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We produced epitaxial graphene under a moderate pressure of 4 mbar (about 400 Pa) at temperature 1600 °C. Raman
spectroscopy and optical microscopy were used to confirm that epitaxial graphene has taken shape continually with slight
thickness variations and regularly with a centimeter order of magnitude on 4H-SiC (0001) substrates. Then using X-ray
photoelectron spectroscopy and Auger electron spectroscopy, we analyzed the chemical compositions and estimated the
layer number of epitaxial graphene. Finally, an atomic force microscope and a scanning force microscope were used to
characterize the morphological structure. Our results showed that under 4-mbar pressure, epitaxial graphene could be
produced on a SiC substrate with a large area, uniform thickness but a limited morphological property. We hope our work
will be of benefit to understanding the formation process of epitaxial graphene on SiC substrate in detail.
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1. Introduction

Graphene, a mono-atomic (or a few atomic layers of)
carbon with a form of sp? at room temperature was isolated
experimentally in 2004.'1 As the thinnest and lightest ma-
terial people can make presently, graphene has exhibited ex-
tremely novel and intriguing electronic, thermal, mechanical,
optical, chemical, and physical properties,!?! so a “gold rush”
has been ignited including theoretic, experimental, applicative
fields, and others.[>°! However, how to produce a large uni-
form, homogenous, and controlled number thickness wafer-
size graphene film is still a very difficult problem. In fact,
graphene represents a kind of much more complex material,
including different layer types of graphene, such as mono-,
bi-, tri-, few-layer graphene (up to about ten layers), and so on.
What is more, graphene produced by different methods have
many different properties.[!%!!] At present, there are many
methods for fabricating graphene, among which the three main
methods are as follows: (i) chemical vapor deposition (CVD)
of a thin carbon atom sheet on single-crystal metal substrates
such as cooper, nickel, and so on; (ii) micromechanical exfo-
liation (or the “scotch tape” technique) of highly oriented py-
rolytic graphite (HOPG) crystal; (iii) graphene grown epitaxi-
ally on silicon-terminated (0001) or carbon-terminated (0001)
semi-insulating 4H-, 6H-SiC, or cubic-SiC(001)/Si(001) or
3C-SiC substrates by solid-state thermal decomposition pro-
cess of silicon at high temperature.['19] As it is easily com-
patible with current semiconductor processing technology and
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a method for large-scale production of graphene, the last tech-
nique is regarded as one of the most promising potions for
making graphene-based devices, wafer-scale graphene inte-
grated circuits and others.>>!'7] There are many factors af-
fecting the formation of epitaxial graphene on SiC substrates,
such as the surface structure of the substrate, the growing pres-
sure, temperature, time, and so on. The formation mechanism
and thermal dynamics of this process is not yet understood
theoretically. Former researches on epitaxial graphene mainly
focused on the formation mechanism under the conditions in
an ultra high vacuum (UHV) (pressure< 10~8 Pa) or an ar-

(18231 Samples produced under the

gon atmospheric pressure.
UHYV condition have a small size with a low quality; under the
argon atmospheric environment, samples have a high quality
at the cost of hoisting the formation temperature. However, the
formation of epitaxial graphene under a middle-pressure con-
dition is seldom noticed. In this paper, we fabricated epitaxial
graphene under an argon partial pressure of about 4 mbar in
the growing process for controlling the Si atoms sublimating
from the SiC substrate, and analyzed its morphology proper-
ties and chemical compositions of carbon atoms on the sub-
strate. Comparing it with epitaxial graphene under UHV or an
argon atmospheric condition theoretically and experimentally,
we conclude that epitaxial graphene can also be grown under
moderate pressure and our method is a new and reasonable
way to produce epitaxial graphene.
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2. Experimental techniques

4H-SiC (0001) substrates (obtained from CREE Research
Inc.) were used as epitaxial growth surface with 8° off-axis
mis-orientation toward the [1120] direction and n-type nitro-
gen concentration 10'® cm™ or so. SiC samples were cut
into 1 cm x 1 cm squares from the wafer (2-inch in diame-
ter) and then were pre-cleaned with a standard RAC chemical
cleaner to remove the surface contaminants. There was resid-
ual scratch damage on the surface of the as-received substrate
as shown in Fig. 1, which is harmful to the formation of epitax-
ial graphene, so a hydrogen-etching process was carried out at
1600 °C for 90 minutes in order to remove this damage, leav-
ing an ordered step-terrace atomically flat arrangement on the
surface of the SiC substrates. An atomic force microscope
(AFM) measurement was carried out to scan the morpholog-
ical character, as shown in Fig. 2, we can see that the typical
terrace width is about a few microns, and the step height is a
few nanometers. After that, SiC samples were entered into the
chamber (the base pressure is no less than 1 x 1073 Pa) of an
Aixtron/Epigress VP508 hot-wall chemical vapor deposition
reactor, the epitaxial growth process was implemented under
a low argon-pressure 4 mbar at the temperature 1600 °C. Fi-
nally, samples were cooled down to room temperature in an
argon condition overnight.

200 pm

Fig. 1. (color online) The surface morphologies of Si-face of 4H-
SiC substrate characterized by Nomarski interference contrast mi-
croscopy before hydrogen-etching.

We used a micro-Raman spectrometer (JYHoriba
LabRAM spectrometer) excited by the 514.5 nm (2.41 eV) vis-
ible beams from an Ar™ laser to detect the Raman properties
of different regions on the surface of the SiC substrate at room
temperature and an ambient pressure. The diameter of the
laser spot is 500 nm and the spot size of the computer software
interface 100X. Before measurement, the Raman spectroscopy
system was calibrated using a Si sample with 520 cm~! band.
X-ray photoelectron spectroscopy (XPS: Thermo Scientific
MSC-Advantage system, a non-monochromatic Al K-alpha
X-ray (hv = 1486.6 eV) source with a residual pressure of
1078 Pa) was performed to monitor the surface chemical com-
positions and the bonding of carbon atoms on the as-deposited
flake. Auger electron spectroscopy (AES) was detected by a
PHI660 (physical electronic Inc.) under the working voltage

5 kV and currency 100 nA. Finally, an AFM and a scanning
force microscopy (SFM: Seiko, SPI3800-SPA-400) were used
to investigate the surface morphological properties.
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Fig. 2. (color online) Typical AFM height images of (a) two-
dimensional, (b) three-dimensional on 4H-SiC (0001) substrate after
hydrogen-etching in the zone 5 pm x 5 pm.

3. Results and discussion

In the optical micrograph, there are three typical domains
with different brightnesses such as light grey, grey, and black
on the surface of the substrate as shown in Fig. 3. Subse-
quently, Raman spectra were carried out to investigate those
locations above, representative spectra of different domains
together with that of the bare SiC substrates for reference are
shown in Fig. 4, from which we can see that there are five main
Raman bands in the range from 1200 cm~! to 3000 cm™',
their names and material origins are shown in Table 1 in de-
tail. From Fig. 4, we can confirm that epitaxial graphene has
taken shape on the surface of the substrate because a G band
(1584 cm™!) and a two-dimensional band (about 2712 cm™")
appeared simultaneously. The relative intensities of the G and
the 2D bands from those three different domains above show
that few-layer graphene has grown on the substrates. Those
three different domains were turned to correspond to different
layer thicknesses of epitaxial graphene due to their analogous
Raman spectra, so there is a correlation between the bright-
ness and the thickness caused by the interference with local
thickness variations of epitaxial graphene and SiC substrate.
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Graphene in the black region is thicker than that in the grey
and light grey regions; the grey region covers the majority of
the surface with a larger size. By subtracting the bare SiC
Raman signal from the graphene/SiC substrate, we got the Ra-
man spectroscopy of epitaxial graphene (grey region) on the
surface of the substrate as shown in Fig. 5. After a simple cal-
culation, the full-width at half-maximum (FWHM) of the 2D
band 81 cm~! and using formula®*

FWHM (2D) = (—41/N+92) cm™ ', (1)

we get approximately the layer number of the epitaxial
graphene N = 4. Due to the fact that the 2D band can be fit-
ted with a two-Lorentzian function (as shown in the inset of
Fig. 5), and the FWHM of the G band is 22 cm~!, which is
in good agreement with the four-layer graphene on SiC (0001)
mentioned in the previous work,>! so we determine that the
thickness of epitaxial graphene is four layers. Although there
is thickness variation, the thicknesses of the layers are very
similar, so our epitaxial graphene is uniform in thickness,
which entirely covers the whole surface of the substrate. The
redshift of the 2D band shown in Fig. 4 from curve b to curve d
suggests that the layer number increases the tensile stresses on
the surface. Moreover, the shape and position of the Raman
spectra reveal epitaxial graphene with an A—B stacking. [>>-28]
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Fig. 3. Wide range of typical optical micrograph of light grey, grey, and

black regions used for Raman characterization of large-area epitaxial
graphene.
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Fig. 4. Raman spectra measured from the bare 4H-SiC (0001) substrate
(curve a), epitaxial graphene with light grey (curve b), grey (curve c),
and black regions (curve d). In the frequency region, the G peak is over-
layed by strong multi-phonon signals from the SiC substrate. All those
Raman data were normal.
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Fig. 5. (color online) Raman spectrum of epitaxial graphene measured
from the grey domain. Inset shows that the 2D band can be fitted with
a two-Lorentzian function. The shape and position reveal four-layer
graphene.

Table 1. Raman spectroscopy bands for graphene/SiC substrate.

Band position/cm™! Band name Material origin
1354 D (LO phonon) graphene
1519 TO phonon SiC
1584 G (I" point TO and LO phonon) graphene
1712 L point optical phonon SiC graphene
2712 2D (K point iTO phonon graphene

The defect-induced D band (1354 cm_l), which cannot
appear in ideal graphene, suggests that the pristine graphene
symmetry is broken by edges or defects. The peak intensi-
ties ratio between D and G bands can be used to estimate the
domain size of epitaxial graphene.?”! The domain size of the
epitaxial graphene in our work is about 94.3 nm.

In order to detect the spatial uniformity of the graphene
film, we implemented a measurement for two-dimensional Ra-
man mapping of the 2D band position of epitaxial graphene on
4H-SiC (0001) substrate as shown in Fig. 6. The scanning was
performed with 200 ms/point and at every 1 pm over an area of
10 pm x 10 pm. Figure 6 shows that there is a non-uniformity
local thickness variation in the graphene layer.

Fig. 6. (color online) Two-dimensional Raman mapping of the 2D
band position of epitaxial graphene on 4H-SiC (0001) substrate, the
scales of the x axis and y axis are micron.

Figure 7 shows the C 1s core-level spectroscopy taken
from the epitaxial graphene grown on the substrate at a pho-
toemission angle of 0°. The band at a binding energy (BE)
of 284.58 eV is associated with the non-oxygenated carbon
atoms, which is sp>-bonded graphitic carbon located on the
surface of the substrate.3%31 Tt is obviously shown that the
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majority are sp>-hybridized carbon atoms, which keep a high
percent compared with the number of C in the Si—C bonds, so
we may deduce that epitaxial graphene was produced across
the surface of the substrate. Moreover, the sp>-hybridized car-
bon in C-OH at 286.37 eV is the result of carbon exposed
to air, and carbon bound silicon in Si—C at 282.71 eV corre-
sponds to the SiC substrate.3?]
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Fig. 7. (color online) The C 1s core-level XPS of epitaxial graphene
on the substrate. XPS data were deconvoluted into three bands of
Si-C, sp?, and C-OH.

Auger electron spectroscopy is a nondestructive core-
level electron spectroscopy for semi-quantitative determina-
tion of the element composition present on the solid surface
and also a tool for estimating the layer thickness of epitaxial
graphene by modeling the ratio of the measured intensities in
the Si (92 eV) and C (272 eV) Auger peaks.!!%!!] The carbon
AES spectra from 50 eV to 550 eV give a significant change
tendency from C in SiC to C in (light grey, grey, and black
regions) epitaxial graphene as shown in Fig. 8. We found the
following: (i) the ratio of Auger Si to C of SiC substrate is 6.7,
which is in good agreement with the result in Refs. [10]-[11];
(i1) Si or O Auger intensity decreases weaker and weaker as the
epilayer becomes thicker and thicker, the C:Si ratio changes
from 7.8, 9.8, to 10.3, which correspond to about four-layer
epitaxial graphene, (3] it is well consistent with the results of

Raman spectroscopy; (iii) the number of carbon atoms per 100
atoms increase from 52.2, 57.7, 59.9 to 63.6, the number of sil-
icon and oxygen atoms decrease from 30.3, 35.2, 32.2 down
to 27.2 and from 17.6, 7.3, 7.9 down to 9.1 respectively, which
demonstrates the thicker epilayer graphene.

Si d  black C:Si=10.3
C\/ Atomic % C:63.6; Si: 27.2; 0:9.1
Si c grey C:Si=9.8 O

Atomic % C:59.9; Si: 32.2; O:7.9

b light grey C:Si=7.8
Atomic % C:57.7; Si: 35.2; O:7.3

Auger intensity dN/dE /arb. units

Si a  bare SiC substrate C:Si 09
C\[Atomic % C:52.2; Si: 30.3; 0:17.6
1 1 1 1 1 1 1 1 1
100 200 300 400 500
Energy/eV

Fig. 8. Auger peak-to-peak ratio of Si (LVV)/C (KLL) lines for 4H-
SiC (0001) substrate (curve a), epitaxial graphene (curve b, curve c,
and curve d) acquired from the surface locations indicated in Fig. 1.

Subsequent AFM and SFM techniques were implemented
to study the surface morphology of epitaxial graphene on the
substrate in detail as shown in Figs. 9 and 10. We observed that
a large continuity of epitaxial graphene has taken shape along
the extended terraces and step bunches with a width about 0.4
microns and a height variation of about 30 nm in the direction
orthogonal to the step over all the samples, which is well con-
sistent with the results in Ref. [34]. It is necessary to note that
the surface height variation does not mean the graphene thick-
ness variations. Although multi-layer graphene formed with
a rough morphology under this condition is partly the result
of the large step density of the 8° off-axis SiC substrate, 3!
our epitaxial graphene has a need-to-improve morphological
quality.

Fig. 9. (color online) AFM images of (a) topographical image, and (b) phase image from the same region of epitaxial graphene with a

size of 2 um x 2 um on the Si-face (0001) 4H-SiC substrate.
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Fig. 10. (color online) Typical SFM height images of (a) two-dimensional, (b) three-dimensional, and (c) linescan in the direction
orthogonal to the step of epitaxial graphene grown on 4H-SiC (0001) substrate in the zone in 10 pm x 10 pum .

4. Discussion

Qualitative analysis on the formation of epitaxial
graphene grown on a SiC substrate under a moderate pres-
sure environment is as follows. Epitaxial graphene grown on
a SiC substrate is a Si-sublimation process followed by a C-
graphitization process, which releases Si from the Si—C bond
and leaves C self-organization in the form of a sp> C—C bond.
Under UHV conditions, the Si atom has an over-quick sub-
limating rate, which holds back the C rearranged hexagonal
lattice, so epitaxial graphene has a lower formation tempera-
ture and a small size; in the argon atmospheric environment,
Si has an over-large pressure and is hard to sublimate from the
SiC substrate, at the cost of hoisting the formation temperature
accordingly. While appropriate pressure (i.e., an argon partial
pressure of 4 mbar) can adjust the balance of the rates of Si
sublimation and C re-construction, which leads to graphene
growing easily. As we know, C is found in many forms in na-
ture, such as sp, spz, sp3, and so on, all those forms of C can
transfer the form of sp® as temperature increases. Moreover,
the high temperature is helpful to improve the morphology of
epitaxial graphene. Therefore, although the epitaxial graphene
we produced under 4 mbar has a limited quality in morphol-
ogy, our method is a feasible way to fabricate higher quality
epitaxial graphene under an argon atmospheric environment if
raising the growth temperature.

5. Conclusions and future work

We demonstrated the feasibility of preparing epitaxial
graphene films on the Si-face of 4H-SiC substrate under a low

argon-pressure condition of 4 mbar at 1600 °C. Using var-
ious spectroscopic and scanning probe techniques, we stud-
ied its structure and morphology. The morphology is slightly
rough, which inevitably degrades the electronic properties of
graphene, so how to reveal the formation mechanism under
the moderate pressure quantitatively and improve the rough
surface morphology of Si-face graphene is our next work.

References

[1] Novoselov K S, Geim A K, Morozov S V, Jiang D, Zhang Y, Dubonos
SV, Grigorieva I V and Firsov A A 2004 Science 306 666

[2] Geim A K 2009 Science 324 1530

[3] Lin Y M, Dimitrakopoulos C, Jenkins K A, Farmer D B, Chiu H'Y,
Grill A and Avouris Ph 2010 Science 327 662
[4] Lin Y M, Valdes-Garcia A, Han S J, Farmer D B, Meric I, Sun Y N,
Wu 'Y Q, Dimitrakopoulos C, Grill A, Avouris P and Jenkins K A 2011
Science 332 1294
[5] Neto A H C, Guinea F, Peres N M R, Novoselov K S and Geim A K
2009 Rev. Mod. Phys. 81 109
[6] Janssen T J B M, Tzalenchuk A, Lara-Avila S, Kubatkin S and Fal’ko
V 12013 Rep. Prog. Phys. 76 104501
[71 Yang Z, Gao R G, Hu N T, Chai J, Cheng Y W, Zhang L Y, Wei H,
Kong E S W and Zhang Y F 2012 Nano-Micro Lett. 4 1
[8] Han M X, Liu X, Shang L W, Chen Y P, Wang H, Liu X, Li D M and
Liu M 2011 Chin. Phys. B 20 086102
[9] Deng PF, Lei TM, LulJ, LiuFY, Zhang Y M, Guo H, Zhang Y M,
Wang Y H and Tang X Y 2013 Chin. Phys. Lett. 30 018101
[10] de Heer W A, Berger C, Wu X S, First P N, Conrad E H, Li X B, Li
T B, Sprinkle M, Hass J, Sadowski M L, Marek P M and Martinez G
2007 Solid State Commun. 143 92
[11] Hass J, de Heer W A and Conrad E H 2008 J. Phys.: Condens. Matter
20 323202
[12] Ouerghi A, Marangolo M, Belkhou R, Moussaoui S E, Silly M G, Ed-
drief M, Largeau L, Portail M, Fain B and Sirotti F 2010 Phys. Rev. B
82 125445

076103-5


http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1158877
http://dx.doi.org/10.1126/science.1184289
http://dx.doi.org/10.1126/science.1204428
http://dx.doi.org/10.1126/science.1204428
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1088/0034-4885/76/10/104501
http://dx.doi.org/10.3786/nml.v4i1.p1-9
http://dx.doi.org/10.1088/1674-1056/20/8/086102
http://dx.doi.org/10.1088/0256-307X/30/1/018101
http://dx.doi.org/10.1016/j.ssc.2007.04.023
http://dx.doi.org/10.1088/0953-8984/20/32/323202
http://dx.doi.org/10.1088/0953-8984/20/32/323202
http://dx.doi.org/10.1103/PhysRevB.82.125445
http://dx.doi.org/10.1103/PhysRevB.82.125445

Chin. Phys. B Vol. 23, No. 7 (2014) 076103

[13]

[14]

[15]
[16]

[17]

[18]

[19]
[20]

[21]
[22]

[23]

[24]

Ouerghi A, Kahouli A, Lucot D, Portail M, Travers L, Gierak J, Penue-
las J, Jegou P, Shukla A, Chassagne T and Zielinski M 2010 Appl. Phys.
Lett. 96 191910

Chaika A N, Molodtsova O V, Zakharov A A, Marchenko D, Sédnchez-
Barriga J, Varykhalov A, Shvets I V and Aristov V'Y 2013 Nano Res.
6 562

Chen L L, Guo L W, Liu Y, Li Z L, Huang J and Lu W 2013 Chin.
Phys. B 22 107901

Huang Q S, Guo L W, Wang W J, Wang G, Wang W Y, Jia Y P, Lin J
J,Li K and Cen X L 2010 Chin. Phys. Lett. 27 046803

Olbrich P, Drexler C, Golub L E, Danilov S N, Shalygin V A, Yaki-
mova R, Lara-Avila S, Kubatkin S, Redlich B, Huber R and Ganichev
S D 2013 Phys. Rev. B 88 245425

WuY Q, Ye P D, Capano M A, Xuan Y, Sui Y, Qi M and Cooper J A
2008 Appl. Phys. Lett. 2092102

Starke U and Riedl C 2009 J. Phys.: Condens. Matter 21 134016
Premlal B, Cranney M, Vonau F, Aubel D, Casterman D, de Souza M
M and Simon L 2009 Appl. Phys. Lett. 94 263115

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
Hattori A N, Okamoto T, Sadakuni S, Murata J, Arima K, Sano Y, Hat-
tori K, Daimon H, Endo K and Yamauchi K 2011 Surf. Sci. 605 597
Emtsev KV, Bostwick A, Horn K, Jobst J, Kellogg G L, Ley L, McCh-
esney J L, Ohta T, Reshanov S A, Rohrl J, Rotenberg E, Schmid A K,
Waldmann D, Weber H B and Seyller Th 2009 Nat. Mater. 8 203
Christian H R 2010 Epitaxial Graphene on Silicon Carbide Surfaces:
Growth, Characterization, Doping and Hydrogen Intercalation (Ph.D.
dissertation) (Bavaria: Friedrich-Alexander University)

[25]
[26]

[27]

[28]

[29]

[30]

(31]

(32]

[33]

[34]

[35]

076103-6

Ferrari A C 2007 Solid State Commun. 143 47

NiZH, Chen W, Fan X F, KuoJL, Yu T, Wee AT S and Shen Z X
2008 Phys. Rev. B77 115416

Malard L M, Pimenta M A, Dresselhaus G and Dresselhaus M S 2009
Phys. Rep. 473 51

Faugeras C, Nerriere A, Potemski M, Mahmood A, Dujardin E, Berger
C and de Heer W A 2008 Appl. Phys. Lett. 92 011914

Cancgado L G, Takai K, Enoki T, Endo M, Kim Y A, Mizusaki H, Jorio
A, Coelho L N, Magalhdes-Paniago R and Pimenta M A 2006 Appl.
Phys. Lett. 88 163106

Watcharotone S, Dikin D A, Stankovich S, Piner R, Jung I, Dommett
G H B, Evmenenko G, Wu S E, Chen S F, Liu C P, Nguyen S T and
Ruoff R S 2007 Nano Lett. 7 1888

Emtsev K V, Seyller T, Speck F, Ley L, Stojanov P, Riley J D and
Leckey R G G 2006 Mater Sci. Forum 556 525

Shivaraman S, Chandrashekhar M V S, Boeckl J J and Spencer M G
2009 J. Electron. Mater. 38 725

Luxmi 2010 Structural Studies of Epitaxial Graphene Formed on SiC
{0001} Surfaces (Ph.D. dissertation) (Pittsburgh: Carnegie Mellon
University)

Kedzierski J, Hsu P L, Healey P, Wyatt P W, Keast C L, Sprinkle M,
Berger C and de Heer W A 2008 IEEE Trans. Elect. Dev. 55 2078
Seyller Th, Emtsev K V, Gao K, Speck F, Ley L, Tadich A, Broekman
L, Riley J D, Leckey R C G, Rader O, Varykhalov A and Shikin A M
2006 Surf. Sci. 600 3906


http://dx.doi.org/10.1063/1.3427406
http://dx.doi.org/10.1063/1.3427406
http://dx.doi.org/10.1007/s12274-013-0331-9
http://dx.doi.org/10.1007/s12274-013-0331-9
http://dx.doi.org/10.1088/1674-1056/22/10/107901
http://dx.doi.org/10.1088/1674-1056/22/10/107901
http://dx.doi.org/10.1088/0256-307X/27/4/046803
http://dx.doi.org/10.1103/PhysRevB.88.245425
http://dx.doi.org/10.1088/0953-8984/21/13/134016
http://dx.doi.org/10.1063/1.3168502
http://dx.doi.org/10.1103/PhysRevB.81.235408
http://dx.doi.org/10.1016/j.susc.2010.12.025
http://dx.doi.org/10.1038/nmat2382
http://dx.doi.org/10.1016/j.ssc.2007.03.052
http://dx.doi.org/10.1103/PhysRevB.77.115416
http://dx.doi.org/10.1016/j.physrep.2009.02.003
http://dx.doi.org/10.1016/j.physrep.2009.02.003
http://dx.doi.org/10.1063/1.2828975
http://dx.doi.org/10.1063/1.2196057
http://dx.doi.org/10.1063/1.2196057
http://dx.doi.org/10.1021/nl070477+
http://dx.doi.org/10.1007/s11664-009-0803-6
http://dx.doi.org/10.1109/TED.2008.926593
http://dx.doi.org/10.1016/j.susc.2006.01.102

	1. Introduction
	2. Experimental techniques
	3. Results and discussion 
	4. Discussion
	5. Conclusions and future work
	References

