
Citation: Wang, T.; Jia, L.; Zhang, Q.;

Xu, Z.; Huang, Z.; Yuan, P.; Hou, B.;

Song, X.; Nie, K.; Liu, C.; et al.

Fabrication and Characterization of

Pre-Defined Few-Layer Graphene.

Physchem 2023, 3, 13–21. https://

doi.org/10.3390/physchem3010002

Academic Editor: Alexander

V. Eletskii

Received: 20 October 2022

Revised: 11 December 2022

Accepted: 13 December 2022

Published: 21 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Fabrication and Characterization of Pre-Defined
Few-Layer Graphene
Tingting Wang 1,† , Liangguang Jia 1,†, Quanzhen Zhang 1, Ziqiang Xu 1, Zeping Huang 1, Peiwen Yuan 1,
Baofei Hou 1, Xuan Song 1, Kaiqi Nie 2, Chen Liu 2 , Jiaou Wang 2, Huixia Yang 1 , Liwei Liu 1 ,
Teng Zhang 1,* and Yeliang Wang 1

1 MIIT Key Laboratory for Low-Dimensional Quantum Structure and Devices, School of Integrated Circuits
and Electronics, Beijing Institute of Technology, Beijing 100081, China

2 Beijing Synchrotron Radiation Facility, Institute of High Energy Physics, The Chinese Academy of Sciences,
Beijing 100049, China

* Correspondence: teng.zhang@bit.edu.cn
† These authors contributed equally to this work.

Abstract: Graphene is one of the most well-known two-dimensional (2D) materials that has attracted
significant interest due to its unique electrical and optical properties. Being a van der Waals substrate,
the fabrication of few-layered graphene by stacking a pre-defined number of graphene monolayers
is essential in the field. The thickness can influence the interface interaction and therefore tune the
surface electronic properties. In the study, we demonstrate a bottom-up synthesis of pre-defined few-
layer graphene on SiC substrate using the thermal decomposition method and carefully characterize
its thickness by the non-damageable synchrotron-radiation-based X-ray photo-electron spectroscopy
(SR-XPS). By varying the photon energy, we acquire different probe depths, resulting in the different
intensity ratios of graphene to SiC substrate, which is then used to estimate the thickness of the few-
layer graphene. Our calculation demonstrates that the thermal decomposition method in the study
can repeatedly fabricate graphene samples with expected thickness. We further compare the obtained
few-layer graphene to the single-layer graphene and HOPG using the scanning tunneling microscopy
(STM) technique. Our work provides accurate methods for fabricating and characterizing pre-defined
few-layer graphene, providing essential knowledge in future graphene-based thin film electronics.

Keywords: thickness; graphene; STM; superlattice; SR-XPS

1. Introduction

Since graphene was first isolated in 2004 [1], 2D materials have attracted the intensive
interest of numerous scientists worldwide. Graphene, as the representative of the 2D material
family, has many unique electrical and optical properties and therefore attracts the attention
of researchers. Graphene is an atomically thin layer of sp2 hybridized carbon atoms that
shows prominent electronic [2], optical [3,4], and mechanical properties [5–7]. There have
been many studies on graphene preparation methods in recent years, such as mechanical
exfoliation [8,9], liquid exfoliation [10–13], chemical vapor deposition (CVD) [14,15], and
thermal decomposition [16,17]. Mechanical exfoliation is the most convenient way to obtain
new, atomically flat surfaces of layered graphene. Mechanical exfoliation is easy to perform as
it only needs tape and highly oriented pyrolytic graphene (HOPG).

In this case, 2D materials are usually atomically thin monolayers. In the case of
multi-layer graphene, the number of layers can significantly influence its physical proper-
ties [18]. In fact, the number of graphene layers can be used to tune the surface electronic
property [19–23]. Therefore, it is significant to precisely control and measure the layers of
graphene. Many methods can be used to estimate the thickness of graphene, including
optical contrast, Raman scattering [24,25], and scanning probe microscopy techniques [26].
Generally speaking, Raman spectroscopy has a drawback that requires the cleanness of
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the graphene sample with few structural/chemical defects and is more often applied to
few-layer (N < 4) samples than to thick samples. On the other hand, using scanning probe
microscopy techniques (such as AFM) to detect the sample thickness has the disadvantage
that AFM has proven to be inaccurate for few-layer graphene.

In our work, we use the thermal deposition method to prepare the graphene on a
4H-SiC substrate. The fabrication method in the study ensures that the few-layer graphene
has a pre-defined average thickness of about 5 layers (15 Å). Using the scanning tunneling
microscopy technique (STM), we characterize the sample morphology with an atomic
resolution and compare the few-layer graphene (grown on 4H-SiC) with single-layer
graphene (grown on 6H-SiC) and thick graphene (HOPG). The thickness of the few-layer
graphene is then carefully characterized by synchrotron-radiation-based X-ray photo-
electron spectroscopy (SR-PES). By changing the photon energy, we control the inelastic
mean free path and therefore change the intensity ratio of peaks coming from graphene
and SiC substrate. We show that the thickness estimation method using SR-XPS is accurate
without any sample damage. Our study confirms the preparation method of pre-defined
few-layer graphene of about 5 layers on 4H-SiC, which offers a specific few-layer graphene
substrate enabling possible graphene device applications.

2. Materials and Methods
2.1. Few-Layered Graphene: Sample Preparation

The graphene layers are grown on a 4H-SiC (0001) silicon carbide substrate by thermal
decomposition. The SiC is previously degassed at 700 ◦C for 10 h by applying current to
both ends of the sample holder, keeping the pressure of the chamber at 10−9 mbar. The
degassing procedure ensures the removal of impurities absorbed on the surface. After
degassing, we increase the direct heating current to 1.21 A (power reaches 26 W). The color
of SiC becomes brighter and brighter until it glows orange-white light. Using a pyrometer
(infrared temperature measurement), we acquire the temperature of 4H-SiC, which is about
1300 ◦C. Due to the increasing temperature, the pressure in the chamber will be as high as
10−8 mbar. We then keep the sample at this temperature for approximately an hour. At
this stage, C-Si bonding on the surface is decomposed. After the decomposition, the silicon
atoms escape from the surface while the C atoms are left on the surface and reconstructed,
forming graphene layers on top of the SiC substrate. The 1st layer of the reconstruction
of the C atoms is a complex buffer layer that consists of a non-conducting, carbon-rich
interfacial layer. The buffer layer, different from graphene, partly has covalent bonding
with the bulk SiC [26,27]. The scheme demonstrating the formation process of graphene on
SiC substrate is shown in Figure 1.

After the formation of the buffer layer, graphene starts to grow on the buffer layer on
the SiC surface. The force between the buffer layer and graphene layers is dominated by
the weak vdWs interaction. During the graphene-forming process, graphene grows fast
in the first 10 min and slows down gradually. The graphene growth usually stops within
one hour (starting from the annealing procedure) [27]. This preparation procedure can
successfully and repetitively fabricate the pre-defined few-layer graphene on SiC substrate.
The sample structure is illustrated in Figure 2.

Compared to other conventional few-layer graphene preparation techniques, the
thermal decomposition method has the following advantage. The graphene can be directly
obtained on SiC substrate, so no transfer is required. Thermal decomposition of SiC has
been intensively studied lately as a promising route for obtaining highly reproducible and
homogenous large-area graphene for electronic applications [28].
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Figure 1. Graphene formation on SiC. During the thermal decomposition process, Si atoms and 

particles containing Si atom escape from the SiC substrate surface. Residual C atoms on the substrate 

surface tend to form a honeycomb lattice. Blue-grey bulk is SiC substrate. The Grey and black solid 

circles are Si atoms and C atoms, respectively. 
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Figure 2. The schematic representation of the structure of the few-layered graphene sample. In 

between the few-layered graphene and the SiC substrate, there is the so-called “buffer layer” which 

is covalently bonded to SiC and has weak force to the top graphene layer by the vdWs force. 
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Figure 1. Graphene formation on SiC. During the thermal decomposition process, Si atoms and
particles containing Si atom escape from the SiC substrate surface. Residual C atoms on the substrate
surface tend to form a honeycomb lattice. Blue-grey bulk is SiC substrate. The Grey and black solid
circles are Si atoms and C atoms, respectively.
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Figure 2. The schematic representation of the structure of the few-layered graphene sample. In
between the few-layered graphene and the SiC substrate, there is the so-called “buffer layer” which
is covalently bonded to SiC and has weak force to the top graphene layer by the vdWs force.

2.2. Characterization Methods

After the preparation, the sample is characterized by STM in an ultrahigh vacuum
(UHV) condition (with base pressure in low 10−10 mbar) operated at room temperature [29].
The measurement is performed in the constant current mode to gain the morphology
information of the samples.

The thickness of the few-layered graphene is characterized by SR-XPS. The experiment
is carried out at the photoemission beamline at the Beijing Synchrotron Radiation Facility
(BSRF). The binding energy of the photo-electron spectra is calibrated using the Au 4f7/2
photo-electron line of a gold reference sample. The resolution of all spectra is better than
600 meV.

In our experiment, we calculate the thickness of graphene through SR-XPS. This
non-damageable thickness estimation method is briefly introduced in the following. In
the synchrotron radiation facility, we can change the photon energy (hv) and therefore
change the inelastic mean free path (IMFP) [30]. The related effective attenuation length
(EAL) is also changing with the IMFP. The IMFP and EAL are particularly important to
gain information on adsorbate film thickness. In this regard, we can apply the so-called
“attenuation method” to determine the adsorbate thickness [31]. Usually, the attenuation
method needs at least two samples prepared in succession. One substrate sample (SiC in our
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case) and then grow films on top of it (graphene/SiC). It is because that the method requires
information on the pure substrate (sample 1) and information on the adsorbate/substrate
(sample 2) [32]. Here, we improved the standard “attenuation method” by using the
idea introduced by Mikoushkin et al., so that only one sample is needed [33]. Instead
of using two samples, in the study, we use the ratio of the adsorbate (peak intensity of
graphene and the buffer layer) and substrate (peak intensity of the SiC) to obtain the
thickness information.

3. Results and Discussions
3.1. Characterization of Few-Layer Graphene

The samples are characterized by STM technique, as shown in Figure 3. The step edges
can explicitly be observed. We prepared three groups of samples, including, single-layer
graphene on 6H-SiC (Figure 3a), few-layer graphene on 4H-SiC (Figure 3b) and HOPG.
Graphene with different layers shows different morphology. From Figure 3c, the hexagonal
honeycomb lattice can be clearly observed. From Figure 3d, the moiré pattern can be
observed in few-layer graphene. HOPG STM images are shown in Figure 3e, showing the
atomic resolution of HOPG consisting of thick layers of graphene.
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Figure 3. STM images. (a,b) Large-scale scan of graphene with different thickness grown on SiC
substrate. (a) STM image of single-layer graphene on 6H-SiC (Vs = −0.9 V, It = 200 pA). (b) STM image
of few-layer graphene on 4H-SiC, with the fabrication method introduced in the study (Vs = −1.5 V,
It = 10 pA). (c–e) Atomic resolution images of graphene with different layers. (c) Zoom-in STM
image of (a), single-layer graphene/6H-SiC (Vs = −1.3 V, It = 500 pA). (d) Zoom-in STM image of
(b), few-layer graphene on 4H-SiC (Vs = −80 mV, It = 5 nA). (e) Zoom-in STM image of HOPG
(Vs = 170 mV, It = 1.5 nA).

3.2. Thickness Characterization by SR-XPS

As discussed above, it is essential to estimate thickness precisely. In our experiment,
we measure the C 1s spectrum by SR-XPS to gain information on the chemically different C
atoms within the sample. For our thickness estimation method (introduced in the Method
section), we are more interested in the peak intensity of graphene and SiC substrate.
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During the investigation, different photon energies are applied so that we can acquire
the information of different “probe depth”. Figure 4 shows the experimental results of
C 1s of few-layer graphene on SiC, measured with five different photon energies (495 eV,
600 eV, 700 eV, 800 eV and 900 eV). Different photon energy will also result in different
inelastic mean free path. The inelastic mean free path of SiC and graphene (λSiC and λG,
respectively) with different photon energies are shown in Table 1. In the energy range we
used, smaller λ corresponds to smaller photon energy used.
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Figure 4. C 1s XPS results of few-layer graphene sample measured by different photon energy:
(a) 495 eV, (b) 600 eV, (c) 700 eV, (d) 800 eV and (e) 900 eV, respectively. As shown in the figure,
the peak intensity is depending on the different photon energy used. We use this result to estimate
the thickness, which is shown in Table 1. The resolution depends on the photon energy used but
is always better than 600 meV. Grey and pink lines are experiment and fitting results, respectively.
The red, blue and green peaks represent the signals coming from the buffer layer, graphene and SiC
substrate, respectively.

In general, a smaller λ means we are effectuating a more surface-sensitive measure-
ment. Since the graphene is on top of the SiC, we should acquire a more significant intensity
of the graphene component with a smaller λG (smaller hv), and vice-versa. On the other
hand, since SiC is at the bottom, we, therefore, need larger λSiC (higher hv) to acquire more
SiC signals, i.e., larger λSiC (higher hv) will result in higher SiC intensity.

In Figure 4, it is clear that the green component is increasing with increasing photon
energy (hv). Therefore, the green component is assigned to SiC. On the other hand, The
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main component (blue) can be easily assigned to graphene due to the decreasing ratio
while increasing photon energy (hv). Next, we have the SiC component (green) behave
similar to the graphene component (blue). We finally add another peak to present the other
factors. The peak assignment is in accord with the previous studies [33–36]. We then use
these four components, labeled as peak1 (buffer layer), peak2 (graphene), peak3 (SiC), and
peak4 (other), to fit the C 1s curves.

Table 1. Thickness estimation with the fitting result from Figure 4.

hv (eV) hv (eV, Calibrated) EK (eV) λSiC [37] λG [37] IG/ISiC d(Å)

(a) 495 * 488.52 204.36 7.71 9.15 20.50 19.73 *

(b) 600 593.2 308.91 9.83 11.61 7.15 15.12

(c) 700 691.39 407.12 11.78 13.89 5.10 14.85

(d) 800 789.94 505.96 13.69 16.13 4.06 14.92

(e) 900 888.71 604.47 15.55 18.32 3.45 15.22
* As detailed in the text, the estimated thickness deviates significantly from the reasonable value due to the small
IMFP (λSiC, λG) of the used photon energy (495 eV).

In the following analysis, we will mainly make use of the fitting result of peak1, peak2,
and peak3, which are assigned to the graphene layers (peak1 and peak2) and the SiC bulk
(peak3), respectively [33,34]. The broad and weak peak4 is less interested [35].

With the attenuation method, we can acquire different intensity ratios regarding the
surface and bulk and therefore acquire the information of the sample thickness. Most of
the electrons are coming from the graphene so the intensity of peak2 is apparently more
significant than the other lines. With the increasing photon energy, the excited electrons
from the buffer layer can pass through graphene to the detector. As a result, peak1 becomes
more evident, and its ratio to the total intensity increases. While the photon energy increases
further, with the increasing λSiC, more electrons from the SiC substrate can escape from
the sample. Therefore, the intensity of SiC substrate (peak3) increases with the increasing
photon energy.

For the fitting procedure, we put 600 eV case as an example. We used four peaks for
the fitting, including peak1 representing the interfacial buffer layer, peak2 from graphene,
and peak3 originating from the SiC substrate. Next, we fix the position of peak1, peak2
and peak3 with a small error bar (peak position = 284.85 eV ± 0.05 eV, peak2 position =
284.25 eV ± 0.05 eV and peak3 position = 283.5 eV ± 0.05 eV) meanwhile their widths are
set to about 0.75 eV, 0.65 eV and 0.85 eV, respectively. The initial setting keeps the fitting
with reasonable physical meaning.

We used following formula to represent the ratio of C 1s line intensities of SiC substrate
(ISiC) to graphene (IG) [33]:

ISiC
IG

=
σ′SiCTSiCnSiCλSiCexp

(
− d

λG

)
σ′GTGnGλG

[
1− exp

(
− d

λG

)] (1)

where σ′ = dσ/dΩ stands for the differential cross-section of C 1s core level photoemission,
T represents the transmission function of the analyzer, n is the density of carbon atoms, and
λ indicates the inelastic mean free path. The subscript “G” and “SiC” indicate graphene
layer and substrate, respectively. In the equation, “d” is the thickness of graphene we
need. The C 1s cross-sections σ′SiC and σ′G are set to be equal. In addition, the transmission
functions TG and TSiC are set to be equal for photo-electrons with close energies. The rate
of nSiC

nG
can be recognized as a constant which is equal to 2.26 [33].
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Finally, the thickness can be calculated by the following formula:

d = λG ln
(

1
2.26
× λSiC

λG
× IG

ISiC
+ 1
)

(2)

With the known constant according to the different photon energies, we can calculate
the thickness of the graphene of the sample. The results are presented in Table 1.

In our work, the IG and ISiC in the formula are depending on the photon energy we
use. We did not apply the normalization procedure. Instead, we directly use the ratio of
the number of escaped electrons (intensity), as the ratio itself normalizes the other factors,
such as the beam intensity (or beam current).

In fact, we not only conducted the experiments mentioned above from 495 eV to
900 eV, but also measured in the lower energy range, including 382 eV and 392 eV. Due to
the surface sensitivity of such photon energy, the inelastic mean free path is too low (6.84 Å
and 6.99 Å for 382 eV and 392 eV, respectively), such that most of the photo-electrons are
coming from the top layer of graphene instead of the SiC substrate. From the peak fitting
point of view, it is hard to add a peak of SiC peak at such low energy, making it difficult to
properly estimate the adsorbate thickness.

We note that in Table 1 (marked with *), when the energy is 495 eV, the inelastic
mean free path is much lower than the estimated thickness of the few-layer graphene
(λG = 9.15 Å [37] < 15 Å of the graphene). This resulted in a significant error compared
to the other results measured in higher energies. As a result, the calculated thickness
measured with 495 eV photon energy is 19.73 Å, which is 4.7 Å large than the estimated
result (15 Å). We believe this error is due to the low information depth with such photon
energy (i.e., surface sensitivity). On the other hand, for the other higher energies (600 eV to
900 eV), where the inelastic mean free path becomes reasonably longer (11.61 Å to 18.32 Å)
while keeping the surface sensitivity, the estimated thickness of the few-layer graphene
is more reliable and in accord with the STM results. The overall error bar (600–900 eV) is
less than 0.4 Å, showing an excellent accuracy of this method in estimating the few-layer
graphene thickness.

4. Conclusions

In this work, we show a method to prepare pre-defined, few-layer graphene on 4H-SiC
substrate that is epitaxially grown by the thermal decomposition of SiC. The sample is
characterized by STM technique with atomic resolution, showing the high quality of the
sample preparation by such a method. We introduce the improved attenuation method
by changing the photon energy using the SR-XPS technique at the synchrotron facility. By
calculating the intensity ratio of electrons from different components, the result shows that
the few-layer graphene has a defined thickness of about 15 Å. The thickness estimation
method is proved to be accurate without sample damage.

In the application of 2D materials, graphene, a vdW substrate, usually serves as an
essential substrate due to its brilliant performance. It is of great significance to precisely
control the thickness of the graphene substrate with a standard procedure. The non-
damageable universal thickness characterization method is also essential to the 2D material
application. We will develop the fabrication and characterization methods in the study for
the broad 2D materials family in the future. We believe the fabrication method in the study
can provide a suitable few-layer 2D substrate for future research on 2D electronics.
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