective adhesion and stable deposition of 
the GO layer onto the silicon substrate. Before deposition, 
the silicon substrate was meticulously cleaned through soni-
cation in ethanol and DI water for 5 min, followed by drying 
under a stream of dry nitrogen to eliminate any contaminants 
and ensure a pristine substrate surface. The phase structure 
of the prepared GO was characterized using X-ray diffraction 
(XRD, Bruker D8 Advance, USA, Cu Kα source). Raman 
spectroscopy (LabRAM HR Evolution, Horiba, Japan) with 
a 532-nm wavelength was employed to analyze the struc-
tural features of GO nanosheets. The overall structure of 
the prepared GO was imaged using transmission electron 
microscope (TEM, JEM-2100 F, Japan) by dripping a GO 
suspension onto a copper grid. The thickness of the GO sam-
ples was determined using SPM (SPI3800N, Seiko, Japan).

2.2  Nanofabrication

During nanofabrication, reciprocating movements of the 
probe were executed across the in-plane surface or the step 
edge of GO using SPM in the contact mode under room con-
ditions (temperature = 23 °C ± 2 °C, relative humidity = 45% 

± 5%). The lateral forces in both forward and backward 
directions along the single line during probe sliding were 
simultaneously recorded simultaneously by the SPM soft-
ware. Silicon nitride SPM probes  (Si3N4, MLCT, Bruker, 
USA) with a precisely determined radius of 35 ± 7  nm 
(measured by SEM, JSM-7800 F, Japan) were employed, and 
their normal spring constant was calibrated to be ~ 0.1 N/m 
using Sader’s method [28]. Throughout nanofabrication, the 
sliding length was maintained constant at 1 μm for plane 
surfaces and 2 μm for step edges, with a consistent sliding 
speed of 2 μm/s.

2.3  High‑Temperature Annealing

To improve the electrical conductivity of the GO, the 
GO film was set into a horizontal tubular furnace (OTF-
1200X-II, China) for high-temperature annealing treatment. 
The temperature within the furnace was gradually increased 
from room temperature to 800 °C at a heating rate of 5 °C/
min while passing high-purity argon (99.99%) continuously 
at a rate of 80 mL/min. Upon reaching 800 °C, the film was 
maintained at this temperature for an additional duration of 
2.0 h to facilitate further deoxidation. Finally, the tubular 
furnace was gradually cooled down to room temperature 
under the protective argon atmosphere.

3  Results and Discussion

3.1  Characterizations of the GO Nanosheets

Figure 1a and b show the topography and friction images 
of the prepared GO films obtained on the silicon substrate. 
The height of the GO film was measured to be ~ 1.82 nm 
by the  Si3N4 probe (Fig. 1c), indicating a bilayer GO film 
(two times compared to the monolayer thickness of ~ 0.9 nm 
reported previously) [29]. The friction image and the cross-
sectional profile show that the 2-layer GO nanosheets 
provide better friction reduction than the silicon substrate 
(Fig. 1d). The structural feature and surface topography of 
GO nanosheets were characterized by Raman spectroscopy 
and TEM, respectively. The Raman spectrum in Fig. 1e 
shows peaks at around 1350  cm−1, which is assigned to the 
D band (corresponding to lattice disorders, vacancies, and 
defects in materials), and around 1580  cm−1, which corre-
sponds to the G band (arising from in-plane stretching vibra-
tions of carbon–carbon bonds in a hexagonal lattice) [26, 30, 
31], which are structure characteristics of GO. However, the 
2D band (associated with the second-order double-resonance 
process involving two phonons) at 2700  cm−1 vanishes due 
to high oxidation. In the TEM image in the inset of Fig. 1e, 
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GO nanosheets contain lamellar structures and numerous 
surface wrinkles, further indicating the presence of disor-
der and defects [32, 33]. The XRD pattern in Fig. 1f shows 
the complete disappearance of the graphitic peak at 26.3° 
(002) and the observation of a new broad diffraction peak 
at 2θ = 11.4° (001), which indicates an interlayer distance 
of ~ 0.78 nm for the GO [30]. After complete oxidation, 
numerous oxygen-containing functional groups and defects 
are formed on the surface, resulting in a slightly larger thick-
ness of monolayer GO (~ 0.9 nm) than the measured lattice 
spacing of ∼0.78 nm estimated from the XRD spectrum due 
to the adsorption of water molecules from the atmosphere 
[34, 35].

3.2  Material Removal on the GO Plane Surface 
and at the Step Edge

Previous studies have shown that material removal on the 
in-plane surface of a mechanically exfoliated monolayer gra-
phene cannot happen at the relatively low mechanical loads, 
and structural destruction of both graphene and the underly-
ing substrate may occur under the extremely high contact 
stresses [36–38]. Although nanostructures can be fabricated 
at the graphene edge step at the low load conditions, the fab-
ricated graphene edges become substantially rough or suffer 
uncontrolled detachment from the substrate [19, 38, 39]. The 
mechanical properties of graphene are greatly reduced after 
oxidation, rendering it more suitable for nanomanufactur-
ing, which provides opportunities for more nanostructured 
devices [23, 24, 40]. In this study, nanofabrication on both 
the monolayer plane surface and step edge of GO samples 
was performed using the  Si3N4 probes (radius = 35 ± 7 nm) 
at room temperature (Fig. 2a and d). After 200 reciprocat-
ing sliding cycles at a maximum load of 25 nN, the GO 
monolayer (thickness: ~0.91 nm, inset of Fig. 2b) exhibited 
no discernible damage, as well as no considerable changes 
in the magnitude of the lateral force signal (Fig. 2c). The 
GO monolayer exhibited an excellent resistance to damage, 
which hold intact even after more than 200 cycles. Con-
versely, at the step edge, the monolayer GO (~ 0.92 nm, inset 
of Fig. 2e) was destroyed after 20 cycles with an applied 
load of only 1 nN (Fig. 2e). Once GO damage was initiated 
at the step edge, the friction force signal of the GO region 
exhibited a considerable increase and gradually further 
increased with increasing number of cycles (Fig. 2f). The 
GO was destroyed starting from the second sliding cycle 
and was completely removed within six cycles. Clearly, the 
GO plane surface demonstrated excellent resistance to dam-
age, whereas the step edge is vulnerable to wear, and its 
minimum load required for material removal of the GO layer 
can be substantially reduced. This susceptibility should be 
attributed to the numerous original defects at the step edge.

3.3  Layer‑Dependent Material Removal of GO 
Nanosheets

Further examination of the nanofabrication of the GO layer 
on the plane surface and at the step edge was conducted by 
determining the required load of nanofabrication depending 
on GO thickness. The in-plane nanofabrication results of GO 
with 1–4 layers under applied loads of 5–25 nN are shown in 
Fig. 3a–d. For monolayer GO (thickness: ∼0.91 nm, upper 
inset in Fig. 3a), no surface damage was observed on the 
internal plane for all load conditions after 20 reciprocating 
sliding cycles (Fig. 3a). Moreover, there was no substantial 
change in the cross-sectional profile (Fig. 3e), which further 
confirmed that even at 25 nN, damaging the monolayer GO 
was difficult. However, after 20 cycles above 20 nN, the 
bilayer GO (thickness: ~1.82 nm, inset profile in Fig. 3b) 
was destroyed (Fig. 3b).After increasing the number of lay-
ers to 3 and 4 (thicknesses: ~2.74 and ~ 3.65 nm, inset pro-
files in Fig. 3c and d, respectively) the GO were destroyed 
after 20 cycles under an low applied load of 15 nN. These 
results show that the critical load to initiate material removal 
in nanofabrication on the plane surface decreases from above 
25 nN (maximum load applied by the  Si3N4 probe) to 15 nN 
with increasing thickness from one to four layers. Further-
more, the cross-sectional profiles of the damage scars meas-
ured at the fabrication locations agreed with the height pro-
files of the GO layers, indicating that the GO layers inside 
the sliding regions were completely removed (Fig. 3f–h). 
Interestingly, the critical load of nanofabrication is larger for 
thinner GO layers. This indicates that with increasing GO 
thickness, the nanofabrication load of GO on the substrate 
decreases gradually (from one to four layers), which agrees 
with previous research on GO and other 2D materials (such 
as fluorinated graphene and  NbSe2) [29, 41, 42].

For comparison, Fig. 3i–l present the topographies of GO 
with 1–4 layers after nanofabrication at the step edge with 
applied loads of 1–5 nN. At the monolayer GO step edge, 
material removal can occur even with an applied load as low 
as 1 nN (Fig. 3i). As the number of GO layers increases, 
the critical load required for step-edge nanofabrication 
increases. The critical (minimum) load for nanofabrication 
at the step edge increases from 1 nN for the monolayer to 
5 nN for four layers (Fig. 3j–l). The cross-sectional profile 
heights of the nanofabricated scars match the thickness of 
the corresponding GO layers (insets of Fig. 3i–l and m–p). 
GO is a layered 2D material, which is either removed layer-
by-layer or completely removed during nanofabrication. The 
fact that the removal depth of GO on the substrate is consist-
ent with its film thickness strongly supports the complete 
removal of the GO layer from the substrate. This observed 
thickness dependence in the nanofabrication of the GO step 
edge is exactly the same as the nanofabrication observed in 
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mechanically exfoliated graphene,  MoS2, h-BN, and other 
2D layered materials, highlighting that thicker layers pose 
more challenges during fabrication [43].

As indicated in prior research, the critical load for mate-
rial removal on the plane surface of GO deposited on a native 
silicon oxide substrate demonstrates a decreasing trend with 
increasing film thickness, which corresponds to the underly-
ing wear mode of the overall removal [29]. Density function 
theory calculations revealed that the overall removal of GO 
is dominated by adhesive strengths between the substrate 
and GO, which is correlated with GO thickness originating 
from differences in interfacial charge transfer. Meanwhile, 
the critical loads of nanofabrication initiation at the GO step 
edge are reverse, i.e., the critical load for nanofabrication 
monotonically increases with increasing number of layers 
(Fig. 4). Similarly, the GO nanofabrication at the step edge 
is also an overall removal. These results show that the adhe-
sive strength of the substrate has a relatively minor impact 
on nanofabrication at the step edge, which may be due to 
direct contact between the probe and both the substrate and 
GO step edge during reciprocating sliding. Given the rela-
tive homogeneity of GO films, the direct positive correlation 
between the required critical loads for nanofabrication and 
the GO thickness can be attributed to the bending stiffness 
of the GO layer. Moreover, the natural defects on the step 
edges of GO nanosheets greatly reduce the performance of 
the GO layers, allowing nanofabrication to proceed at the 

lower loads. Compared to nanofabrication on the GO plane 
surface, the critical loads for nanofabrication of the GO step 
edge were reduced by at least 25 times to 3 times from mon-
olayer to four layers (Fig. 4).

3.4  Evolution of Material Removal for the GO 
Nanosheets

The critical (minimum) loads for GO removal on the 
plane surfaces and at the step edges exhibit a pronounced 
dependence on the number of layers. Additionally, the GO 
film thickness dependence on nanofabrication depends on 
the number of sliding cycles. To determine the effects of 
sliding cycles for GO nanofabrication on the plane sur-
face and at the step edge, Fig. 5 compares the evolution 
of nanofabrication for different sliding cycles of mon-
olayer (thickness: ∼0.91 nm) and four layers (thickness: 
∼3.72 nm) GO. For nanofabrication at the GO step edge 
under 1 nN, complete removal of the monolayer GO at 
the step edge after six cycles was observed (Fig. 5a and 
b), while that of the four-layer GO inside the sliding 
region was observed until 45 sliding cycles (Fig. 5c and 
d), clearly showing an enhanced resistance to removal of 
thicker films.

For nanofabrication inside the GO plane, under 25 nN, 
the material removal of the monolayer GO plane was initi-
ated at the ~ 645th cycle (Fig. 5e and f) and was completely 

Fig. 1  Characterization of the GO nanosheets. SPM topography a and 
corresponding friction image b of bilayer GO on silicon. The scale 
bar is 0.5 μm. Cross-sectional profile of height c and friction force d 

of bilayer GO measured along the black dotted lines in the topogra-
phy and friction images, respectively. Raman e and XRD spectra f of 
GO. The inset in e shows the TEM image of the GO nanosheets
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removed at the ~ 750th cycle, while that for a four-layer 
GO on the plane surface was initiated from the ~ 13th slid-
ing cycle and ended at the 18th cycle (Fig. 5g and h). The 
matched values between the wear depth (bottom inset in 
Fig. 5g) and the GO thickness indicate that the GO layers 
are completely worn out. Similar to the load requirements 
of thickness-dependent manufacturing (Fig. 3), the nano-
fabrication of the monolayer GO film is more difficult to be 
processed than multilayer films, that is, more manufactur-
ing cycles are required under a given load.

Figure 6 further compares the averaged critical slid-
ing cycles (minimum number of sliding cycles to induce 
material removal) for GO nanofabrication of the monolayer 
plane, multilayer plane, monolayer step, and multilayer step 
at normal loads of 1 nN for the step edge and 25 nN for the 
internal plane. For the material removal of monolayer films 
in the interior plane, most of the critical cycles are larger 
than 1000, while fewer parts of the critical cycles are lower 
than 800, resulting in an average value of approximately 830 
times for material removal.

In comparison, the averaged critical cycle for the four-
layer plane decreased dramatically down to 11 times 
(Fig. 6a). For nanofabrication at the step edge, the averaged 
critical cycle for material removal at the monolayer step 

edges is 4, while that at the four-layer step edges increased 
to 36 (Fig. 6b). In general, the critical sliding cycles for GO 
removal followed the same trend as the critical load: mon-
olayer step < multilayer step and multilayer plane < mon-
olayer plane.

3.5  Removal Mechanism of GO Plane Surfaces 
and Step Edges

Previous research of GO on silica substrate revealed that 
broad oxygen-containing functional groups on GO lead 
to a stronger interaction with the substrate, resulting in 
the absence of the puckering effect and, thus, no friction 
dependence on thickness [44]. Moreover, it was demon-
strated that the high adhesion between the graphene and the 
mica substrate results in no thickness dependence for fric-
tion [45]. In this study, the silicon substrate, with a native 
oxide outermost layer, is partially terminated by –OH groups 
[27], inducing high surface energy and promoting the for-
mation of hydrogen-bond networks with the attached GO 
(inset of Fig. 7a) [46, 47]. This boosts in-plane stiffness, 
reducing the folding effect and enhancing damage resistance, 
particularly in direct contact with silicon (monolayer GO 
plane, Fig. 7a). Thus, substrate adhesion plays a dominant 

Fig. 2  Material removal of the GO monolayer on the plane surface 
and at the step edge. Schematic of the nanofabrication experiment 
performed on the GO plane surface a and at the step edge d using 
the  Si3N4 probe. Nanofabrication morphologies of the GO monolayer 

on the plane surface b and at the step edge e. Lateral force–distance 
curves recorded at the different reciprocating cycles on the plane sur-
face c and at the step edge f. The insets in b and e show the cross-
sectional profiles of monolayer GO. Scale bars are 1 μm in b and e 
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role in plane nanofabrication. With GO thickness of up to 
four layers, the influence of adhesion strength originating 
from the silicon substrate surface on the thickness of the 
GO layer should be largely weakened, then resulting in an 

increase in wrinkling effects and a decrease in damage resist-
ance (Fig. 7b); therefore, the nanofabrication load and slid-
ing cycles of GO demonstrate a decreasing tendency with 
increasing thickness.

Fig. 3  Material removal of GO with different thicknesses at the step 
edges and inside the plane surfaces. a–d and i–l show the topogra-
phies and corresponding cross-sectional profiles of GO with different 
thicknesses after nanofabrication on plane surfaces under the applied 
loads of 5–25 nN and at the step edge under the applied loads of 1–5 
nN, respectively. The upper insets of a–d and i–l show the cross-sec-

tional profiles of mono-, bi-, three-, and four-layer (1 L, 2 L, 3 L, 4 L) 
GO, respectively. The scale bars are 1  μm. e–h and m–p show the 
cross-sectional profiles of the sliding regions on the plane surfaces 
and at the step edges (marked by the black dotted lines in the topo-
graphical images), respectively. The number of sliding cycles is kept 
constant at 20
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Different from the plane surface, the integral strength 
of the GO step edge gradually improves with an increas-
ing number of layers due to the cumulative effect of multi-
layer film thickness. The thicker GO layer is stiffer and has 
a higher ability to resist damage. The integral strength of 

the GO layer plays a dominant role in the nanofabrication of 
GO step edges instead of interfacial adhesion. Therefore, the 
critical load or cycle for nanofabrication initiated at the step 
edge is directly associated with layer thickness (Fig. 7c and 
d). The critical sliding cycles and loads for nanofabrication 
initiation at the step edge of monolayer GO films are the 
lowest compared with the multilayer film step, monolayer, 
and multilayer film plane. Thus, when employing nanofab-
rication initiated from the step edge, various GO nanostruc-
tures are easily obtained under lower loads.

3.6  Fabrication and High‑Temperature Annealing 
of the GO Nanostructures

GO step edge is exceptionally weak and susceptible to dam-
age at a low load of ~ 1 nN. Thus, manufacturing various GO  
nanostructures is more suitable for initiating from the edge 
under lower loads. In addition, the GO nanostructures were 
fabricated by the  Si3N4 probe, where no damage debris was 
produced, and the edge structure remained intact, which is 
much different from the cases of graphene where consider-
able damage debris or contamination residues on the surface 
were often left after the mechanically fabricating, thus com-
promising the performance of graphene-based nanodevices. 
Using the developed method, various GO nanopatterns, 

Fig. 4  Critical loads for material removal initiation at the step edge 
and on the plane surface as a function of the number of GO layers

Fig. 5  Comparison of material removal and lateral force at the step 
edge and on the plane surface for nanofabrication of monolayer (1 L) 
and four-layer (4  L) GO nanosheets. Topographies and correspond-
ing cross-sectional profiles (marked by the black dotted lines in the 
topographical images) of the GO monolayer step a, four-layer step 
c, monolayer plane e, and four-layer plane g after different sliding 

cycles. The scale bars are 1 μm. Lateral force–distance curves of the 
GO monolayer step b, four-layer step d, monolayer plane f, and four-
layer plane h recorded at the different reciprocating cycles. Normal 
loads of 1 and 25 nN were applied at the step edges and on the plane 
surfaces, respectively
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including triangular wave nanochannels, square wave nano-
channels, step nanochannels, and nanochannel arrays, can 
be readily fabricated (Fig. 8a–d). Furthermore, the result-
ing GO nanopatterns can be further deoxygenated by high-
temperature annealing, yielding nanostructures with similar 
electrical properties to graphene.

To improve the electrical conductivity and mechanical 
properties of the GO, annealing was applied to the nano-
channel array in a horizontal tubular furnace at 800 °C. The 
height profile reveals a decrease in thickness of the deoxy-
genated GO layer from ~ 1.82 (bit layer, Fig. 8d and f) to 
~ 1.12 nm (Fig. 8e and g) after annealing, indicating that 
the interlayer spacing of the deoxygenated GO monolayer 

reduced from ~ 0.91 to 0.56 nm, slightly higher than the 
thickness of graphene monolayer (~ 0.34 nm), which should 
be ascribed to the removal of most of the oxygen-containing 
groups intercalated between the graphene interlayers. XRD 
and Raman analyses were applied to further characterize 
the structural evolution after annealing. The XRD spec-
trum exhibited a shift in the diffraction peak position from 
2θ = 11.4° (001) to a higher angle of 2θ = 25.6° (002) at 
800 °C, indicating a considerable reduction in the lattice 
spacing from ~ 0.78 to ~ 0.35 nm (Figs. 1f and 8i), which can 
be associated with the gradual removal of interlayer species 
such as physically adsorbed water and most oxygen-con-
taining functionalities during annealing. Due to the removal 
of unstable oxygen-containing groups during annealing, the 
interlayer spacing narrows and ultimately reaches the same 
spacing as graphite. However, the calculated interlayer spac-
ing (~ 0.56 nm; Fig. 8g) of the deoxygenated GO is slightly 
higher than the theoretical value (~ 0.35 nm) estimated from 
the XRD spectrum, probably corresponding to the roughness 
of the substrate surface and the influence of a minor fraction 
of incompletely removed functional groups (such as epoxy 
group, etc.).

Furthermore, the Raman spectrum displays the D band 
around 1332  cm−1, G band around 1588  cm−1, and weak 
2D band at 2700  cm−1, which is associated with the sec-
ond-order double-resonance process involving two phon-
ons (Fig. 8h). Both the D and G peaks exhibited increased 
intensities and sharpened profiles, demonstrating structural 
changes of GO, which is further confirmed by the success-
ful deoxygenation of GO by annealing at 800 °C. After 
annealing, the D band shifted from 1336 to 1332   cm−1 
(Figs. 1e and 8h), and the intensity ratio of the D to G band 
increased from 1.02 to 1.15. The loss of oxygen-containing 
functionalities from the GO plane can lead to the forma-
tion of numerous structural defects, such as vacancies and 
distortions, thereby increasing the intensity ratio of the D 
to G band in the deoxygenated GO [48], which agrees with 

Fig. 6  Averaged critical cycles N of material removal initiation for 
nanofabrication of monolayer and four-layer GO. a Critical cycles for 
nanofabrication on the monolayer and four-layer GO plane surfaces. 
b Critical cycles for nanofabrication at monolayer and four-layer GO 
step edges. Normal loads of 1 and 25 nN were applied at the step 
edges and the plane surfaces, respectively

Fig. 7  Schematic of nanofab-
rication mechanisms of GO 
step edges and plane surfaces 
depending on thickness. 
Nanofabrication on monolayer 
a and multilayer b GO plane 
surfaces by reciprocating slid-
ing of probes. The inset in a 
shows the silicon substrate with 
a native oxide outermost layer 
partially terminated by the –OH 
groups to form hydrogen-bond 
networks with the attached GO 
nanosheets [29]. Schematic 
of the sliding of a probe over 
monolayer c and multilayer d 
GO step edges
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the deoxygenation treatment of GO by hydrazine hydrate, 
 NaBH4, or HI solution as reported elsewhere [49–51]. Based 
on this method, various nanopatterns with similar electrical 
properties to graphene can be fabricated to hold promise 
in graphene-based micro/nanodevices and sensors and gas 
detection systems based on a wide range of nanostructures 
[52–55].

4  Conclusions

Herein, the material removal of GO on the plane surface 
and at the step edge strongly depends on GO layer thick-
ness. For nanofabrication on the GO plane surface, the 
nanofabrication loads or cycles of GO demonstrate an 
inverse layer dependence, i.e., the lesser the layer thick-
ness, the larger the values for material removal initiation 
needed. Meanwhile, the critical loads or cycles of nano-
fabrication initiated at the step edge are directly associated 
with layer thickness. In general, the lowest critical cycle 

and load are needed for nanofabrication at the step edge of 
the GO monolayer, and thus, a method of SPM lithography 
for fabricating various GO nanopatterns, such as triangular 
waves, square wave nanochannels, step nanochannels, and 
nanochannel arrays, based on material removal initiated 
from the step edge under extremely low mechanical stress 
is developed. The fabrication of the deoxygenated GO 
nanostructures with intact edge structures by high-tem-
perature annealing is achieved. In conclusion, this work 
presents a reliable, simple, flexible, and highly promis-
ing method for nanofabricating graphene-based electronic 
devices and sensors.

Acknowledgements This work was supported by the National 
Natural Science Foundation of China (Nos. 52350411, 52122507 
and 52235004), Sichuan Science and Technology Program 
(2023NSFSC1988 and 2023YFSY0004), and the Fundamental 
Research Funds for the Central University (No. 2682021ZTPY095). 
The authors express their gratitude to the Analysis and Testing Center 
of Southwest Jiaotong University for their assistance in conducting the 
characterizations and experiments: SEM analyses of probes, TEM and 
Raman spectroscopy analyses of samples, and AFM tests.

Fig. 8  Nanostructures fabricated on the GO layer in ambient air. Nan-
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after high-temperature annealing. f, g Height profiles of the GO nano-

channel array measured before and after high-temperature annealing. 
h, i Raman and XRD spectra of GO after high-temperature annealing. 
The scale bars are 1 μm in  (a–e)
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