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ABSTRACT  

Remote epitaxy has drawn attention as it offers epitaxy of functional materials that can be released 

from the substrates with atomic precision, thus enabling production and heterointegration of 

flexible, transferrable, and stackable freestanding single-crystalline membranes. In addition, the 

remote interaction of atoms and adatoms through two-dimensional (2D) materials in remote 

epitaxy allows investigating and utilizing electrical/chemical/physical coupling of bulk (3D) 

materials via 2D materials (3D-2D-3D coupling). Here, we unveil the respective roles and impacts 

of the substrate material, graphene, substrate-graphene interface, and epitaxial material for 

electrostatic coupling of these materials, which governs cohesive ordering and can lead to single-

crystal epitaxy in the overlying film. We show that simply coating a graphene layer on wafers does 

not guarantee successful implementation of remote epitaxy, since atomically precise control of the 

graphene-coated interface is required, and provide key considerations for maximizing the remote 

electrostatic interaction between the substrate and adatoms. This was enabled by exploring various 

material systems and processing conditions, and we demonstrate that the rules of remote epitaxy 

vary significantly depending on the ionicity of material systems as well as the graphene-substrate 

interface and the epitaxy environment. The general rule of thumb discovered here enables 

expanding 3D material libraries that can be stacked in freestanding form. 

 

KEYWORDS  
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Freestanding semiconductor thin films are game-changing building blocks for flexible, 

conformal, and heterostructured electronic/photonic devices. In conventional approaches to attain 

freestanding membranes, single-crystalline semiconductor layers are first epitaxially grown on 

semiconductor wafers, followed by detaching the grown layer from the wafers. The key challenge 

in these approaches is separating the epitaxial layer from the substrate, because the layer and the 

substrate are connected through strong bonds.1 There have been several techniques proposed to 

tackle this challenge, such as employing a sacrificial layer,2 melting the interface by lasers,3 

mechanically spalling the film,4 or completely etching away the wafer5; however, these methods 

have limitations in terms of applicable choice of materials, throughput, cost, or interface quality.1 

Recently, remote epitaxy has been proposed as an approach that can overcome these limitations 

and realize high-quality single-crystalline membranes.6 In remote epitaxy, epitaxy is conducted on 

the wafer coated with graphene, wherein electrostatic potential of the substrate is not completely 

screened by graphene, which allows remote interaction between the substrate and the epilayer and 

enables the epilayer to follow the crystalline template of the substrate. Due to the weak van der 

Waals bonding between the graphene and the epilayer, the grown layer can be peeled off precisely 

at the graphene interface, thereby providing a simple and ideal pathway to form freestanding 

single-crystalline membranes. Remote epitaxy and graphene-mediated exfoliation have been 

demonstrated for several material systems, including III-V, III-N, II-VI, perovskites, and other 

complex oxides,6-13 showing the versatility of the approach for diverse applications and 

heterogeneous integration. 

Although the underlying physics and principles of remote epitaxy are theoretically 

investigated,7,9,14,15 experimental environments could be vastly different from the general 

assumptions used in theoretical study, which is that both the substrate and the graphene layer are 
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 6

pristine without any defects, residue, or contamination. Furthermore, even if graphene-coated 

substrates are prepared satisfying such conditions, the harsh epitaxy environment could also alter 

the graphene or the substrate properties and thus influence the formation of remote epitaxial films. 

Therefore, considering such factors are imperative for tailoring the remote interaction between 

adatoms and substrates for cohesive ordering of remote epitaxial layers, and furthermore, could 

bring insights in unveiling the respective roles and impacts of the substrate, graphene, their 

interface, and epitaxial material for coupling of these materials. Only with rigorous 

characterizations in each experimental step combined with theory, can these phenomena be 

unambiguously studied without confusion. Here, we show how the graphene and the interface 

properties can affect the electrostatic coupling of functional semiconducting and complex-oxide 

materials, wherein the coupling strength governs the nucleation of adatoms and thus affects the 

properties of remote epitaxial films. We demonstrate that the interface between the graphene and 

the substrate plays a critical role in remote epitaxy. Characterization of graphene and the substrate 

reveal that the quality of the interface varies depending on the graphene transfer methods, thereby 

affecting remote epitaxial interaction through graphene. Such effects are investigated in III-V, III-

N, and complex oxide materials, which have different ionicity and thus different degree of remote 

interaction strength. We also demonstrate that graphene properties can be changed during epitaxy 

and such alteration can lead to failure of remote epitaxial growth, depending on the epitaxy 

conditions employed. Lastly, the nature of remote interaction through graphene is investigated by 

involving non-polar materials in graphene-mediated epitaxy, from which other possibilities of 

epitaxy modes besides remote epitaxy could be ruled out. These results provide critical aspects for 

experimental studies of remote epitaxy on various material systems, and brings insights in 

understanding 3D-2D-3D coupled material systems. 
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Results and discussion 

It is well understood that electrical, mechanical, and chemical properties of graphene can 

be greatly altered if graphene is transferred from the host substrate to another foreign substrate. 

This is because graphene can be wrinkled, torn, contaminated with residue, or chemically doped 

depending on the transfer method,16 and in this regard, remote interaction of adatoms on graphene-

coated substrates can also be severely affected by graphene transfer methods. Here, we employ 

two widely used and representative techniques—a wet transfer method and a dry transfer 

method—to study the impact of interface properties on transmission of epitaxial fields. First, 

monolayer graphene was wet-transferred on growth substrates, wherein polymer/graphene stacks 

were scooped with wafers in deioinized water17 (see Methods for a detailed process). Then, 

monolayer graphene was dry-transferred by utilizing metal-induced layer resolved transfer, where 

the graphene was peeled from a SiC substrate and immediately dry-transferred on the growth 

substrate18,19(see Methods). GaAs, GaN, SrTiO3 (STO), and Ge substrates are used as growth 

substrates to investigate the effect of ionicity of substrate materials on remote epitaxy, each 

representing III-V, III-N, complex oxides, and group IV families. The quality of chemical vapor 

deposition (CVD)-graphene and epitaxial graphene is confirmed by transferring the graphene onto 

a SiO2/Si substrate by wet and dry transfer, respectively. The Raman spectra of these samples show 

the 2D peak position of ~2680 cm-1 and low I(D)/I(G) ratio of < 0.1, revealing that both graphene 

layers have monolayer thickness with low defect density20,21 (Supporting Figure S1). The quality 

of graphene is maintained after transferring it onto semiconductor wafers, and the graphene-coated 

GaAs surfaces exhibit the surface roughness below 1 nm for both transfer methods (See Supporting 

Figure S1 and S2). The quality of graphene is also corroborated through X-ray photoelectron 

spectroscopy (XPS) characterization on graphene-coated GaAs wafers (Figure 1a and 1c) as it 
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shows dominant sp2 bonding with small portion of sp3 bonding-related peaks for both wet- and 

dry-transferred graphene.22 The full-width at half-maximum (FWHM) linewidths of sp2 

component of wet- and dry-transferred graphene are in the range of 1.3±0.2 eV (Figure 1a, 1c and 

Supporting Figure S3), confirming that transferred graphene exhibits high material quality with 

minimal broadening of sp2 peaks.23 

While graphene maintains its original quality after transferring onto the wafers regardless 

of transfer methods, we discovered that the properties of graphene-substrate interfaces can be 

varied by the graphene transfer history. In order to ensure propagation of the electrostatic potential 

from the substrate through graphene into epitaxial films, the distance between the epitaxial films 

and the substrate must be minimized, meaning that any contaminant or oxide formation at the 

graphene/substrate interface can easily disturb the propagation of the electrostatic potential 

resulting in a lack of remote epitaxy. Thus, we have attempted to strip the native oxides on the 

substrate right before transferring graphene on the wafer. During wet transfer process, for example, 

we have deoxidized GaAs substrates right before scooping the poly(methyl-methacrylate) 

(PMMA)/graphene layer from water. For dry transfer, we peeled graphene from SiC substrates 

and removed native oxides on GaAs right before transferring graphene to GaAs substrates in our 

effort to produce a pristine interface. Despite these efforts, however, our XPS analysis on 

graphene-coated GaAs substrates revealed that wet-transferred graphene on GaAs exhibits strong 

peaks related to native oxides, such as As2O3 and Ga2O3 (Figure 1b and Supporting Figure S4).22 

These results imply that wet transfer may not offer pristine graphene-substrate interfaces as trapped 

water at the interface contribute to substrate oxidation during drying process. On the other hand, 

our XPS analysis found out that these native oxide peaks are negligible in dry-transferred graphene, 

which confirms that dry-transferred graphene makes pristine contact on a hydrophobic GaAs wafer 
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after stripping the oxide. After sealing the GaAs surface with graphene, further oxidation no longer 

occurs since oxygen cannot penetrate through graphene.24,25 

Next, we grew epitaxial GaAs on GaAs (100) substrates covered with wet- and dry-

transferred graphene by metal-organic chemical vapor deposition (MOCVD) using nitrogen as the 

carrier gas (See detailed growth conditions in Methods). As shown in Figure 1e, the GaAs layer 

grown on wet-transferred graphene did not fully coalesce, and randomly oriented facets are 

observed. On the other hand, GaAs grown on dry-transferred graphene shows a fully coalesced 

film (see Figure 1f). Both samples are successfully exfoliated by depositing a nickel stressor and 

attaching thermal release tape (See detailed exfoliation process in Methods). Electron backscatter 

diffraction (EBSD) maps measured from the exfoliated film at the interface side reveal that the 

GaAs film grown on wet-transferred graphene is polycrystalline, unlike GaAs on dry-transferred 

graphene which is (100)-oriented single crystal, as shown in Figure 1e and 1f. These results can 

be directly correlated to the XPS spectra representing the oxidation of GaAs surface when wet 

transfer method is employed. It is also consistent with the previous report that the ionicity of 

materials is the key factor enabling remote epitaxy. The ionicity of GaAs is relatively small, 

allowing only monolayer-thickness graphene to provide enough substrate electrostatic potential 

penetration for remote interaction with adatoms.7 Since surface oxides of GaAs further widens the 

gap between the substrate GaAs crystal and the graphene, the penetration of electrostatic potential 

fluctuation through graphene is not strong enough to remotely seed the GaAs overlayer when the 

GaAs surface is oxidized. Thus, it clearly shows the impact of interface properties on the strength 

of adatom-substrate remote interaction, and suggests that the dry-transfer must be carried out to 

prevent the III-V substrate from oxidation for remote epitaxy. Because epitaxial graphene on SiC, 

which is employed here for dry transfer, is not readily available due to the high cost of SiC wafers 
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and the requirement of graphitization tools, we envision that monolayer graphene formed on other 

rigid substrates could also be alternatively used for dry transfer, such as graphene grown on Ge 

(110) substrates26 or on copper-deposited substrates.27 Also, although wet transfer is more 

commonly used to transfer CVD-grown graphene on copper foils, which is one of the most widely 

used graphene templates, it is also possible to dry-transfer the graphene on copper foils using 

polymer stamps28 or water-assisted oxidation,29 and thus these approaches could be explored to 

prepare dry-transferred graphene on III-V substrates for remote epitaxy. 

In order to investigate if the principles discovered above are generally applicable for other 

material systems, we have performed and compared remote epitaxy of other materials with varied 

interface properties using wet and dry transfer methods. Compared with GaAs which has covalent-

ionic mixed bonding characteristics with weak ionicity of 31%,30 III-N and complex oxides 

materials exhibit higher ionicity.31-33 Since substrate materials with higher ionicity provide greater 

variations in electrostatic potential above graphene, the cohesive ordering of adatoms on graphene 

for remote epitaxy is facilitated on these high-ionicity materials.7 We have performed wet- and 

dry-transfer of graphene onto GaN after deoxidizing GaN surface. Then GaN is grown on graphene 

via molecular beam epitaxy (MBE) with the nominal thickness of 1 μm, and the results are 

completely different from the case for GaAs. As shown in the EBSD maps in Figure 2e and 2f, 

both remote epitaxial GaN on wet- and dry-transferred graphene show single-crystallinity. The 

inverse pole figure maps of in-plane orientation (IPF-X) in Supporting Figure S5 reveal that there 

is no in-plane rotation, which also confirms the single-crystallinity. This suggests that stronger 

electrostatic potential fluctuation of GaN than GaAs allows remote interaction even through the 

wet-transferred graphene at the interface. It should be noted that, however, the remote epitaxial 

single-crystalline GaN grown on wet-transferred graphene shows surface morphology where the 
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nucleated films are not fully merged while GaN grown on dry-transferred graphene shows fully 

merged smooth morphology (Figure 2a and 2b). This finding suggests that interface contamination 

during wet transfer still affects remote epitaxial growth at the nucleation stage for III-N growths. 

We further investigated the impact of graphene transfer methods for remote epitaxy of complex 

oxides. It can be postulated that oxide materials are formed mainly by ionic bonding characters, 

thus the electrostatic potential from the substrate is strongest while further oxidation cannot occur 

during wet transfer process such that graphene transfer methods may not affect their remote 

epitaxial capability. To verify this, we have performed remote epitaxy of BaTiO3 (BTO) on STO 

substrates coated with graphene via wet and dry transfer process. As shown in Figure 2(c,d,g,h), 

the surface morphology and crystallinity of BTO grown by MBE on wet- and dry-transferred 

graphene are comparable as postulated and both remote epitaxial BTO films show perfect single-

crystallinity. The differences in the remote epitaxial characteristics of GaAs, GaN, and BTO thin 

films grown on wet- and dry-transferred graphene clearly show the role of the ionicity of materials 

that governs the intensity of electrostatic potential fluctuations as well as the interface cleanness 

in remote epitaxy.  

For reliable remote interaction of adatoms with the substrate through graphene, it is 

critically important to preserve the graphene in the harsh epitaxy environment, which is another 

key challenge. Although graphene is thermally robust under vacuum, it is well known that 

graphene can be damaged at elevated temperatures by interaction with gaseous molecules or 

plasma. As an example, treating the graphene surface with N2 plasma, O2 plasma, or NH3 is known 

to damage the graphene and induce the formation of dangling bonds in graphene.34-36 Due to the 

huge alteration of surface free energy around dangling bonds, these dangling bonds can become 

nucleation sites. Therefore, the growth on damaged graphene could result in quasi-van der Waals 
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(qvdW) epitaxy, wherein the nucleation is governed by the surface potential of graphene,37-39 

which deviates from remote epitaxial growth mode because the crystal information of the substrate 

is screened by damaged graphene. More severe damage under the epitaxy environment is partial 

etching of graphene, and if etching occurs, direct epitaxy from exposed substrate will take place. 

This will prevent the epitaxial film from exfoliation at the graphene interface and induce substrate 

spalling. Therefore, it is essential to preserve the graphene from being damaged under the epitaxy 

environment for remote epitaxy. 

In MOCVD growths of III-V materials, hydrogen and nitrogen are two widely used carrier 

gases to introduce precursors and hydrides into the reactor. The remote epitaxy of single-

crystalline GaAs on dry-transferred graphene demonstrated in Figure 1f has employed nitrogen 

carrier. On the other hand, when hydrogen carrier is employed, GaAs grown on dry-transferred 

graphene exhibits rough surface morphology, as shown in the scanning electron microscopy (SEM) 

image in Figure 3a, even though all other sample preparation and growth conditions are identical. 

The grown film is still well exfoliated at the graphene interface (Figure 3b), suggesting that 

graphene is not etched away. However, EBSD maps reveal that the GaAs film grown using 

hydrogen carrier is polycrystalline as shown in Figure 3c. This may be associated with the 

transition of seeding remotely from the substrate to graphene (remote epitaxy to qvdW epitaxy) 

and it can be expected that significant difference in lattice of graphene compared to GaAs would 

not host single-crystalline epitaxy of GaAs. To verify this speculation and understand the effect of 

the carrier gas on graphene properties, the growth condition is mimicked by annealing the 

graphene-coated GaAs substrates in low-pressure hydrogen and nitrogen ambient at the GaAs 

growth temperature of 650 ˚C (See Methods for details). In the case of hydrogen environment, 

XPS measurements of carbon-related peaks in Figure 3d show significantly increased sp3 bonding-

Page 12 of 29

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 13

related peaks and carbide-related peaks,22,40 compared with nitrogen-annealed graphene in Figure 

3e. In other words, the sp2-bonded graphene lattice is damaged by hydrogen, forming dangling 

bonds and metallic carbides (Ga-C and/or As-C), and these results agree with previous reports that 

hydrogen can break C-C bonds of graphene.41,42 The same treatment conducted on graphene 

transferred onto SiO2/Si shows similar trend, in that significantly broadened XPS spectra are 

observed only when the graphene is annealed under hydrogen ambient (Supporting Figure S6). 

Raman spectra in Figure 3f also support such transformation of graphene by hydrogen, in that 

strong D peak has emerged while 2D peak almost disappeared under hydrogen, revealing the 

formation of sp3 bondings. On the other hand, D peak is not observed and the large I(2D)/I(G) 

ratio is maintained after nitrogen annealing (Figure 3g), suggesting that the change of graphene 

properties is not significant under nitrogen. Therefore, this set of experiments demonstrates that 

the surface potential fluctuation induced by dangling bonds in damaged graphene can screen the 

potential fluctuation of the substrate, leading to the nucleation of polycrystalline GaAs, and thus 

shows that preserving the graphene quality under the epitaxy environment is critically important 

in remote epitaxy of GaAs. We believe that in situ characterizations of the surface of graphene-

coated substrates under the harsh epitaxy environment, such as in situ XPS or in situ transmission 

electron microscopy (TEM),  will shed more light on the changes of the graphene and the interface 

properties as well as their impact on remote epitaxy. For the more ionic GaN, which provides 

stronger fluctuations in the electrostatic potential above graphene, remote epitaxy by MOCVD 

using hydrogen carrier was also reported by other group,12 implying that the requirement for 

preserving the graphene quality is less stringent if the penetration of the electrostatic potential 

through graphene is stronger. Therefore, in summary, both the graphene transfer method and 
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epitaxy condition need to be carefully controlled for reliable remote epitaxy especially if the 

ionicity of the material of interest is weak, such as GaAs. 

Lastly, we further investigate the possibility of direct epitaxy through defects in graphene 

which could impact on the crystallinity of epitaxial overlayers on graphene. It is well known that 

defects such as pinholes and tears can be easily incorporated into graphene during graphene growth, 

transfer, and remote epitaxy. For macroscopic tearing, the region of tearing can be easily identified 

by optical microscope imaging, and can also be identified from exfoliation of grown films because 

spalling of the substrate can be observed from the area where there is no graphene.6 Nevertheless, 

such damaged region generally occupies very small portion of the graphene-coated substrate, and 

does not complicate the study on remote epitaxy. On the other hand, nanoscale defects on graphene, 

which might be formed by imperfect graphene growth, graphene transfer process, or harsh epitaxy 

environment, will be hard to identify but could contribute to growth by nucleation on such pinholes 

followed by lateral overgrowth. To verify the possibility of the nanoscopic damages or pinholes 

on graphene that can induce mixed growth mode of remote epitaxy and pinhole-based lateral 

overgrowth, we have employed an elemental material without ionicity as either the substrate or the 

epitaxial material. This can unambiguously identify whether such effects exist or need to be 

considered, because elemental materials do not give rise to an electrostatic potential that can 

permeate the graphene due to non-existence of ionicity in their bonding.7 Thus, only if lateral 

overgrowth from those pinholes is a dominant growth mechanism, single-crystalline films can be 

formed on graphene when elemental materials are involved. We have investigated six possible 

combinations for remote epitaxy with lattice matching condition, i.e. GaAs on Ge, Ge on GaAs, 

and Ge on Ge, with and without dry-transferred graphene monolayer. All growths are conducted 

by MOCVD at 650 ˚C using a nitrogen carrier gas (See Methods for detailed growth conditions). 
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The growth temperature of 650 ˚C is high enough to ensure the pyrolysis of precursors without the 

need of catalytic effects on GaAs surface, and thus precursors can be effectively decomposed into 

adatoms and adducts on the surface of graphene despite its inertness, not only on the surface of 

GaAs and Ge.43 Here, the EBSD maps of films grown on graphene are measured at the interface 

side after exfoliation, while those of the films directly grown on the substrate without graphene 

are measured from the top surfaces, since samples without graphene cannot be exfoliated. As 

shown in Figure 4(a,c,e), single-crystalline films are successfully grown for all three cases without 

having graphene on the substrate (Ge-Ge, Ge-GaAs, and GaAs-Ge). On the other hand, randomly 

oriented polycrystalline films appear on graphene-coated substrates for all three cases as shown in 

Figure 4(b,d,f) and Supporting Figure S7 (Ge/graphene/Ge, Ge/graphene/GaAs, 

GaAs/graphene/Ge). The size of Ge grains in Figure 4(b,d) is smaller than that of GaAs grains in 

Figure 4f, indicating that the diffusion length of Ge adatoms on graphene-coated substrates is 

shorter than that of Ga or As adatoms. It should be noted that the strength of remote interaction 

between the substrate and the nucleus at the nucleation stage of remote epitaxy is not solely 

governed by the polarity of the substrate, but by the polarity of both the substrate and the epitaxial 

material.7 Therefore, in heteroepitaxial systems, such as Ge/graphene/GaAs and 

GaAs/graphene/Ge, the potential energy fluctuation by the displacement of nuclei is larger than 

Ge/graphene/Ge system, but smaller than GaAs/graphene/GaAs, and the experimental results 

suggest that the remote interaction in Ge/graphene/GaAs material systems is not strong enough to 

facilitate lattice alignment between the nuclei and the substrate. The formation of polycrystalline 

films on graphene clearly indicates that pinhole-based lateral overgrowth through graphene can be 

excluded as a mechanism for obtaining single-crystalline epitaxy on graphene, and shows that the 

polarity of both the substrate and the epilayer is the driving force for guided nucleation through 
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graphene. Moreover, successful epitaxy of single-crystalline films through multilayer graphene 

layers for materials with high ionicity7,12,13 also proves that it is the electrostatic potential from the 

remote substrate that predominantly guides orientation of epitaxial films as microscopic pinholes 

in a single graphene layer would be sealed by a stack of graphene layers.     

Conclusion 

In conclusion, we have demonstrated how the properties of graphene, substrate materials, 

graphene-substrate interface and epitaxial materials affect electrostatic interaction between the 

adatoms and the substrate through graphene, where the strength of the interaction governs cohesive 

ordering of adatoms on graphene in remote epitaxy. We have conducted systematic studies on 

remote epitaxy with various experimental conditions, which has led to the finding of generally 

applicable principles and key considerations by revealing the impact of respective properties. We 

have shown that even if the quality of graphene is originally pristine, either the graphene quality 

or the interface cleanness between the graphene and the substrate can be degraded during the 

graphene transfer process or under the epitaxy environment. It is therefore necessary to carefully 

control the entire processes, including graphene preparation, transfer, and epitaxy, for reliable 

growth of high-quality remote epitaxial films, and such requirement is more stringent for materials 

with weaker ionic properties, such as III-V, compared with III-N or complex oxides. Lastly, we 

have identified that the growth mode on dry-transferred graphene is truly and solely remote 

epitaxial, by comparing the growth with germanium which does not exhibit ionicity. These results 

exemplify the critical aspects for experimental demonstration of remote epitaxy that can facilitate 

heterointegration of freestanding membranes in diverse fields and applications.  
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Methods 

Graphene formation and transfer. We used CVD-grown graphene on copper foils for 

wet transfer processes, and epitaxial graphene on SiC for dry transfer processes. For CVD growth 

of graphene, copper foil is first cleaned at 1000 ˚C for 30 min under hydrogen, followed by 

graphene growth under 4 sccm of CH4 and 70 sccm of H2 flow for 30 min at 1.9 Torr. The CVD-

graphene on copper is transferred onto foreign substrates for remote epitaxy by standard wet 

transfer process. First, PMMA is spin-coated on the copper foil, and then the graphene formed on 

the other side of foil is removed by oxygen plasma. Next, the foil is etched in FeCl3 solution, 

followed by rinsing the PMMA-graphene stack by scooping the stack and transferring onto clean 

deionized (DI) water several times. The PMMA-graphene stack is scooped in water by substrates 

for remote epitaxy, such as GaAs, GaN, STO, and Ge. The GaAs, GaN, and Ge substrates were 

deoxidized by immersing in diluted HCl and cleaning with water right before the scooping process. 

For the STO substrate, surface preparation was carried out by immersing the STO substrate in 

buffered oxide etch (BOE) solution for 30 seconds, followed by rinsing in DI water and annealing 

in a furnace at 1100° C for 5 hours under oxygen overpressure. Atomic force microscopy (AFM) 

measurement was carried out to ensure TiO2 terminated step-and-terrace surface of the STO 

substrate. The substrates with PMMA-graphene stacks are then dried at 65 ˚C and PMMA is 

removed in acetone. Lastly, the substrate is rinsed with isopropanol and water, and annealed at 120 

˚C for improved adhesion. 

Epitaxial graphene is grown on Si-face 4H and 6H-SiC (0001) wafer by sublimation of 

silicon, with similar results. SiC wafer is first annealed in 10% H2/Ar ambient at 1500 ˚C for 30 

min to remove subsurface damages due to chemical and physical polishing. Then hydrogen is 

purged from the system and SiC wafer is heated up to 1800 ˚C in argon for 10 min at 700 Torr to 
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prepare the graphene layer. The graphene layer is exfoliated from the substrate by depositing nickel 

handling layer and then attaching a thermally releasable tape to peel the graphene-nickel stack. 

The tape/nickel/graphene stack is attached onto the growth substrates, where the substrates were 

deoxidized right before attaching, following the same oxide etching procedure as the wet transfer 

processes. The tape is then released by annealing on a hot plate, and nickel is removed by 

immersing the sample into nickel etchant, followed by water rinsing and drying. The wet- and dry-

transferred graphene cover the center region of the growth substrates, and thus the surface of the 

substrate materials is exposed at the edge where graphene is not covering. 

Remote epitaxy on graphene-coated substrates and exfoliation. GaAs and Ge epitaxy 

are conducted in a close coupled showerhead MOCVD reactor, using arsine, trimethylgallium and 

germane as sources of arsenic, gallium and germanium, respectively. The reactor pressure was 

kept at 100 Torr throughout the growths, using either nitrogen or hydrogen as a carrier gas. GaAs 

growths were conducted at 650 ˚C with a growth rate of ~33 nm/min on GaAs or Ge substrates 

with and without graphene. Ge growths were conducted at 650 ˚C with a growth rate of ~30 

nm/min using a nitrogen carrier gas on GaAs or Ge substrates with and without graphene.  

GaN is grown by MBE, using an effusion gallium cell and plasma-assisted nitrogen as 

sources of gallium and nitrogen. The growth was conducted at a substrate temperature of 700 ˚C 

and a RF plasma power of 250W. The growth was initiated under a nitrogen-rich condition for a 

short period to encourage the nucleation of GaN islands on graphene and then the gallium flux is 

increased to grow GaN thin film under a gallium-rich condition.  

BTO films are grown on graphene covered STO substrates using a Veeco GEN10 MBE 

system. Conventional effusion cells were used to generate molecular beams of barium and titanium. 
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RHEED intensity oscillations were used to calibrate the flux, and Ba and Ti were co-deposited in 

an oxygen partial pressure of 7ⅹ10-7 torr at a substrate temperature of 850 ˚C.  

The remote epitaxial GaAs, GaN, and BTO films are exfoliated by first depositing titanium 

adhesion layer and nickel stressor layer. Next, a thermally releasable tape is attached on top, and 

the stack of tape/metal/epitaxial layer is peeled off from the substrate at the graphene interface.  

Characterizations. Raman spectra of wet- and dry-transferred graphene were measured 

using Raman microscopic system (α 300M+, WITec) with a pump laser wavelength of 532 nm. 

XPS spectra of graphene-coated substrates were measured with a magnesium K-alpha source 

(MultiLab 2000, Thermo VG) after calibrating the peak with C1s at 285 eV. All XPS data are 

measured at room temperature, and the energy resolution of the XPS equipment is 0.5 eV. XPS 

spectra are fitted by Shirley background type and Gaussian-Lorentzian shape lines. The 650 ˚C 

annealing of graphene-coated GaAs samples for XPS characterization was conducted in a furnace 

tube at 300 mTorr for 1 hour with nitrogen or hydrogen flow of 100 sccm. AFM measurements 

were conducted using an AFM probe with a silicon tip (PPP-NCHR, NanosensorsTM) by a non-

contact mode (Park NX10, Park Systems).  
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Figure 1. Graphene transfer onto GaAs and remote epitaxy of GaAs. (a) Carbon-related and 

(b) arsenic-related XPS spectra of graphene/GaAs prepared by wet transfer process, and (c,d) by 

dry transfer process. (e) Top-view SEM images (left) and EBSD maps (right) of GaAs grown on 

wet-transferred graphene and (f) on dry-transferred graphene. Scale bars in SEM images, 10 μm. 

Scale bars in EBSD maps, 2 μm.  
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Figure 2. Remote epitaxy of GaN and complex oxides. Top-view SEM images (upper) and 

EBSD maps (lower) for (a,e) GaN grown on wet transferred Gr/GaN, (b,f) GaN on dry transferred 

Gr/GaN, (c,g) BTO on wet transferred Gr/STO, and (d,h) BTO on dry transferred Gr/STO. All 

scale bars, 2 μm.  
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Figure 3. Effect of epitaxy condition on remote epitaxy. (a) Top-view SEM of GaAs grown on 

dry transferred graphene/GaAs using hydrogen carrier. Scale bar, 10 μm. (b) Photograph of 

exfoliated GaAs film. The dashed box represents graphene-covered region, which is successfully 

exfoliated at the graphene interface, while outside of the graphene-covered region is spalled. (c) 

EBSD map of exfoliated GaAs film. Scale bar, 2 μm. (d) XPS spectra and (f) Raman spectra of 

hydrogen-treated graphene/GaAs. (e) XPS spectra and (g) Raman spectra of nitrogen-treated 

graphene/GaAs. 
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Figure 4. Epitaxy involving elemental materials. Top-view SEM images (left) and EBSD maps 

(right) of (a) Ge grown on Ge, (b) Ge on graphene/Ge, (c) Ge on GaAs, (d) Ge on graphene/GaAs, 

(e) GaAs on Ge, and (f) GaAs on graphene/Ge. All scale bars, 2 μm. 
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