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Meng Xun® & Weiling Guo'

, Zaifa Du*, Aogi Fang', Jixin Liu', Rongjing Wang', Guanzhong Pan®,

With the continuous development of graphene in the field of electronic devices, it is necessary to
further develop wafer-scale high-quality graphene preparation technique. A patterning preparation
technique for 2-inch wafer-scale transfer-free graphene is reported in this paper, which is innovatively
applicable to a variety of substrates. Based on this technique, a 2-inch wafer-scale light-emitting diode
(LED) chip with graphene transparent electrodes was fabricated. The results show that the prepared
graphene has high quality and uniformity, and plays a good role in improving electrode contact and
current spreading. In addition, the LEDs exhibit excellent electrical and optical performance and have a
good yield. This wafer-scale graphene preparation technique avoids the damage to graphene caused
by the transfer process and the patterning process, which is scalable and suitable for real applications.

Graphene is increasingly used in electronic devices due to its excellent
physical and chemical properties, such as GaN-based light-emitting diodes
(LEDs), which play an important role in lighting and displays'™. In p-type
GaN, the acceptor ions are difficult to ionize, and the mobility of holes is low,
which leads to poor conductivity of p-type GaN, making it difficult for GaN-
based LEDs to achieve sufficient current spreading and injection’. There-
fore, transparent electrodes (TEs) with high conductivity and high trans-
mittance have emerged, and the most representative material is indium tin
oxide (ITO)®. Compared with it, graphene has high transmittance over a
wider wavelength band” and better performance on flexible substrates*’. In
addition, the raw material of graphene is cheaper and environmentally
friendly, and it has become one of the most promising transparent electrode
materials'™".

However, on the road to industrial application, graphene has to face
some tests. Metals (e.g, Cu, Ni) play an important catalytic role in the
growth of graphene'", which makes most chemical vapor deposition
graphene grow on metal surfaces and cannot be directly applied in electronic
devices. The transfer process™' is commonly used to transfer graphene to
the target substrate, but contamination and damage are inevitably intro-
duced into the graphene during this process. In order to solve this problem,

Some more advanced transfer techniques have been proposed'~". More
importantly, a variety of transfer-free preparation techniques for graphene
have been proposed™’, among which the transfer process is avoided and
better graphene is obtained. Unfortunately, most of the transfer-free gra-
phene in these techniques is prepared on insulator substrates such as SiO,,
so it is of great significance to explore the transfer-free preparation tech-
nique suitable for diverse substrates. In addition to the transfer process, the
quality of graphene may also be affected by the patterning process. Since the
graphene that is prepared in most cases is an intact film, it needs to be
patterned in electronic device applications. If the patterning preparation of
graphene can be directly achieved”*”, it can not only simplify the process,
but also reduce the damage to graphene by photolithography and other
processes, which is worth looking forward to. In addition, industrial
applications mean that wafer-scale preparation is required, which places
higher demands on the scale, quality, and uniformity of the prepared gra-
phene. At present, the preparation of graphene with a scale of at least 2-inch
wafer is an important research direction®®**, which will lay the foundation
for the industrial application of graphene.

Therefore, in this paper, a wafer-scale patterning preparation techni-
que of transfer-free graphene is proposed, and a 2-inch LED chip with TEs
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of few-layer graphene is fabricated. In this scheme, the Ni auxiliary layer is
cleverly used as a mask for dry etching and as a catalyst for graphene growth,
which is removed after graphene growth to achieve patterning preparation
of transfer-free graphene. On this basis, a SiO, isolation layer is introduced,
which avoids the fusion of the substrate and the Ni auxiliary layer at high
temperatures. This key makes the technique suitable not only for insulators
but also for semiconductors and metals, ensuring the transfer-free pre-
paration of graphene on diverse materials such as GaN and Au. In this
paper, the high quality and high uniformity of the prepared 2-inch wafer-
scale graphene were confirmed by a variety of characterization methods, and
the improvement effect of graphene TEs on LED performance was deeply
analyzed. In addition, through detailed comparison with other advanced
graphene preparation techniques, this method shows certain advantages,
providing a new solution for the scalable application of graphene.

Results

Figure 1 is a schematic diagram of the process flow of a 2-inch wafer-scale
LED chip with transfer-free patterned graphene as TEs. Eight of the images
show the status of the sample at different stages, and the corresponding
process operations are indicated between the two adjacent images.

Figure 2 is a physical image of the 2-inch sample at different process
stages, and the inset is a 50x optical image. Figure 2a-h corresponds to the
eight sample structure schematics in Fig. 1. Since the 4-inch epitaxial wafer
cannot be divided into circles, the sample in this paper is a square with a side
length of about 3.6 cm, which is approximately the inscribed square of a
2-inch circle (Fig. 2a). First, photolithography is performed following the
pattern of the LED mesas, SiO, isolation layer and Ni auxiliary layer are
deposited, and then lift-off (Fig. 2b). Among them, Ni is not only a mask for
etching LED mesas, but also a catalyst for graphene growth. The SiO,
isolates the substrate from Ni, preventing the two from fusing at high
temperatures while growing graphene, thus protecting both the integrity of
the substrate and the catalytic properties of Ni. Relevant experiments were
designed to verify the protective effect of the isolation layer (Figs. S1-S3).
The LED mesas are obtained by dry etching with Ni as a mask (Fig. 2¢). As
can be seen from the inset, the Ni surface is slightly yellowed after etching,
possibly due to oxidation of the Ni mask by etching gas or plasma bom-
bardment. Therefore, the sample is treated under H, before growing gra-
phene to reduce this effect. In Fig. 2d, graphene is grown on the sample by
plasma enhanced chemical vapor deposition (PECVD). It can be seen that
the size of the heating stage is only 2 inches round, which is why the sample
size in this paper is limited to 2 inches. Figure 2e shows that poly(methyl-
methacrylate) (PMMA) is spin-coated onto the sample surface after
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graphene growth. Then Ni and SiO, are removed by penetration etching
(Fig. 2f). The so-called penetration etching is the etching solution passing
through the PMMA and graphene films, causing the Ni and SiO, to be
slowly etched away. Although the Ni film in direct contact with the graphene
is etched away, the graphene does not float away, but is fixed above the mesa
by PMMA in close contact with n-GaN, and falls on the surface of p-GaN
after penetration etching. Even if there is PMMA on the surface of the
sample, it can be seen in the inset that the silvery-gray Ni on the LED mesas
is no longer present, and the entire sample surface is dark blue under the
microscope. The PMMA film is removed so that the graphene on the p-GaN
is exposed (Fig. 2g). Finally, the metal electrodes of the LEDs are pre-
pared (Fig. 2h).

In addition, the fabricated LED devices were characterized by Energy
Dispersive Spectrometer to observe the elemental composition of the surface
(Table 1). The Ti and Au elements are derived from the metal electrodes,
and the In element is derived from the InGaN layer in the epitaxial wafer.
There are no Si and Ni elements on the surface of the sample, which means
that SiO, isolation layer and Ni auxiliary layer have been essentially etched
away, verifying the effectiveness of penetration etching.

In order to observe the specific state of the graphene prepared on the
sample, the scanning electron microscope (SEM) characterization results
are shown in Fig. 3. Figure 3a shows a 120x SEM image of the LED device
(left) and a 5000x SEM image of graphene on a mesa (right). In addition,
for ease of observation, the area characterized in the image on the right is
a deliberately selected area where graphene is broken. It can be seen that
the mesa is almost completely covered with graphene, with only a very
small bright white area without graphene (the validation of the Raman
spectra is shown in Fig. S4). Graphene exhibits an overall uniform black
and gray alternation pattern, which may be caused by small differences in
the number of graphene layers in different positions. Since the prepared
graphene is few layers (about 3-10), there is not much difference in the
Raman spectra of graphene in the black and gray areas (Fig. S4).
Therefore, the prepared graphene can be considered to cover the entire
mesa evenly.

To investigate the quality and uniformity of graphene on the entire
2-inch sample, graphene at 30 locations (dark blue dots in Fig. 3b) was
uniformly and randomly selected to be characterized by SEM (Fig. 3b). It
can be seen that the flake pattern of graphene near the edges is smaller and
denser across the sample, which may be due to the difference in the actual
temperature of the edge and center of the sample during graphene growth.
Because of the inevitable lattice mismatch in the GaN epitaxial wafer with
sapphire as the substrate, the stress generated by it causes the entire 2-inch
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Fig. 1 | Schematic diagram of the process flow of a 2-inch wafer-scale LED chip with transfer-free patterned graphene as TEs. MQW multiple quantum well.
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Fig. 2 | Physical images and 50x optical images of the sample at different process
stages. a The initial square sample had a side length of about 3.6 cm. The long and
blurred stripes are mirror images of the patterns from the ceiling. b SiO, and Ni in
the shape of the LED mesas were deposited. The inset is a 50x optical image, the same
below. ¢ The 1.3 um deep LED mesas were obtained by the inductively coupled

plasma reactive ion etching (ICP-RIE). d The sample after graphene growth on the
heating stage in PECVD. e PMMA was spin-coated and dried. f Ni and SiO, were

removed by penetration etching. g PMMA was removed. h Ti/Au electrodes were

prepared.

Table 1 | The element content of the surface layer of the
fabricated LEDs

C N Ga Au Ti In Ni Si
Weight% 9.83 11.58 64.16 13.21 0.37 0.85 = =
Atom% 30.91 31.23 34.76 2.53 0.29 0.28 = =

sample to be not absolutely “horizontal”. It may result in different regions of
the sample and the heating stage in different degrees of contact in the
graphene growth, and small temperature differences have an impact on the
morphology of the graphene. Fortunately, the differences in graphene at
different locations are so small that they need not be considered. Therefore,
it can be inferred that the graphene prepared by this method has good
consistency on the scale of 2-inch wafer. In the future, the uneven heating
caused by stress can be alleviated through substrate optimization engi-
neering, so as to further improve the uniformity of graphene.

The prepared transfer-free graphene was characterized in more ways to
further understand its properties, and the characterization results are shown
in Fig. 4. Figure 4a is a high-resolution transmission electron microscope
(HRTEM) image of graphene, and the inset is an image of graphene being
transferred to a copper grid. Although the graphene in the LED devices in
this paper does not need to be transferred, the transfer-free graphene pre-
pared on GaN cannot be directly characterized by HRTEM, so it has to be
transferred to the surface of the copper grid. The edge of graphene is marked
in a red box, from which it can be inferred that the number of layers of the
graphene is about 5-6 layers. For serious consideration, the number of layers
of the overall graphene may fluctuate in a wider range (about 2-10). Fig-
ure 4b is a selected area electron diffraction (SAED) image of graphene.

Several diffraction spots can be seen connected into bright short lines, which
may also indicate that the prepared graphene is few-layered.

Figure 4c shows the transmission spectrum of the prepared graphene at
300-750 nm, and the electroluminescence spectrum of the LED is also
labeled in the figure (blue area). The transmittance of graphene at the peak
wavelength (455 nm) of the LED was observed to be approximately 91.6%.
In addition, the sheet resistance of graphene was measured by the circular
transmission line method (CTLM)*, and a schematic diagram of the sample
preparation process is shown in Fig. S5. The inset in Fig. 4d shows the optical
image of the measurement. In the measurement, a pair of probes is in
contact with metal electrodes inside and outside the “graphene ring”. The
inner diameter of these six rings is 76 pm, and the outer diameters are 79, 84,
92, 100, 108, and 120 pm, respectively. Figure 4d shows the current-voltage
characteristic curves corresponding to the six rings, from which the linear

relationship between total resistance Ry and In (i—z) in Fig. 4e is fitted. The

sheet resistance of graphene is calculated to be 423.9  sq ", and the contact
resistance between graphene and metal electrodes is calculated to be
5103 10 Q cm’.

In order to better observe the state of graphene at different experi-
mental stages and explore the effects of penetration etching and electrode
preparation on the graphene, graphene was characterized by Raman when it
was in three different stages (Fig. 4f). There are three common Raman
characteristic peaks of graphene: D peak at 1350 cm™', G peak at 1580 cm ™,
and 2D peak at 2700 cm™". The ratio of the 2D peak to the G peak is usually
related to the number of layers of graphene, and the larger the ratio, the
fewer layers of graphene. The D peak is generally associated with the defects
of graphene, and the higher its strength, the more defects in graphene®. The
Fig. 4f shows the Raman spectra of as-grown graphene on the Ni surface, of
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Fig. 3 | SEM characterizations of graphene and LED devices. a SEM images of
graphene and LED at two magnifications. b SEM images of graphene in different
areas across the entire 2-inch sample. The inset is an optical image of the 2-inch

sample, and the shadow in the lower left corner is the reflected image of the camera.
30 points (blue dots in this image) were randomly selected uniformly on the entire
sample to observe the overall uniformity and quality of the graphene.

the graphene falling on the p-GaN surface after penetration etching, and of
the graphene on the final LED device after electrode preparation. In addi-
tion, GaN has messy Raman peaks at 100-1500 cm ', which will super-
impose with the Raman peaks of graphene on the surface of GaN and cause
interference, so the Raman spectrum of GaN is also shown in Fig. 4f for
reference. It can be seen that there is no significant difference in the Raman
spectra of graphene at different stages, which indicates that the process after
graphene preparation has almost no effect on the quality of graphene. In
addition to this, the intensity of the D peak of graphene in these Raman
spectra is very small, and the intensity of the 2D peak is about half that of the
G peak. It indicates that the prepared graphene has few defects and good
quality, and once again confirms that it is few-layered.

One of the outstanding advantages of this paper is the 2-inch wafer-
scale preparation of high-quality graphene, so in addition to the SEM
characterizations described above, the sample is also characterized by
Raman mapping to fully and accurately observe the overall uniformity and
quality of the graphene. In this part, two Raman mapping characterization
methods are employed. One is a dense sampling (30 x 30 points) of gra-
phene in a randomly selected small area (40 x 40 um?®), as shown in Fig, 5a. It
can reflect the uniformity of graphene in a small area on the 2-inch sample,
which is referred to below as local Raman mapping (LRM). The other is the
scattered sampling of 9 x 9 measured points evenly and randomly selected
on the 2-inch sample, as shown in Fig. 5d. It reflects the uniformity trend of
the wafer-scale graphene, which is referred to below as overall Raman
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Fig. 4 | Performance characterizations of the prepared transfer-free graphene.
a HRTEM image of graphene. Since the transfer-free graphene prepared on GaN
cannot be characterized by HRTEM, the graphene is transferred to the surface of the
copper grid (shown in the inset). Inside the red box is the edge of graphene. b SAED
image of graphene. ¢ The transmission spectrum of the prepared graphene in the
range of 300-750 nm, and the blue area represents the electroluminescence spec-
trum of the fabricated LEDs in this paper. d The sheet resistance of graphene is
measured according to the CTLM. The current-voltage characteristic curves of the

rings with different outer diameters are shown. The inset is an optical image of the
measurement. e The linear relationship between R} and In %;‘ fitted from the data
in (d). f Raman spectra of graphene at different process stages. “As-grown Gr”
represents graphene that has just grown from the surface of Ni; “Gr falling on GaN”
represents the graphene that falls on the surface of p-GaN after penetration etching;
“final graphene” represents the graphene after the electrode prepared; “GaN”
represents the Raman spectrum of GaN.
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Fig. 5| Raman mapping characterizations of graphene TEs on LEDs. a—c show the
LRM characterization results and (d, e) show the ORM characterization results. The
overall quality and uniformity of graphene on the 2-inch sample can be inferred

through the comprehensive analysis of the two. a The characterized area of LRM (in
the green box) which corresponds to the graphene on a mesa. b D/G image of LRM.
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image of ORM.

npj 2D Materials and Applications | (2025)9:64


www.nature.com/npj2dmaterials

https://doi.org/10.1038/s41699-025-00583-z

Article

mapping (ORM). By combining the characterization results of the two,
more accurate uniformity and quality of graphene at the 2-inch scale can be
inferred.

Figure 5a—c is the LRM characterization results, and Fig. 5d—f is the
ORM characterization results. Each set of images shows the measured area,
the ratio of peak D to peak G (D/G), and the ratio of peak G to peak 2D (G/
2D). Because the graphene prepared is mainly of few layers, only individual
regions are mono- or bi-layer, for more intuitive observation, G/2D is shown
instead of the common 2D/G. First, the G/2D of the two characterization
methods was compared. It can be seen that there is a fairly high degree of
consistency between the results of LRM and ORM, with G/2D ranging from
0.3 to 4. The high uniformity of the prepared graphene was further
demonstrated. Among them, most of the G/2D data are between 2 and 4,
and only a small number of G/2D data are below 1, which indicates that the
prepared graphene is dominated by few-layer graphene and very few areas
are mono- or bi-layer graphene (shown in Fig. 5¢). Then, the D/G of the two
characterization methods were compared. It is worth noting that the D/G of
LRM is between 0.05 and 0.75, while the D/G of ORM is between 0.05 and
0.35. As mentioned earlier, the GaN Raman peaks at 1000-1500 cm ™' are
superimposed on the D peak of graphene, interfering with the observation.
Since the LRM image is automatically generated in real time by the Raman
spectrometer during the measurement, it cannot eliminate the interference
of the GaN Raman peaks, so the measured intensity of D peak is greater than
the actual value. While the ORM image is artificially drawn based on the
Raman spectra after deducting the influence of GaN, which is more realistic.
Therefore, the results of Fig. 5b, e are actually essentially consistent, both
between 0.05 and 0.35. Through statistical analysis of ORM data, the
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Fig. 6 | Electrical and optical properties of different LED devices. a Voltage and
internal resistance curves of the graphene-free LED as a function of current, and
inset is a luminous image at 1 mA. b Voltage and internal resistance curves of the two
LEDs with graphene TEs as a function of current. The insets are their luminous

properties of graphene on the 2-inch sample were obtained: The mean value
of D/Gis 0.136, and the standard deviation is 0.077; The mean value of G/2D
is 2.57, and the standard deviation is 0.783. The results show that the
prepared graphene is a few-layer graphene with few defects, and the uni-
formity is not bad. This verifies the effectiveness of the proposed preparation
technique for transfer-free patterned graphene.

To investigate the role of graphene as a TE in LEDs, three different
LEDs were fabricated (graphene-free, graphene only under metal electrodes,
and complete graphene TE). Among them, the LED with graphene only
under electrodes is obtained by the LED with complete graphene being
treated with oxygen plasma so that the graphene exposed on p-GaN is
removed, in which graphene only exists between the metal electrodes and
p-GaN. Figure 6a shows the voltage and internal resistance of a graphene-
free LED as a function of current, and the inset shows its luminescence
image at 1 mA (~6.5 V). Figure 6b shows the electrical characteristic curves
of the other two LEDs and their luminescence images at 20 mA (~3-4 V). It
can be seen that the graphene-free LED has a particularly low current (only
1.41 mA at 7 V) due to the failure to form a good ohmic contact between the
metal electrode and p-GaN. Compared with it, the two LEDs with graphene
have far better current-voltage characteristics, which indicates that graphene
as an intermediate layer greatly improves the ohmic contact between the
electrode and p-GaN, greatly improving the electrical performance of the
LEDs. Among them, the LED with complete graphene TE has relatively
lower turn-on voltage and internal resistance, which may be due to the
current spreading effect of graphene on p-GaN. As can be seen from the
luminescent images: the graphene-free LED only emits a faint blue light
from the part of the mesa under the electrode; the LED with graphene only

250
S5k
—_
]
-’
4F Complete Gr TE L
N =
2 g
o 3} ~ @
o0 ‘2
g Gr only under electrodes 2
S Ll =
> =
ot
— e
1r —_ Complete Gr TE =
—
,,,,, Gr only under electrodes
0 L L L L L
0 20 40 60 80 100
Current (mA)
-
; ——10mA
~ ——20mA
z ——40mA
‘? ——70 mA
=
Q 100 mA
= 140 mA
=
L Ll L _ L
350 400 450 500 550 600
Wavelength (nm)

images at 20 mA. ¢ Curves of radiant flux and WPE variation with current of the two
LEDs with graphene TEs. d Electroluminescence spectra of the LED with complete
graphene TE at different currents. The peak wavelength is about 454.6 nm.
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under electrode emits bright light from under the electrode; the LED with
complete graphene TE emits a bright and uniform light from the entire
mesa. This further directly confirms the role of graphene in improving
electrode contact and current spreading.

Figure 6¢ shows the radiant flux and wall plug efficiency (WPE) curves
for the two LEDs as a function of current. Graphene-free LEDs are not
optically characterized because too little light is emitted. It can be seen that
although the electrical properties of the LED with complete graphene TE are
only slightly better than that of the LED with graphene only under elec-
trodes, the optical properties are about 220% of its, which is attributed to the
current spreading of graphene to expand the effective luminous area. In
order to better demonstrate the performance of the LED with complete
graphene TE, the electroluminescence spectra at different currents are
shown in Fig. 6d. With the increase of current, the electroluminescence
spectrum is slightly blue-shifted, and then the peak wavelength gradually
stabilizes to 454.6 nm. This is because when the injection current increases,
the charge screening weakens the polarized electric field in MQW, which in

Voltage
(A0}

Voltage b

@100 mA

Fig. 7 | Characterizations of the overall performance of the LEDs on the 2-inch
sample. 7 x 7 LEDs in (a-d) and 9 x 9 LEDs in (e) are evenly randomly selected.
a Voltage mapping image of LEDs at 20 mA. b Voltage mapping image of LEDs at

turn weakens the quantum-confined Stark effect. In addition, the band-
filling effect also causes the electroluminescence spectrum of the LED to be
blue-shifted as the current increases.

The fabricated 2-inch LED chip with complete graphene TE was also
characterized as a whole to observe the uniformity of the electrical and
optical properties of LEDs. The characterization method is similar to the
ORM described above; that is, dozens of devices are uniformly selected
randomly on the entire sample for measurement, and then the relevant
mapping images are drawn based on the measurement results. Voltage
mapping images of 7 x 7 LEDs at 20 mA (Fig. 7a) and 100 mA (Fig. 7b), as
well as radiant flux mapping images at 20 mA (Fig. 7c) and 100 mA (Fig. 7d)
are shown. It can be seen that the electrical and optical properties of the
LED:s at different positions change by a small amplitude, indicating that the
LEDs across the 2-inch wafer have good consistency in performance. In
order to more visually demonstrate the uniformity and yield of the LEDs,
9 x 9 LEDs were uniformly selected at random, and their luminous images
at 20 mA were shown in Fig. 7e. The images show that even the LEDs at the
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100 mA. ¢ Radiant flux mapping image of LEDs at 20 mA. d Radiant flux mapping
image of LEDs at 100 mA. e Luminous images of LEDs at different positions
at 20 mA.
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Table 2 | Comparison of several graphene preparation studies in terms of technical characteristics, process conditions, and

graphene properties

Wafer Transfer Applicable substrates Patterning Temperature (°C) Growth Number of Sheet resistance  Ref.

scale (inch) process process Time (min) layers (kQ/o)

6 Require - Require 1000 20 1 - 30

= Require = Require 1005 20 1 0.314 16

= Free Glass Require 600 2 10-16 0.97-1.6 22

2 Free SiO, Require 300 40 1 0.09-0.12 29

2 Free SiC Require 1550 5-8 2-3 0.72 26

4 Free Quartzand otherinsulators ~ Require 1050-1080 60-300 1-2 1.8-2.2 31

2 Free SiO, and other insulators Require 900 5 1-3 2 23

4 Free SiO, and other insulators Require 1060-1120 90 1 1.409 32

4 Free Parylene Free 935 20-60 7-17 0.23-0.57 28

- Free SiO, and other insulators Free 950 0.5 1 20-50 25

- Free SiO, and other insulators Free 1000 7-20 2 2 24

2 Free Insulators, metals and Free 650 10 3-10 0.424 This
semiconductors work

edges or corners of the sample have the same luminous performance as
other LEDs. In addition, each LED selected can emit light normally, even if
this does not indicate that all the LED devices are qualified, but it is enough
to prove that the fabricated LEDs have a very high yield. This also means that
graphene as TEs is generally effective on the whole sample, which once again
proves that the 2-inch wafer-scale graphene prepared by this method has
high uniformity and quality.

Discussion

Table 2 compares the technical advantages, process conditions and
graphene characteristics of the twelve graphene preparation methods.
First of all, the preparation scale of graphene is compared, and the wafer-
scale of more than two inches is marked. Then, it is indicated whether the
graphene prepared by each technique requires a transfer process or a
patterning process when it is oriented to the application. For the transfer-
free preparation techniques, the substrate materials applicable to it are
also listed. In terms of process conditions, the growth temperature and
time were compared, and in terms of graphene characteristics, the
number of graphene layers and sheet resistance were compared. It can be
seen that our technique has a relatively low growth temperature and time,
which is more substrate-friendly and simplifies the process, and the
prepared few-layer graphene exhibits a relatively low sheet resistance.
Most importantly, this technique enables 2-inch wafer-scale, transfer-free
and patterned graphene preparation, and is suitable for a wider variety of
substrates than other techniques.

In conclusion, in this paper, a patterning preparation technique of
2-inch wafer-scale transfer-free graphene is proposed, and a GaN-based
LED chip with graphene TEs are fabricated accordingly. The high uni-
formity and quality of graphene at the 2-inch scale are demonstrated by the
overall characterizations of the sample. From the electrical and optical
measurement results of the LEDs, it can be seen that graphene as a trans-
parent electrode shows excellent effect on improving electrode contact and
current spreading. The core of the technique is mainly in three aspects. First
of all, the penetration etching process is the basic principle and important
method for the preparation of transfer-free graphene. Secondly, the Ni
auxiliary layer plays the role of etching mask and graphene growth catalyst,
realizing the patterning growth of graphene. Finally, the SiO, isolation layer
provides great protection for the substrate and Ni, making the technique
suitable for most electronic materials such as semiconductors (e.g., GaN,
SiC), metals (e.g., Au) and insulators (e.g., SiO,, quartz). In addition, the
current scale of the technique is only a 2-inch wafer due to the limitation of
the sample stage size of the PECVD growing graphene, so it can be devel-
oped to a larger scale in the future by optimizing the process equipment. In

short, the scheme proposed in this paper is concise and efficient, integrates
the advantages of the current graphene preparation techniques, and pro-
vides a new solution for the industrial integration of graphene and electronic
devices.

Methods

First, photolithography is performed following the pattern of the LED
mesas, SiO, and Ni are deposited, and then lift-off. Here, the two materials
are patterned in a single step, which not only simplifies the process but also
ensures that SiO, is completely isolated from Ni and GaN. It is worth noting
that due to the compressive and tensile stress in the film, the thickness of Ni
should not be too thick (200 nm in this work) and the thickness of SiO,
should not be too thin (170 nm in this work) to avoid Ni/SiO, film falling off
the GaN surface due to stress during the lift-off. With Ni as mask. The LED
mesas of 300 x 700 um” were obtained by ICP-RIE, and the etching depth is
~1.25 um. After etching, the Ni layer remains about 160 nm. The sample is
then treated for 10 min in an atmosphere of CH,/H,/Ar (15/20/960 sccm) at
60 W plasma power, 650 °C and 6 mbar in a cold-walled PECVD. In this
process, graphene grows on the surface of Ni under its catalytic action. Then
PMMA was spin-coated on the sample surface (3000 r/min for 30 s) and
baked at 150 °C on a heating stage for 10 min. After natural cooling, Niand
SiO, are etched away by penetration etching. Because the Niis on the surface
of the SiO,, the sample is first soaked in etching solution A (CuSO4: HCL:
H,0 =10 g: 50 ml: 50 ml) for 3 h to remove the Ni from the SiO,. After the
sample is removed from etching solution A, it is soaked in deionized water
for 20 min. It is then soaked in etching solution B (HF: NH,F: H,O =3 ml:
6g: 60ml) for 3h to remove the SiO,. After the etching is finished, the
sample is soaked in deionized water again for 30 min, and then it is removed
and naturally dried. In order to strengthen the contact between graphene
and p-GaN, the sample is baked at 150 °C for 10 min. PMMA is subse-
quently removed by acetone and isopropanol, and the sample is cleaned in
slow-flowing deionized water for 10 min. Finally, metal electrodes (15 nm Ti
and 80 nm Au) are deposited on the sample.

Data availability

No datasets were generated or analysed during the current study.
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