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Epitaxial growth on transition metal surfaces is an effective way to prepare large-area and high-quality graphene.
However, the strong interaction between graphene and metal substrates suppresses the intrinsic excellent properties of
graphene and the conductive metal substrates also hinder its applications in electronics. Here we demonstrate the decoupling
of graphene from metal substrates by germanium oxide intercalation. Germanium is firstly intercalated into the interface
between graphene and Ir(111) substrate. Then oxygen is subsequently intercalated, leading to the formation of a GeO,
layer, which is confirmed by x-ray photoelectron spectroscopy. Low-energy electron diffraction and scanning tunneling
microscopy studies show intact carbon lattice of graphene after the GeO, intercalation. Raman characterizations reveal that
the intercalated layer effectively decouples graphene from the Ir substrate. The transport measurements demonstrate that the
GeOy layer can act as a tunneling barrier in the fabricated large-area high-quality vertical graphene/GeO,/Ir heterostructure.

Keywords: graphene, intercalation, heterostructure, tunneling barrier
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1. Introduction

The extraordinary electronic, mechanical, and optical
properties of graphene (Gr)!!! make it possible to produce
high-performance electronic and optoelectronic devices, e.g.,
field-effect transistors (FETS),[2’3] barristors, ! high-speed
photodetectors,®~7! and light emitting devices,®! if graphene
is integrated with other materials, such as transition metal
dichalcogenides (TMDs), semiconductors, oxides, etc. For
scalable applications, large-scale and high-quality graphene
is highly desired. Epitaxial growth on transition metal sin-
gle crystal surfaces, > such as Ru(0001),1%121 1r(111),113!
Cu(111),1"# Pe(111),[" Ni(111),1') provides an effective
way to fabricate large-area, high-quality, single-crystalline
graphene. However, the strong interaction between graphene
and metal substrates destroys the unique electronic structure
and diminishes the intrinsic excellent properties of graphene.
The conductive metal substrates also hinder its applications in
electronics.

A transfer-free approach to address these challenges
at the

It has been reported that a
22-25]

is to intercalate foreign atoms or molecules
graphene/substrate interface.

few atoms, %29 molecules,?! and binary compounds!

DOI: 10.1088/1674-1056/abe22c

can be intercalated between graphene and metal substrates.
The intercalation effectively decouples graphene from the
metal substrates and restores its intrinsic properties. On the
other hand, the intercalation technique brings new opportuni-
ties to create graphene-based heterostructures. For example,
graphene/silicene van der Waals heterostructures have been
successfully fabricated by intercalation technique and exhibit
a well-defined Schottky rectification behavior.?®! Of partic-
ular interest, the intercalation-fabricated graphene/SiO,/metal
heterostructure behaves as a gated plate capacitor, in which the
ultrathin SiO; layer acting as a homogeneous dielectric spacer
provides possibility to tune the graphene overlayer!>’! and en-
ables the fabrication of graphene-based electronic devices. 28]
Other graphene/oxide architectures have also attracted in-
creasingly research interests due to the potential applications

s??I and spintronics.?% Re-

in devices such as tunnel junction
cently, two-dimensional (2D) germanium was successfully in-
tercalated at the interface of graphene and Ir(111).53!) There-
fore, whether it is possible to form germanium oxide between
graphene and metal substrate by intercalation has become an
interesting topic, not only because Ge is a close neighbor of
Si in the periodic table, but also because germanium oxide is

(32

expected to have a wider band gap!*?! than germanium.
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Here, we successfully intercalate germanium oxide at the
interface of graphene and Ir(111). We first intercalate ger-
manium beneath large-area high-quality epitaxial graphene on
Ir(111). The interfacial germanium atoms are then further oxi-
dized by oxygen intercalation. The underlying germanium ox-
ide layer effectively decouples graphene from the Ir substrate,
leaving graphene p-type doped. Low-energy electron diffrac-
tion (LEED), scanning tunneling microscopy (STM), and Ra-
man characterizations confirm that the graphene layer is pre-
served after intercalation. The vertical transport measurements
on such unique Gr/GeO,/Ir heterostructure reveal that the in-
tercalated GeOy can act as a tunneling barrier.

2. Experimental details
2.1. Sample preparation and characterizations

Graphene growth and germanium intercalation were car-
ried out in an ultra-high vacuum (UHV) molecular beam
epitaxy (MBE) system with a base pressure of about 2 x
10~ mbar. Firstly, Ir(111) crystal surface was cleaned by re-
peated cycles of sputtering and annealing (1370 K). Large-area
high-quality graphene was then fabricated via thermal decom-
position of ethylene molecules absorbed on Ir(111) surface at
1270 K. Germanium atoms were subsequently deposited onto
the graphene surface at room temperature by electron-beam
evaporation, and then the sample was annealed at 750 K for
intercalation. The intercalated germanium was then oxidized
by further oxygen intercalation. The oxidization process was
realized by exposing the sample to oxygen with a pressure of
2.5 mbar at 500 K in a furnace cell. STM images were taken
at ~ 4.8 K. An Omicron Spectra LEED with a 4-grid detec-
tor was employed to identify the surface structure macroscop-
ically. X-ray photoelectron spectroscopy (XPS) data were col-
lected via a ThermoFisher Scientific ESCALAB 250x spec-
trometer using monochromatic Al K x-ray source. Raman
spectra and maps were obtained by a commercial confocal Ra-
man microscope (WiTec), using an excitation wavelength of
532 nm and a power of 2 mW.

2.2. Device fabrication and measurements

All the Gr/GeO,/Ir vertical heterostructure devices were
fabricated by a standard electron-beam lithography technique
followed by e-beam evaporation of Cr/Au (5/60 nm) as the
contact electrodes. All electrical measurements were car-
ried out in a vacuum chamber with a pressure lower than
107> mbar, using a Keithley 4200-SCS system.

3. Results and discussion

Figure 1(a) schematically illustrates the procedure of ger-
manium intercalation and oxidation at the interface between
graphene and Ir(111). Large-area and high-quality monolayer

graphene is epitaxially grown on a clean Ir(111) crystal sur-
face. The germanium atoms are deposited onto the graphene
surface, and then annealed to enable the intercalation. A sub-
sequent exposure to oxygen leads to oxidation of the interca-
lated germanium layer. Each step is examined by XPS and
the collected Ge 3d and C 1s core level spectra are shown in
Figs. 1(b) and 1(c). Before intercalation, the spectrum shows
After intercalation, the Ge 3d peak
emerges and exhibits two narrow components due to spin—
orbit splitting.*3] The Ge 3d peak is located at around 29 eV
and no obvious peak shift is observed for Ir 4f before and

no germanium signal.

after Ge intercalation (see Fig. S1 in supplementary material
(SM)), indicating that the interfacial germanium is in elemen-
tal state rather than Ir germanide.?*! After oxidation, the Ge
3d peak evolves into a broad peak centered at 31.82 eV corre-
sponding to Ge**, indicating the formation of germanium sub-
oxides.>>=37! Detailed oxidation process is shown in Fig. S2
in SM. There is no obvious peak shift for Ir after oxidation
(see Fig. S1 in SM), suggesting that the Ir substrate is not oxi-
dized. The thickness d of the GeO, layer is roughly evaluated
to be about 1.5 nm by the formula I = Ipexp(—d/Aceo, ).*®
The Iy and [ are the intensities of the Ir 4f7, core level be-
fore and after GeO, intercalation, which are measured from
the spectra shown in Fig. S1 in SM. The photoelectron escape
depth in GeO,, AGeOX’ is taken to be about 3 nm.%! The elec-
tronic structures of graphene in different architectures are an-
alyzed by measuring the C 1s core level spectra. As shown in
Fig. 1(c), the C 1s spectrum consists of a single narrow peak at
284.12 eV for the G/Ir sample, which shifts to 284.06 eV and
283.78 eV for samples of Gr/Ge/Ir and Gr/GeO,/Ir, respec-
tively. The shifting of the C 1s peak suggests a p-type doping
from both the intercalated Ge and GeO, layers.

To examine the quality of the graphene layer before and
after intercalation, both LEED and STM were employed to
characterize the samples of Gr/Ir and Gr/GeO,/Ir. Figure 2(a)
is the LEED pattern of the Gr/Ir sample, showing the sharp
graphene spots (indicated by the arrow) and surrounding satel-
lite spots due to moiré superstructures between graphene and
Ir(111) surface. We find that the graphene layer is single crys-
talline since individual LEED patterns obtained at different lo-
cations across the entire sample remain unchanged. From the
corresponding large-area (Fig. 2(b)) and atomically resolved
(Fig. 2(c)) STM images, we can clearly see defect-free hon-
eycomb lattices of graphene. Combining LEED pattern and
STM images, we confirm that the large-area and high-quality
graphene has been fabricated on Ir(111) substrate. After ger-
manium intercalation, the diffraction spots of graphene are still
clear but the satellite spots almost disappear, and a new set of
diffraction spots with 2 x 2 periodicity appear as previously
reported,*! implying that the intercalated Ge atoms form a
2 x 2 superstrucure with respect to Ir(111) rather than stay on
the surface of graphene. After the subsequent oxygen inter-
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calation, the results from LEED pattern demonstrate that the
2 x 2 spots of germanium disappear while the graphene spots
keep high intensity, as shown in Fig. 2(d). The corresponding
STM image (Fig. 2(e)) shows that the topography becomes un-

even. These results indicate that the interfacial germanium has
been oxidized to form amorphous structures. We note that the
graphene lattice is still intact after the Ge and O intercalation,

as shown in Fig. 2(f).
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Fig. 1. Schematic of the intercalation process and XPS spectra of samples at different stages. (a) Schematic showing the intercalation process
of Ge and GeO, layer at the interface of epitaxial graphene and Ir(111) substrate. (b), (c) Ge 3d and C 1s core-level spectra of Gr/Ir, Gr/Ge/Ir,

and Gr/GeO,/Ir, respectively.

Fig. 2. LEED patterns and STM images of Gr/Ir and Gr/GeO,/Ir. (a) LEED pattern, (b) the corresponding STM image (Vs =

=—-154,

It = 0.05 nA), and (c) zoom-in STM image (Vs = 0.05 V, I; = 0.3 nA) of Gr/Ir, showing a moiré superlattice. (d) LEED pattern, (e) the

corresponding STM image (V; = —1V, I; = 0.1 nA), and (f) zoom-in image (Vs =

amorphous GeOy layer, and the top layer is graphene.

In order to probe the effect of GeO, intercalation on the
topmost graphene and examine the properties of Gr/GeO,/Ir
architectures, Raman measurements were performed on both
as-prepared and intercalated graphene. In the left panel of
Fig. 3(a), the as-prepared epitaxial graphene on Ir shows no
detectable Raman signals due to the strong hybridization be-

= —1V, I; = 0.6 nA) of Gr/GeO,/Ir, showing the formation of

tween graphene 7-band and the Ir substrate.['1%401 However,
after the GeO, intercalation, the characteristic Raman features
of graphene appear, suggesting that the intercalated GeO, lay-
ers effectively decouple graphene from the Ir substrate. The
weak D peak in the Raman curve suggests existence of very
few defects in the intercalated graphene. The G band and 2D
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band shift to the higher energy by about 29 cm~! and 5 cm™!
compared with those of pristine graphene, respectively, in-
dicating charge transfer or strain induced by the underlying
GeO, layer.[**2] Moreover, both G and 2D bands appear
as narrow single peaks, and the 2D peak can be well fitted
by a single Lorentzian peak with full-width at half-maximum
(FWHM) ~ 42 cm~! (Fig. 3(a)), suggesting that the graphene
is single layer.[*3] Raman maps of G peak position (left image
of Fig. 3(b)) and corresponding histograms of G and 2D peak
positions (see Fig. S3 in SM) show that the center positions
of G band and 2D band remain almost constant, which indi-
cates that the graphene has been decoupled over large area.
The map of Ip /I ratio (right image of Fig. 3(b)) proves the
single layer characteristic of graphene again. The contrast in
the map of Lp /I may be caused by inhomogeneous strain in

e,[**] which can be introduced by uneven interca-

the graphen:
lated GeO, interlayer. These results demonstrate that GeO,
has been intercalated under graphene uniformly and prove the

formation of large-area Gr/GeO,/Ir architectures.

(a)

Gr/Ir e raw data
Gr/GeO,/Ir fitting
: 2D
2 el 2D
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EEEEI 625
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Fig. 3. Raman characterizations of graphene. (a) Left: Raman spectra
measured on Gr/Ir and Gr/GeO,/Ir. Right: 2D band of GeO, inter-
calated graphene and the fitting curve of single Lorentzian peak. (b)
Raman maps showing the peak positions of G bands and the intensity
ratio of 2D and G bands of Gr/GeO,/Ir, respectively.

To explore the potential applications of Gr/GeO,/metal
vertical heterostructures, the current density—voltage (J-V)
characteristics along the vertical direction were measured and
shown in Fig. 4(a). Such unique structures provide ultra-clean
interfaces. The result shows obvious non-linear behavior, sug-
gesting the existence of an energy barrier from the intercalated

GeO,. The typical resistivity near zero-bias is ~ 200 MQ - um?
for the Gr/GeO,/Ir structure. The vertical current density in
the Gr/GeO,/Ir structure at 10 mV bias and 100 K, as shown
in Fig. 4(b), is only ~ 1 x 1073 A/cm?, indicating competitive
insulating properties of the intercalated GeOy layer. To obtain
a better insight into the mechanism of transport through GeO,
barriers, the temperature dependence of the tunneling current
is measured. For the Gr/GeO,/Ir heterostructure, the current
across the intercalated GeO, (Fig. 4(a)) shows a weak tem-
perature dependence at low-temperature region and a strong
temperature dependence at high-temperature region. It clearly
shows a crossover (7T¢oss) at around 180 K, as demonstrated in
Fig. 4(b). The different transport behaviors at the two temper-
ature regions suggest that there are two different dominating
mechanisms. At temperatures higher than ¢, the transport
of carriers is dominated by thermal activation. While at tem-
peratures lower than T, the carrier transport is dominated
by the tunneling process. The extracted barrier height is about
0.9 eV by Simmons fit based on the tunneling (see Fig. S4 in
SM).[45:46] This vertical transport property is similar to that
observed in Gr/WS; heterostructures, suggesting that the in-
tercalated GeO, thin film can act as a tunneling barrier like
WS,.

— 100K 210 K
02r 130K —— 230K
L — 150 K — 250 K
o1k — 170K — 270K
—~ [ —190K 200K
g (a)
~ -
= 0
N
—0.1fF
B
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(b) V% ®10 mV
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A 50 mV
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{

100 K
-~ N
Tcross("‘lSO K)

2 3 4 5 6 7 8 9
(1000/T) (K1)

Fig. 4. Transport measurements on vertical Gr/GeO,/Ir heterostructure. (a)
Current density—voltage (J-V') characteristics of Gr/GeO,/Ir heterostructure
at different temperatures. The inset is the schematic of the device struc-
ture. (b) Current density (J) as a function of the reciprocal of temperature at
different bias voltage for Gr/GeO,/Ir heterostructure.

10-3F

10 11

In our experiments, we found that the intercalated Ge

048102-4


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe22c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe22c

Chin. Phys. B Vol. 30, No. 4 (2021) 048102

is difficult to be oxidized in the MBE chamber. We real-
ized the oxidation of intercalated Ge in a quartz tube furnace
with a higher oxygen pressure and lower temperature. This
two-step intercalation method, i.e., intercalation of one ele-
ment in ultra-high vacuum MBE chamber and then oxidation
in a furnace, may be helpful for intercalation of other ox-
ides between graphene and metal substrates or construction of
graphene/oxide heterostructures. In addition, the intercalation
of germanium oxide interlayer can also serve as a universal

method to study the intrinsic properties or promote the device

performance of other low-dimensional structures. [47]

4. Conclusions

In summary, we have studied the germanium oxide inter-
calation of large-area and high-quality epitaxial graphene on
Ir(111) by using LEED, STM, XPS, and Raman spectroscopy.
First, germanium is intercalated below graphene, and then
GeO; intercalation is realized through a subsequent interca-
lation of oxygen. Germanium oxide intercalation induces p-
type doping of graphene. The graphene lattice keeps intact af-
ter intercalation, and more importantly, the intercalated layer
effectively weakens the interaction between graphene and the
substrate, making graphene more like the intrinsic one. Elec-
trical transport measurements on Gr/GeO,/Ir heterostructure
show two carrier-transport mechanisms at different tempera-
ture ranges, and the intercalated GeO, layer can act as an ef-
fective tunneling barrier.

References

[1] Geim A K and Novoselov K S 2007 Nat. Mater. 6 183
[2] Georgiou T, Jalil R, Belle B D, Britnell L, Gorbachev R V, Morozov
SV, Kim Y J, Gholinia A, Haigh S J, Makarovsky O, Eaves L, Pono-
marenko L A, Geim A K, Novoselov K S and Mishchenko A 2013 Nat.
Nanotechnol. 8 100
[3] LiuY, Sheng J, Wu H, He Q, Cheng H C, Shakir M I, Huang Y and
Duan X 2016 Adv. Mater. 28 4120
[4] Yang H, Heo J, Park S, Song H J, Seo D H, Byun K E, Kim P, Yoo I,
Chung H J and Kim K 2012 Science 336 1140
[5S] An X, LiuF, Jung Y J and Kar S 2013 Nano Lett. 13 909
[6] Zeng L H, WangM Z, Hu H, Nie B, Yu Y Q, Wu C Y, Wang L, Hu J
G, Xie C, Liang F X and Luo L B 2013 ACS Appl. Mater. Interfaces 5
9362
[7]1 Yang F, Cong H, Yu K, Zhou L, Wang N, Liu Z, Li C, Wang Q and
Cheng B 2017 ACS Appl. Mater. Interfaces 9 13422
[8] Chung K, Lee C H and Yi G C 2010 Science 330 655
[9] Que Y D, Xiao W D, Fei X M, Chen H, Huang L, Du S X and Gao H
12014 Appl. Phys. Lett. 104 093110
[10] Xu W Y, Huang L, Que Y D, Li E, Zhang H G, Lin X, Wang Y L, Du
S X and Gao H J 2014 Chin. Phys. B 23 098101
[11] Gao M, Pan Y, Huang L, Hu H, Zhang L Z, Guo HM, Du S X and Gao
HJ 2011 Appl. Phys. Lett. 98 033101
[12] PanY, Zhang H G, Shi D X, Sun J T, Du S X, Liu F and Gao H J 2009
Adv. Mater. 21 2777
[13] N’Diaye A T, Coraux J, Plasa T N, Busse C and Michely T 2008 New
J. Phys. 10 043033

[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]

048102-5

Gao L, Guest J R and Guisinger N P 2010 Nano Lett. 10 3512
QOdahara G, Otani S, Oshima C, Suzuki M, Yasue T and Koshikawa T
2011 Surf. Sci. 605 1095

Gierz I, Suzuki T, Weitz R T, Lee D S, Krauss B, Riedl C, Starke U,
Hochst H, Smet J H, Ast C R and Kern K 2010 Phys. Rev. B 81 235408
Mao J H, Huang L, Pan Y, Gao M, He J F, Zhou H T, Guo HM, Tian Y,
Zou Q, Zhang L Z, Zhang H G, Wang Y L, Du S X, Zhou X J, Castro
Neto A H and Gao H J 2012 Appl. Phys. Lett. 100 093101

Meng L, WuR T, Zhou H'T, Li G, Zhang Y, Li L F, Wang Y L and Gao
H J 2012 Appl. Phys. Lett. 100 083101

LiLF Wang Y L, Meng L, Wu R T and Gao HJ 2013 Appl. Phys. Lett.
102 093106

Petrovic M, Srut Rakic I, Runte S, Busse C, Sadowski J T, Lazic P,
Pletikosic I, Pan Z H, Milun M, Pervan P, Atodiresei N, Brako R,
Sokcevic D, Valla T, Michely T and Kralj M 2013 Nat. Commun. 4
2772

Sutter P, Sadowski J T and Sutter E A 2010 J. Am. Chem. Soc. 132 8175
Lizzit S, Larciprete R, Lacovig P, Dalmiglio M, Orlando F, Baraldi A,
Gammelgaard L, Barreto L, Bianchi M, Perkins E and Hofmann P 2012
Nano Lett. 12 4503

Dahal A and Batzill M 2015 Sci. Rep. 5 11378

Al Balushi Z 'Y, Wang K, Ghosh R K, VilaR A, Eichfeld S M, Caldwell
J D, Qin X, Lin Y C, DeSario P A, Stone G, Subramanian S, Paul D
F, Wallace R M, Datta S, Redwing J M and Robinson J A 2016 Nat.
Mater. 15 1166

Schulzendorf M, Hinaut A, Kisiel M, Johr R, Pawlak R, Restuccia P,
Meyer E, Righi M C and Glatzel T 2019 ACS Nano 13 5485

Li G, Zhang L, Xu W, Pan J, Song S, Zhang Y, Zhou H, Wang Y, Bao
L, Zhang Y Y, Du S, Ouyang M, Pantelides S T and Gao HJ 2018 Adv.
Mater. 30 1804650

Larciprete R, Lacovig P, Orlando F, Dalmiglio M, Omiciuolo L, Baraldi
A and Lizzit S 2015 Nanoscale 7 12650

Guo H, Wang X Y, Huang L, Jin X, Yang Z Z, Zhou Z, Hu H, Zhang Y
Y, Lu H L, Zhang Q H, Shen C M, Lin X, Gu L, Dai Q, BaoL H, Du S
X, Hofer W, Pantelides S T and Gao H J 2020 Nano Lett. 20 8584
Feng Y, Trainer D J and Chen K 2017 J. Phys. D: Appl. Phys. 50
155101

Tombros N, Jozsa C, Popinciuc M, Jonkman H T and van Wees B J
2007 Nature 448 571

Guo H, Wang X Y, Bao DL, LuHL, Zhang Y Y, Li G, Wang Y L, Du
S X and Gao HJ 2019 Chin. Phys. B 28 078103

Chae S, Lee J, Mengle K A, Heron J T and Kioupakis E 2019 Appl.
Phys. Lett. 114 102104

Goldoni A and Modesti S 1996 Phys. Rev. B 54 11340

Mullet C H, Stenger B H, Durand A M, Morad J A, Sato Y, Poppen-
heimer E C and Chiang S 2017 Surf. Sci. 666 96

Jin S X, Li N, Cui H and Wang C X 2013 Nano Energy 2 1128

Oh J and Campbell J C 2004 J. Electron. Mater. 33 364

Swaminathan S and MclIntyre P C 2010 ECS Trans. 33 455

Swineharf D F 1962 J. Chem. Educ. 39 333

Murakami H, Fujioka T, Ohta A, Bando T, Higashi S and Miyazaki S
2010 ECS Trans. 33 253

Starodub E, Bostwick A, Moreschini L, Nie S, Gabaly F E, McCarty K
F and Rotenberg E 2011 Phys. Rev. B 83 125428

Casiraghi C, Pisana S, Novoselov K S, Geim A K and Ferrari A C 2007
Appl. Phys. Lett. 91 233108

Rohrl J, Hundhausen M, Emtsev K V, Seyller T, Graupner R and Ley L
2008 Appl. Phys. Lett. 92 201918

Sutter P W, Flege J I and Sutter E A 2008 Nat. Mater. 7 406

Zabel J, Nair R R, Ott A, Georgiou T, Geim A K, Novoselov K S and
Casiraghi C 2012 Nano Lett. 12 617

Simmons J G 1963 J. Appl. Phys. 34 1793

Dorneles L S, Schaefer D M, Carara M and Schelp L F 2003 Appl.
Phys. Lett. 82 2832

Chen W, Liang R, Zhang S, Liu Y, Cheng W, Sun C and Xu J 2019
Nano Research 13 127


http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1038/nnano.2012.224
http://dx.doi.org/10.1038/nnano.2012.224
http://dx.doi.org/10.1002/adma.201506173
http://dx.doi.org/10.1126/science.1220527
http://dx.doi.org/10.1021/nl303682j
http://dx.doi.org/10.1021/am4026505
http://dx.doi.org/10.1021/am4026505
http://dx.doi.org/10.1021/acsami.6b16511
http://dx.doi.org/10.1126/science.1195403
http://dx.doi.org/10.1063/1.4868021
http://dx.doi.org/10.1088/1674-1056/23/9/098101
http://dx.doi.org/10.1063/1.3543624
http://dx.doi.org/10.1002/adma.200800761
http://dx.doi.org/10.1002/adma.200800761
http://dx.doi.org/10.1088/1367-2630/10/4/043033
http://dx.doi.org/10.1088/1367-2630/10/4/043033
http://dx.doi.org/10.1021/nl1016706
http://dx.doi.org/10.1016/j.susc.2011.03.011
http://dx.doi.org/10.1103/PhysRevB.81.235408
http://dx.doi.org/10.1063/1.3687190
http://dx.doi.org/10.1063/1.3687688
http://dx.doi.org/10.1063/1.4793427
http://dx.doi.org/10.1063/1.4793427
http://dx.doi.org/10.1038/ncomms3772
http://dx.doi.org/10.1038/ncomms3772
http://dx.doi.org/10.1021/ja102398n
http://dx.doi.org/10.1021/nl301614j
http://dx.doi.org/10.1021/nl301614j
http://dx.doi.org/10.1038/srep11378
http://dx.doi.org/10.1038/nmat4742
http://dx.doi.org/10.1038/nmat4742
http://dx.doi.org/10.1021/acsnano.9b00278
http://dx.doi.org/10.1002/adma.201804650
http://dx.doi.org/10.1002/adma.201804650
http://dx.doi.org/10.1039/C5NR02936H
http://dx.doi.org/10.1021/acs.nanolett.0c03254
http://dx.doi.org/10.1088/1361-6463/aa540d
http://dx.doi.org/10.1088/1361-6463/aa540d
http://dx.doi.org/10.1038/nature06037
http://dx.doi.org/10.1088/1674-1056/28/7/078103
http://dx.doi.org/10.1063/1.5088370
http://dx.doi.org/10.1063/1.5088370
http://dx.doi.org/10.1103/PhysRevB.54.11340
http://dx.doi.org/10.1016/j.susc.2017.08.021
http://dx.doi.org/10.1016/j.nanoen.2013.09.008
http://dx.doi.org/10.1007/s11664-004-0144-4
http://dx.doi.org/10.1149/1.3487576
https://doi.org/10.1021/ed039p333
https://doi.org/10.1149/1.3487556
http://dx.doi.org/10.1103/PhysRevB.83.125428
http://dx.doi.org/10.1063/1.2818692
http://dx.doi.org/10.1063/1.2818692
http://dx.doi.org/10.1063/1.2929746
http://dx.doi.org/10.1038/nmat2166
http://dx.doi.org/10.1021/nl203359n
http://dx.doi.org/10.1063/1.1702682
http://dx.doi.org/10.1063/1.1569986
http://dx.doi.org/10.1063/1.1569986
http://dx.doi.org/10.1007/s12274-019-2583-5
http://dx.doi.org/10.1007/s12274-019-2583-5

	1. Introduction
	2. Experimental details
	2.1. Sample preparation and characterizations
	2.2. Device fabrication and measurements

	3. Results and discussion
	4. Conclusions
	References

