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We demonstrate that the Raman spectrum of graphene on lithium niobate can be controlled locally
by continuous exposure to laser irradiation. We interpret our results in terms of changes to doping
and mechanical strain and show that our observations are consistent with light-induced gradual
strain relaxation in the graphene layer. © 2015 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4907776]

Graphene, a recently discovered two-dimensional array
of carbon atoms arranged in a honeycomb lattice,"? has
emerged as a technological material with properties that are
expected to revolutionize a number of fields, such as elec-
tronics,” photonics,4 and plasmonics.s’6 One of the most
attractive characteristics of graphene is the ability to control
its electronic and optical properties through the charge car-
rier density. This can be achieved by chemical,” electronic,'
optical,&10 or mechanical!' means. Moreover, it has been
suggested that the electronic and optical properties of gra-
phene depend strongly on its strain distribution.'* In fact, it
has been predicted that high values of strain can dramatically
change the electronic band structure of graphene and may
even lead to the emergence of a bandgap.'"'® Hence, the
ability to control the mechanical properties of graphene is
expected to facilitate the emergence of future electronics and
photonics applications.

The properties of graphene are typically probed by
Raman spectroscopy which is considered as a non-invasive
method to retrieve information about strain and charge car-
rier concentration.'*'> It has been demonstrated that laser
irradiation even at low powers can lead to both reversible®
and irreversible changes in graphene.”'® Typically, such
changes are related either to charge carrier doping originat-
ing from the presence of charge traps in the substrate as in
the latter case or they arise from hydrophilic/hydrophobic
properties of the substrate as in the former case. Here, we
study the effects of laser illumination on graphene deposited
on lithium niobate and silicon oxide substrates. Whereas gra-
phene on the latter shows increased hole doping upon pro-
longed laser exposure, we show that graphene on lithium
niobate exhibits increasingly stronger Raman shifts that indi-
cate relaxation of compressive strain. Our results provide an
avenue towards spatial control of graphene’s mechanical,
and consequently optical and electronic, properties by light.

The substrate-induced changes in the properties of gra-
phene were studied by Raman spectroscopy of graphene on
high quality single crystal substrate (LiNbOj3). As control
cases we employed suspended graphene as well as graphene
deposited on silicon oxide on Si. In all cases, the graphene
films were grown on polycrystalline Cu at temperatures up

0003-6951/2015/106(6)/061904/4

106, 061904-1

to 1000°C by low pressure CVD process using a mixture
of ethylene and hydrogen.16 After the growth, the graphene-
on-Cu samples were coated with poly-methyl methacrylate
(PMMA) and the PMMA/graphene films were separated
from the Cu foils by etching in an aqueous solution of iron
nitrate. The PMMA/graphene films were then transferred on
to the substrates and the PMMA was removed by acetone.
We deposited graphene on three different types of substrates:
lithium niobate, structured lithium niobate, and a standard
Si0,/Si substrate. The structured lithium niobate consisted
of a series of long ridges fabricated by a combination of
spatially selective ferroelectric domain inversion and wet
etching.'”'® The microstructured crystals used were etched
to produce deep (~100um) trenches, 0.5mm long and
~100 um wide. The width of the trenches gradually reduced
to a point at their extremes and it was on these locations
where suspended graphene was observed over gaps of
~10 pm.

Measurements were performed in an INVIA Raman
spectrometer. Input from a 532nm laser was focused by
0.75 NA objective to a diffraction limited spot of roughly
~1 um x 1 um. The input power of the laser beam was ~25
mW. A number (at least 10) of consecutive non-polarized
measurements at a fixed location on the sample were
performed to characterize the effects of laser irradiation on
graphene. Each measurement lasted approximately 70s.
Here, graphene exposure and Raman spectral acquisition
were performed simultaneously by employing a single laser
beam. All Raman spectra were measured in ambient
conditions.

In Fig. 1, we present a typical Raman spectrum of gra-
phene on lithium niobate. A number of characteristic peaks
can be discerned, superimposed on a background which
becomes prominent at low wavenumbers. This background
originates from the Raman peaks of lithium niobate and
corresponds to the high wavenumber tail of these peaks.'® In
addition, lithium niobate exhibits a strong Raman peak at
approximately 1740 cm ™' which is a signature of a two lon-
gitudinal optical phonon process.'® The remaining four peaks
can be attributed to the graphene monolayer: the lowest fre-
quency peak (D) at around 1360cm ™" is a defect activated

© Author(s) 2015
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FIG. 1. Raman spectra of graphene on lithium niobate. The D, G, D + D",
and 2D peaks originate from the graphene monolayer, while the 2E peak is
associated with the lithium niobate substrate. Inset: microscope photograph
of a characteristic region on the sample, where part of the graphene has been
peeled off revealing the lithium niobate substrate.

phonon process, the G peak at 1580 cm ™' corresponds to the
main in-plane vibrational mode, whereas the 2D peak at
2700 cm " is the second overtone of the D-peak. Finally, the
D + D" peak at 2490 cm ™' occurs due to a combination of a
phonon associated with the D-peak and a phonon from a lon-
gitudinal acoustic branch. The intensity ratio I,p/I; together
with the narrow width of the 2D peak provides a reliable in-
dicator for the number of graphene layers in the system.'’
Our measurements are consistent with the presence of a sin-
gle graphene monolayer.

Figure 2 presents the effect of prolonged exposure on
three Raman peaks for the graphene on lithium niobate
sample: the G and 2D peaks of graphene, as well as the 2E
lithium niobate peak. After 15 consecutive measurements
(corresponding to a total exposure time duration of about 17
min), the G and 2D peaks of graphene shift by wg — wg) )
=22cm™! and wyp — oY) =7.1cm™!, respectively. In
contrast, the 2E peak of lithium niobate remains unaffected.
At the same time, both graphene peaks become narrower
by ys — y(GO> =22cm~! and y,, — y<20D) =7.1cm™!, while
the 2E peak retains its width.

The origin of the light-induced graphene-specific
changes in the Raman spectrum is investigated further by
comparing the response of graphene on different substrates.
In Fig. 3(a), we show representative results of successive
graphene exposures in terms of changes in the G and 2D
peak Raman shifts for the graphene on lithium niobate
samples (red triangles), as well as for the control samples of
suspended graphene (blue circles), and graphene on silicon
oxide (green squares). The most dramatic change occurs in
the lithium niobate substrate case, where both the G and 2D
peak shift gradually to higher frequencies. On the contrary,
the SiO,/Si sample exhibits a strong shift only for the G peak
(wg — wgn =2.87cm™!), whereas the 2D peak retains its
initial frequency position. Finally, the suspended graphene
case presents very small shifts for both peaks.

The evolution of the graphene Raman peaks of Fig. 3(a)
implies laser-induced changes in graphene that are specific
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FIG. 2. Effects of laser illumination on the graphene G (a) and 2D (b)
Raman peaks. Blue spectra correspond to the first exposure of a 15 expo-
sures long set, whereas red to the last one. For comparison, (a) shows also
the 2E peak of lithium niobate.

to and mediated by the substrate. In particular, the main
mechanisms that can influence the Raman spectrum of gra-
phene are modulation of the charge carrier density and
changes in tensile/compressive strain. Recently, an elegant
method has been suggested to distinguish between the effects
of strain and doping on the graphene Raman spectra, based
on the different dependence of the G and 2D peak positions
to these factors.?’ In particular, changes in the Raman spec-
trum can be traced in the (g, w,p) plane, where depending
on the slope of this trace one can perform a vector decompo-
sition of such changes to a strain-induced and a doping-
induced component. More specifically, biaxial strain was
associated with a slope of dw,p/dwg=2.2, whereas hole
doping was shown to result in a slope dw,p/dwg=0.70.>°
These trends are represented by the two sets of parallel thin
lines in Fig. 3(a) along which either strain or doping remains
constant. Assuming that in pristine graphene the positions
of its G and 2D peaks are wg) =1581cm™! and w%
= 2677 cm !, respectively, the initial peak positions of
both the graphene on lithium niobate and graphene on silicon
oxide samples indicate strong hole doping (n ~ 10"%cm™")
and compressive strain (¢ ~ 0.1%). In contrast, suspended
graphene presents a behaviour close to that of pristine
graphene with negligible strain, but a residual hole doping
(n=4x10%cm™).
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Applying a vector decomposition in our measurements,
we observe that the graphene on lithium niobate trace is par-
allel to the lines of constant doping, while strain reduces to
zero. On the other hand, laser irradiation of graphene on sili-
con oxide leads to a horizontal shift, consistent with an
increase in hole doping as well as in compressive strain, in
agreement with recent experiments performed by laser
pulses.”' This interpretation is also supported by the behav-
iour of the linewidth of the G peak, presented in Fig. 3(b),
where a substrate-dependent response was observed.
Whereas illumination of graphene on lithium niobate leads
to substantial narrowing, in the case of the silica substrate,
the opposite trend is observed. The opposite trends for the
lithium niobate and silicon oxide samples can be attributed
mainly to changes in strain, as doping-induced changes in
the G peak linewidth saturate at moderate doping levels.?!
Indeed, strain anisotropy leads to splitting of the G peak,?***
which in our measurements would manifest as an effective
broadening with increasing strain due to the low strain lev-
els. Finally, as expected, illumination of suspended graphene
has limited effect on the peak linewidth.

The results presented here indicate that laser irradiation
can be employed in order to control locally the strain in gra-
phene monolayers. Such effects may arise due to a complex
interaction of optical, mechanical, thermal, and electrostatic
nature between graphene and substrate. Due to the slow, cu-
mulative nature of the effect, we argue that the changes are
mediated by absorption-induced heating of graphene and the
ferroelectric substrate. However, our observations cannot be
attributed directly to heating of the graphene layer as this
would lead to a red shift of the Raman peaks,** in contrast to
the non-volatile blue shifts reported here. Based on the dif-
ferent behaviours of graphene on different substrates, we
trace the origin of the observed effects to the thermal proper-
ties of the substrate and the graphene layer. In particular,
graphene has a negative thermal expansion of the order of
about —8 x 107° Kil,25 whereas in the case of lithium nio-
bate the thermal expansion coefficient is 7.5-15 x 107 ° K™
(depending on orientation).?® We argue that it is the high val-
ues and difference in sign of the thermal expansion coeffi-
cients for the two materials that leads to strain relaxation
upon heating. This is also corroborated by the fact that in the
case of the silica substrate, where the expansion coefficient
is an order of magnitude smaller than that of lithium nio-
bate,?” no strain relaxation is observed.

Another mechanism that appears plausible involves
electrostatic forces between the graphene layer and the sub-
strate. Such forces could arise due to the accumulation of
charges in the illuminated area of the sample in the graphene
and/or lithium niobate substrate. In fact, lithium niobate has
strong pyroelectric properties and hence an increase in tem-
perature will lead to the accumulation of surface charges.”®
Such charges can also be generated through the activation of
defects close to the surface of lithium niobate. However, in
both cases, we would expect that accumulation of charges in
lithium niobate would lead to changes in the charge carrier
density of graphene. This stands in contrast with the experi-
mental measurements of graphene on lithium niobate, where
changes in doping are negligible. We attribute the absence of
doping to the low density of defect states in the lithium nio-
bate single crystal and its low absorption of the incident
light. Although we argue that electrostatic interactions play
only a minor role in our experiments, we expect such mecha-
nisms to become particularly important in doped ferroelec-
tric crystals (i.e., Fe:LiNbO3), where a significant
contribution from photoinduced charges is expected.”’

In conclusion, we have demonstrated that the strain of
graphene on lithium niobate can be controlled at the micro-
scopic scale by laser irradiation. We argue that the observed
effect is mainly due to the large thermal coefficient mis-
match between the graphene and the substrate leading to
relaxation of intrinsic strain. Further studies will focus on
determining the localization extent of the effect and on dem-
onstrating more complex spatial variations of strain.
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and Physical Sciences Research Council, UK and the
Leverhulme Trust.

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V.
Dubonos, I. V. Grigorieva, and A. A. Firsov, Science 306, 666 (2004).

’K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V. Khotkevich, S.
V. Morozov, and A. K. Geim, Proc. Natl. Acad. Sci. U. S. A. 102, 10451
(2005).

3A. H. Castro Neto, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, Rev.
Mod. Phys. 81, 109 (2009).

“F. Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari, Nat. Photonics 4, 611
(2010).

SALN. Grigorenko, M. Polini, and K. S. Novoselov, Nat. Photonics 6, 749
(2012).

SF. Javier Garcia de Abajo, ACS Photonics 1, 135 (2014).


http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1073/pnas.0502848102
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1038/nphoton.2010.186
http://dx.doi.org/10.1038/nphoton.2012.262
http://dx.doi.org/10.1021/ph400147y

061904-4 Papasimakis et al.

L. Liu, S. Ryu, M. R. Tomasik, E. Stolyarova, N. Jung, M. S. Hybertsen,
M. L. Steigerwald, L. E. Brus, and G. W. Flynn, Nano Lett. 8, 1965
(2008).
8A. Tiberj, M. Rubio-Roy, M. Paillet, J.-R. Huntzinger, P. Landois, M.
Mikolasek, S. Contreras, J.-L. Sauvajol, E. Dujardin, and A.-A. Zahab,
Sci. Rep. 3, 2355 (2013).
°Y.D. Kim, M.-H. Bae, J.-T. Seo, Y. S. Kim, H. Kim, J. H. Lee, J. R. Ahn,
S. W. Lee, S.-H. Chun, and Y. D. Park, ACS Nano 7, 5850 (2013).

B, Alexeev, J. Moger, and E. Hendry, Appl. Phys. Lett. 103, 151907
(2013).

g, Guinea, M. I. Katsnelson, and A. K. Geim, Nat. Phys. 6, 30
(2010).

2G.-X. Ni, H.-Z. Yang, W. Ji, S.-J. Baeck, C.-T. Toh, J.-H. Ahn, V. M.
Pereira, and B. Ozyilmaz, Adv. Mater. 26, 1081 (2014).

BF. M. D. Pellegrino, G. G. N. Angilella, and R. Pucci, Phys. Rev. B 81,
035411 (2010).

14a. C. Ferrari, Solid State Commun. 143, 47 (2007).

SA. C. Ferrari and D. M. Basko, Nat. Nanotechnol. 8, 235 (2013).

1K, S. Kim, Y. Zhao, H. Jang, S. Y. Lee, J. M. Kim, K. S. Kim, J.-H. Ahn,
P. Kim, J.-Y. Choi, and B. H. Hong, Nature 457, 706 (2009).

M. Yamada, N. Nada, M. Saitoh, and K. Watanabe, Appl. Phys. Lett. 62,
435 (1993).

Appl. Phys. Lett. 106, 061904 (2015)

8c. L. Sones, S. Mailis, W. S. Brocklesby, R. W. Eason, and J. R. Owen,
J. Mater. Chem. 12, 295 (2002).

9y, Repelin, E. Husson, F. Bennani, and C. Proust, J. Phys. Chem. Solids
60, 819 (1999).

2J. E. Lee, G. Ahn, J. Shim, Y. S. Lee, and S. Ryu, Nat. Commun. 3, 1024
(2012).

21A. Das, S. Pisana, B. Chakraborty, S. Piscanec, S. K. Saha, U. V.
Waghmare, K. S. Novoselov, H. R. Krishnamurthy, A. K. Geim, A. C.
Ferrari, and A. K. Sood, Nat. Nanotechnol. 3, 210 (2008).

27 H.Ni, T. Yu, Y. H. Lu, Y. Y. Wang, Y. P. Feng, and Z. X. Shen, ACS
Nano 2, 2301 (2008).

23T. M. G. Mohiuddin, A. Lombardo, R. R. Nair, A. Bonetti, G. Savini, R.
Jalil, N. Bonini, D. M. Basko, C. Galiotis, N. Marzari, K. S. Novoselov, A.
K. Geim, and A. C. Ferrari, Phys. Rev. B 79, 205433 (2009).

24, Calizo, A. A. Balandin, W. Bao, F. Miao, and C. N. Lau, Nano Lett. 7,
2645 (2007).

2D, Yoon, Y.-W. Son, and H. Cheong, Nano Lett. 11, 3227 (2011).

26y, S. Kim and R. T. Smith, J. Appl. Phys. 40, 4637 (1969).

?7R. Roy, D. K. Agrawal, and H. A. McKinstry, Annu. Rev. Mater. Sci. 19,
59 (1989).

28E, Johann and E. Soergel, Appl. Phys. Lett. 95, 232906 (2009).

29Y. Kong, S. Liu, and J. Xu, Materials 5, 1954 (2012).


http://dx.doi.org/10.1021/nl0808684
http://dx.doi.org/10.1038/srep02355
http://dx.doi.org/10.1021/nn402354j
http://dx.doi.org/10.1063/1.4823552
http://dx.doi.org/10.1038/nphys1420
http://dx.doi.org/10.1002/adma.201304156
http://dx.doi.org/10.1103/PhysRevB.81.035411
http://dx.doi.org/10.1016/j.ssc.2007.03.052
http://dx.doi.org/10.1038/nnano.2013.46
http://dx.doi.org/10.1038/nature07719
http://dx.doi.org/10.1063/1.108925
http://dx.doi.org/10.1039/b106279b
http://dx.doi.org/10.1016/S0022-3697(98)00333-3
http://dx.doi.org/10.1038/ncomms2022
http://dx.doi.org/10.1038/nnano.2008.67
http://dx.doi.org/10.1021/nn800459e
http://dx.doi.org/10.1021/nn800459e
http://dx.doi.org/10.1103/PhysRevB.79.205433
http://dx.doi.org/10.1021/nl071033g
http://dx.doi.org/10.1021/nl201488g
http://dx.doi.org/10.1063/1.1657244
http://dx.doi.org/10.1146/annurev.ms.19.080189.000423
http://dx.doi.org/10.1063/1.3269606
http://dx.doi.org/10.3390/ma5101954

