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We report on the change of structural and electronic properties while depositing Hf atoms onto the

graphene epitaxially grown on Ir(111) substrate. We find that the Hf atoms intercalate between the

graphene and its iridium host. This intercalation induces a new interface superstructure, as

confirmed by scanning tunneling microscopy and low energy electron diffraction. Raman spectra

reveal that the Hf-intercalated graphene shows the prominent features of intrinsic graphene. Our

study suggests that the Hf intercalation acts as a buffer layer between the graphene and the Ir(111)

substrate, restoring the graphene’s intrinsic electronic properties. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4793427]

High quality graphene (G), owing to its unique band

structure, ultrahigh carrier mobility, and many corresponding

potential applications,1–3 is considered to be one of the most

promising materials for future electronics. Among the sev-

eral major growth methods of graphene, epitaxial growth on

transition metal substrates, which act as both template and

catalyst, has proven to be an effective route to fabricate high

quality and large-scale graphene.4–7 However, strong interac-

tion generally exists at the interface of the graphene and the

metal substrate, disrupting the characteristic linear p-bands

of graphene near the Fermi level and, therefore, strongly sup-

pressing the intrinsic electronic properties of graphene. For

example, high quality graphene can be fabricated on Ir(111)

crystal,8,9 but its p band is hybridized with the Ir 5d state.

This hybridization affects the intrinsic electronic structure of

graphene to some degree, causing invisibility of the vibra-

tional states of graphene prepared on Ir(111) surface in

Raman spectra.10

An attractive approach to screen this interaction and

decouple the epitaxial graphene from the metal substrate is to

introduce a buffer layer at the interface of the graphene and

its metal host, such as intercalated metal atoms,11–14 small

molecules,15,16 or even semiconductor silicon atoms.17,18 For

instance, Au, Pt, Ni, and alkali metals11–14 have been interca-

lated as buffer layers into graphene/metal interfaces, and they

indeed tune the coupling of graphene with the metal substrate.

In the present study, we focus on Hf intercalation under gra-

phene on Ir(111). Our experiments presented here were moti-

vated by the intercalation of silicon17,18 and oxygen,15,16 and

the eventual formation of a SiO2 layer between the graphene

and the metal (G/SiO2/metal), reported recently.19 The insulat-

ing SiO2 interface layer formed underneath the graphene

makes it feasible to measure and explore the transport proper-

ties of epitaxial graphene prepared on metal substrates. As a

matter of course, the similar and preferred G/HfO2/metal het-

erostructure is desired owing to its better performance in

microelectronic devices (higher dielectric constant of HfO2

compared with SiO2).20 As the first and crucial step, hafnium

intercalation between graphene and metal substrate will be

studied here, including the topographic and electronic proper-

ties at the interface.

The growth of high quality graphene was performed by

the thermal decomposition of ethylene (C2H4), which was

catalyzed by a heated Ir(111) substrate. And then hafnium

was deposited on the G/Ir(111) sample, and the sample was

subsequently annealed. Low energy electron diffraction

(LEED) and scanning tunneling microscopy (STM) were

employed to characterize the differentiated superstructures

and topographies of the sample before and after annealing

treatment. We consider that the new superstructure emerging

after annealing results from the hafnium intercalation.

Moreover, we studied the electronic properties of the system

by means of Raman spectroscopy on both G/Ir(111) and

G/Hf/Ir(111) samples, further confirming that the hafnium

intercalation does indeed decouple the interaction of gra-

phene with the Ir substrate.

More specifically, experiments were carried out in an

ultrahigh vacuum system with a base pressure in the 2� 10�10

mbar range equipped with a variable temperature STM, an

Arþ sputtering gun, a LEED device, a hafnium electron beam

evaporator, a gas doser for ethylene, and so on. A clean

Ir(111) substrate was prepared by repeated cycles of Arþ sput-

tering and annealing at 1470 K. Graphene was fabricated via

exposure of the Ir(111) surface to ethylene atmosphere for 80

s at a certain temperature followed by an annealing step at

1570 K. The hafnium was deposited on the G/Ir(111) at room

temperature from the E-beam evaporator, in which the haf-

nium flux can be controlled at a constant value. Hafnium

intercalation under graphene occurred when the sample was

annealed at 673 K. Raman spectra were obtained by a

Renishaw spectrometer at 532 nm with 1 mW power.

The as-prepared graphene on Ir(111) surface was first

characterized by STM imaging. Figure 1(a) shows a typical

STM topography of graphene, where we can see a well

ordered moir�e superstructure with 2.52 nm periodicity. Such

a moir�e pattern results from the mismatch between the

graphene unit cell and the Ir(111) lattice. The inset of

Fig. 1(a) represents the atomically resolved STM topography

of the graphene adlayer, in which the direction of honey-

comb structure is in parallel with the close-packed [1�10]

direction of the Ir(111) substrate.a)Electronic addresses: ylwang@iphy.ac.cn and hjgao@iphy.ac.cn.
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Furthermore, the macroscopic quality of graphene was

examined by LEED. As shown in Fig. 1(b), the symmetric

LEED pattern consists of six pairs of spots. The inner spot

and outer spot of each pair, indicated by the solid-line and

dashed-line arrows, originate from the Ir(111) lattice and

graphene adlayer, respectively. The additional satellite spots

surrounding the Ir spots in a hexagonal pattern signify the

moir�e superstructure of graphene, which is clearly visible in

Fig. 1(a). Besides, the fact that the directions of the G spots

and Ir spots coincide indicates that the orientation of the gra-

phene lattice is parallel to the Ir substrate, which is consistent

with the STM topography in Fig. 1(a). Therefore, on the ba-

sis of the STM images and the LEED pattern, we can con-

clude that large area graphene with a consistent orientation

has been prepared on Ir(111) surface.

Then, deposition of Hf onto the resulting graphene/Ir(111)

surface was carried out at room temperature. Figure 1(c) illus-

trates the G/Ir(111) surface covered with a few Hf clusters,

which prefer to occupy the fcc and hcp sites of graphene moir�e
pattern, the former especially. Subsequently, when we

increased the Hf coverage, the clusters occupied more fcc sites

and resulted in a regular distribution on the graphene adlayer,

as displayed in Fig. 1(d). Additionally, LEED was performed

on the as-deposited surface and no significant change was

found compared with the pattern in Fig. 1(b) except for the

more diffusing background resulting from the deposited Hf

clusters (not shown here), suggesting that the clusters were still

above rather than beneath graphene adlayer (in the latter case,

the element intercalation would generally disrupt the moir�e
feature16 and the corresponding satellite spots21–23), which is

consistent with the STM topographies in Figs. 1(c) and 1(d).

After we annealed the as-deposited sample at 673 K, the

topmost Hf clusters disappeared and new superstructure

emerged on the sample, as revealed by the STM image in

Fig. 2(a). Such a well-ordered superstructure has a periodic-

ity of 0.54 nm, twice the periodicity of the Ir(111) unit cell.

In addition, the original 2.52 nm moir�e pattern of graphene

become fuzzy. We speculated that the new 0.54 nm super-

structure results from the intercalated hafnium and that it is

the hafnium intercalation that weakens the graphene-Ir inter-

action and leads to the fuzzy moir�e pattern as a result. In

order to further support the assumption, LEED was

employed to record the same sample surface. As can be seen

in the LEED pattern in Fig. 2(b), additional (2� 2) diffrac-

tion spots indicated by the dotted-line arrow are clearly visi-

ble, which correspond to the new superstructure observed in

Fig. 2(a). In addition, it is noteworthy that the satellite spots

are faint and barely visible in comparison to the unannealed

sample, which is in agreement with the fuzzy 2.52 nm moir�e
pattern in Fig. 2(a).

In order to probe the graphene lattice which was consid-

ered to be the topmost overlayer of this heterostructure sys-

tem, we let the scanning tip gradually approach the sample

surface by varying scanning parameters. And then, we

obtained the STM image in Fig. 2(c) recorded from the same

scanning region as in Fig. 2(a). In the lower part of this

image, the same (2� 2) superstructure as that in Fig. 2(a) is

observed. The corresponding profile along the blue-line

FIG. 1. STM topographic images and LEED pattern of graphene on Ir(111)

surface before and after hafnium deposition. (a) STM image (U¼�0.67 V,

I¼ 0.07 nA) from a graphene layer grown on Ir(111), showing a moir�e
superstructure with a periodicity of 2.52 nm. The inset (5 nm� 5 nm) is a

zoomed-in image with atomically resolved honeycomb lattice of graphene

adlayer. (b) The corresponding LEED pattern from G/Ir(111) sample shown

in (a). The spots resulting from the Ir(111) lattice and graphene lattice are

indicated by solid-line arrow and dashed-line arrow, respectively. (c) STM

image (�2.30 V, 0.03 nA) obtained at the sample after Hf deposition on

G/Ir(111) at room temperature. (d) STM topography (1.0 V, 0.02 nA) of

Hf-deposited G/Ir(111) surface after increasing Hf coverage.

FIG. 2. STM images and LEED pattern of graphene on Ir(111) after Hf inter-

calation. (a) STM topography (U¼�0.80 V, I¼ 0.50 nA) of Hf-intercalated

graphene on Ir(111) with fuzzy moir�e pattern. A (2� 2) superstructure with

respect to Ir(111) lattice is clearly visible. (b) The corresponding LEED

pattern from the G/Hf/Ir sample in (a). One Hf diffraction spot is indicated by

the dotted-line arrow. (c) STM image recorded from the same surface region

as (a) shows the (2� 2) superstructure and graphene lattice (the lower image

part: �0.77 V, 0.55 nA; the upper part: �0.75 V, 0.87 nA). (d) A zoomed-in

image in the surface region indicated by the purple rectangle in (c).

Graphene’s honeycomb lattice, indicated in gray, is visible. (e) and (f) Profiles

along the blue and green lines in (c) and (d), respectively.
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arrow in this part is shown in Fig. 2(e). In this profile, the

distance of 0.54 nm between two adjacent valleys further

confirms the identical (2� 2) superstructure. Apart from this

superstructure, we can find another structure with a smaller

periodicity, as revealed in the upper part of Fig. 2(c).

Correspondingly, a zoomed-in STM image of this part is dis-

played in Fig. 2(d). We can see the intact characteristic hon-

eycomb structure of graphene, which is consistent with the

clear G spots in reciprocal space [LEED pattern in Fig. 2(b)].

Furthermore, the profile of this image shows a periodicity of

0.245 nm [see Fig. 2(f)], providing a direct proof of graphene

lattice.8

From the foregoing, we can come to a brief summary

that hafnium intercalation underneath graphene on Ir(111)

surface has been accomplished and the resulting superstruc-

tures are demonstrated by STM and LEED. Further, in order

to characterize the physical properties of the Hf-intercalated

graphene from the macroscopic perspective and examine the

effect of Hf intercalation on the coupling of graphene with

the metal substrate, Raman spectroscopy was performed

both on the Hf-intercalated graphene and the pristine gra-

phene on Ir(111) surface. As we can see in Fig. 3, no Raman

signal of graphene is found on the G/Ir sample before Hf

intercalation, indicated by the red line, which is ascribed to

the mixing of the p bands of graphene and the Ir 5d state.10

After Hf intercalation, by contrast, the characteristic Raman

spectrum of graphene, including the G peak and the 2D

peak, emerged from the G/Hf/Ir surface. The reasonable ex-

planation is that the intercalated Hf atoms at the G/Ir inter-

face decouple the graphene from the metal substrate and

restore the intrinsic electronic properties of graphene. In

addition, we notice the presence of the D peak in the Raman

curve comparing to that of G/Si/Ir system.17 The coverage of

graphene in present system is less than 1 ML and there are

isolated graphene domains on the substrate. The edges of

these domains would be mainly responsible to the D peak in

the Raman spectroscopy.24–26

In conclusion, by using STM, LEED, and Raman spec-

troscopy, we have studied the structural and electronic prop-

erties of the Hf-intercalated G/Ir(111) system. The deposited

Hf atoms intercalated into the G/Ir interface when the sample

was annealed. The Hf intercalation as a buffer layer lifts the

graphene overlayer from the metal substrate and enables

effectively decoupling of the graphene-substrate interaction,

therefore, recovering the graphene’s intrinsic electronic

properties. Our current study, as the first step of importance,

makes it possible to fabricate a graphene/HfO2/metal hetero-

structure by further intercalation of oxygen underneath gra-

phene, which is expected to have wide application in

microelectronics-oriented devices based on high quality

graphene.
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