CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Intercalation of hafnium oxide between epitaxially-grown monolayer graphene and
Ir(111) substrate

Yi Biao(#22), Hong-Liang Lu(#$4L.5), Hao Peng(¥21t5), Zhi-Peng Song(K:EHH), Hui Guo(¥E#%), and Xiao Lin(#k
)

Citation:Chin. Phys. B, 2023, 32 (9): 098102. DOI: 10.1088/1674-1056/accff4

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Morphological features and nanostructures generated during SiC graphitization process

Wen-Xia Kong(fL5E ), Yong Duan(iii 5), Jin-Zhe Zhang(F % ¥7),Jian-Xin Wang(E&!/.(»), and Qun Cai(%7¥)
Chin. Phys. B, 2023, 32 (6): 068103. DOI: 10.1088/1674-1056/acb766

Intercalation of germanium oxide beneath large-area and high-quality epitaxial

graphene on Ir(111) substrate

Xueyan Wang( T Z5#f), Hui Guo(%E 1), Jianchen Lu( /% ), Hongliang Lu(% £ 5%), Xiao Lin(#kHg), Chengmin
Shen(Hi 7K [2), Lihong Bao(#f1 [l %), Shixuan Du(Ft 1), and Hong-Jun Gao(/&1%4%))
Chin. Phys. B, 2021, 30 (4): 048102.  DOI: 10.1088/1674-1056/abe22c

Low-temperature plasma enhanced atomic layer deposition of large area

HfS, nanocrystal thin films

-

Ailing Chang (¥ % 1), Yichen Mao(TE&7R), Zhiwei Huang(#1 & 145), Haiyang Hong(Jt i3 7), Jianfang Xu(1&:8155),
Wei Huang(#i%#), Songyan Chen(f5#4 %), Cheng Li(Z5/K)
Chin. Phys. B, 2020, 29 (3): 038102.  DOI: 10.1088/1674-1056/ab6c4a

Structural and electrical properties of reactive magnetron sputtered yttrium-doped

HfO, films

Yu Zhang(7K 5%), Jun Xu(5: %), Da-Yu Zhou(J&E K1), Hang-Hang Wang(E4747), Wen-Qi Lu(ifi 3¢ 3H), Chi-Kyu Choi
Chin. Phys. B, 2018, 27 (4): 048103. DOI: 10.1088/1674-1056/27/4/048103

Comparison of the formation process and properties of epitaxial graphenes on Si- and

C-face 6H-SiC substrates

Wang Dang-Chao(+ 3 5H), Zhang Yu-Ming(5k = #), Zhang Yi-Men(5K X []), Lei Tian-Min( & K &), Guo Hui(F}#%),
Wang Yue-Hu(F5435), Tang Xiao-Yan(iz &), and Wang Hang(F i)
Chin. Phys. B, 2012, 21 (3): 038102. DOI: 10.1088/1674-1056/21/3/038102


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/accff4
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/accff4
https://doi.org/10.1088/1674-1056/accff4
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb766
https://doi.org/10.1088/1674-1056/acb766
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe22c
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe22c
https://doi.org/10.1088/1674-1056/abe22c
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab6c4a
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab6c4a
https://doi.org/10.1088/1674-1056/ab6c4a
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/4/048103
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/27/4/048103
https://doi.org/10.1088/1674-1056/27/4/048103
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/21/3/038102
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/21/3/038102
https://doi.org/10.1088/1674-1056/21/3/038102

Chin. Phys. B 32, 098102 (2023)

Intercalation of hafnium oxide between epitaxially-grown
monolayer graphene and Ir(111) substrate

Yi Biao(#25), Hong-Liang Lu(#%41.5%), Hao Peng(#74), Zhi-Peng Song(“R &), Hui Guo(F5#%), and Xiao Lin(Fki%)"

University of Chinese Academy of Sciences and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

(Received 3 April 2023; revised manuscript received 19 April 2023; accepted manuscript online 25 April 2023)

Intercalation of insulating materials between epitaxial graphene and the metal substrates is highly demanded to restore
the intrinsic properties of graphene, and thus essential for the graphene-based devices. Here we demonstrate a successful
solution for the intercalation of hafnium oxide into the interface between full-layer graphene and Ir(111) substrate. We first
intercalate hafnium atoms beneath the epitaxial graphene. The intercalation of the hafnium atoms leads to the variation of
the graphene moiré superstructure periodicity, which is characterized by low-energy electron diffraction (LEED) and low-
temperature scanning tunneling microscopy (LT-STM). Subsequently, we introduce oxygen into the interface, resulting in
oxidization of the intercalated hafnium. STM and Raman’s characterizations reveal that the intercalated hafnium oxide
layer could effectively decouple the graphene from the metallic substrate, while the graphene maintains its high quality.
Our work suggests a high-k dielectric layer has been successfully intercalated between high-quality epitaxial graphene and
metal substrate, providing a platform for applications of large-scale, high-quality graphene for electronic devices.

Keywords: epitaxial graphene, hafnium, intercalation, oxidization

PACS: 81.05.ue, 71.20.Tx, 79.60.Jv, 68.37.Ef

1. Introduction

Graphene has attracted extraordinary attention since its
discovery.!! It is one of ideal materials for exploring novel
electronic devices because of its unique properties such as
high carrier mobility,>3! special band structure,! etc. Epi-
taxial growth on metal substrates is a popular method to fabri-
cate high-quality and large-scale graphene.!*8! However, the
electronic structure of graphene can be easily affected by the
metal substrates, since the strong interaction between them,
which seriously hinders the exploration of its applications es-
pecially in electronics.>!% To solve this problem, intercalat-
ing a buffer layer into the interface between graphene and its
substrate, such as small molecules,!!!=13] metal atoms, 415!

and silicon atoms,[!6-18]

is an effective way to weaken the
strong interaction. Moreover, the intercalation of buffer layer
can be used to design novel graphene-based heterostructures
with clean interfaces.!1%20]

Several studies recently achieved the intercalation of ox-
ide compounds!?!-??l between graphene and the correspond-
ing substrates. The dielectric nature of the intercalated layer
makes it possible to fabricate in situ graphene/insulator/metal
heterostructures!>>~2°! and measure the transport properties
of epitaxial graphene without transfer. Hafnium oxide is
widely used in modern electronics because of its high dielec-
tric constant.’?’! The intercalation of hafnium oxide is ex-
pected to lead to better performances and new applications
in graphene-based devices. So far, the successful intercala-
tion of hafnium between graphene islands and metal substrate

has been reported. [28] However, intercalation of hafnium be-
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low full-layer graphene and corresponding hafnium oxide in-
tercalation still remain challenging.”°! Hence, it deserves fur-
ther efforts to explore the intercalation and oxidization process
of hafnium atoms between full-layer graphene and metal sub-
strate.

In this paper, we investigate the hafnium intercalation and
its oxidation process between epitaxial monolayer graphene
and Ir(111) substrate. Firstly, large-area monolayer graphene
is epitaxially grown on Ir(111) substrate by pre-nucleation
method. Subsequently, the hafnium atoms are intercalated to
graphene/Ir(111) interface which changes the periodicity of
the moiré pattern and keeps the graphene intact, as character-
ized by LEED and LT-STM. Finally, the interfacial hafnium
atoms are oxidized by further oxygen intercalation. Raman
characterization confirmed that the hafnium oxide layer ef-
fectively decouples graphene from the Ir(111) substrate. Our
work explores the intercalation and oxidation of hafnium
atoms and provides a platform for applications of epitaxial
high-quality graphene.

2. Methods
2.1. Sample preparation

The sample of epitaxial monolayer graphene intercalated
with hafnium oxide on Ir(111) substrate was fabricated in an
ultra-high vacuum molecular beam epitaxy (UHV-MBE) sys-
tem with the base pressure of about 5 x 107! Torr. The
clean surface of Ir(111) substrate was acquired by repeated

cycles of sputtering and annealing (1370 K). Epitaxial mono-
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layer graphene was fabricated by exposing the Ir(111) surface
to ethylene atmosphere with a pressure of 1 x 10~ Torr for
100 sec at the temperature of 1370 K. Hafnium atoms were
deposited onto the graphene surface by electron-beam evapo-
ration with the flux of 3 nA for 3 min, and then the sample was
annealed at 1270 K for intercalation. The oxidization process
was realized by exposing the sample to oxygen with a pressure
of 1 x 107> Torr at 570 K.

2.2. LT-STM, LEED, XPS and Raman measurements

Low-temperature scanning tunnelling microscope (LT-
STM) used in this experiment is a home-built ultrahigh vac-
uum system, with a base pressure of about 5 x 10~!! Torr,
and all in situ measurements were carried out in the constant-
current mode at 4.5 K. Low-energy electron diffraction
(LEED) is a commercial SPECS system and the in situ char-
acterization was carried out at the base pressure of about
5 x 10719 Torr. X-ray photoelectron spectroscopy (XPS) data
were collected via a Thermo Fisher Scientific ESCALAB 250x
spectrometer using monochromatic Al Ko x-ray source. Ra-
man spectra were obtained by a commercial confocal Ra-
man microscope (WiTec), using an excitation wavelength of
532 nm and a power of 10 mW.

3. Results and discussion

Figure 1 schematically illustrates the procedure of
hafnium intercalation and oxidization at the interface between
monolayer graphene and Ir(111). The essential step before
hafnium intercalation is the epitaxial growth of large-area
monolayer graphene on Ir(111) substrate. Due to the weak in-
teraction between graphene and Ir(111) substrate, " graphene
grown on Ir(111) usually has multi-domain structures. 3! The
boundaries between domains will scatter charge carriers and
affect the electrical properties of graphene, so it is neces-
sary to epitaxially grow single-domain large-scale monolayer
graphene on Ir(111) for high-performance electronic devices.
We grow large-scale, single-crystalline graphene by using the
pre-nucleation method. We first obtain a clean Ir(111) sub-
strate by using argon ion bombardment and annealing treat-
ment. The substrate has a certain amount of carbon elements
in the bulk. After annealing at a high temperature of 1370 K,
a small amount of carbon atoms segregate to the surface and
form graphene islands. These graphene islands can serve as
nucleation sites for the growth of single-domain monolayer
graphene. After the second growth process (see details in
Section 2), large-scale, high-quality monolayer graphene on
Ir(111) is obtained, as shown in Fig. 1(a). Then, hafnium
atoms are deposited onto the graphene surface and annealed
to enable the intercalation (Fig. 1(b)). Similar to interca-

lation of silicon atoms,?2! hafnium atoms intercalate to the

graphene/Ir(111) interface through the cooperative interaction
mechanism. A subsequent exposure to oxygen leads to the ox-
idation of intercalated hafnium atoms (Fig. 1(c)), and an amor-
phous HfO, layer forms between the monolayer graphene and
Ir(111) substrate (Fig. 1(d)).

(b)

Substrate: 570 K

Fig. 1. Schematics of hafnium oxide intercalation between monolayer
graphene and Ir(111) substrate. (a) Large-scale, high-quality, mono-
layer graphene on Ir(111) substrate. (b) Hafnium intercalation between
graphene and Ir(111) substrate. (c) Oxidation of the interfacial hafnium
atoms with O, partial pressure of 1 x 1073 Torr and substrate at 570 K.
(d) Formation of amorphous HfO, between graphene/Ir(111).

To examine the quality of the graphene layer during the
whole stages, LEED measurements are employed to character-
ize structural evolutions. Figure 2(a) shows the sharp Ir(111)
spots (indicated by the arrow) which imply the cleanness of
substrate before graphene epitaxy. Figure 2(b) is the LEED
pattern of the graphene on Ir(111) fabricated by pre-nucleation
method, which shows the sharp graphene spots (indicated by
the arrow) and surrounding satellite spots due to moiré super-
structures between graphene and Ir(111) surface, indicating
the graphene is single-crystalline. In Fig. 2(b), [ represents
the distance between adjacent diffraction spots of Ir(111) sub-
strate in the LEED pattern, and /; represents the distance be-
tween the adjacent moiré spots in the LEED pattern. The ratio
of [ to [1 is ~ 9.32:1. It can be deduced that the moiré period
is 2.53 nm, indicating a moiré supercell of epitaxial graphene
on Ir(111) substrate contains 10 x 10 graphene primitive cells
and 9 x 9 Ir(111) primitive cells. After hafnium intercalation,
as shown in Fig. 2(c), the diffraction spots of graphene are
still clear while the satellite spots are blurred, and a new set
of diffraction spots appear (indicated by the yellow arrows)
which imply the formation of Hf/Ir(111) 2 x 2 superstructure.
Moreover, we find that a new moiré structure is formed by
graphene and Ir(111) substrate and the period is represented
as . Compared to [, the length of I, becomes larger, and
the ratio of / to I, equals to 8.26:1, indicating that the period
of moiré superstructure changes to about 2.24 nm. The re-
sults confirm a successful intercalation of hafnium atoms be-
low the graphene. After the subsequent oxygen intercalation,
only the graphene diffraction spots exist in Fig. 2(d) since the
amorphous HfO, layer forms between graphene and Ir(111)
substrate.
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Graphene
growth

Fig. 2. Structure evolutions revealed by LEED patterns after each stage
during the hafnium intercalation and oxidation (beam energy: 72 eV).
(a) The bare Ir(111) substrate after sputtering and annealing. (b) Large-
area, single-crystalline epitaxial monolayer graphene on Ir(111) sub-
strate. (c) Hafnium intercalation between graphene and Ir(111) sub-
strates. (d) Oxygen intercalation to form amorphous oxide layer with
the interfacial hafnium atoms.

(a) (b)

-
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Fig. 3. STM topographic images and line profiles of graphene/Ir(111)
after hafnium intercalation. (a) STM image (U = —50 mV, 7 = 100 pA)
of graphene/Hf/Ir(111) sample, showing the new moiré superlattice and
2 x 2 superstructure. (b) Line profile along the black arrow in panel (a).
(c) STM image (U = —10 mV, I = 500 pA) of the same area in panel (a),
showing the graphene lattice. (d) Line profile along the black arrow in
panel (c).

In order to further study the superstructure formed by
hafnium intercalation and the change of graphene moiré
periodicity, we use low-temperature STM to characterize
graphene/Hf/Ir(111) sample. The STM images in Figs. 3(a)
and 3(c) show that the surface of graphene is clean, indicating
a successful intercalation of hafnium below graphene instead
of formation of hafnium clusters on surfaces. In addition, the
morphology of graphene has changed, showing different tex-

tures from graphene/Ir(111) moiré structure, and the atomic

resolution of the graphene honeycomb lattice indicates the in-
tact graphene surface after hafnium intercalation. The line pro-
file in Fig. 3(b) along the black arrow indicates that the period
of the moiré structure is 2.1 nm, and smaller than the moiré
period of graphene/Ir(111), which is consistent with the calcu-
lation result from LEED pattern. The period of 2 x 2 super-
structure formed by hafnium intercalation is 0.54 nm, which
is exactly two times of the Ir(111) lattice constant 0.272 nm,
implying that the 2 x 2 superstructure is formed by interca-
lated Hf atoms with respect to Ir(111) rather than stay on the
surface of graphene. The line profile in Fig. 3(d) along the
black arrow indicates the lattice size of the defect-free honey-
comb lattice is 0.243 nm, which is consistent with the lattice
constant of graphene. Thus, we can confirm that the graphene
on the surface remains intact after hafnium intercalation, and
the hafnium atoms at the interface form a 2 x 2 ordered super-
structure.

In order to characterize the oxygen intercalated graphene
from the macroscopic perspective and examine the effect
of oxygen intercalation on the coupling of graphene with
the metal substrate, XPS and Raman measurements are
performed. The collected Hf 4f core level spectra of
graphene/Hf/Ir(111) and graphene/HfO,/Ir(111) by XPS are
shown in Fig. 4(a). Before oxygen intercalation, Hf 4f peak
emerges and exhibits two narrow components due to spin—
orbit splitting, corresponding to 4fs; and 4f; 5, respectively.
The peaks of 4fs5/, and 4f;/, are centered at 16.0 eV and
14.3 eV. After oxygen intercalation, the peak of 4f; , is moved
to 15.7 eV, suggesting that the hafnium atoms are oxidized. By
calculating the peak areas of eigenstate and oxidation peaks
of 4f7/5, we confirm that about 80% of the hafnium atoms
have been oxidized. Figure 4(b) shows the Raman spectra af-
ter oxygen intercalation. The characteristic Raman features of
graphene appear, which is different from epitaxial graphene
on Ir(111) substrate showing no detectable Raman signals due
to the strong hybridization between graphene 7-band and the
Ir(111) substrate, suggesting that the intercalated HfO, lay-
ers effectively decouple graphene from the Ir(111) substrate
and the top graphene layer keeps intact. The weak D peak
in the Raman curve suggests existence of very few defects
in graphene after oxidization. To further examine the quality
of the graphene layer after oxygen intercalation, STM is em-
ployed to characterize the samples of graphene/HfO,/Ir(111).
Figure 4(c) is the large-scale STM image after oxygen interca-
lation, showing that the topography becomes uneven and indi-
cating the interfacial hafnium has been oxidized to form amor-
phous structures consistent with the LEED pattern in Fig. 2(d).
‘We note that the graphene lattice is still intact after the hathium

and oxygen intercalation, as shown in Fig. 4(d).
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Fig. 4. XPS, Raman, and STM characterizations of the
graphene/HfO,/Ir(111) sample. (a) Hf 4f core-level spectra of the
graphene/Hf/Ir(111) and graphene/HfO,/Ir(111) samples. (b) Raman
characterization of the graphene/HfO,/Ir(111) sample. (c) Large-scale
STM image (U = —100 mV, I = 170 pA) after oxygen intercalation.
(d) Zoom-in image (U = —4 mV, I = 170 pA) of the area in the black
square in panel (c), showing the formation of amorphous HfO, layer,
and the top layer is graphene.

4. Conclusion and perspective

We have studied the hafnium intercalation and oxidiza-
tion process between large-area and high-quality epitaxial
monolayer graphene and Ir(111) substrate using LEED, STM,
XPS, and Raman characterizations. First, hafnium atoms are
intercalated below graphene and form a 2 x 2 superstructure
with respect to Ir(111). The intercalation of hafnium atoms
at the interface changes the moiré period of graphene. Then,
the graphene/HfO,/Ir(111) structure is realized by oxygen in-
tercalation. The graphene lattice keeps intact after intercala-
tion though amorphous HfO, formed at interface. XPS reveals
that about 80% of hafnium atoms have been oxidized. The
intercalated layer effectively weakens the interaction between
graphene and Ir(111) substrate, since Raman spectra show the
characteristic peak of graphene. The successful intercalation
of high-k dielectric HfO, layer provides new opportunities for
applications of high-quality graphene in electronic devices.
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