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Iridium is a promising substrate for self-limiting growth of graphene. However, single-crystalline graphene can only
be fabricated over 1120 K. The weak interaction between graphene and Ir makes it challenging to grow graphene with a
single orientation at a relatively low temperature. Here, we report the growth of large-scale, single-crystalline graphene on
Ir(111) substrate at a temperature as low as 800 K using an oxygen-etching assisted epitaxial growth method. We firstly
grow polycrystalline graphene on Ir. The subsequent exposure of oxygen leads to etching of the misaligned domains.
Additional growth cycle, in which the leftover aligned domain serves as a nucleation center, results in a large-scale and
single-crystalline graphene layer on Ir(111). Low-energy electron diffraction, scanning tunneling microscopy, and Raman
spectroscopy experiments confirm the successful growth of large-scale and single-crystalline graphene. In addition, the
fabricated single-crystalline graphene is transferred onto a SiO,/Si substrate. Transport measurements on the transferred
graphene show a carrier mobility of about 3300 cm?-V~!.s~!. This work provides a way for the synthesis of large-scale,

high-quality graphene on weak-coupled metal substrates.
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1. Introduction

Graphene, a two-dimensional atomic crystal with a
honeycomb structure, has aroused tremendous interest in
both scientific and industrial fields due to its extraordinary
electronic,!) mechanical,'?! and opticall®! properties. One of
the widely used methods to synthesize graphene is the epitax-
ial growth of graphene on transition metal substrates, such as
Ni, [ Ru, P-101 €y, [11-141 py 115,161 apd 1r.[17-197 Among these
substrates, Ir has a comparatively low carbon solubility,?"]
which is important for self-limiting growth of graphene by
thermal decomposition of hydrocarbons.!'®! However, the
weak interaction between graphene and Ir usually leads to the
formation of polycrystalline graphene, which means that there
are many domains with different lattice orientations.?!>*! The
growth mechanism and controllable fabrication of large-scale,
single-crystalline graphene on Ir(111) attracted considerable
research interest,[18:23-23]

To date, there are two main strategies to synthesize single-
crystalline graphene on Ir(111). The first strategy is to elevate
the growth temperature.’”*! When the temperature exceeds
1500 K, the growth of misaligned domains is suppressed and
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graphene with a single aligned domain is obtained. Another
synthesis strategy is through an alternating exposure of ethy-
lene and oxygen, which yields a nearly pure aligned domain
of graphene.!?>! However, the growth temperature of 1126 K
is still relatively high. As a low-temperature growth technique
is more economical, environment-friendly, and feasible for
applications, the fabrication of large-scale, single-crystalline
graphene on Ir(111) at a relatively low temperature is highly
desirable but challenging.

In this work, large-scale, single-crystalline graphene is
successfully fabricated on Ir(111) at a low temperature of
800 K using a three-steps fabrication route. Polycrystalline
graphene which contains domains aligned/misaligned with the
Ir lattice is firstly grown on Ir(111) surface at 800 K. Then a
post-treatment of exposing polycrystalline graphene to oxy-
gen etches the misaligned graphene domains away. By using
the remaining aligned domains as nucleation centers, large-
scale and single-crystalline graphene is finally achieved af-
ter an additional growth cycle at 800 K. During such growth
process, the post-treatment of exposing the polycrystalline
graphene to oxygen plays a significant role. The high quality
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and single lattice orientation of the as-prepared graphene are
confirmed by low-energy electron diffraction (LEED), scan-
ning tunneling microscopy (STM), and Raman spectroscopy.
Besides, we transfer the single-crystalline graphene onto
SiO, substrate and fabricate back-gate field-effect transistors
(FETs). The extracted carrier mobility for electron is about
3300 cm?-V~!-s~! at room temperature. This oxygen-etching
assisted epitaxial growth method provides a way for the low-
temperature synthesis of large-scale, high-quality graphene on
weak-coupled metal substrates.

2. Methods

The low-temperature growth of large-scale, single-
crystalline graphene on Ir(111) was carried out in a home-
built ultra-high vacuum-molecular beam epitaxy (UHV-MBE)
system with a base pressure lower than 2 x 10~° mbar. An
Ir(111) substrate was cleaned by repeated cycles of sputter-
ing and annealing until it yielded a clean surface checked by
STM images. The synthesis process contains three steps. First,
Ir(111) was exposed to ethylene for 100 s with a pressure of
1 x 107% mbar at 800 K. Then, oxygen with a pressure of
1 x 10~° mbar was vented for 100 s at 800 K. Finally, the sam-
ple was exposed to ethylene for another 100 s with a pressure
of 5 x 1077 mbar at 800 K. At each step, the sample cooled
down from the annealing temperature to room temperature at
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a slow rate of ~ 60 K/min.

LEED was employed with a 4-grid detector (Omicron
Spectra LEED) in the UHV chamber. STM was carried out at
about 4 K. Raman spectroscopy was performed using a com-
mercial confocal Raman microscope (WiTec) with an excita-
tion wavelength of 532 nm. The graphene was transferred by a
standard electrochemical hydrogen bubbling method.!?®! The
back-gate FETs were fabricated by an electron-beam lithog-
raphy technique followed by e-beam evaporation of Cr/Au
(5 nm/60 nm) as the contact electrodes. All electrical measure-
ments were carried out in a vacuum chamber with the pressure
lower than 10~ mbar using a Keithley 4200-SCS system.

3. Results and discussion

Figures 1(a)-1(c) show a schematic to illustrate the fab-
rication process of large-scale, single-crystalline graphene on
Ir(111). Figure 1(a) shows the first growth cycle of graphene.
A polycrystalline graphene film is epitaxially grown on an Ir
substrate by exposing ethylene at 800 K. Subsequently, the
sample is exposed to oxygen at a pressure of 1 x 10~° mbar at
800 K, which preferentially etches the misaligned graphene
domains, as shown in Fig. 1(b). Finally, we perform an
additional graphene growth cycle (5 x 10~ mbar ethylene,
800 K) and obtain a single-crystalline graphene monolayer on
Ir (Fig. 1(c)).

(c)
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RO graphene monolayer

Fig. 1. Fabrication process of large-scale, single-crystalline graphene on Ir(111). (a) Epitaxial polycrystalline graphene on Ir(111). (b)
Remaining RO graphene islands after post-treatment in an oxygen atmosphere. (c) RO graphene monolayer on Ir(111) after additional graphene
growth cycle. (d)—(f) LEED patterns (68 eV) of the sample at (a)—(c) stages, respectively. Diffraction spots contributed from RO graphene, Ir,

and misaligned graphene (diffraction ring) are labeled.

To check the results of each step, we performed LEED
measurements for the sample at room temperature. Figure 1(d)
is an LEED pattern for the sample after the first growth cycle
of graphene. Two sets of diffraction spots with the same ori-
entation and comparable intensity (labeled by solid arrows)
are contributed from aligned graphene domains (R0O) and the

Ir substrate. Besides, it is clear that there is a remarkable

diffraction ring contributed from the misaligned graphene do-
mains. These results reveal that the as-fabricated graphene
is polycrystalline. After a post-treatment of exposing oxy-
gen, we find some significant changes in the LEED pattern
(Fig. 1(e)). The diffraction ring disappears, indicating that
the misaligned graphene domains are totally etched. More-
over, the relative intensity of the spots from RO graphene
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weakens, which suggests that the aligned graphene is com-
posed of isolated islands. The results show that the oxygen
preferentially etches the misaligned rather than the aligned
graphene domains. One possible reason is that the interac-
tion between misaligned graphene and Ir is weaker than that
between aligned graphene and Ir.>>>”1 The LEED pattern af-
ter another growth cycle (Fig. 1(f)) shows the intense diffrac-
tion spots from aligned graphene with the absence of spots
from misaligned graphene, suggesting the formation of single-
crystalline graphene on Ir(111).

We also carried out STM measurements to characterize
the as-fabricated graphene. Figure 2(a) is a large-scale STM
image of the as-fabricated graphene after the first growth step.
It is clear that there are two distinct graphene domains. One
superstructure with a large periodicity of about 2.51 nm is
aligned with the direction of Ir[1—10], which is from the RO
graphene (Fig. 2(b)). The other one has a small periodicity
of about 0.75 nm and rotates 19° relative to the orientation of
Ir[1—-10] labeled as R19 (Fig. 2(b)). These results confirm that
the fabricated graphene at 800 K is polycrystalline.
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Fig. 2. STM and Raman characterizations for the polycrystalline and
single-crystalline graphene. (a) A large-scale STM image of polycrys-
talline graphene (U = —0.2 V and I = 0.1 nA). (b) A zoom-in STM im-
age shows the moiré patterns and the domain boundary of RO and R19
graphene (U = —0.05 V and / = 0.3 nA). (c) A large-scale STM image
of the single-crystalline RO graphene (U = —0.2 V and [ = 0.1 nA).
(d) A zoom-in STM image (U = —0.05 V and / = 0.3 nA). (e¢) Raman
spectra for the polycrystalline (black dots) and single-crystalline (red
dots) graphene.

The STM images of the sample after the extra etching (the

second step) and growth (the third step) process are shown in
Figs. 2(c) and 2(d). It is clear that only RO graphene is ob-
served. The dark lines in Fig. 2(c) are steps of the Ir(111)
substrate. Figure 2(d) shows a 2.51 nm moiré pattern con-
firming that it is RO graphene. By checking the STM images
at different areas, we confirm the formation of single-domain
graphene on Ir(111).

Raman spectroscopy is another powerful tool to check the
quality of graphene. It is known that misaligned graphene
on Ir shows similar Raman spectra feature as that of free-
standing graphene because of the weak interaction between
the misaligned graphene and Ir substrate.>”] However, for RO
graphene on Ir, the strong hybridization between 7 electrons
of graphene and d electrons of Ir makes the Raman spec-
tra featureless.!”’”! Black dots and the fitted purple curve in
Fig. 2(e) are the Raman spectra for the graphene after the first
growth step. There are strong G and 2D peaks confirming that
the graphene is polycrystalline.

After we etched the misaligned graphene away and per-
formed another graphene growth cycle, the Raman spectrum
(red dots in Fig. 2(e)) became featureless, indicating a single-
crystalline graphene. Therefore, combining LEED, STM, and
Raman characterizations, we conclude that we successfully
fabricate the single-crystalline graphene on Ir(111) at a tem-
perature as low as 800 K.

A detailed LEED analysis is performed to check the size
of the as-fabricated single-crystalline graphene. The size of
the Ir crystal used in the experiment is 4 mm square. The di-
ameter of the electron beam spot of LEED is ~ 1 mm. Thus,
we performed continuous LEED detection across the whole
sample surface. A photo of the Ir crystal is shown in Fig. 3(a).
One of the four LEED patterns taken at the red circles posi-
tions 1-4 is shown in Fig. 3(b).

It is found that the intense diffraction spots in the four
continuous LEED patterns are only contributed from RO
graphene and the corresponding moiré pattern. There is no
extra information from the misaligned graphene. To quanti-
tative confirm there is no extra diffraction pattern contributed
from polycrystalline graphene, we also plot intensity profiles
along the arcs, which reflect the emergence of rotational do-
mains of LEED patterns. As shown in Fig. 3(c), the upper
four red profiles are obtained from the LEED patterns taken at
the positions 14, respectively. It is clear that there is no extra
peak except the peaks related to the diffraction spots from RO
graphene in each profile. As a comparison, the intensity pro-
file (bottom black curve in Fig. 3(c)) obtained from the LEED
pattern of the polycrystalline graphene shows significant fea-
ture contributed from misaligned domains. These results con-
firm that the whole Ir surface is covered by single-crystalline
graphene.
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Fig. 3. Continuous LEED patterns revealing a single-crystalline
graphene on Ir. (a) A photo of the sample with a size of 4 mm square.
Red circles represent positions where four continuous LEED patterns
were taken. (b) One of the LEED patterns (68 eV) taken at positions in
(a). (c) Corresponding LEED intensity profiles along the arc (from 0° to
60°). Four red profiles are obtained from the individual LEED patterns
taken at the four positions 1-4, respectively. The bottom black profile
is obtained from the LEED pattern of the polycrystalline graphene for
comparison.

[25] which obtained

Comparing to the previous study
nearly pure single-oriented graphene on Ir by cyclic repetition
of growth—etching—growth procedure using chemical vapor
deposition (CVD), we achieved single-crystalline graphene
through one growth—etching—growth cycle using UHV-MBE.
There is not only a growth-temperature decrease (from 1126 K
to 800 K) but also a reduction of the growth time (from about
8000 s to 300 s). The achievements of the low-temperature,
fast growth of graphene single-crystal on Ir are attributed to
the ultraclean environment of UHV-MBE and the treatment
of low ethylene pressure in the second growth process. The
aligned graphene nuclei (remained aligned graphene islands
after oxygen-etching step), ultraclean growth environment as
well as lowered ethylene pressure play crucial roles in pre-
venting the appearance of the misaligned graphene in the third
step.

For application purpose, we also transfer the as-grown
large-scale, single-crystalline graphene to a SiO,/Si substrate.
Figure 4(a) is an optical image of the transferred graphene.
The graphene keeps high quality except some contaminations
introduced in the transfer process (bright spots in Fig. 4(a)).
The Raman spectrum of the transferred graphene (Fig. 4(b))
shows sharp G and 2D bands. The intensity ratio of 2D band to
G band (Irp/Ig) is about 4.7, indicating that the graphene is a
monolayer.!?8] The intensity ratio of D band to G band (Ip /IG),
which reflects the defect number of graphene, is shown in
Fig. 4(c). An average value of 0.33 reveals a low defect density
of the transferred graphene. In addition, we find that the hy-
drogen bubbling transfer process does not destroy the Ir(111)
crystal. The Ir(111) substrate can be repeatedly used to fab-

ricate high-quality single-crystalline graphene by the oxygen-
etching assisted growth method.
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Fig. 4. Single-crystalline graphene transferred onto a SiO; substrate.
(a) An optical image of the transferred graphene, showing the continu-
ous graphene film with a few contaminations. (b) Raman spectrum of
the transferred graphene on SiO,. The full width at half maximum is
smaller than 30 cm~!. (c) Raman mapping (15 um x15 um) for the
intensity ratio of D band to G band (Ip/Ig). (d) Source—drain current
Iys versus back-gate voltage V4 at room temperature. The inset is the
optical image of the FET.

Using the transferred graphene on SiO,, we fabricated
back-gated FETs. The optical image of a device is shown
in the inset of Fig. 4(d). The source—drain current (I4) as a
function of back-gate voltage (Vi) is measured and shown
in Fig. 4(d). It is found that the current minimum is shifted
toward positive Vs, indicate that the transferred graphene
is p-type doped. The extracted carrier mobility is about
3300 cm?-V~!.s~! for electron and 2500 cm?-V~!.s~! for
hole, which also indicates that the graphene fabricated in this
method is of high quality.

4. Conclusion

In summary, using the oxygen-etching assisted epitaxial
growth method, we fabricate single layer graphene on Ir(111)
at a low temperature of 800 K. Using LEED, STM, and Raman
characterizations, we confirm that the as-fabricated graphene
is large-scale, single crystalline, and high quality. Moreover,
we transfer the fabricated graphene on SiO,/Si and achieve a
carrier mobility of about 3300 cm?-V~!-s~! at room tempera-
ture. This work is of significance to the efficient fabrication of
wafer-scale, single-crystalline graphene on weak-interaction
transition metal substrates.
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