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The large-scale production of high-quality and clean graphene devices, aiming at technological applications, has been a great chal-

lenge over the last decade. This is due to the high affinity of graphene with polymers that are usually applied in standard lithogra-

phy processes and that, inevitably, modify the electrical proprieties of graphene. By Raman spectroscopy and electrical-transport in-

vestigations, we correlate the room-temperature carrier mobility of graphene devices with the size of well-ordered domains in

graphene. In addition, we show that the size of these well-ordered domains is highly influenced by post-photolithography cleaning

processes. Finally, we show that by using poly(dimethylglutarimide) (PMGI) as a protection layer, the production yield of CVD

graphene devices is enhanced. Conversely, their electrical properties are deteriorated as compared with devices fabricated by

conventional production methods.

Introduction

The unique properties of graphene, such as high conductivity,
high carrier mobility at room temperature, high sensitivity of
the electrical properties to surface phenomena and the existence
of several routes for its surface functionalization, grant this 2D
material plenty of application possibilities [1-8]. Among the
several synthesis methods of high-quality graphene, chemical

vapor deposition (CVD) stands out as one of the most promis-

ing methods for large-scale production [9]. However, the chal-
lenges in mass-production of graphene-based devices are a great
obstacle for the full development of an electronic industry based
on graphene [10]. This is due to the difficulty to avoid struc-
tural degradation and chemical contamination of graphene in li-
thography processes [11]. Because of this, in the present work

we investigate by Raman spectroscopy and electrical transport
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measurements the effects of different post-photolithography
cleaning methods on the yield and performance of CVD-based
graphene devices.

Experimental

We made use of CVD graphene on top of a 300 nm thick SiO,
layer, which was purchased from Graphene Platform. The
graphene devices were produced in the field-effect transistor
configuration (GFET) in two photolithography steps (Figure 1).
The first step was employed for defining the graphene device
geometry, the second step was used for the fabrication of the
electrodes.

In the first photolithography step, graphene was coated with a
1340 nm thick layer of photoresist (AZ 1512 HS of Micro-
Chemicals.com) (Figure la). Then, the geometry of the
device was defined by direct laser writing photolithography
(Figure 1b), followed by the development of the exposed
photoresist in AZ 351B (1:4) developer (MicroChemicals.com,
Figure 1c). After this development, the excess of graphene was
removed with O, plasma (Figure 1d). Finally, we removed the
photoresist layer (Figure 1e) using different protocols, as we
describe next. In the second photolithography step, the previ-
ously patterned graphene was coated with a 820 nm thick layer
of poly(dimethylglutarimide) (PMGI)-based resist, LOR5SA
from Microchem.com, followed by 1340 nm thick layer of
photoresist AZ 1512 HS (Figure 1f). After the UV exposition,
the development of the exposed photoresist produces undercut
profiles, seen in Figure 1g,h. Then, 5/100 nm of Cr/Au were
thermally evaporated on the samples and the lift-off procedure
(Figure 1j) was performed according to procedure “P1” or pro-
cedure “P2”.

In procedure called P1, the steps of photoresist removal
(Figure 1e) and the lift-off as well (Figure 1j) were performed
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whith the resist stripper, N-methyl-2-pyrrolidone (NMP), fol-
lowed by rinsing in isopropanol (IPA) and deionized water (DI,
Figure 2a,b). Figure 2c shows that this procedure seriously
damages graphene. We attribute this to the well-known high
solubility of graphene in NMP, which tends to promote the
delamination of the graphene layer from the substrate. Since
procedure P1 is quite destructive, its yield of high-quality
GFETs was 10% in a total of 60 devices.

In order to improve the efficiency of device production, we re-
moved the photoresist and LOR in a step-by-step manner, using
a second procedure, called P2. At first, the photoresist was re-
moved by 1-methoxy-2-propanol acetate (PGMEA), a solvent
towards which LOR is inert (Figure 2d,e). Then, the remaining
LOR layer that covered the graphene film, was removed in
AZ351B (1:4) (Figure 2f). Procedure P2 was found to be less
aggressive than procedure P1 and it increased the efficiency of
device production up to 85%, in a total of 60 devices
(Figure 2g). In fact, high-yields have been reported in the litera-
ture when PMGI is applied as support scaffold in the transfer of
CVD graphene [12,13].

We performed Raman spectroscopy and electrical transport
measurements, at room temperature, to correlate the size of
well-ordered domains in graphene with its carrier mobility. The
Raman spectroscopy was performed using an InVia Renishaw
Raman spectrometer with a 514.5 nm laser and the electrical
transport measurements were performed using a lock-in ampli-
fier (SR-830 Stanford Research Systems).

Results and Discussion

Figure 3a shows the Raman spectrum of the as-received CVD
graphene (as a reference), while Figure 3b and Figure 3¢ show,
respectively, the Raman spectra of the graphene devices pro-
duced by procedures P1 and P2. The Raman spectrum of the
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Figure 1: First photolithography step for the definition of the graphene structure: a) photoresist coating onto graphene; b) exposure of photoresist
using direct laser writing; c) development of exposed areas; d) etching of graphene in O, plasma; e) photoresist removal. Second photolithography
step for electrode fabrication: f) LOR/photoresist coating onto graphene; g) exposure of photoresist using direct laser writing; h) development of

exposed areas; i) thermal evaporation of Cr/Au; j) lift-off process.
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Figure 2: Procedures P1 and P2 for photoresist removal and lift-off. Procedure P1: (a, b) The LOR/resist layer was removed in an unique step, using
NMP, followed by rinsing in IPA and DI. ¢) Graphene device after lift-off; Procedure P2: d) The resist layer was removed first using 1-methoxy-2-
propanol acetate (PGMEA), then the graphene device was washed out in IPA and DI. e) and f) Next, the LOR layer was removed in AZ351B, fol-
lowed by rinsing in IPA and DI. g) Devices with continuous graphene were obtained by procedure P2. The scale bars shown in ¢) and g) measure
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Figure 3: Raman spectra of CVD graphene devices (from top to bottom): graphene as-received; graphene device fabricated by procedure P1 (imme-
diately after lift-off); graphene device fabricated by procedure P2 (immediately after lift-off); graphene device fabricated by procedure P2 and after
cleaning with NMP (C1); graphene device fabricated by procedure P2 and after cleaning with DMF (C2); and graphene device fabricated by proce-

dure P2 and after cleaning with Ho/Ar annealing (C3).

graphene processed by procedure P1 (Figure 3b) is very similar
to the Raman spectrum of the reference CVD graphene
(Figure 3a). It indicates that the lift-off using NMP leaves just a
negligible amount of chemical residues on graphene. However,
Figure 3c indicates that the PMGI polymer is not completely re-
moved in the lift-off process carried out by procedure P2. This
can be asserted by the fact that the bands at 1137, 1178, 1300,
1312, 1400, 1410, 1434, 1458 and 1604 cm™!, shown in
Figure 3c, are associated to PMGI polymer [12,14-16]. Thus,
the huge increase of the device production using procedure P2
is accompanied by a significant contamination with PMGI
during lift-off.

To remove residual PMGI from the graphene devices produced
by procedure P2, we attempted three different cleaning
methods. The first method (C1) consisted of cleaning the
devices in a NMP bath. In the second cleaning method (C2), we
used N,N-dimethylformamide (DMF) to clean the graphene
devices. Finally, a third method (C3) consisted of graphene
cleaning by Hy/Ar (1:1) annealing at 300 °C for 2 h [17,18].
Nonetheless, we have observed that both cleaning methods C1
and C2, which respectively employ NMP and DMF, were not
capable of removing the residual PMGI polymer from the
graphene surface. It is evidenced by the fact that the Raman
spectrum of graphene device fabricated by procedure P2
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(Figure 3c), and the Raman spectra of both graphene devices
produced by procedure P2 and cleaned with NMP (Figure 3d)
and DMF (Figure 3e) present the same features associated to the
PMGI polymer. Regarding the Hy/Ar annealing, Figure 3f
shows that this process did not remove the residual PMGI
polymer completely from the graphene surface, because some
Raman bands associated with the polymer are still present.

Structural disorder in graphene can be quantified through the
Ip/lg intensity ratio. For laser excitation with wavelength Ap,
the characteristic size of well-ordered domains in graphene can
be estimated as:

-1
L, =(2.4x10719)54 (I—Dj : M

which properly applies to L, > 4 nm [19-21].

According to Figure 4, the size of well-ordered domains for
as-received CVD graphene is L, = 307 + 50 nm. The size of
well-ordered domains for graphene processed by both proce-
dures P1 and P2 decreases to L, ® 160 nm. From this, we infer
that these procedures introduce approximately the same quanti-
ty of structural defects in graphene. Furthermore, the value of
L, showed no expressive decrease as the devices fabricated by
procedure P2 are cleaned by method C1. However, when the
cleaning is performed by methods C2 and C3, the size of well-
ordered domains shows a further decrease, which suggests an
increase of structural disorder in graphene [17,22,23].
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Figure 4: Size of well-ordered domains (L) for CVD graphene (as-
received), for graphene devices fabricated by procedures P1 and P2,
and for graphene devices fabricated by procedure P2 and further
cleaned by NMP (C1), DMF (C2), Ho/Ar annealing (C3).

Therefore, we have a situation in which the cleaning methods

either do not clean the graphene surface or promote some
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degree of cleaning, but at the expense of introducing defects. In
order to correlate the results obtained from Raman spectrosco-
py with the electrical transport properties of the graphene
devices, we performed conductivity measurements as a func-
tion of gate voltage (V) for several devices produced by differ-
ent lift-off procedures and cleaning methods. Since the
neutrality point was beyond 100 V for several devices, we only
consider here the transport by holes. Figure 5 shows that
graphene conductivity, o, behaves as a sublinear function of the
gate voltage, V. This sublinear behavior is associated to a
weak-point disorder in graphene, which emerges as a carrier
density independent residual resistivity, ps. The strong disorder
and the charged-impurity disorder are responsible for the resis-
tivity (wre)”!, in which p is the mobility and # is the carrier
density [8,21].
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Figure 5: Conductivity o as a function of the gate voltage V for
graphene devices fabricated by procedures P1 and P2, and for
graphene devices produced by procedure P2 and then cleaned by C1,
C2 and C3 methods.

2

Since n = Vg, where a = 7.2 x 1010 cm 2, we were able to find

the resistivity pg that linearizes the relation

ww=p_p, )
S

where p = 1/c is the measured resistivity of graphene [24].
Then, the graphene mobility was obtained by a linear fit of
(rho — pg)~! as a function of Ve.

Figure 6 shows the hole-mobility values of graphene devices
produced by different lift-off procedures, P1 and P2, and by dif-
ferent cleaning methods, C1, C2 and C3. The inset in Figure 6
shows as example p~! and (p — ps)~! as a function of Vg for a

graphene device produced by procedure P2. The mobility of the
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graphene devices produced by procedure P1, P2, C1, C2 and C3
follows a different trend than the size of the well-ordered
domains in graphene. For example, according to Figure 4, the
graphene devices produced by procedures P1 and P2 have
nearly the same size of well-ordered domains. However, the
mobility of the graphene devices produced by procedure P1,
p=(2.6 £ 0.2) x 103 cm?/Vs, is considerably larger than the
mobility of the graphene devices produced by procedure P2,
which is p = (1.5 £ 0.1) x 103 cm?/Vs. This result strongly sug-
gests that the size of well-ordered domains in graphene is not
the unique mechanism that limits its mobility in this case.
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Figure 6: Hole-mobility values of graphene devices fabricated by dif-
ferent procedures, P1 and P2, and by different cleaning methods, C1,
C2 and C3. Inset: graphene conductivity p~! and (p - ps)~" as a func-
tion of Vg for a representative device produced by procedure P2.

Within the semiclassical Boltzmann transport formalism, the
total mobility can be described in terms of the mobility pg,
related to crystal lattice defects, and in terms of the mobility p,
associated to charged impurities scattering centers, according to
[24-26]:

(e +u21)_1- &)

The lattice defects can be modeled as a deep potential well of
radius R, which gives rise to the mobility pq, as:

2 In* (kpR)

R 4
h ny ( )

Mg

where nq ~ (2RL,)"! is the defect density and kg corresponds to
the Fermi wave vector [21,24]. Using the Thomas—Fermi
screening approach, the mobility related to charged impurities

can be written as:
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e T G () ®)

where G(2rg) is an analytical function that takes into account
the interaction strength in graphene, r; is the interaction param-
eter and n, is the density of charged impurities [24-26].

As the graphene devices produced by procedures P1 and P2
have approximately the same size of well-ordered domains
(Figure 4), we assume that these devices have nearly the same
density of lattice defects. Therefore, according to Equation 4,
the mobility related to lattice defects, g, is the same for these
devices. Thus, charged impurities must be the scattering source
that distinguishes the mobility of the graphene devices pro-
duced by procedures P1 and P2. Figure 3b shows that the
graphene devices produced by procedure P1 have just a negli-
gible extent of residual of PMGI on their surface, while
Figure 3¢ shows a considerable amount of residual PMGI on the
surface of P2 graphene. So, we believe that PMGI molecules
adsorbed on the graphene surface act as scattering source of
charged impurities. Hence, as the density of charged impurities
in P2 graphene devices is larger than in P1 graphene devices,
the mobility related to charged impurities (Equation 5) is
greater for the latter than for the former. Consequently, accord-
ing to Equation 3, the total mobility, b, is larger for P1 graphene
devices, which is quantitatively consistent with Figure 6.

Additionally, Figure 6 also shows that the mobility of the
graphene devices produced by procedure P2 and cleaned by
method C1 (NMP) is substantially lower than the mobility of
the graphene devices produced by procedure P2 with no further
cleaning. According to Figure 3c,d and to Figure 4, P2 and C1
graphene devices hold roughly the same extent of residual
PMGI and have practically the same size of well-ordered
domains. So, in this case, we believe that NMP just spreads out
PMGI molecules along the graphene surface. Thus, it may lead
to a more uniform distribution of charged impurities over the
graphene surface that, in turn, decreases even more the mobility
of the C1 graphene devices. Finally, Raman characterization
shows that DMF (Figure 4e) and Hy/Ar annealing (Figure 4f)
are not efficient in removing PMGI molecules from the
graphene surface. Otherwise, these cleaning methods introduce
lattice defects in graphene, which increase the value of ngq.
Therefore, the considerable density of lattice defects, ny, and the
density of charged impurities, n¢, are responsible for the low
mobility of C2 and C3 graphene devices.

Conclusion
We performed electrical transport measurements and Raman

spectroscopy investigations to compare the proprieties of CVD
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graphene-based devices processed using conventional photolith-
ography with devices produced by a recently developed method
using LOR as a sacrificial layer. We found that the PMGI mole-
cules introduce disorder in graphene, which impairs the perfor-
mance of the CVD-graphene based devices. We then applied
the most common methods of post-photolithography cleaning in
order to remove PMGI molecules. We were able to correlate the
electrical mobility to the well-ordered domain size in devices
that went through different cleaning procedures. We conclude
that the use of LOR as sacrificial layer improves the CVD
graphene device production yield, but impair the overall elec-
tronic performance of the devices.

Acknowledgements

This work was supported by Banco Nacional de Desenvolvi-
mento Econdmico e Social (BNDES), SEVA Engenharia
Eletronica S/A, Fundagio de desenvolvimento A Pesquisa
(Fundep), Fundagao Arthur Bernardes (Funarbe), Conselho
Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq)
and Coordenagao de Aperfeicoamento de Pessoal de Nivel Su-
perior (CAPES).

ORCID® iDs

Eduardo Nery Duarte de Araujo - https://orcid.org/0000-0001-8335-6114
Thiago Alonso Stephan Lacerda de Sousa -
https://orcid.org/0000-0001-8838-3648

References

1. Pumera, M. Mater. Today 2011, 14, 308-315.
doi:10.1016/s1369-7021(11)70160-2

2. Tassin, P.; Koschny, T.; Soukoulis, C. M. Science 2013, 341, 620-621.
doi:10.1126/science.1242253

3. Wassei, J. K,; Kaner, R. B. Mater. Today 2010, 13, 52-59.
doi:10.1016/s1369-7021(10)70034-1

4. Wang, Y.; Shi, Z.; Huang, Y.; Ma, Y.; Wang, C.; Chen, M.; Chen, Y.
J. Phys. Chem. C 2009, 7113, 13103—13107. doi:10.1021/jp902214f

5. Yang, S.; Feng, X.; Millen, K. Adv. Mater. (Weinheim, Ger.) 2011, 23,
3575-3579. doi:10.1002/adma.201101599

6. Nair, R. R.; Blake, P.; Grigorenko, A. N.; Novoselov, K. S.; Booth, T. J.;
Stauber, T.; Peres, N. M. R.; Geim, A. K. Science 2008, 320, 1308.
doi:10.1126/science.1156965

7. de Sousa, T. A. S. L.; Fernandes, T. F. D.; Matos, M. J. S ;
Araujo, E. N. D.; Mazzoni, M. S. C.; Neves, B. R. A;; Plentz, F.
Langmuir 2018, 34, 6903-6911. doi:10.1021/acs.langmuir.8b00506

8. Morozov, S. V.; Novoselov, K. S.; Katsnelson, M. |.; Schedin, F.;
Elias, D. C.; Jaszczak, J. A.; Geim, A. K. Phys. Rev. Lett. 2008, 100,
016602. doi:10.1103/physrevlett.100.016602

9. Novoselov, K. S.; Fal'ko, V. I.; Colombo, L.; Gellert, P. R_;
Schwab, M. G.; Kim, K. Nature 2012, 490, 192-200.
doi:10.1038/nature 11458

10. Ruhl, G.; Wittmann, S.; Koenig, M.; Neumaier, D.
Beilstein J. Nanotechnol. 2017, 8, 1056-1064.
doi:10.3762/bjnano.8.107

Beilstein J. Nanotechnol. 2019, 10, 349-355.

11.Bao, W.; Liu, G.; Zhao, Z.; Zhang, H.; Yan, D.; Deshpande, A.;
LeRoy, B.; Lau, C. N. Nano Res. 2010, 3, 98-102.
doi:10.1007/s12274-010-1013-5

12.Matsumae, T.; Koehler, A. D.; Suga, T.; Hobart, K. D.

J. Electrochem. Soc. 2016, 163, E159—-E161.
doi:10.1149/2.0711606jes

13.Matsumae, T.; Suga, T. Jpn. J. Appl. Phys. 2018, 57, 02BB02.
doi:10.7567/jjap.57.02bb02

14.Bienko, D. C.; Michalska, D.; Roszak, S.; Wojciechowski, W.;
Nowak, M. J.; Lapinski, L. J. Phys. Chem. A 1997, 101, 7834-7841.
doi:10.1021/jp970726q

15. Thompson, J. W., Jr.; Leroi, G. E.; Popov, A. I.

Spectrochim. Acta, Part A 1975, 31, 1553-1563.
doi:10.1016/0584-8539(75)80093-6

16. Morzyk-Ociepa, B.; Nowak, M. J.; Michalska, D.

Spectrochim. Acta, Part A 2004, 60, 2113-2123.
doi:10.1016/j.saa.2003.11.009

17.Ahn, Y.; Kim, J.; Ganorkar, S.; Kim, Y.-H.; Kim, S.-l. Mater. Express
2016, 6, 69-76. doi:10.1166/mex.2016.1272

18.Choi, W.; Seo, Y.-S.; Park, J.-Y.; Kim, K. B.; Jung, J.; Lee, N.; Seo, Y;
Hong, S. IEEE Trans. Nanotechnol. 2015, 14, 70-74.
doi:10.1109/tnano.2014.2365208

19.Cangado, L. G.; Takai, K.; Enoki, T.; Endo, M.; Kim, Y. A.; Mizusaki, H.;
Jorio, A.; Coelho, L. N.; Magalhdes-Paniago, R.; Pimenta, M. A.
Appl. Phys. Lett. 2006, 88, 163106. doi:10.1063/1.2196057

20. Jorio, A.; Ferreira, E. H. M.; Moutinho, M. V. O.; Stavale, F ;
Achete, C. A.; Capaz, R. B. Phys. Status Solidi B 2010, 247,
2980-2982. doi:10.1002/pssb.201000247

21.Vlassiouk, |.; Smirnov, S.; Ivanov, |.; Fulvio, P. F.; Dai, S.; Meyer, H.;
Chi, M.; Hensley, D.; Datskos, P.; Lavrik, N. V. Nanotechnology 2011,
22, 275716. doi:10.1088/0957-4484/22/27/275716

22.Quintana, M.; Grzelczak, M.; Spyrou, K.; Kooi, B.; Bals, S.;
Tendeloo, G. V.; Rudolf, P.; Prato, M. Chem. Commun. 2012, 48,
12159-12161. doi:10.1039/c2cc35298b

23.Lin, Y.-C,; Lu, C.-C.; Yeh, C.-H.; Jin, C.; Suenaga, K.; Chiu, P.-W.
Nano Lett. 2012, 12, 414—-419. doi:10.1021/nl203733r

24.Chen, J.-H.; Cullen, W. G.; Jang, C.; Fuhrer, M. S.; Williams, E. D.
Phys. Rev. Lett. 2009, 102, 236805.
doi:10.1103/physrevlett.102.236805

25. Stauber, T.; Peres, N. M. R; Guinea, F. Phys. Rev. B 2007, 76,
205423. doi:10.1103/physrevb.76.205423

26.Das Sarma, S.; Adam, S.; Hwang, E. H.; Rossi, E. Rev. Mod. Phys.
2011, 83, 407-470. doi:10.1103/revmodphys.83.407

354


https://orcid.org/0000-0001-8335-6114
https://orcid.org/0000-0001-8838-3648
https://doi.org/10.1016%2Fs1369-7021%2811%2970160-2
https://doi.org/10.1126%2Fscience.1242253
https://doi.org/10.1016%2Fs1369-7021%2810%2970034-1
https://doi.org/10.1021%2Fjp902214f
https://doi.org/10.1002%2Fadma.201101599
https://doi.org/10.1126%2Fscience.1156965
https://doi.org/10.1021%2Facs.langmuir.8b00506
https://doi.org/10.1103%2Fphysrevlett.100.016602
https://doi.org/10.1038%2Fnature11458
https://doi.org/10.3762%2Fbjnano.8.107
https://doi.org/10.1007%2Fs12274-010-1013-5
https://doi.org/10.1149%2F2.0711606jes
https://doi.org/10.7567%2Fjjap.57.02bb02
https://doi.org/10.1021%2Fjp970726q
https://doi.org/10.1016%2F0584-8539%2875%2980093-6
https://doi.org/10.1016%2Fj.saa.2003.11.009
https://doi.org/10.1166%2Fmex.2016.1272
https://doi.org/10.1109%2Ftnano.2014.2365208
https://doi.org/10.1063%2F1.2196057
https://doi.org/10.1002%2Fpssb.201000247
https://doi.org/10.1088%2F0957-4484%2F22%2F27%2F275716
https://doi.org/10.1039%2Fc2cc35298b
https://doi.org/10.1021%2Fnl203733r
https://doi.org/10.1103%2Fphysrevlett.102.236805
https://doi.org/10.1103%2Fphysrevb.76.205423
https://doi.org/10.1103%2Frevmodphys.83.407

Beilstein J. Nanotechnol. 2019, 10, 349-355.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.10.34

355


http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.10.34

	Abstract
	Introduction
	Experimental
	Results and Discussion
	Conclusion
	Acknowledgements
	ORCID iDs
	References

