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ABSTRACT: Interface quality, one of critical factors, governs the properties of few-layer graphene, which exhibit exclusive electrical and
mechanical properties owing to the strong interlayer coupling. However, fabrication of interface-clean few-layer graphene still remains
challenging. Conventional stacking techniques often introduce interfacial contamination, such as amorphous carbon and residual impurities,
which critically deteriorate the interlayer coupling and compromise the uniformity and reliability of graphene-based devices. Here, we present
an active oxygen treatment (AOT) strategy to effectively remove surface impurities and amorphous carbon on graphene before stacking,
yielding wafer-scale few-layer graphene with clean interface and controlled layer numbers. As-fabricated few-layer graphene exhibits
excellent structural integrity (>95%), flatness (Ra ~ 2.3 nm) and uniformity. The suspended few-layer graphene shows superior mechanical
stability due to the clean interface, which remains stable under repeated thermal shocks up to 1200 K, significantly outperforming
counterparts assembled via conventional methods. Thermal light emitters based on the suspended few-layer graphene demonstrates strong
visible-to-near-infrared emission, with lattice temperature reaches ~900 K and a working lifetime of ~70 min. This work highlights the
potential of AOT in advancing the optoelectronic applications of graphene through precise interface engineering.

KEYWORDS: few-layer graphene, active oxygen treatment, interface modulation, suspended graphene, thermal emitters

1 Introduction
Few-layer graphene (FLG) exhibits unique properties that differ
significantly from both monolayer graphene and bulk graphite,
depending strongly on the number of layers and stacking order.
Monolayer graphene is a gapless semimetal with ultrahigh
carrier mobility arising from its Dirac cone band structure1. In
contrast, bilayer and few-layer graphene possess twist angle-
tunable band structures and exhibit emergent properties2–5. FLG
also demonstrates outstanding mechanical strength, high
electrical mobility, broadband optical absorption, and ultrahigh
thermal conductivity6–10, making it attractive for high-
performance electronic and optoelectronic devices11,12.
Moreover, FLG hosts a range of emergent quantum phenomena,
including correlated insulating states, superconductivity, and
ferromagnetism, enabled by flat bands and enhanced electron
interactions, positioning it as a versatile platform for exploring
strongly correlated physics13–16.
To realize these exceptional properties, high-quality FLG with

atomically clean interfaces and well-controlled layer number are
highly required. However, existing fabrication methods still
suffer significant limitations. Mechanical exfoliation yields
high-quality flakes but with random layer numbers and limited
lateral size17,18. Chemical vapor deposition (CVD) enables large-
area synthesis but struggles to precisely control layer number
and stacking order19,20. Epitaxial growth of graphene on SiC
offers layer number uniformity but requires high temperatures
and has limited substrate compatibility21,22. Layer-by-layer (LBL)
stacking offers precise control over layer number, large area and
stacking order, yet suffers from interfacial contamination, such
as amorphous carbon, polymer residues, and adsorbates23.
Interfacial contamination induces interfacial bubbles that
obscure intrinsic properties and degrade interlayer coupling24–26.
To remove the interfacial contamination trapped between
stacked graphene layers, previous works have shown that
mechanical quizzing and post-annealing are effective and can be
used to reduce bubbles27–31, but these methods are either
complex or time-consuming. Backside lamination strategy
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enables bubble-free bilayer graphene but are difficult to scale to
fabricate multilayers32. Thus, a reliable, wafer-scale, and
interface-clean method for assembling high-quality FLG
remains a key challenge for both fundamental studies and
practical device applications.
Here, a simple but effective stacking method based on active
oxygen treatment (AOT) has been developed to fabricate wafer-
scale interface-clean few-layer graphene. The active oxygen
treatment is introduced before stacking to remove the
amorphous carbon and adsorbed impurities on the graphene
surface, resulting in clean and uniform interfaces. Based on the
AOT transfer method, a uniform large-area five-layer graphene
with high structural integrity has been successfully fabricated,
exhibiting a flatter surface and cleaner interfaces compared to
that fabricated by conventional LBL stacking. Moreover, due to
the clean interface, the few-layer graphene stacks on holey
substrate shows excellent mechanical stability, withstanding
repeated thermal shocks up to 1200 K without degradation.
Finally, light-emitting devices based on the AOT-stacked
graphene demonstrate strong visible-to-near-infrared emission
(lattice temperature~900 K) and a long working lifetime of
approximately 70 min. This work shows the potential of active
oxygen treatment as a powerful interface engineering technique
to facilitate the integration of graphene into next-generation
optoelectronic applications.

2 Results and discussion
Single-crystal graphene films grown on Cu (111)/sapphire
substrates were employed in this study to fabricate few-layer
graphene, owing to their atomically flat surfaces33–35. To enable

high-quality layer-by-layer stacking, a multilayer transfer

medium was designed, allowing individual monolayer graphene
to be delaminated and assembled sequentially (Fig. 1a and Fig.
S1). A critical prerequisite for achieving clean interfaces in
stacked graphene is the effective removal of surface
contaminants prior to lamination. Consequently, active oxygen
generated via O2 plasma was applied to the graphene surfaces
before lamination, producing clean surfaces suitable for high-
quality stacking. In details, the transfer medium consists of
polydimethylsiloxane (PDMS), poly (methyl methacrylate)
(PMMA), poly (propylene carbonate) (PPC), and borneol,
collectively enabling the intact and contamination-free transfer
of wafer-scale graphene. Specifically, PDMS serves as a self-
supporting layer to handle and dry-stack graphene layers.
PMMA offers mechanical support to maintain the structural
integrity of graphene during transfer process. PPC acts as a
flexible layer to ensure conformal contact of graphene onto
target substrate36. Borneol, a small-molecule interlayer, prevents
polymer contamination, thereby preserving clean graphene
surface33. Importantly, AOT effectively removes amorphous
carbon and adsorbed hydrocarbons from graphene surfaces,
ensuring the conformal contact of graphene layers and yielding
an ultra-flat, bubble-free interface. The detailed AOT treatment
parameters can be found in Method and Fig. S2 to S4. Note that,
the graphene would be slightly functionalized after controlled
AOT (Fig. S5), showing an ID/IG ~ 0.13.
Based on the designed AOT method, large-area interface-clean
few-layer graphene have been successfully stacked and
transferred on SiO2/Si (Fig. 1b). Optical image of the AOT-
stacked graphene with different layers exhibits distinct contrast,
which enhances with increased layer numbers and remains

uniform within the same layer number regions, indicating

Fig. 1 | Fabrication of stacked large-area few-layer graphene via active oxygen treatment. (a) Schematic illustration of active oxygen assisted
fabrication of few-layer graphene. The key step is active oxygen treatment (AOT), after which fresh and clean graphene surfaces are formed and
immediately dry-laminated. (b) Photograph of AOT-stacked large-area few-layer graphene on a SiO2/Si substrate. (c) Histograms of coverage of
AOT-stacked monolayer to five-layer graphene. Inset: Optical microscopy images of different layer graphene. (d) Histograms of roughness of five-
layer graphene stacked with and without AOT collected from 10 × 10 μm2 AFM images. Inset: AFM images of five-layer graphene stacked with and
without AOT.
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consistent layer thickness and clean interfaces throughout the
few-layer graphene stacks. The microscopy optical images (inset
of Fig. 1c and Fig. S6) indicate that there are no optically visible
interface-bubbles in AOT-stacked graphene, while the
conventional LBL-stacked graphene shows dense interface-
bubbles (Fig. S7 and Fig. S8). Optical characterization confirms
that the coverage of the transferred different-layer graphene all
exceeds 95%. From monolayer to five-layer, the coverage values
are 99.1%, 98.2%, 98%, 97.7%, and 95.6%, respectively,
demonstrating high stacking uniformity and integrity. Benefiting
from the clean interface, the stacked five-layer graphene exhibits
a bubble-free and flat surface with a surface roughness (Ra) of ~
2.3 nm (Fig. 1d). On the contrary, the LBL-transferred five-layer
graphene exhibits large surface roughness (Ra ~ 6.5 nm) with
dense bubbles and wrinkles. The low roughness and absence of
interfacial bubbles of AOT-stacked few-layer films would
ensure the superior electrical and mechanical properties of
graphene.
The uniformity is important for the devices based on few-layer
graphene stacks. To assess the macroscopic uniformity of the
AOT-stacked few-layer graphene, the sheet resistance of the
large-area stacked film shown in Fig. 1b was measured. As
presented in Fig. 2a, the sheet resistance decreases with
increasing layer number and exhibits a uniform distribution
across the sample with the same layer numbers. Notably, the
five-layer graphene in the central region shows the lowest sheet
resistance, with Rs ~ 220 Ω/sq. The sheet resistance decreased
due to the increased conductive paths and interlayer coupling in

few-layer graphene, which has high carrier density, enhanced
charge screening and suppressed carrier scattering37,38. By

comparison, the sheet resistance map of LBL-stacked few-layer
graphene exhibits a poor uniformity and a relatively large
resistance in the central 5-layer region (~260 Ω/sq), which is
presumably caused by the poor structural integrity and inferior
interlayer quality (Fig. S9). Raman spectroscopy was also
collected to analyze the microscopic uniformity, including the
layer variations and interlayer coupling in few-layer graphene39–
43. The Raman spectra of AOT-stacked graphene exhibit typical
layer-dependent evolution of IG/I2D ratio, confirming the
consistent layer number of few-layer graphene stacks (Fig. S10).
Raman mapping images collected from 9 positions of the AOT-
stacked five-layer graphene are uniform, indicating the few-
layer graphene stacks has a uniform layer number and interlayer
coupling. (Fig. 2b). Note that, the uniform and flat morphology
of AOT-stacked graphene show a higher carrier mobility than
LBL-stacked graphene with dense interfacial bubbles due to the
reduced carrier scattering (Fig. S11).
Furthermore, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were employed to
evaluate the interfacial cleanness of the few-layer graphene
stacks. As shown in SEM images (Fig. S12), the density of
interfacial bubbles in AOT-stacked graphene is significantly
lower than that in LBL-stacked graphene, indicating a much
cleaner interface achieved through the AOT process. TEM
images further confirm the bubble-free interface with minimal
residue of AOT-stacked graphene, whereas LBL-stacked
graphene exhibits substantial contaminant aggregate within the
interfacial bubbles (Fig. 2c and Fig. S13). Additionally,

selected-area electron diffraction (SAED) patterns of the AOT-
stacked five-layer graphene display five distinct sets of

Fig. 2 | Uniformity and cleanliness of AOT-stacked few-layer graphene. (a) Sheet resistance mapping of AOT-stacked few-layer graphene. The
average sheet resistance of the five-layer region is 220 Ω sq–1. (b) Raman mapping images of AOT-stacked five-layer graphene. Scale bars are 5 μm.
(c) TEM images of five-layer graphene stacked with and without AOT. The areas indicated by the white arrow represent interfacial bubbles. (d)
SAED of AOT-stacked five-layer graphene.
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diffraction spots, confirming the successful stacking of five
monolayers with preserved crystallinity and alignment (Fig. 2d).
These results demonstrate the effectiveness of AOT in achieving
atomically clean graphene interfaces, which are critical for high-
performance electronic and optoelectronic applications.
The AOT-stacked few-layer graphene can also be transferred
onto holey substrates, enabling the fabrication of wafer-scale,
interface-clean suspended few-layer graphene (Fig. 3a) with no
visible damage under both 20× and 100× optical microscope
(Fig. 3b). Benefiting from the clean interface, the stacked few-
layer suspended graphene preserves the structural integrity,
indicating its exceptional mechanical property. Notably, the
AOT-stacked few-layer graphene can be transferred onto a
variety of holey substrates with diverse shapes and dimensions
(Fig. 3c, 3d and Fig. S14). As shown in Fig. 3c, the structural
integrity of the suspended few-layer graphene increases with the
layer number. The five-layer graphene achieves a coverage of
approximately 92.3% on 5 μm-diameter circular holes,
indicating its excellent mechanical robustness. Even when the
suspended area increases to 120 μm2, the AOT-stacked five-
layer graphene retains a high coverage of around 88.6%, while
the integrity of monolayer is only ~5% on a 30 μm2 suspended
area. Note that, the PPC in our designed transfer medium is vital

to ensure the conformal contact of few-layer graphene onto
holey substrates (Fig. S14a).
Mechanical stability is a critical parameter for the reliable

application of suspended graphene in high-temperature
environments44,45. To evaluate the mechanical stability of few-
layer graphene stacks under high temperature, thermal shock
tests were conducted on suspended bilayer stacked graphene
assembled via both AOT and conventional LBL methods. The
tests were performed in vacuum, with the samples subjected to
100 rapid thermal cycles between 800 K and 1200 K. The
heating rate, derived from the temperature-time slope shown in
Fig. 3e, was approximately 4000 K/s. The results reveals that the
AOT-stacked bilayer graphene retains ~86.4% of its structural
integrity after test, while the LBL-stacked counterpart showed a
significant decline, maintaining only ~62.7% integrity (Fig. 3f
and Fig. S15). The inferior performance of the LBL-stacked
sample is attributed to the poor interface coupling and presence
of interfacial bubbles, which trapped impurities and induce
localized stress during rapid heating, ultimately leading to the
fracture. In contrast, AOT-stacked few-layer graphene exhibits
superior mechanical stability mainly benefiting from the absence
of interfacial bubbles and the enhanced interlayer coupling.
To further demonstrate the advantages of AOT-stacked few-
layer graphene for device applications, high-performance
suspended-graphene light-emitting devices were successfully
fabricated (Fig. 4a). AOT-stacked five-layer graphene was used

as the suspended emitter due to its high emissivity and superior
mechanical robustness. In details, AOT-stacked five-layer
graphene was transferred onto trench pattern substrates (Fig. 4b),

Fig. 3 | Wafer-scale suspended few-layer graphene and its thermal shock stability. (a) Photograph of bilayer graphene transferred on a 4-
inch holey SiO2/Si substrate by AOT-method. (b) Optical microscopy image of bilayer graphene on the holey SiO2/Si substrate. Inset: Enlarged
optical microscopy image of the suspended bilayer graphene. The white holes are covered by bilayer graphene. (c) Statistic coverage of monolayer
to five layers graphene on 2 μm and 5 μm diameter circular holes. Inset: SEM image of five-layer graphene on SiO2/Si substrate with circular holes.
Dark regions are the holes. (d) Statistic coverage of monolayer, three-layer, five-layer graphene on SiO2/Si substrate with round slot holes. Inset:
SEM image of the five-layer graphene. (e) Temperature curve of a single thermal shock. Inset: The diagram of a thermal shock device. Heating is
achieved via Joule heating, with a carbon felt placed between the electrodes to support the silicon wafer carrying the transferred suspended
graphene. (f) Coverage of bilayer graphene stacked with and without AOT after 100 thermal shock cycles. Inset: SEM images of the bilayer
graphene stacked by AOT-method before and after thermal shock.
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followed by the fabrication of two-terminal devices46,47. Upon
current injection through the suspended graphene channel, Joule
heating induces thermal radiation, resulting in visible-to-near-
infrared light emission. As shown in Fig. 4c, the graphene light
emitter exhibits bright visible emission under optical microscope.
The radiation spectra reveal that the emission spans the visible
to near-infrared range (Fig. 4d), with the intensity increasing
significantly with applied bias, indicating efficient thermal
radiation. The thermal radiation efficiency of the suspended
five-layer graphene device was calculated to be 3.85×10-4 (Fig.
S16). The lattice temperature of the AOT-stacked five-layer
graphene, collected from the shift of the Raman G-band under
electrical bias48 (Fig. S17), reaches approximately 885 K at a
power density of 7.04 kW cm⁻ ² under vacuum (Fig. 4e). The
input power density is considerably lower than the values
reported in the literature49,50 (Table S1), mainly benefited by the
AOT-stacked interface-clean five-layer suspended graphene.
Higher power densities are expected to further raise the lattice
temperature, demonstrating the potential of this platform for
developing high-brightness light-emitting devices integrated on
silicon substrates. Furthermore. graphene emitters with different
dimensions (length and width) were fabricated, which could also
emit near-infrared and visible light once the applied voltage

exceeds a certain threshold (Fig. S18). In addition, device
reliability was evaluated under prolonged operation. The
suspended five-layer graphene light emitter operated
continuously for approximately 70 minutes at a power density of
7.29 kW cm⁻ ² (corresponding to a temperature exceeding

900 K) before electrical breakdown. The radiation spectra
remain relatively stable within at least 40 min due to the clean
interface of AOT-stacked graphene. (Fig. S19). Notably, this
stable operation was achieved without any encapsulation (Fig.
4f), highlighting the robustness of the AOT-stacked structure
and its suitability for high-temperature, long-lifetime
optoelectronic applications.

3 Conclusion
In summary, a simple but effective AOT method was developed
to fabricate larger-area interface-clean few-layer graphene stacks.
By introducing AOT prior to stacking, surface impurities and
amorphous carbon are effectively removed, resulting in clean
graphene interfaces. The stacked graphene films exhibit
excellent flatness (Ra ~2.3 nm), high structural integrity (>95%
coverage), and uniform electrical and Raman properties across
large areas. Moreover, the stacked interface-clean few-layer
graphene could also be transferred onto various holey substrates,
yielding few-layer suspended graphene with minimal damage or
wrinkling due to its exceptional mechanical robustness. Notably,
AOT-stacked suspended graphene retains structural integrity
under repeated thermal shock cycles up to 1200 K, significantly
outperforming films assembled by conventional layer-by-layer

methods. Additionally, we demonstrated light-emitting devices
based on suspended five-layer graphene that exhibit strong
visible-to-near-infrared emission and a prolonged operational
lifetime (~70 min), highlighting the potential of this method for
high-performance optoelectronic applications. The AOT

Fig. 4 | Light emission of suspended five-layer graphene. (a) Schematic diagram of the suspended-graphene light emitter. (b) SEM image of
suspended five-layer graphene arrays fabricated by AOT-method. Inset image indicates the graphene channel, suspended area, source and drain
electrodes. (c) Image of light emission at P = 7.49 kW cm−2 captured by a microscope camera. The blue dashed line and yellow dashed line indicate
the graphene channel and metal electrodes, respectively. The red box represents suspended area. (d) Emission spectra collected from a graphene
emitter at various input power. (e) Graphene lattice temperatures obtained by the shift in Raman G peak’s position. (f) Long-term stability test of
the device. The purple, green, and orange periods represent the voltage ramp-up, the light-emitting stage at 7.29 kW cm−2, and the fusing stage,
respectively. Inset images indicate the light emission during the emitting and fusing periods, the scale bar is 5 μm.
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stacking method would be compatible for constructing bubble-
free 2D van der Waals homo/hetero-structures, facilitating the
application of 2D materials in electronic and photonic devices.

4 Method
Transfer of bubble-free few-layer graphene using the AOT
method: Ultra-flat single-crystal graphene was by provided
Beijing Graphene Research Institute35. A step-by-step transfer
protocol is available in Supplementary Information. First, the
graphene wafer was cut into two pieces and the cut lines were
assigned as the positioning edge to control the twisted angle.
Then, transfer mediums were deposited on the first pieces of
graphene. A layer of Borneol (>97% purity, Alfa Aesar) was
spin-coated at 2000 rpm for 1 min from an isopropyl alcohol
solution (25 wt%) and baked at 80 ℃ for 3 min. Then PPC film
(300 nm thick) was spin-coated on the borneol layer at 2000 rpm
for 1 min from 0.1 g mL−1 anisole solution of PPC (Mw = 20w,
Empower Materials), and baked at 80 ℃ for 3 min. PMMA
(950K A4, Microchem Inc.) film was spin-coated on the PPC
layer at 2000 rpm for 1 min, then baked at 170 ℃ for 5 min.
Finally, PDMS (WF-40×40-0060-X4, Gel-Pak) was attached on
the PMMA thin film to obtain the
PDMS/PMMA/PPC/Borneol/graphene/Cu (111) /sapphire
composite structure. Graphene was detached from the growth
substrate by an electrochemical bubbling method in 1 mol L−1

NaOH (Rawhn, Shanghai Yien Chemical Technology Co., Ltd)
aqueous solution51. Washing with deionized water removes
residual solution. After rinsing and drying, the bottom surface of
the delaminated graphene and the top surface of another
graphene sheet were simultaneously treated in a plasma cleaner
(Diener, pico) using active oxygen at 30 W for 42 s at an oxygen
flow rate of 5 sccm under a pressure of 0.1 mbar. Then, the two
treated graphene were laminated together with a commercial
laminator (LM-330ID, Rayson Co., Ltd), followed by baking at
180 ℃ for 5 min to release upper PDMS layer and promote
conformal contact of the graphene layers. For subsequent
stacking, in order to fabricate a self-supporting composite film,
another PDMS layer must be laminated onto the PMMA support
to facilitate the following stacking process. After stacking, the
PDMS was detached from the PMMA thin film to obtain the
PMMA/PPC/Borneol/BLG/Cu (111)/sapphire composite
structure. And a new PDMS layer was attached on the PMMA
thin film to obtain the PDMS/PMMA/PPC/Borneol/BLG/Cu
(111)/sapphire composite structure. The bilayer graphene was
detached from the growth substrate by an electrochemical
bubbling method. Repeating the previous AOT, stacking,
delamination, rinsing and drying steps obtained a
PDMS/PMMA/PPC/Borneol/few-layer graphene film, and then
the film was transferred onto the target substrate, such as
SiO2/Si. The PDMS was peeled off from PMMA at 180 °C
leaving the PMMA/PPC/Borneol/few-layer graphene on the
substrate, which was then baked at 180 °C for 2 h. Finally,
PMMA, PPC and borneol was removed with the vapor of hot
acetone, obtaining the few-layer graphene on the target substrate.
Transfer and stack of few-layer graphene by conventional LBL
method: The scheme of the conventional LBL transfer process is
shown in Fig. S3. First, PMMA was spin-coated on one piece of
graphene/Cu (111)/sapphire at 2000 rpm for 1 min, and baked at
170 °C for 5 min. PDMS was laminated on the
PMMA/graphene/Cu (111)/sapphire sample. After that,

PDMS/PMMA/graphene film was detached from the growth
substrate by electrochemical bubbling delamination in 1 mol L−1

NaOH aqueous solution. After washing off the residual
electrolyte with deionized water, the composite film was dried in
air at room temperature, followed by laminating onto the second
piece of graphene/Cu (111)/sapphire. Repeating the previous
stacking, delamination, rinsing and drying steps obtained a
PDMS/PMMA/few-layer graphene film, and then the film was
transferred onto SiO2/Si substrate. The PDMS was peeled off
from PMMA at 180 °C, and the PMMA/few-layer
graphene/SiO2/Si was baked at 180 °C for 2 h. Finally, the
PMMA was removed with the vapor of hot acetone, leaving the
few-layer graphene on the target substrate.
Fabrication of suspended graphene light emitting devices:
Various trench patterns were etched on a SiO2/Si substrate with
ultraviolet lithography (SUSS MicroTec, MA6/BA6) and ICP
etching (Leuven instruments). Then the patterns were filled with
a sacrificial material. For getting a flat surface, we polished the
surface of the substrate used a mechanical polishing machine
(FEMɅ GRINDING and POLISHING). After that, the AOT-
stacked five-layer graphene was transferred onto the substrate.
Then, electrodes were fabricated through ultraviolet lithography
(SUSS MicroTec, MA6/BA6) and electron beam evaporation
(TECHNOL, TEMD500). Immediately after that, we used
ultraviolet lithography SUSS MicroTec, MA6/BA6) and oxygen
plasma etching (Sanhoptt, PT-5ST) to define the graphene
channels. Finally, the sacrificial material filled in the holes was
removed and the suspended-graphene light emitting devices
were completed.
Characterization: Optical microscopy images were collected on
a Nikon Olympus LV100ND microscope. Raman spectra of
AOT and LBL-transferred bilayer graphene shown in Fig. 1
were collected on a Witec alpha RAS300+ Raman system using
a 488 nm laser with a laser spot size of 1 μm, and a 100×
objective and 600 lines/mm grating. Other Raman spectra of
transferred bilayer graphene in this work were collected on a
Horiba Lab RAM HR Evolution Raman system using a 532 nm
laser with a laser spot size of 1 μm, a 100× objective and a 600
line/mm grating. Thermal shock tests via flash Joule heating
were conducted by using repeatable programmed electrical pulse
(Zhongkejingyan, HTS5430DH). After placing the fabricated
suspended graphene on the thermal shock test platform, the
chamber was evacuated to a vacuum state with a pressure of ~5
Pa using a pumping system. The pulse current, pulse voltage,
and heating/cooling time were carefully controlled to achieve a
104 Ks−1 heating speed and a maximum temperature as high as
1200 K. The AFM morphology images were collected on a
Brucker Dimension Icon using the Scan-asyst mode. Scanning
electron microscopy (SEM) images were collected using an FEI
Quattro S field emission SEM at an accelerating voltage of 5 kV.
TEM and SAED images were obtained on an FEI Tecnai F20
with an accelerating voltage of 200 kV. STEM images and EDS
were collected on an FEI Tecnai F30 with an accelerating
voltage of 300 kV. The graphene lattice temperature and
radiation spectra of graphene were measured by the Renishaw
inVia micro-Raman spectrometer. The voltage applied to the
graphene was loaded through the DC digital source-meter
2636B (Keithley).

Data availability
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All data needed to support the conclusions in the paper are
presented in the manuscript and/or the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the correspondingauthorupon request.
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Fig. S1 Step-by-step fabrication of few-layer graphene by AOT method.
1. A graphene wafer was cut into several pieces. One piece was sequentially spin-coated with borneol,
PPC, and PMMA, then laminated with PDMS obtaining a PDMS/PMMA/PPC/Borneol/ graphene/Cu
(111)/sapphire composite structure.
2. The PDMS/PMMA/PPC/Borneol/graphene film was delaminated from the growth substrate by
electrochemical bubbling method. After rinsing with deionized water, the composite films were fully dried
in air at room temperature.
3. The delaminated graphene film and another piece of graphene/growth substrate were cleaned with
active oxygen before stacking.
4. These two pieces of graphene were laminated together to obtain PDMS/PMMA/PPC/Borneol/bilayer
graphene/Cu (111)/sapphire.
5. The PDMS/PMMA/PPC/Borneol/bilayer graphene film was delaminated from the growth substrate by
electrochemical bubbling method.
6. Repeat step 3–5 to obtain PDMS/PMMA/PPC/Borneol/few-layer graphene composite structure.
7. The PDMS/PMMA/PPC/Borneol/few-layer graphene was laminated onto the target substrate, such as
SiO2/Si substrate.
8. The PDMS was released at 180 °C, and the PMMA/PPC/Borneol/few-layer graphene/SiO2/Si was
baked at 180 °C for 2 h. Finally, the PMMA/PPC/Borneol was removed with the vapor of hot acetone,
leaving the few-layer graphene on the target substrate.Ju
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Fig. S2 The relationship of interface bubble and D/G ratio with exposure time of AOT. (a-d) AFM
characterization of the morphology of interfacial bubbles in stacked bilayer graphene with different
exposure time. (e) The Raman spectra and D/G ratio of stacked bilayer graphene with different exposure
time. To achieve the balance between graphene defects and interface bubble, we choose the treatment time
of 42 s at 30 W and an oxygen flow of 5 sccm.
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Fig. S3 The influence of using AOT cleaning on the surface morphology of as-grown graphene. The
white arrows indicate surface impurities such as amorphous carbon and adsorbed contamination. After 42
s AOT, the triangularly oriented slip lines of copper substrate become clearly visible, indicating the
effective removal of contaminants by AOT.
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Fig. S4 The cross-sectional STEM image of AOT-stacked five-layer graphene. (a) Cross-sectional
STEM image of AOT-stacked five-layer graphene. (b) Intensity line profile along the vertical dash line in
(a) resolving the five graphene layers.
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Fig. S5 X-ray photoelectron spectroscopy of pristine graphene (a) and AOT-graphene with exposure
time of 42s (b). After AOT 42 s, the graphene was slightly functionalized with oxygen-containing groups.
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Fig. S6 Optical microscopy images of few-layer graphene stacked by AOT method. (a–e) Low
magnification optical microscopy images of monolayer to five-layer graphene stacked by AOT method.
(f–j) Large magnification optical microscopy images of monolayer to five-layer graphene stacked by AOT
method. Whether in large or small areas, AOT graphene are uniform without bubbles, wrinkles and
damages.
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Fig. S7 Schematic illustration of fabrication of few-layer graphene by conventional LBL method.
The conventional layer-by-layer transfer method can avoid interface contacting with polymer. However,
amorphous carbon and adsorbed contaminant may be trapped at the interface.
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Fig. S8 Optical microscopy images of five-layer graphene transferred by conventional LBL method.
(a–b) Optical microscopy images of five-layer graphene transferred by conventional LBL method. The
white arrows represent the interfacial bubbles.
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Fig. S9 Characterization of LBL-stacked five-layer graphene. (a) The optical image of LBL-stacked
five-layer graphene. The damage observed in the five-layer region is presumably attributed to rupture of
interfacial bubbles and/or weak interface coupling caused by repeated stacking and the less controllable
removal of polymer residues. (b) The sheet resistance map of the LBL-stacked five-layer graphene.
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Fig. S10 Raman spectra of AOT-stacked graphene. Raman spectra of monolayer to five-layer graphene
transferred by AOT method. The broadened and decreased 2D peaks of as-fabricated few-layer graphene
indicates pronounced interlayer coupling and clean interface between the stacked layers.
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Fig. S11 The influence of interface bubbles on electrical performance of stacked bilayer graphene. (a,
b) AFM images showing the morphology of the devices fabricated from LBL-stacked (a) and AOT-
stacked (b) bilayer graphene, respectively. (c) Typical transfer curves of the graphene field effect
transistors. The four-probe hole mobility of graphene is ~2500 cm2 V-1 s-1 and 1200 cm2 V-1 s-1 for the
stacked bilayer graphene with and without AOT, respectively.
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Fig. S12 SEM images of few-layer graphene fabricated with and without AOT. (a, b) SEM images of
five-layer graphene obtained by conventional LBL transfer method. The arrows indicate the interfacial
bubbles trapped between graphene layers. (c, d) SEM images of five-layer graphene obtained by AOT
transfer method.
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Fig. S13 TEM characterization of few-layer graphene. (a) Low magnification TEM image of five-layer
graphene obtained by conventional LBL transfer method (in Fig. 2c). The arrows indicate the interfacial
bubbles. (b) Large magnification TEM image of five-layer graphene obtained by conventional LBL
transfer method. The arrows indicate the amorphous carbon. (c) Low magnification TEM images of five-
layer graphene obtained by AOT method. (d) Large magnification TEM image of five-layer graphene
obtained by AOT method.

Ju
st

 A
cc

ep
te

d



Fig. S14 SEM characterization of suspended few-layer graphene. (a) As-transferred bilayer graphene
with and without using the transfer medium PPC on holey substrates. The conformal contact provided by
PPC ensures the structural integrity of the transferred graphene and avoid the wrinkles. (b–d) Structural
integrity of suspended graphene transferred with AOT method across various hole sizes, (b) 3 × 10 μm2, (c)
3 × 20 μm2, (d) 3 × 40 μm2. The red dash line boxes represent magnified images of the broken holes
highlighted with red circles in the low-magnification images. The blue dash line boxes represent
magnified images of the intact holes marked with blue circles in the low-magnification images.
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Fig. S15 SEM characterization of suspended bilayer graphene before and after thermal shock cycles.
SEM images of bilayer graphene transferred onto holey substrates with and without AOT captured before
and after thermal shock. The white dashed circles represent the damage before the thermal shock, while
the red dashed circles highlight the additional damage after the thermal shock. Graphene transferred by
AOT exhibits superior thermal shock resistance compared with that transferred by the conventional LBL.
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Fig. S16 Electron temperature of five-layer graphene at different bias voltages. The straight line
represents the measured curve, while the dotted line corresponds to the fitted curve.

First, by fitting the experimentally measured emission spectra, we extracted the electron temperature of
graphene under an applied voltage of 26.8 V, corresponding to an electrical power density of 7.49 kW/cm2.
The fitted electron temperature is T = 1450 K, as shown in the figure (Fig. S16).

Second, according to the Stefan–Boltzmann law,

� ˰ �����
where � is the emissivity, � ˰ ͷ�Ǥ� � ����Wm�� K�� is the Stefan–Boltzmann constant, and � is the
electron temperature derived from the emission spectra. For five-layer graphene, the emissivity is taken as
� ˰ ����� � ͷ ˰ ����ͷ . Based on this relation, the thermal radiation power density of graphene at an
injected electrical power density of 7.49 kW/cm² is calculated to be ����� � ���� kW/cm�.

Finally, the thermal radiation efficiency of our suspended graphene device is calculated to be ���ͷ � ����,
which is about 100 times than graphene emitters on SiO2/Si (Nature Nanotech 2015, 10, 676–681).
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Fig. S17 Calibration of temperature coefficient of Raman spectroscopy and lattice temperature
measurement of graphene under current-induced heating. (a) Raman spectra of graphene measured at
different environmental temperatures, showing the monotonic redshift of G and 2D peaks with increasing
temperature. (b) Extracted G-peak position �� as a function of environmental temperature �, together with
a linear fit. The data follow the relation Δ� ˰ �Δ� , where Δ� is the peak shift relative to the reference
temperature and � is the temperature coefficient (cm⁻ ¹·K⁻ ¹). The plot shows the fitted line and its 95%
confidence interval (if applicable). The fitted slope �� gives the temperature coefficient of the G peak. (c)
Raman spectra of the graphene device under different bias voltages �, showing the redshift of G and 2D
peaks with increasing voltage. (d) Graphene lattice temperature �lattice(�) , plotted as a function of input
power density, obtained by converting the voltage-induced peak shifts in (c), using the temperature
coefficient extracted in (b). The conversion follows Δ� ˰ Δ�/�, calculated from G peaks.Ju
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Table S1. The comparison of power density of graphene emitters.

No. Power density
(kW/cm2) Device structure Radiation spectrum

(nm) Reference

1 453 hBN/Graphene/hBN 400-1100 Nano Letters 2018
18, 934

2 19.75 3-layer graphene 1100-1500 Nat Commun 2018,
9, 1279

3 12 graphene based field-effect
LED 450-750 Nat Commun 2015,

6, 7767

4 18.6 graphene 1330-2480 Nature Nanotech
2010,5, 497

5 7.04 5-layer graphene 600-1100 This work
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Fig. S18 Thermal emission spectra of AOT-stacked five-layer graphene with different dimensions.
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Fig. S19 Thermal emission spectra of devices 1 measured at a fixed applied voltage. (a) Emission
spectrum of device 1. (b) Emission brightness as a function of measurement time.
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