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ABSTRACT 
The continuous pursuit of miniaturization in the electronics and optoelectronics industry demands all device components with smaller size 
and higher performance, in which thin metal film is one heart material as conductive electrodes. However, conventional metal films are typically 
polycrystalline with random domain orientations and various grain boundaries, which greatly degrade their mechanical, thermal and electrical 
properties. Hence, it is highly demanded to produce single-crystal metal films with epitaxy in an appealing route. Traditional epitaxy on non-metal 
single-crystal substrates has difficulty in exfoliating away due to the formation of chemical bonds. Newly developed epitaxy on single-crystal 
graphene enables the easy exfoliation of epilayers but the annealing temperature must be high (typical 500–1,000 °C and out of the tolerant 
range of integrated circuit technology) due to the relative weak interfacial interactions. Here we demonstrate the facile production of 6-inch 
transferable high-quality Pd(111) films on single-crystal hybrid graphene/Cu(111) substrate with CMOS-compatible annealing temperature of 
150 °C only. The interfacial interaction between Pd and hybrid graphene/Cu(111) substrate is strong enough to enable the low-temperature 
epitaxy of Pd(111) films and weak enough to facilitate the easy film release from substrate. The obtained Pd(111) films possess superior 
properties to polycrystalline ones with ~ 0.25 eV higher work function and almost half sheet resistance. This technique is proved to be applicable 
to other metals, such as Au and Ag. As the single-crystal graphene/Cu(111) substrates are obtained from industrial Cu foils and accessible in 
meter scale, our work will promote the massive applications of large-area high-quality metal films in the development of next-generation 
electronic and optoelectronic devices. 
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1 Introduction 
Metal materials play an irreplaceable role in modern silicon (Si)-based 
complementary metal-oxide-semiconductor (CMOS) technology as 
conductive electrodes. Unlike the utilization of high-quality single- 
crystal Si as semiconductor materials, currently used thin metal films, 
typically produced by deposition or sputtering, are polycrystalline 
with random domain orientations and lots of defective grain 
boundaries, which degrade their mechanical, thermal and electronic 
properties significantly [1–3]. For electronic and optoelectronic 
applications, to achieve higher integration and better performance, 
thin single-crystal metal films with high quality are strongly desired 
[4–6]. The single-crystal metal films can be in principle achieved by 
the epitaxy on other single-crystal substrates, such as Si, sapphire, 
mica or other metals [7–13]. However, the expensive price and small 
size of conventional single-crystal substrates restrain their large-scale 
production and wide applications. Additionally, it is very difficult 
to exfoliate the epitaxial thin metal films from these substrates, as 

they will form strong chemical bonds at their interface.  
Graphene, with well-ordered hexagonal structure, possesses excellent 

mechanical and thermal properties, the best atomic flatness and high 
chemical stabilities, and thus is considered as an ideal substrate for 
epitaxy [14–19]. Especially, there are no dangling bonds in the 
surface of graphene and the epitaxy is mediated by the weak van der 
Waals (vdW) interaction, which leads to relaxed lattice matching 
and facile release of epilayers [20–22]. Thanks to the great progress 
in graphene growth, the preparation of large-area single-crystal 
graphene comes into reality [23–27], and thus it becomes realistic 
to realize the large-scale epitaxy of thin films on graphene. It has 
been widely demonstrated that single-crystal graphene films can be 
epitaxially grown on single-crystal metal substrate, like Ru(0001), 
Cu (111), Ir(111) and Pt(111) [28–31]; in reverse, the metal single 
crystals might be achievable on single-crystal graphene films. It was 
reported that several face centered cubic (fcc) metals (like Ni, Cu, 
Pt and Au) deposited onto graphene exhibit (111) out-of-plane 
orientation after thermal annealing [32, 33]. However, the very  
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weak vdW interaction between graphene and metals typically requires 
a very high annealing temperature (500–1,000 °C) to realize the 
epitaxy of high-quality metal films, which is incompatible with 
current CMOS technology (the upper limit annealing temperature 
for metal is ~ 450 °C). Therefore, to develop a low-temperature 
epitaxy technique to produce large single-crystal metal films with 
easy exfoliation ability is highly demanded. 

The low-temperature epitaxy of transferable thin metal films 
seems in a dilemma that strong interfacial interaction is required to 
realize low-temperature epitaxy, while weak coupling strength is 
preferred to achieve facile epilayer release. In this work, we utilized 
a hybrid substrate, single-crystal graphene/Cu(111), a commensurate 
system with graphene and Cu(111) of matched symmetry and lattice 
orientation, to realize the low-temperature epitaxy of transferrable 
high-quality palladium (Pd) films. The cooperative effects of 
graphene and Cu(111) are strong enough to induce the epitaxy   
of high-quality Pd(111) films with post-annealing temperature at 
150 °C only. On the other hand, the existence of graphene between 
Pd(111) film and Cu(111) enables the easy release of epitaxial metal 
films. With this substrate, the epitaxy of other metals like Au and Ag 
has also been successfully achieved. As the designed single-crystal 
graphene/Cu(111) substrate can be obtained from commercial 
polycrystalline Cu foils at meter scale and with low cost [26], our 
work provides an avenue to realize the economical fabrication of 
large-area high-quality thin metal films and thus will promote 
their massive applications in the development of high-performance 
electronic and optoelectronic devices with smaller size. 

2 Results and discussions 
The key epitaxial processes are schematically shown in Fig. 1(a). 
The polycrystalline Cu foil was first transformed into single-crystal 
Cu(111) by our designed temperature-gradient-driven thermal 
annealing process and then served as substrate to epitaxially grow 
single-crystal graphene film by chemical vapor deposition (CVD) 
method (see Experimental section for details) [26]. Figure 1(b) 
gives a photograph of single-crystal Cu(111) with size about 15 cm × 
15 cm after mild oxidation (the right dark regions near the edge are 
polycrystalline) [34]. Afterwards Pd was deposited onto graphene/ 
Cu(111) by electron beam evaporation with different film thickness.  

As limited by the space of our deposition chamber, currently the 
size of the epitaxial Pd film reaches maximum of 6 inches, as shown 
in Fig. 1(c). Post-annealing under low temperature of 150 °C was 
carried out to improve the film quality (Fig. S1 in the Electronic 
Supplementary Material (ESM)). Graphene can act as an efficient 
separation between Pd and Cu, without which the Pd will easily 
alloy with Cu (Fig. S2 in the ESM) [35]. The Pd films can be separated 
from Cu foil by exfoliation using thermal released tape or directly 
etching the Cu foils. Figure 1(d) shows the Pd film supported by 
thermal released tape after exfoliation from the substrate. 

We use X-ray diffraction (XRD) to characterize the crystallographic 
properties of epitaxial Pd film (50 nm in thickness) on graphene/ 
Cu(111) after thermal annealing. The XRD 2θ scan result (Fig. 2(a)) 
shows that the Pd film only has (111) and (222) peaks, indicating 
that Pd has a high (111) out-of-plane order. In addition, the azimuthal 
off-axis φ scan (Fig. 2(b)) gives six-fold symmetry of the diffraction 
peaks corresponding to Pd(200) with 60° intervals, implying that 
there is only 180° in-plane rotation of Pd grains, as the single- 
crystal Pd(111) should has three-fold symmetry [5]. We employed 
the intensity and full width at half maxima (FWHM) of the (111) 
peak to characterize the crystalline quality of the films. Figure 2(c) 
shows high resolution XRD (HRXRD) curves corresponding to 
the (111) peaks of Pd films with thickness of 10, 20, 30, 40, 50 and 
100 nm, respectively, and insert is the FWHM of the peaks. It is 
clear that the intensity increases and FWHM decreases with thickness 
increment, demonstrating improved crystalline quality of thicker Pd 
film within thickness of at least 100 nm. 

To have deeper insight into the epitaxial structure, we applied 
high-resolution transmission electron microscopy (HRTEM) to study 
the lattice orientation relation between Pd and graphene/Cu(111) 
before the formation of continuous film. We deposited ~ 2 nm 
thick Pd on graphene/Cu(111), then transferred the Pd/graphene 
film onto TEM grid. In the low magnificent TEM image (Fig. 2(d)) 
it can be seen that the Pd forms dendrite structure (the dark area 
indicated by the orange arrow). In the selected area electron diffraction 
(SAED) pattern (Fig. 2(e)), the diffraction spots of graphene can be 
clearly identified in the purple circles. The Pd diffraction patterns 
are aligned with graphene, revealing an epitaxial growth of Pd on 
graphene (~ 5° variation of Pd diffraction points was observed due 
to the relative low quality of discontinuous thin Pd film, which is  

 
Figure 1 Preparation of transferable 6-inch Pd films. (a) Schematics of key epitaxial processes. Photographs of 6-inch single-crystal Cu(111) (b), Pd film deposited 
on graphene/Cu(111) (c) and Pd film supported by thermal released tape (d). 
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consistent with previous observation that the continuous epitaxy 
film has higher quality than discontinuous one [36]). This lattice 
alignment between Pd and graphene is further consolidated by the 
HRTEM image shown in Fig. 2(f). As graphene is well aligned with 
single-crystal Cu(111) (Fig. S3 in the ESM), the lattices of Pd(111), 
graphene and Cu(111) all have the same alignment.  

It is quite clear that Pd film can be epitaxial grown on graphene/ 
Cu(111) surface. Then a natural question about the epitaxy is 
whether the epitaxial behavior of Pd is determined by graphene, 
Cu(111) or both. Previous study has manifested that the potential 
field of the strong polarized substrate can penetrate monolayer 
graphene and interact with the epilayers [20, 21]. To figure out 
the roles of Cu(111) in our experiments we carried out control 

experiments of the deposition behaviors of Pd on different substrates, 
i.e., 300 nm SiO2/Si, graphene and graphene/Cu(111). For each sample, 
the thickness of Pd film is fixed as 100 nm and the orientation 
information of the Pd films on different substrates was analyzed by 
the electron back-scattered diffraction (EBSD) technique. The inverse 
pole figure (IPF) maps (Figs. 3(a)–3(c)) and (001) pole figures (using 
a single point per grain weighted by size) (Figs. 3(e)–3(g)) were used 
to check the crystallographic features of Pd films. It is demonstrated 
that, SiO2/Si has no effect on epitaxy and induces polycrystalline 
film (Figs. 3(a) and 3(e)), pure graphene substrate can lead epitaxy 
but with half domains of 180° in-plane rotation (Figs. 3(b) and 3(f)), 
and hybrid graphene/Cu(111) substrate can lead nice epitaxy with 
very few 180° in-plane domain rotation (Figs. 3(c) and 3(g)). The 

 
Figure 2 Crystallographic characterization and epitaxial relation of the Pd films on graphene/Cu(111). (a) XRD 2θ scan spectrum with only (111) and (222) peaks of 
Pd, indicating a high (111) out-of-plane order. (b) XRD azimuthal off-axis φ scan spectrum. The six-fold symmetry of the diffraction peaks corresponding to Pd(200) 
with 60° intervals, implies that there is only 180° in-plane rotation of Pd grains. (c) HRXRD 2θ scan results of Pd films with different thickness. Inset: corresponding 
FWHM of the (111) peaks. Low magnificent TEM image (d), SAED pattern (e) and HRTEM image (f) of ~ 2 nm thick Pd on single-crystal graphene film. Inset in
(f): fast Fourier transformation pattern of the HRTEM image. The parallel lattice of graphene and Pd demonstrates the epitaxy of Pd on graphene/Cu(111). 

 
Figure 3 Deposition behaviors of Pd on different substrates. EBSD IPF maps of Pd deposited on 300 nm SiO2/Si (a), single-crystal graphene film (b) and single-crystal 
graphene/Cu(111) (c), and the underlying single-crystal Cu(111) (d). The complete (111) orientation in (c) demonstrates the high quality of the epitaxial Pd film on 
graphene/Cu(111). (e)–(h) The corresponding (001) pole figures of (a)–(d) using a single point per grain weighted by size. The dominant orientation in Pd film (g) is 
perfectly parallel with that of Cu(111) (h). 



 Nano Res.  

 | www.editorialmanager.com/nare/default.asp 

4 

dominant orientation in Pd films on graphene/Cu(111) is exactly 
the same with that of underlying Cu(111) (Figs. 3(d) and 3(h)). 
These observations verified that the Cu(111) is the main driving 
force to form ideal Pd epitaxy on the hybrid graphene/Cu(111) 
substrate. Although metal Cu is nonpolar, its potential should 
penetrate monolayer graphene more or less and affect the epitaxial 
beheviour of Pd films. Additionally, graphene films are epitaxially 
grown on Cu(111), thus they can form a commensurate system with 
a hexagonal Moiré pattern [37]. The formation of Moiré pattern 
may also contribute to the epitaxial deposition of metal films. Besides, 
due to the different work function of graphene and Cu(111), there 
is charge transfer between them and a dipole perpendicular to the 
interface is formed [38]. This dipole may be beneficial to the epitaxial 
deposition.  

The obtained Pd(111) films are close to ideal single crystal and 
their properties are supposed superior to the polycrystalline ones. 
We first explored their difference on work function. Pd is of high 
work function and widely used as electrode material to fabricate 
p-type field-effect transistors [3]. For this kind of device applications, 
higher work function is under pursuit. It was demonstrated that 
single-crystal Pd(111) has higher work function (~ 5.6 eV) than 
polycrystalline one (~ 5.22 eV) [39]. Here we utilized the Kelvin 
probe force microscope (KPFM) to obtain the work function 
information of Pd film. Figures 4(a) and 4(b) give the morphology 
and surface potential of Pd(111) on SiO2/Si. In KPFM measurement  

the potential is defined as 
 tip sampleV

e
-

=
-

, where Φtip and Φsample are  

the work functions of tip and sample, respectively, and e is the electron 
charge. This means that a surface with higher work function should 
exhibit higher potential. The base line difference in Fig. 4(c) shows 
that our Pd(111) film has ~ 0.25 V higher potential than polycrystalline 
one (The potential peaks in Fig. 4(c) are due to the discontinuity at 
the edge of Pd films). Surface morpholgoy map and potential map 
of polycrystalline Pd films are shown in Fig. S4 in the ESM. Besides 
work function, we also evaluated the electrical conducting properties 
of the thin Pd films on thermal released tapes. The average sheet   

 
Figure 4 Electrical properties characterization of epitaxial Pd films. Height 
map (a) and surface potential map (b) of Pd(111) film transferred onto SiO2/Si 
substrate obtained by KPFM. (c) Line profiles of surface potential of Pd(111) 
film (purple curve) and polycrystalline one (orange curve). The base line 
difference shows Pd(111) film has ~ 0.25 V higher potential than polycrystalline 
one. The potential peaks are due to the discontinuity at the edge of Pd films. (d) 
Sheet resistance of polycrystalline Pd and Pd(111) films. The sheet resistance of 
Pd(111) films is about half of that of polycrystalline ones. 

resistance of Pd(111) film with thickness of 50 nm is 15 Ω / , half 
of the polycrystalline one with the same thickness (Fig. 4(d)). This 
greatly improved conductivity can be attributed to the high quality 
of our Pd(111) film. One note is that although the epitaxial Pd film 
have fewer 180° rotated domains, this type of 180° domain boundaries 
is quite unique in terms that they contribute very small grain boundary 
resistance [1]. 

This hybrid graphene/Cu(111) substrate can be widely applicable 
to epitaxially grow other metal films. We show Au and Ag can also 
form highly (111)-oriented films on graphene/Cu(111) (Figs. 5(a) 
and 5(b)). Similar to Pd films, Au films are composed of complete 
(111) grains (Fig. 5(c)), while in Ag films, there are a small amount 
of grains with other orientations (Fig. 5(d)). We also deposit Au 
and Ag on single-crystal graphene films transferred onto 300 nm 
SiO2/Si. In that case, Au films are still (111) oriented while Ag films 
are polycrystalline (Fig. S5 in the ESM). This result implies that 
the interactions between Ag and graphene/Cu(111) are weaker,  
in consistent with previous understanding [40]. The annealing 
temperature here is also as low as 150 °C. 

3 Conclusions 
In summary, we demonstrate the low-temperature epitaxy of 
transferable high-quality Pd(111), Au(111) and Ag(111) films on 
hybrid graphene/Cu(111) substrate. In this hybrid substrate Cu(111) 
serves as the main origin to drive low-temperature epitaxy, while 
graphene is the critical buffer layer to realize easy film exfoliation. 
Nowadays, it is mature to produce meter-scale single-crystal 
graphene/Cu(111) from industrial polycrystalline Cu foils and thus 
this single-crystal hybrid substrate is quite easily accessible. Our results 
should stimulate the immediate massive applications of large-area 
high-quality metal films in the development of next-generation 
electronic and optoelectronic devices. 

4 Experimental 

4.1 Annealing of single-crystal Cu foils and growth of 

single-crystal graphene films  

The annealing of commercial Cu foils was carried out in a home-build  

 
Figure 5 Epitaxy of Au and Ag films on single-crystal graphene/Cu(111).  
(a) and (c) XRD spectrum and EBSD IPF map for Au deposited on graphene/ 
Cu(111). (b) and (d) XRD spectrum and EBSD IPF map for Ag deposited on 
graphene/Cu(111). 
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CVD system (10 inch in diameter). The central region of the 
furnace was first heated up to 1,030 °C with 800 sccm Ar and then 
kept at 1,030 °C for 1 h with 800 sccm Ar and 50 sccm H2. After the 
annealing process, CH4 as carbon precursor was introduced into 
the system to grow graphene. The whole process was performed 
under ambient pressure. 

4.2 Characterization  

XRD measurements were conducted using a PANalytical X’ Pert Pro 
system. EBSD characterizations were obtained by PHI 710 scanning 
Auger electron spectrometer with an EBSD detector and the data 
are processed by the software OIM analysis. HRTEM and SAED 
experiments were performed in Titan Themis G2 300 operated at 
80 and 300 kV respectively. LEED measurements were performed 
using Omicron LEED system in UHV with base pressure < 3 × 10–7 
Pa. The surface potential was measured with Bruker Dimension 
ICON Scanasyst in the mode of Frequency Modulation KPFM. The 
room temperature sheet resistance of the Pd films was measured 
based on the four-point probe method to eliminate contact resistance. 
Each data is obtained from a 1 mm × 1 mm area. 
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