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This article summarizes recent research on laser-based processing of two-dimensional (2D)
atomic layered materials, including graphene and transition-metal dichalcogenides (TMDCs).
Ultrafast lasers offer unique processing routes that take advantage of distinct interaction
mechanisms with 2D materials to enable extremely localized energy deposition. Experiments
have shown that ablative direct patterning of graphene by ultrafast lasers can achieve
resolutions of tens of nanometers, as well as single-step pattern transfer. Ultrafast lasers also
induce non-thermal excitation mechanisms that are useful for the thinning of TMDCs to tune
the 2D material bandgap. Laser-assisted site-specific doping was recently demonstrated
and ultrafast laser radiation under ambient air environment could be used for the direct
writing of high-quality graphene patterns on insulating substrates. This article concludes
with an outlook on developing further advanced laser processing with scalability, in situ

monitoring strategies, and potential applications.

Introduction

The electronic and mechanical properties of two-dimensional
(2D) materials have showed potential to overcome the draw-
backs of conventional electronics in moving toward mechani-
cally flexible/stretchable applications for lightweight, portable,
and conformable products such as flexible displays, solar
cells and batteries, and wearable health patches.! In spite
of the very good properties of graphene, the zero-energy
bandgap in its electronic structure makes it unsuitable for
switching devices in electronics. Recently, 2D layered semi-
conductors, in particular, the series of transition-metal dichal-
cogenides (TMDCs) such as MoS, and WSe,, have shown
reliable performance as novel semiconductor materials that
can provide mechanical flexibility and high mobility.> While
the potential of 2D layered materials is exciting, major road-
blocks will have to be resolved for successful transition to
commercial applications by developing reliable technologies
for the controlled fabrication of high-performance devices
(e.g., gate width of ~10 nm for TMDC-based field-effect
transistors with high ON-OFF current ratios,® reliable means
to control the number of TMDC layers for bandgap tuning,*
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on-demand tuning of electronic properties by defect engi-
neering,’ and maskless patterning of 2D layered materials).

Ultrafast lasers offer unique processing routes that take
advantage of distinct interaction mechanisms with 2D mate-
rials to enable extremely localized energy deposition. Both
thermal and non-thermal mechanisms can contribute to the
processing of layered materials, depending on the amount
of energy absorbed.® For femtosecond laser processing of
graphite, time-of-flight measurements have confirmed that
femtosecond laser-driven Coulomb explosion (i.e., ioniza-
tion assisted non-thermal ablation mechanism) is responsible
for atomic-scale material removal from graphite, suppress-
ing subsequent thermal material ejection.”® It is also noted
that atomic-scale material removal from layered materials by
ultrafast lasers is frequently coupled with chemical reactions
such as oxidation or burning, as in the case of graphene.’
It is believed that such a disturbance can lead to non-thermal
bond breaking and even stochastic extraction of atoms from
layered materials. The reduced in-plane thermal conductiv-
ity tends to accelerate the process thus partly contributing to
high spatial confinement of the process.’
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Similar bond-breaking behavior upon interaction with
ultrafast lasers has been observed for MoS, layers, where pre-
cise layer removal or thinning can actively adjust its bandgap.
In this case, a lattice sublimation mechanism (i.e., laser-induced
bond breaking and subsequent atom removal) was proposed,
possibly assisted by a non-thermal ionization state rather than
by oxidation.' It is interesting to note that atomic-scale vacan-
cies formed in MoS, by high-energy electrons (in a high-
resolution transmission electron microscope environment)
are easily refilled with impurity atoms,!! suggesting a new
method for defect engineering or doping of TMDC materials.
This study indicates that further investigation of the effect
of ultrafast lasers in terms of atomic-scale defect formation
is necessary with advanced in situ diagnostics tools, as will
be briefly discussed in later sections. It is also noted that a
wider range of ultrafast laser- (typically a femtosecond or
picosecond laser that can selectively induce non-thermal
or thermal mechanisms) based modification processes such
as ablative, additive, and defect engineering processes, are
governed by closely linked mechanisms (e.g., non-thermal
bond-breaking possibly accompanied by defect engineering
or doping).

The nonlinear ultrafast optical properties of 2D layered
materials have been actively investigated for photonic device
applications.'? Accordingly, the nonlinear absorption behav-
ior has been examined during ablative processing of lay-
ered materials; two-photon absorption was confirmed during
ablation of MoS,.’ Since the heat dissipation of 2D layered
materials is dominantly influenced by thermal coupling to
the surrounding environment, a dependence of the processing
threshold in terms of laser fluence or energy density on the
substrate material was also found. The underlying thin-film or
substrate material can be incorporated into the layered materials,
as shown in experimental work on localized laser synthesis of
graphene.®'® Considering the precise and unique energy cou-
pling mechanisms with 2D layered materials, more accurate
thickness control is anticipated by using ultrafast lasers.

The following sections summarize research on ultrafast
laser-based processing of 2D atomic layered materials, includ-
ing ablative patterning and thinning, substitutional doping, and
additive direct writing. The article concludes with an outlook
toward advanced processing and in situ diagnostics.

Ablative patterning and pattern transfer of
graphene by ultrafast lasers
In graphene device fabrication, typically a synthesized graphene
layer on a metal foil is transferred to a target substrate, followed
by patterning. However, these processes involve wet chemical
steps and can unintentionally modify the graphene properties.'*!
Furthermore, most of the transferred graphene area is etched
away during the patterning step, so little area is used. Hence
there is room for improvement in current graphene fabrication
methods.

Femtosecond laser-ablative patterning of suspended and
supported graphene under ambient conditions is summarized
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in Figure 1." Direct ablation was observed upon single pulse
irradiation of suspended graphene (Figure 1a), wherein graph-
ene folds were formed in the periphery of ablated supported
graphene spots (Figure 1b). Multiscale graphene patterns
have been also transferred to arbitrary substrates by applying
femtosecond laser pulses on a graphene/metal foil prior to the
transfer step (Figure 1c—d). The diminished thermal transport
accompanying femtosecond laser processing enables forma-
tion of high-resolution graphene patterns, even on thermally
conductive metal foil."” Furthermore, a laser-induced pattern
transfer (LIPT) method was developed. Femtosecond laser
patterning is performed on a graphene/poly(methyl methac-
rylate) (PMMA) donor layer, and the patterned graphene is
simultaneously transferred to a target substrate. This results
in the simultaneous patterning and transfer of graphene in a
single processing step. The LIPT method simplifies the com-
plex graphene fabrication process while augmenting flexibil-
ity in graphene device design. Graphene/PMMA microscale
patterns on a flexible substrate (Figure 1¢) and suspended gra-
phene cantilever structures were fabricated via the developed
single-step method (Figure 11).'®

Direct nanoscale patterning of suspended and supported
graphene has been demonstrated, where a vortex phase plate
beam shaping technique was applied to achieve resolution down
to 20 nm.” When graphene is patterned into nanoribbon shapes,
an energy gap is created due to quasi-one-dimensional car-
rier confinement.' By employing high repetition rate ultrafast
lasers, precise graphene patterning was achieved due to local
oxidation and conversion into CO,. Based on Raman spec-
troscopy, the defect-induced D-line was not detected after the
patterning, indicating that high-atomic-structure quality was
maintained in the atomic scale even at the cut edges. Hence
direct patterning of graphene using ultrafast pulse lasers is
a promising technique for nanoscale graphene fabrication,
enabling defect engineering at the nanoribbon edges, which
could be free from unintended contamination.

Laser thinning of 2D layered materials

TMDC:s are attractive 2D layered semiconductor materials that
have unique mechanical, electrical, and optical properties.® For
example, monolayer MoS, has a direct bandgap of ~1.85 eV
instead of the indirect bandgap of 1.2 eV for the bulk counter-
part. A tightly focused continuous-wave laser beam was uti-
lized to thin MoS, down to a single layer.* A similar approach
was also applied to process multilayer graphene for obtaining
single-layer graphene.?! Although laser light may be absorbed
in both mono- and multilayered materials, the thinning process
is self-regulated due to the variation of the thermal conductiv-
ity with the number of layers in conjunction with the heatsink
effect of the substrate. The MoS, thinning process can be fur-
ther controlled by choosing the appropriate laser wavelength
and by using ultrafast pulses, shorter than ~1 ps. Multilayer
MoS, is opaque to near-infrared Ti:Sapphire femtosecond laser
radiation. In contrast, single-layer MoS, is transparent, imply-
ing potential for selective-layer processing. A two-photon
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Figure 1. Direct laser patterning of graphene. (a) Scanning electron microscope (SEM)
image of a single pulse irradiated suspended single-layer graphene on a transmission
electron microscope grid. Arrows indicate cracks developed by ablation. The inset
shows a pristine suspended graphene. The scale bar indicates 200 nm. (b) SEM image
of folded graphene structures on a SiO,/Si substrate.'® The scale bar indicates 2 um.
Optical micrographs of (c) various graphene patterns on a graphene/copper foil after
femtosecond laser patterning and (d) transferred graphene patterns on a SiO,/Si substrate.
Scale bars are 100 um. (e) Optical microscope image of transferred graphene/poly(methyl
methacrylate) (PMMA) patterns on a flexible polyimide film over a curved surface. The
entire view is shown in the upper inset. The bottom inset shows a transferred pattern with
higher magnification. (f) Tilted SEM image of graphene/PMMA cantilevers over a trench

in a silicon substrate. The inset shows a SEM top view image of the cantilever pattern.'®
Scale bars in (e—f) are 200 pm.

To this end, laser direct-writing methods such
as laser-induced thermal reduction of graph-
ene oxide (GO) films,*>* or laser-assisted
chemical vapor deposition (CVD),*** have
been examined. However, the laser-induced
thermal reduction of GO films yields a sub-
stantial number of defects, significantly deteri-
orating electrical conductivity. The quality of
the graphene pattern by laser-assisted CVD
on Ni foils was significantly improved over that
of thermally reduced GO,* yet a postgrowth
graphene-transfer process (i.e., etched removal
from Ni foil, then transferred to the target sub-
strate) was necessary.

Ultrafast laser direct writing has been
employed for directly growing graphene pat-
terns on various insulating substrates under
ambient conditions through rapid heating of
cosputtered Ni/C thin films (the detailed pro-
cess sequence is depicted in Figure 2a).>° The
sheet resistance of the resulting graphene pat-
terns is approximately two times lower than the
bilayer graphene fabricated by the laser-assisted
CVD and one order of magnitude lower than
that for the reduced GOs, possibly enabled by
the preservation of a high-quality graphene
lattice by the transfer-free growth process, and
a Ni doping effect.?”?® The as-measured optical
transmittance was 94.3% at 550 nm, support-
ing potential use as a transparent electrode.

The linewidth of the as-fabricated graphene
patterns was close to the focal spot size of
the femtosecond laser direct-writing system
(submicrometer for the tested setup). By heat-
ing the cosputtered Ni/C thin film using the
femtosecond laser, graphene growth was com-
pleted within an order of ms, enabled by the
highly efficient energy delivery to the sub-
strate maintained at room temperature. In the
controlled comparison experiments, the con-
ventional rapid thermal annealing process®
required exposure for a few minutes at 1100°C
under vacuum. As shown in Figure 2b, a dis-
tinct femtosecond laser processing window

absorption process was experimentally confirmed in the course
of the ultrafast laser-based MoS, thinning process.'’

Ultrafast laser direct writing of graphene
patterns

Although pattern-transfer approaches have demonstrated high-
quality graphene patterning capabilities, these methods involve
multiple processing steps and may cause structural damage
during graphene transfer. To resolve these issues, researchers
must address these key challenges with the development of direct
and transfer-free writing of graphene on desired substrates.
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exists to achieve optimum bilayer graphene formation at
~24 mW laser average power (confirmed by the 2D/G band
ratio in the Raman spectrum being close to 1; the G band
indicates in-plane vibrational mode induced peak intensity,
and the 2D band is induced by the second-order defect or dis-
order band). Lower laser power yields multiple graphene lay-
ers with defects, while higher laser power forms additional
defects through lattice damage.

Under the optimized condition for high-quality graphene
growth, large-scale graphene-based integrated-circuit patterns
have been fabricated in a programmable manner (Figure 2c)
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effective choice for processing. Laser-assisted
phosphorus doping in ultrathin (monolayer
and bilayer) TMDCs, including n-type MoS,
and p-type WSe,, was recently demonstrated
using a 532-nm-wavelength laser, which is a
versatile, air-stable, and tunable method, car-
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Figure 2. Direct writing of graphene patterns by a femtosecond laser. (a) Process
sequence of femtosecond laser direct-writing process to fabricate graphene patterns
under ambient conditions. (b) Dependence of the graphene quality (Raman D/G and
2D/G ratios; G band induced by in-plane vibrational mode, D band by defect or disorder,
and 2D band by the second-order defect) on laser average powers. At an optimal laser
power of 24 mW, a minimal D/G ratio indicates high-quality crystallinity, and a 2D/G ratio
close to 1 confirms formation of bilayer graphene. (c) Optical micrograph of large-scale
graphene patterns on a glass substrate fabricated by femtosecond laser direct writing,
for integrated-circuit applications. (d) Electrical characterization of graphene devices
fabricated by femtosecond laser direct writing, current-voltage curve of the four-terminal
electrical device with eight graphene straight line channels. The linear trend and high
electrical conductance of the current-voltage curve show metallic characteristics of the
fabricated graphene patterns, indicating its potential as an electrode. Reproduced with

ried out by varying the duration and intensity
of a focused laser irradiating in a phosphine
environment to accomplish site-specific dop-

ing (Figure 3).>* Extending the laser-doping
method to emerging 2D layered materials will
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not only allow site-specific selectivity, but also
prevent the redistribution of the impurity pro-
file via a pulsed laser with short irradiation
duration. As mentioned earlier, ultrafast lasers
may provide a new pathway to TMDC layer
doping through atomic-scale control of vacancy
generation and the subsequent refilling with
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bance processes.!!

Further ultrafast laser processing

of 2D layered materials and in situ
diagnostics

Considering that engineering of imperfections
or defects in 2D layered materials (e.g., vacan-
cies, edges, dopants, adsorbates, or substrates)
can play a critical role on the properties (e.g.,
electrical, optical, thermal, or magnetic) of
2D layered materials owing to their low dimen-
sionality, atomic-scale subtractive and additive

with high-quality electrical performance (measured /-V curve
shown in Figure 2d). A similar approach was recently applied
to fabricate a flexible solid-state microsupercapacitor based
on porous carbon formation in polyimide.*® Considering the
high degree of simplicity, flexibility, and reliability in produc-
ing graphene patterns, the ultrafast laser direct-writing method
could open the door for fabricating a wide range of advanced
graphene-based devices.

Laser doping of 2D layered materials
Laser-assisted doping has reportedly modified the semicon-
ductor device characteristics in many 2D materials.>'** Since
doping is facilitated by defect sites, GO was typically subjected
to laser illumination under a controlled dopant precursor gas
environment for the simultaneous reduction of GO into doped
graphene. When the doping process is carried out using nano-
second lasers, ultraviolet wavelengths are used since they are
absorbed by the GO material.*> A similar process using a femto-
second laser (800 nm wavelength) in a controlled ammonia
environment showed efficient reduction into n-doped graphene.*®
Two-dimensional TMDC layered materials with the for-
mula MX, (M = Mo, W; X =8, Se, Te) have direct bandgaps
ranging from 1.5 to 2.0 eV, therefore, a visible range laser is an
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control over the 2D layered materials can be a
powerful processing tool. To this end, optical near-field tech-
nology can be used to improve lateral processing resolution,
as demonstrated at the nanoscale by various processing exam-
ples,*7 or laser-assisted atomic layer deposition or etching to
achieve atomic thickness level control toward 2D layered
heterostructure fabrication.?¢3%

For achieving high throughput and precision, various
schemes have been proposed for scalable and programmable
processing on the basis of multiple laser light confining ele-
ments in conjunction with in situ diagnostics and metrology.*
Integrating in situ process monitoring tools, such as both
optical far- and near-field laser illumination arrangements,
into scanning and transmission electron microscopes will
enable investigation of the fundamental interaction mecha-
nisms of ultrafast lasers with 2D layered materials.**** Further,
the structural modification signature measured by the imaging
and analytical diagnostic functions of electron microscopes
can be correlated with in sifu measured optical spectroscopic
signals (e.g., in situ Raman spectroscopy*+#*).

Conclusion and outlook
Ultrafast lasers can drive a wide range of subtractive and
additive processes for the patterning and functionalization of
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assisted doped area.®

Figure 3. Laser-assisted doping of MoS,. (a) Schematic diagram of laser-assisted doping.
Focused laser locally illuminated onto the MoS, flakes (blue atoms, Mo; yellow atoms, S)
located on a SiO,/Si substrate under diluted phosphine (PH;) dopant gas environment. The
function of laser illumination is to create sulfur vacancies and simultaneously dissociate
the dopant molecules in preparation for the subsequent doping process. (b) Optical image
of as-prepared monolayer (1L) and five-layer (5L) MoS, on a SiO,/Si substrate (blue color
represents MoS,). (c) Atomic force microscope image of the (b) zoomed area. Its thickness
is approximately 0.7 nm, in good agreement with the thickness of monolayer MoS,. The
circle in (c) is the laser spot area in the laser doping. (d) Photoluminescence (PL) mapping
of the zoomed area in (c) that clearly shows the PL intensity enhancement of the laser-
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Berkeley Marvell Nanolab. Analysis of the
doped structures was conducted in collaboration
with J. Wu’s team at University of California,
Berkeley Materials Science & Engineering.
D.H. acknowledges the support of Grant No.
14CTAP-C086566—-01-000000 from Technol-
ogy Advancement Research Program funded
by the Ministry of Land, Infrastructure, and
Transport of the Korean government, and also
to the industry technology R&D program of
MOTIE/KEIT No. 10050501. The authors thank
Y.F. Lu at the University of Nebraska—Lincoln
for contributing results on ultrafast laser direct
writing of graphene patterns, supported by the
NSF (CMMI 1265122), Nebraska Center for
Energy Sciences Research, and the US Office of
Naval Research (N0014-019-1-0943).

References

1. K.S. Novoselov, V.I. Fal’ko, L. Colombo, P.R. Gellert,
M.G. Schwab, K. Kim, Nature 490 (7419), 192 (2012).

2. B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti,
A. Kis, Nat. Nanotechnol. 6 (3), 147 (2011).

3. Y. Yoon, K. Ganapathi, S. Salahuddin, Nano Lett. 11 (9),
3768 (2011).

4. A. Castellanos-Gomez, M. Barkelid, A.M. Goossens,
V.E. Calado, H.S.J. van der Zant, G.A. Steele, Nano Lett.
12 (6), 3187 (2012).

5. A.M. van der Zande, P.Y. Huang, D.A. Chenet, T.C. Berkelbach,
Y.M. You, G.H. Lee, TF. Heinz, D.R. Reichman, D.A. Muller,
J.C. Hone, Nat. Mater. 12 (6), 554 (2013).

6. M. Currie, J.D. Galdwell, F.J. Bezares, J. Robinson, T. Anderson,
H.D. Chun, M. Tadjer, Appl. Phys. Lett. 99 (21), 211909
(2011).

7. M. Lenner, A. Kaplan, C. Huchon, R.E. Palmer, Phys. Rev.
B Condens. Matter79 (18), 184105 (2009).

8. M. Lenner, A. Kaplan, R.E. Palmer, Appl. Phys. Lett. 90 (15),
153119 (2007).

9. R.J. Stohr, R. Kolesov, K.W. Xia, J. Wrachtrup, ACS Nano

atomic layered materials. Mechanisms such as multiphoton
absorption, minimized thermal effects, non-thermal interac-
tions, as well as compatibility and integration with advanced
diagnostics can be beneficial in this effort. Research at the
fundamental level with the aid of in sifu diagnostics tools is
necessary to achieve atomic-scale manipulation. Furthermore,
ultrafast lasers can be configured to scalable processing tools
and therefore realize the next-generation high-performance
portable, flexible, and wearable devices based on 2D materials.

Acknowledgments

Lawrence Livermore National Laboratory is operated by
Lawrence Livermore National Security, LLC, for the US
Department of Energy, National Nuclear Security Administra-
tion under Contract DE-AC52-07NA27344. E.K. acknowl-
edges support to the Laser Thermal Laboratory at UC Berkeley
by the National Science Foundation (NSF) under Grant No.
EEC-1449305. The laser doping experiments were carried

1006 W MRS BULLETIN - VOLUME 41 - DECEMBER 2016 - www.mrs.org/bullefin
https://doi.org/10.1557/mrs.2016.248 Published online by Cambridge University Press

5 (6), 5141 (2011).

10. I. Paradisanos, E. Kymakis, C. Fotakis, G. Kioseoglou,
E. Stratakis, Appl. Phys. Lett. 105 (4), 041108 (2014).

11. H.P. Komsa, J. Kotakoski, S. Kurasch, O. Lehtinen, U. Kaiser, A.V. Krasheninnikov,
Phys. Rev. Lett. 109 (3), 035503 (2012).

12. K.P. Wang, J. Wang, J.T. Fan, M. Lotya, A. O'Neill, D. Fox, Y.Y. Feng, X.Y. Zhang,
B.X. Jiang, Q.Z. Zhao, H.Z. Zhang, J.N. Coleman, L. Zhang, W.J. Blau, ACS Nano
7(10), 9260 (2013).

13. D.P. Wei, J.I. Mitchell, C. Tansarawiput, W. Nam, M.H. Qi, P.D.D. Ye, X.F. Xu,
Carbon 53, 374 (2013).

14. A. Pirkle, J. Chan, A. Venugopal, D. Hinojos, C.W. Magnuson, S. McDonnell,
L. Colombo, E.M. Vogel, R.S. Ruoff, R.M. Wallace, Appl. Phys. Lett. 99 (12),
122108 (2011).

15. Z.G. Cheng, Q.Y. Zhou, C.X. Wang, Q.A. Li, C. Wang, Y. Fang, Nano Lett.
11 (2), 767 (2011).

16. J.H. Yoo, J.B. In, J.B. Park, H.J. Jeon, C.P. Grigoropoulos, Appl. Phys. Lett.
100 (23), 233124 (2012).

17. J.B. Park, J.H. Yoo, C.P. Grigoropoulos, Appl. Phys. Lett. 101 (4), 043110
(2012).

18. J.H. Yoo, J.B. Park, S. Ahn, C.P. Grigoropoulos, Small 9 (24), 4269 (2013).

19. M.Y. Han, B. Ozyilmaz, Y.B. Zhang, P. Kim, Phys. Rev. Lett. 98 (20), 206805
(2007).

20. Q.H. Wang, K. Kalantar-Zadeh, A. Kis, J.N. Coleman, M.S. Strano, Nat.
Nanotechnol. 7 (11), 699 (2012).

21. G.H. Han, S.J. Chae, E.S. Kim, F. Gunes, I.H. Lee, S.W. Lee, S.Y. Lee, S.C. Lim,
H.K. Jeong, M.S. Jeong, Y.H. Lee, ACS Nano5 (1), 263 (2011).

22. Y. Zhou, Q.L. Bao, B. Varghese, L.A.L. Tang, C.K. Tan, C.H. Sow, K.P. Loh,
Adv. Mater. 22 (1), 67 (2010).


https://doi.org/10.1557/mrs.2016.248

FEMTOSECOND LASER PATTERNING, SYNTHESIS, DEFECT FORMATION, AND STRUCTURAL MODIFICATION OF ATOMIC LAYERED MATERIALS

23. Y.L. Zhang, L. Guo, S. Wei, Y.Y. He, H. Xia, Q.D. Chen, H.B. Sun, F.S. Xiao,
Nano Today 5 (1), 15 (2010).

24. J.B. Park, W. Xiong, Y. Gao, M. Qian, Z.Q. Xie, M. Mitchell, Y.S. Zhou,
G.H. Han, L. Jiang, Y.F. Lu, Appl. Phys. Lett. 98 (12), 123109 (2011).

25. J.B. Park, W. Xiong, Z.Q. Xie, Y. Gao, M. Qian, M. Mitchell, M. Mahjouri-
Samani, Y.S. Zhou, L. Jiang, Y.F. Lu, Appl. Phys. Lett. 99 (5), 053103 (2011).
26. W. Xiong, Y.S. Zhou, W.J. Hou, L.J. Jiang, Y. Gao, L.S. Fan, L. Jiang, J.F. Silvain,
Y.F. Lu, Sci. Rep. 4, 4892 (2014).

27. G. Giovannetti, P.A. Khomyakov, G. Brocks, V.M. Karpan, J. van den Brink,
P.J. Kelly, Phys. Rev. Lett. 101 (2), 026803 (2008).

28. V.A. Rigo, T.B. Martins, A.J.R. da Silva, A. Fazzio, R.H. Miwa, Phys. Rev. B
Condens. Matter79 (7), 075435 (2009).

29. W. Xiong, Y.S. Zhou, L.J. Jiang, A. Sarkar, M. Mahjouri-Samani, Z.Q. Xie,
Y. Gao, N.J. lanno, L. Jiang, Y.F. Lu, Adv. Mater. 25 (4), 630 (2013).
30.J.BinIn, B.Hsia, J.H. Yoo, S. Hyun, C. Carraro, R. Maboudian, C.P. Grigoropoulos,
Carbon 83, 144 (2015).

31.1. Choi, H.Y. Jeong, D.Y. Jung, M. Byun, C.G. Choi, B.H. Hong, S.Y. Choi, K.J. Lee,
ACS Nano 8 (8), 7671 (2014).

32. K. Sawva, Y.H. Lin, C. Petridis, E. Kymakis, T.D. Anthopoulos, E. Stratakis,
J. Mater. Chem. C 2 (29), 5931 (2014).

33. L. Guo, Y.L. Zhang, D.D. Han, H.B. Jiang, D. Wang, X.B. Li, H. Xia, J. Feng,
Q.D. Chen, H.B. Sun, Adv. Opt. Mater. 2 (2), 120 (2014).

34. E. Kim, C. Ko, K. Kim, Y.B. Chen, J. Suh, S.G. Ryu, K.D. Wu, X.Q. Meng,
A. Suslu, S. Tongay, J.Q. Wu, C.P. Grigoropoulos, Adv. Mater. 28 (2), 341

(2016).

35. S.G. Ryu, E. Kim, D.J. Hwang, C.P. Grigoropoulos, Appl. Phys. A121 (1),
255 (2015).

36. C.P. Grigoropoulos, D.J. Hwang, A. Chimmalgi, MRS Bull. 32 (1), 16
(2007).

37. D. Hwang, S.G. Ryu, N. Misra, H. Jeon, C.P. Grigoropoulos, Appl. Phys. A
96 (2), 289 (2009).

38. M. Ohtsu, K. Kobayashi, H. Ito, G.H. Lee, Proc. IEEE 88 (9), 1499 (2000).
39. H. Pan, D.J. Hwang, S.H. Ko, T.A. Clem, J.M.J. Frechet, D. Bauerle,
C.P. Grigoropoulos, Small 6 (16), 1812 (2010).

40.J.B. In, S.G. Ryu, D. Lee, S. Ahn, A.C. Zheng, D.J.S. Hwang, C.P. Grigoropoulos,
“Laser Material Processing for Solar Energy Devices II,” Proc. SPIE 8826, 88260E
(2013).

41. B. Xiang, D.J. Hwang, J. Bin In, S.G. Ryu, J.H. Yoo, O. Dubon, A.M. Minor,
C.P. Grigoropoulos, Nano Lett. 12 (5), 2524 (2012).

42. D.J. Hwang, B. Xiang, S.G. Ryu, 0. Dubon, A.M. Minor, C.P. Grigoropoulos,
Appl. Phys. A105 (2), 317 (2011).

43. FI. Allen, E. Kim, S.-G. Ryu, B. Ozdol, C.P. Grigoropoulos, A.M. Minor,
Microsc. Microanal. 19, 394 (2013).

44_FI. Allen, E. Kim, N.C. Andresen, C.P. Grigoropoulos, A.M. Minor, Ultramicros-
copy (2016), http://www.sciencedirect.com/science/journal/aip/03043991. O

Jae-Hyuck Yoo is a postdoctoral research staff
member at Lawrence Livermore National Labo-
ratory. He earned his PhD degree in mechanical
engineering from the University of California,
Berkeley, in 2014. Yoo’s current research inter-
ests focus on laser-damage mechanisms of
wide-bandgap semiconductors for transparent
conducting films with high-laser-damage per-
formance and laser-material-processing tech-
niques with in situ diagnosis.

Eunpa Kim is a senior engineer at Samsung
Electronics. Prior to this, he was a postdoctoral
fellow at the University of California, Berkeley.
He received his PhD degree in mechanical engi-
neering from the University of California, Berkeley,
in 2014. Kim’s research interests include micro-/
nanoscale fabrication and nanometrology of low-
dimensional semiconducting nanomaterial.

David J. Hwang is an assistant professor in
the Department of Mechanical Engineering at
The State University of New York at Stony
Brook. He received a PhD degree in mechanical
engineering from the University of California,
Berkeley (UCB), in 2005. He was a postdoctoral
researcher from 2005 to 2007 and a research sci-
entist from 2008 to 2010 at UCB. He was a guest
scientist of Lawrence Berkeley National Labora-
tory from 2007 to 2010. Hwang’s research inter-
ests focus on micro-/nanoscale heat transfer and
laser-assisted materials processing and diagnos-
tics for a wide range of applications.

THE NEW D | G |TAL M RSBI.I"etIn IS HERE!

https://doi.org/10.1557/mrs.2016.248 Published online by Cambridge University Press

d for

(e .‘» ;'

B

" career opportunltles

» multimedia functionality \w\\
« fast and intuitive search ~
— S

e puilt-in social feeds

RS Membel:sN p \\Q
 fi text access to technical fea‘(gmm
mbe Joi‘h today at mrs.org/join.

—

MATERIALS
R

JNIVERSITY PRESS

MRS BULLETIN - VOLUME 41 -

DECEMBER 2016 + www.mrs.org/bulletin M 1007


https://doi.org/10.1557/mrs.2016.248

ICSCRM
2017

SAVE THE DATE

The 2017 International Conference on Silicon Carbide and Related Materials (ICSCRM 2017) is the
premier biennial meeting covering all aspects of the latest SiC research and development. Scientists,
engineers, and students in the SiC field will gain insights into how challenges and advances in one
subfield motivate research in other subfields through a combination of tutorials, industrial talks and
presentations of the latest research and development from the SiC community.

The Conference theme—From Niche to Mainstream—will provide existing practitioners, as well as
those transitioning to the field, with a technical program that identifies materials and device challenges,
describes novel device and materials approaches, and discusses applications that are driving the
advancement of SiC technology.

Held September 17-22, 2017 in Washington, DC, at the Wardman Park Marriott, the Conference
continues its traditional rotation among Asia, Europe and the US.

SCIENTIFIC PROGRAM

The six-day Conference will feature oral and poster presentations, as well as tutorials covering the
following topical areas:

e Epitaxial Growth e Processing and Fabrication

e Bulk Growth e Device Characterization

e Defect Characterization e Power Applications

e New WBG Materials e Novel Devices

CONFERENCE VENUE

Washington, DC, the capital of the United States, is one of the world’s cultural, government and
historic epicenters. A renowned tourist destination, the city boasts world-class museums, art galleries,
monuments, and historical sites. You’ll have a special opportunity to explore the famous Air and Space
Museum, as it is the site of this year’s Conference Banquet. But you may want to make room in your
travel schedule to visit other popular DC landmarks, especially Wednesday afternoon, which will be free
of sessions. For example, admission to the Smithsonian Museums —over 19 museums and galleries—is
free and includes exhibits ranging from a 3.5 billion-year-old fossil to the Apollo lunar landing module.
Other leading DC attractions include: the national monuments and memorials, such as the Washington
Monument and the Lincoln Memorial; the White House and the Capitol; Georgetown, a shopping and
dining paradise located on DC’s historic waterfront; live theatrical productions at the John F. Kennedy
Center for Performing Arts; and so much more. The unique blend of architecture, history and cultural
diversity adds up to one ideal conference and vacation destination. So save the dates, September 17-22,
and plan to attend ICSCRM 2017 in Washington, DC!

www.mrs.org/icscrm-2017

ICSCRM 2017 is managed by

SERVICES

Because the Experience Matters
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www.mrs.org/conference-services
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