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Ultrafast lasers play an increasingly important role in many applications. Nanotubes and graphene have
emerged as promising novel saturable absorbers for passive mode-locking. Here, we review recent
progress on the exploitation of these two carbon nanomaterials in ultrafast photonics.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ultrafast lasers are used in a variety of applications, ranging
from optical communications [1] to medical diagnostics [2] and
industrial materials processing [3]. Development of new gain
media (e.g. Ti:sapphire [1-4]), and mode-locking technologies
(e.g. Kerr-lens mode-locking [1-4] and Semiconductor Saturable
Absorber Mirrors (SESAMs) [4-6]) have changed the outlook of
ultrafast lasers over the past two decades. These advances, in
particular the realization of new mode-locking technologies, have
pushed the applications of ultrafast pulses to a realm broader
than ever before. Nevertheless, current mode-locking technolo-
gies still suffer from drawbacks, e.g., Kerr-lens mode-locked lasers
usually require external perturbations in order to start [1,3,5]
and are extremely sensitive to misalignment [1,3]. SESAMs are
complex quantum well devices, typically fabricated by molecular
beam epitaxy on distributed Bragg reflectors [4-8]. Post-growth
processing [4-7] (e.g. ion implantation [4-7]) is normally
required to reduce their response time [4-7]. These limitat-
ions motivate research on new materials, novel designs and
technologies.

Conventional lasers, including ion-doped solid-state, fiber,
semiconductor, liquid and gas based, intrinsically have a limited
wavelength range of operation [9], due to the limited transitions
of the gain media [9]. For example, Ti:sappire lasers only work
between 0.65 and 1.1 um [9]. Nonlinear effects (e.g. optical
parametric generation [10,11] and Raman scattering [11,12]) have
been widely used for light amplification, in particular for ultrafast
pulse amplification, due to broad-band gain, spectral range and
gain bandwidth they enable [11-13]. For example, Raman ampli-
fication, whereby a signal at the Raman Stokes-shifted wave-
length experiences amplification by stimulated Raman scattering,
is often employed to reach beyond the spectral limits of rare-
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earth fibers [9,14]. Raman based amplification can potentially
allow broadband gain at any wavelength across the transparency
window of silica (~300-2300 nm) [9,14]. With advances in high-
power fiber-laser pump technology and in cascaded Raman fiber
lasers, high efficient pump systems are now available over this
entire band, providing Raman gain coefficients exceeding
~70dB (107) [11].

The search for alternative saturable absorber (SA) materials,
essential for passive mode-locking [3-5,7], has intensified, as
traditional SAs (e.g. organic dyes [15], color filter glasses [16],
ion-doped crystals [17]) have severe limitations in terms of
stability and performance (e.g. slow response time [5], narrow
operation wavelength [7,18], expensive fabrication and integra-
tion methods [5], low damage threshold [5]). Single wall carbon
nanotubes (SWNTs) have emerged as new SA material with
superior performance, such as sub-picosecond recovery time
[18-25], mechanical [18,26] and environmental robustness
[27,28]. SWNT mode-locked ultrafast lasers have been demon-
strated for various applications (e.g. industrial measurements
[29], material processing [28], optical sampling [30], data-pattern
recovery [30], optical frequency metrology [31,32], and optical
coherence tomography [33]). Graphene has also come to the
fore as a new SA with ultrafast recovery time [34-39] and ultra-
broadband operation (Fig. 1(a,b)) [18,38-41].

2. SWNT mode-locked lasers

SWNT based SAs (SWNT-SAs) have been successfully implemen-
ted in a variety of laser: solid-state [42-48], fiber [18,27,28,49-72],
semiconductor [73] and waveguide [74,75]. Various strategies have
been implemented to fabricate SWNT-SAs, Table 1. These include
spray coating [49,50,73,76-82], direct growth/transfer [57,59,
83-86], optically driven deposition [27,28,51-53,61,62,68-70,
74,87-90], polymer composite (Fig. 1(a)) [27,28,51-53,61,62,68-70,
74,87-90], polymer fiber [91].
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Fig. 1. (a) Absorption of SWNT and graphene polymer composite SA. Inset:
micrograph of a graphene polymer composite. (b) Typical GSA transmittance as
a function of input power at different wavelengths, adapted from Ref. [38].

Different approaches have been used to integrate SWNT-SAs in
lasers, such as free-space coupling (Fig. 2(a)) [49,50], deposition
on fiber ends [55,161] and inside fibers [67,92] as well as
eveanescent field interaction [56,66,81,84,93], Thus far, the most
popular way to integrate SWNT-SAs into fiber lasers is to
sandwich a SWNT polymer composite between two fiber con-
nectors (Fig. 2(b)) [18,27,28,51-53,61,62,68-70,74,87-90], since
this offers ease of integration into various lightwave systems
[18,27,28,51-53,61,62,68-70,74,87-90]. A large range of host
polymers, e.g. polycarbonate (PC) [51,64,75,94,95], polyvinyl
alcohol (PVA) (Fig. 1(a)) [27,28,52,53,61,62,68-70,74,87-90,
96-98], Carboxymethyl cellulose (CMC) [47,42,43,71,99-104],
Polyimide (PI) [42,63,105,106], Polydimethylsiloxane (PDMS)
[65,66,107-109], Polymethyl methacrylate (PMMA) [44-46,48,60,
92,110-112] and poly(3-hexylthiophene) (P3HT) [113-115], have
been used. SWNTs utilized in SAs have been prepared using a
variety of growth techniques, e.g. laser ablation (LA)
[27,28,42,49-51,61-64,68-70,74,75,90,94,96-98,102,105],  arc
discharge (AD) [44,45,71,103,104,110,116,117] and various che-
mical vapor deposition (CVD) methods [118,119] (such as Cobalt-
Molybdenum catalyst (CoMoCAT) [42,52,53,87-89,115], High
Pressure Carbon Monoxide (HiPCO) [43,46-48,55,60,65-67,
76-78,81,86,92,95,99-101,107,108,111-114,120-125] and alco-
hol catalytic chemical-vapor deposition (ACCVD) [59,83-85]), allow-
ing the selection of different diameters and diameter distributions.

Since the first demonstration in 2003 [49], the performance of
ultrafast lasers mode-locked by SWNTs has steadily improved.
Table 1 summarizes representative output performances. For
example, the average output power has increased from few
hundred pw (e.g. ~260 pw [50]) to few Watts [28,108,126], with
peak powers reaching a few hundred kW (e.g. 200 kW in Ref.
[120]). A large range of output parameters, such as wavelength,
pulse duration, and repetition rate have been achieved. Thus far,

the demonstrated wavelengths range from 0.78 [47,127] to 2 um
[57,71,110,128]. The output pulse durations range from a few ns
[52,53] to sub-20 fs [107]. The repetition rate spans from few tens
kHz [52,53,129] to a few tens GHz [73,130]. Wavelength-tunable
lasers based on SWNTs have also been reported [47,51,63,98,
128,131-134].

2.1. SWNT mode-locked solid-state lasers

Solid-state lasers, mainly using doped glass [3,10] or crystal-
line host materials [3,10] as gain media, are the most commonly
used in various applications (e.g. industry, research and military
[3,10,11]). They typically consist of a free-space cavity, formed by
mirrors and a solid-state gain medium [178]. A variety of solid-
state gain media have been coupled with SWNT-SAs to mode-
lock solid-state lasers. These include Nd:glass [42,43,152,157],
Nd:GdVO0,4 [99,135,171], Nd:YVO,4 [117,126,137,155,172], Nd:YAG
[100,101,158], Nd:YLF [170], Nd:LuYVO, [136], Er:glass
[42,82,122], Yb:Sc,SiOs [173], Yb:KLu(WO,), [44,45], Yb:KYW
[46], Yb:LuYSiOs [174,175], Yb:LuScOs [179], Cr:YAG [46,133],
Cr:LiSAF [134], Cr:forsterite [46,48] and Tm:KLu(WO,), [110]. In
particular, SWNT-SAs have recently been reported to mode-lock
solid-state Ti:sapphire lasers [47,127]. This is an important step,
since Kerr-lens mode-locked Ti:sapphire lasers dominate the
sub-200fs market. However, Kerr-lens mode-locking is not self-
starting [1,11] and usually requires critical cavity alignment
[1,3-5].

The output spectra of SWNT mode-locked solid-state lasers
have thus far covered 0.8 [47,127,134], 1 [42-46,179,175], 1.2
[46,48], 1.3 [99-101,155], 1.5 [42,46,82,122,133] and 2 um [110].
SWNTs are normally coated on high reflectivity mirrors
[42,44,46,82,134], and then employed as cavity mirror. High
transmittance substrates (e.g. pure quartz [45,100]) coated with
SWNTs (Fig. 2 (a)) have also been used [45,100,133,126]. The
shortest pulse duration thus far achieved is ~60 fs [42,127].
High-power up to 3.6 W was reported at 1.06 pum [126,135].
Compared to fiber lasers, optimization of the SA non-saturable
losses is crucial to mode-lock solid-state lasers [3,46], since their
gain is lower, mainly due to the limited gain medium length
(several mm) [3,10]. For wide-band operation, SWNTSs covering a
variety of diameters need be combined to form the SA device.
These tubes, however, tend to bundle and curl [18,46], thus
contributing to high non-saturable losses [18]. Recently, a single
SWNT-SA was used to mode-lock solid-state lasers at 1, 1.2 and
1.5 pm [46], showing that non-saturable losses may be decreased
by optimizing the SWNT-SA fabrication.

2.2. SWNT mode-locked fiber lasers

Fiber lasers are attractive alternatives to bulk solid state lasers due
to their efficient heat dissipation [3,13] and alignment-free format [3],
the latter being a key advantage for end-users. Furthermore, their
typical gain can reach several tens dB [11], a few orders of magnitude
higher than solid state lasers [10,11]. Thus, they do not need
particular optimization of non-saturable losses for their operation,
as the loss can be compensated by the large gain. Indeed, there has
been a far greater research effort on exploiting SWNT-SAs in fiber
lasers, as evident from Table 1, with a steady improvement in
performance. A typical mode-locked fiber laser setup is shown in
Fig. 2(c). This unidirectional ring cavity design allows easy self-
starting due to decreased spurious reflections [180]. The maximum
reported average output power is ~ 250 mW [84], with 6.5 n] output
pulse energy at ~ 1.5 pum [84]. In Ref. [84] SWNTs were transferred
on a D-shaped fiber to enable evanescent field interaction, a
technique also reported in Refs. [56,66,81,93]. Normal-dispersion
fiber lasers [28,52,53,88,145,112] have also been demonstrated,



Table 1

Pulsed lasers exploiting SWNT-SAs. /: wavelength; t: pulse width; f: repetition rate; P: average output power.

SAs SWNT types Laser types Laser parameters
/. (nm) T f(MHz) P (mWw)
Polymer PC LA [51,64,75], HiPCO [95] EDFL [51,64,95], waveguide laser [75] 1518-1558 tunable [51], 1560 [64,75,95] 115 fs [95], 15[51],39 0.36
composites 24 ps [51] [95] [51],3.4
[95]
PVA CoMoCAT [52,53,87,88], LA Nd:YVO,4 [137], Nd:GdVO,4 [135], Nd:LuYVO,4 [136], YDFL 1058-1060 [52,53,138], 1530-1563 tunable [98], 113 fs [69], 0.177-21 0.1
[27,28,61,62,68-70,74,90,96-98], AD [52,53,87,138], BDFL [88], EDFL 1532-1563 20 ps-2 ns selective [74,90],
[135,136], HiPCO [125] [27,28,61,62,68-70,90,96-98,125,139-142], Waveguide laser [74] [27,28,61,62,68,69,74,90,96,97,125,139,140,142], selective [52,53,87], 3.6 W
1601 [70] [52,53,87] 328 [141] [135]
CMC CoMoCAT [42], HiPCO Ti:sapphire [47,143], Nd:glass [42,43], Nd:GdVO,4 [99], Nd:YAG 780-820 tunable [47,143], 1000-1068 177 fs [104], 37 [71],110 3.4[71],
[43,47,99-101,143,144], LA [102], AD  [100,101], YDFL [144-146], EDFL [102-104,144,146-149], TDFL [71] [42,43,144-146], 1320-1340 [99-101], 1550-1565 1.15ns [145] [47] 450
[71,103,104,145,146] [102,104,144,146-149], 1930 [71] [47]
PI LA [42,63,105,106,150], HiPCO [65] Er:glass [42], EDFL [63,105,106,118,119,150] 1532-1562 tunable [63], 1532 and 1557 Switchable, 68 fs [42], 0.13 [150], 04
1545-1570 [42,105,106,119,150] 6.2 ps [150] 85 [42] [150],
114
[106]
PDMS HiPCO [32,66,107-109,128,151] EDFL [32,66,93,107-109,151], YDFL [56], TDFL [72,128] 1035 [56], 1530-1565 [66,93,107,108,151], 1885 [72], 14 fs [107], 13.3 [66], 1[93],
1866-1916 tunable [128], 1000-1750 [107,108] 1.5 ps [56] 4 GHz [109] 11.5
[108]
PMMA AD [44,45,110,152], HiPCO EDFL [60,91,92,111,112,154], Yb:KLuW [44,45], Yb:KYW [46,131], = 780-825 tunable [127], 868-882 tunable [134], 62 fs [127], 5.3 [111], 50 pw
[46,48,60,92,111,112,127,134,153-155] Nd:BaYF [156], Nd:Glass [152,157], Nd:YVO,4 [155], Cr:forsterite 1035-1045 tunable [131], 1061-1075 tunable [157], 9.7 ps [110]  1.69 GHz [60],
[48,46,153], Cr:LiSAF [134], Ti:sappire [127], Cr:YAG [46,133], 1048-1080 [44,131,152,156], 1240-1250 [48,153], [112] 800
Tm:KLuW [110] 1342 [155], [155]
1435-1505 [133], 1560-1567 [60,91,92,111,112,154],
1944 [110]
P3HT HiPCO [113,114] CoMoCAT [115] EDFL [113,114], YDFL [115] 1070 [115], 1560 [113,114] 113fs [114] 51 [113] 5[114]
PFO Il Nd:YAG [158] 1064 [158] 8.3 ps [158] 90 [158] 275
[158]
PS HiPCO [60] EDFA [60] 1560 [60] 171 fs [60] 7.63 [60] 0.050
[60]
Su8 HiPCO [159] EDFA [159] 1571 [159] 871fs [159] 21.27 [159] 1 [159]
Grown/ Optically ~ HiPCO [55,120,121,160], CoMoCaT [55] YDFL [55], EDFL [55,120,121,160-163] 1070 [55], 1532-1567 [55,120,121,160-162] 124fs [163], 5.2 [160] 0.1 [55],
deposited/ driven 1.14 ps [121] 1.5W
transferred deposition [120]
SWNTs
Spray- HiPCO [76-78,81,130], LA [49,50] PDFL [76], TDFL [80], EDFL [30,49,50,77,78,80,81,132,164], EYDFL 1294 [76], 1506 [80], 1550-1571 190 fs [164], 3.18 [76], 16 pw
coating [79,130], Er:Yb:glass [82], Semiconductor laser [73] [30,49,50,73,77-82,130], 1605 [80] 14 ps [73] 19.4 GHz [73], 63
[130] [82]
Grown/ ACCVD [59,83-85], HiPCO YDFL [57], EDFL [31,57,59,83-86,165-168], TDFL [57,167] 1050 [57], 1550-1565 [31,57,59,83-86,165,167,168], 30 fs [31], 6.62 [85], 50 22 puw
transferred [57,86,165-168] 1990 [57,167] 1.14 ps [85]  [59] [85],
250
[84]
Drop- AD [117,126,169-171], CVD [172-174] Nd:YLF [170], Nd:YVO,4 [117,126,172], Nd:GdVO, [171], Yb:SSO 1045/1059 [174], 1047-1064 [126,169-171,173,175] 1.1 ps [169], 79.7 [117] 280
casting [173], Yb:LuYSiOs [174,175] 15 ps [173] [170],
3.6 W
[126]
Sol-gel glass Il EDFL [176,177] 1559-1563 [176,177] 0.57 ps [177], 2.96 [176] 2 [177]
2.3 ps [176]
Solution Cell HiPCO [122,123] Er:glass [122], F; :LiF [123] 1150 [123], 1540 [122] <1ns[122] [/ /!
Micro- HiPCO [67,124] EDFL [67,124] 1566 [67] 09 ps [124], 2.56 [67], 15
channel 2.3 ps [67] 5.26 [124] [124],
224

[67]
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Fig. 2. (a) Graphene polymer composite coated on a quartz substrate. Its
transparency to light (indicative of low loss) makes this suitable for integration
in solid-state and waveguide lasers (b) Integration of a graphene saturable
absorber polymer-composite film between two fiber connectors for fiber lasers.
Note that these integration methods (as shown in (a) and (b)) also apply to SWNT-
SA integration. (c) Typical passively mode-locked fiber laser setup. WDM:
wavelength division multiplexer; ISO: isolator.

with 155 mW average output power and 3 n] pulse energy
at ~1.03 um [56]. Ref. [102] reported 63 nJ pulse generation, the
highest to date from a SWNT-SA enabled ultrafast laser. Ref. [181]
theoretically predicted that SWNT mode-locked fiber laser could
achieve up to 330 nJ.

The shortest pulse achieved thus far from SWNT-SA mode-
locked fiber lasers is ~ 84 fs [182], by using a stretched-pulse
design [69], i.e. alternating normal and anomalous dispersion, to
obtain periodic stretching and compression of the intracavity
pulses in the resonator [69,183]. Thus, the average pulse width in
one cavity round trip can increase by an order of magnitude
compared to the typical solition design [69,183], and ultrafast
(e.g. 77 fs from a nonlinear polarization evolution (NPE) mode-
locked Erbium (Er) doped fiber laser (EDFL) [183]) pulses are
achievable due to the reduced nonlinear effects [69,183]. A typical
autocorrelation trace of a stretched-pulse fiber laser is shown in
Fig. 3 (a). Selectable pulse duration, from 20 ps to 2 ns, was also
demonstrated by changing cavity length (shown in Fig. 3(b))
[52,53]. A short cavity design [79,130] and harmonic mode-
locking (where multiple pulses circulate in the laser resonator
at an integer multiple of the fundamental frequency [11]) can
allow high repetition rate. Ref. [130] reported SWNT mode-locked
pulses up to ~ 20 GHz, using a cavity formed by a ~5 mm fiber
sandwiched between two mirrors.

Several gain fibres have been used to date, including Ytterbium
(Yb) doped (YDFL) [52-57,146], EDFL [27,28,54,55,57,59,61,62,64,
67-69,109,112,125,146,184], Er and Yb co-doped (EYDFL)
[54,130], Bismuth (Bi) doped (BDFL) [88,89], Praseodymium (Pr)
doped (PDFL) [76] and Thulium (Th) doped (TDFL) [57,71,72].
Amongst them, EDFLs are the most popular, since they allow easy
excitation of soliton pulses in single mode fibers [3], and all
necessary components are economically available from the fiber-
telecom market [3]. The achieved wavelength range covers 1
[52-57], 1.1 [88,89], 1.3 [76], 1.5 [27,28,49,50,57-69], 1.6 [70],
and 2 pum [57,71,72]. Ref. [51] first demonstrated wavelength-
tunable devices. Later, by using a single SWNT-SA device, Ref. [57]
achieved mode-locking at 1, 1.5 and 2 pm, in YDFL, EDFL and
TDFL, respectively. Wide-band operation requires the combina-
tion of SWNTs with different diameters [18,51,57]. Ref. [146]
demonstrated the synchronization of two all-fiber mode-locked
lasers, operating at ~1 and 1.54 um, coupled through a shared
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Fig. 3. (a) Autocorrelation trace of output pulses with Gaussian fit. (b) Output
pulse duration as a function of cavity length, adapted from Ref. [52]. (c) Tunable
mode-locked fiber laser spectra, adapted from Ref. [40].

SWNT-SA. Refs. [185-188] reported Raman fiber lasers mode-
locked by nanotubes at 1.1 [187,188] and 1.6 um [185,186], when
pumped at 1 and 1.5 pm, respectively.

Pulses from SWNT mode-locked fiber lasers have also been
used for further investigations, e.g. nonlinear compression [65],
amplification [28,31,32,108,120] and super-continuum genera-
tion [31,107,108,130,189]. An output average power of up to
1.6 W has been achieved by using direct amplification of a SWNT
enabled chirp-pulse oscillator [28], with the potential for further
scaling of output power/pulse energy [28]. 11.5 W pulses were
reported with three cascaded amplifiers [108]. After the grating
compressor, 135 fs pulses were generated with 5.7 W output
power and 160 n] pulse energy in Ref. [108]. Note that in these
amplification experiments [28,108], the output power is just
limited by the pump power, i.e. even higher power could be
possible by increasing the pump power. Ref. [31] seeded the
output pulses from a SWNT mode-locked oscillator into an
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amplifier, followed by a highly nonlinear fiber, to build a fiber
laser based frequency comb (i.e. a light source with optical
spectrum consisting of equidistant lines [11]). Supercontinuum
generation (a nonlinear process to strongly broaden the spectrum
of light [11]) has been demonstrated with 30-fs output pulses
[31]. Using supercontinuum generation, Ref. [107] reported 14 fs
pulses by seeding a SWNT mode-locked fiber laser into a non-
linear fiber, with output spectrum covering from 1 to 1.75 pm.

2.3. SWNT mode-locked semiconductor laser

Semiconductor lasers usually exploit direct band gap semiconduc-
tors as gain medium [11]. Since such lasers can be electrically
pumped [11], they have been widely employed in a range of common
devices, from home entertainment [190] (e.g. CD/DVD players) to
telecommunications [11]. Furthermore, semiconductor lasers are
attractive also because of their inherent simplicity and compactness
[11]. The output pulse repetition rate (frp) is linked to the cavity
length (L) by f,,, = ¢/(2 n L), where c is the speed of light, and n is the
refractive index of the cavity material [1]. Therefore, mode-locked
semiconductor lasers typically offer high ( > GHz) repetition rate due
to their relatively short (~a few mm) cavity length. Consequently,
mode-locked semiconductor lasers are particularly suitable for high-
speed optical communications [1]. Ref. [73] first demonstrated a
SWNT-SA mode-locked semiconductor laser with repetition rate up
to 17.2 GHz, using a semiconductor optical amplifier to provide gain
at ~ 1.5 pm. The full width at half maximum (FWHM) of the pulses
was 0.73 nm at ~ 1570 nm, with a duration ~ 14 ps [73].

2.4. SWNT mode-locked waveguide lasers

Solid-state waveguide lasers are built on planar or channel
waveguides in polymer, glass or crystalline substrates [11].
Passive mode-locking of waveguide lasers is also inherently
simple and compact. Compared to traditional semiconductor
lasers (having an upper-state lifetime in the order of ns [190]),
solid-state waveguide lasers are more suitable for high-energy
pulse generation, because the gain materials typically have longer
upper-state lifetime ( ~ ms) [11]. Therefore, more energy can be
stored inside the gain material for high-energy pulse generation
[10,11]. A variety of devices, such as waveguides [191], couplers
[192], gratings [193], optical amplifiers [194] and oscillators [194]
have been fabricated by ultrafast inscription in transparent
substrates, a technique not needing any photolithographic pro-
cess, and allowing three-dimensional device fabrication [194].

Ref. [74] first demonstrated mode-locking with a SWNT-SA in
an active waveguide laser fabricated by ultrafast laser inscription.
An Er and Yb co-doped phosphate glass waveguide was used,
providing net gain over the whole telecom C Band and 7.3 dB
(~5.4) peak gain at 1535 nm [74]. The laser generated 1.76 ps
transform-limited pulses [74].

Recently, bismuthate glasses have been employed as wave-
guide gain media, as they can be doped with sufficient concen-
trations of Er-ions for high gain. Ref. [195] reported that a
bismuthate waveguide amplifier can exhibit a peak net gain
~16dB (~40) at 1533 nm and a wide and flat gain spectrum
[195], favorable for ultrafast pulse generation [11]. Ref. [75]
achieved 320 fs pulses in an Er-doped bismuthate glass wave-
guide laser mode-locked by a SWNT-SA, with an output spectral
width ~ 8.9 nm at 1.55 um [75].

3. Graphene mode-locked lasers

Graphene is at the center of an ever growing research effort
due to its unique electronic properties [230-236]. Near-ballistic

transport at room temperature [231,237] and high mobility
[234-238] make it a potential material for nanoelectronics
[238-241], especially for high frequency applications [238-241].
Furthermore, its optical properties are ideal for transparent
conducting films [39,242,243] and electrodes [39,244], photode-
tectors [39,245,246] and optical modulators [39,247,248].

The ultrafast nonlinear properties of graphene have been inten-
sively investigated [34-37]. Two relaxation time scales are typically
observed. A faster one (< 100 fs), usually associated with carrier-
carrier intra-band collisions and phonon emission [34,36,37], and a
slower one ( ~ ps), corresponding to electron inter-band relaxation
and cooling of hot phonons [34-37,39,249]. Graphene is thus an
ultrafast SA material [18,38,39]. Ref. [18] first reported a GSA mode-
locked laser. Subsequently, a variety of lasers mode-locked by
graphene were demonstrated [38-41,200,201,203-205,207,208,214,
216,226], as shown in Table 2.

Graphene has been sourced in various ways, such as liquid
phase exfoliation [18,38,40,199], CVD [200,201,203-205], carbon
segregation [218], graphene oxide, GO, [39,208,221]), reduced GO
[214,216] and micro-mechanical cleavage [39,209-211]. As
shown in Table 2, several approaches (e.g. sandwiching [18,38],
free-space coupling [216,227], placement inside Photonic Crystal
Fibers (PCFs) [215], evanescent field interaction [214]) have been
used to integrate GSAs into cavities, mostly following previous
approaches used for SWNT-SAs. Sandwiching a GSA between two
fiber connectors (Fig. 2 (b)) is thus far the most common approach
for GSA integration [18,38,40,41,200,201,203-205,207,208,210].

Compared to traditional SAs (e.g. SESAMs) and SWNT-SAs, the
major advantage of using graphene is the intrinsic wide-band
operation. Thus far, GSAs have been used to produce pulses at 1
[216], 1.25 [226], 1.5 [18,38-41,199-201,203-205,207,208,210,214],
and 2 pm [225,250]. Similar to SWNT-SAs, GSAs have been mostly
combined with EDFLs [18,38,40,41,199-201,203-205,207,208,
210,214], not because GSAs have any preference for a particular
wavelength, but because EDFLs can easily produce soliton pulses in
single mode fibers [3], and all necessary components are economic-
ally available from the optical telecom market [3]. Ref. [40] reported
GSA mode-locked fiber lasers tunable in the 1525-1559 nm range
(Fig. 3 (c)), only limited by the filter used in the cavity [39,40]. Ref.
[205] reported ~ 240 fs tunable pulse generation using fiber lasers
under different operation regimes (e.g. from all-anomalous to all-
normal dispersion). Stretched-pulse design was employed, generating
sub-200fs pulses [196]. Ref. [251] reported 163n] pulse genera-
tion. Refs. [216,221,220,224-227] also reported pulses using solid-
state lasers mode-locked by GSAs. 94-fs tunable (~ 1.22—1.27 pm)
pulses have been achieved with a GSA mode-locked solid-state
Cr:forsterite laser [226]. High-power (~1 W) pulses have been
demonstrated with a GSA mode-locked Nd:YVO, solid-state laser
[220,221].

4. Outlook

Currently, solid-state and fiber lasers are the most common for
high output power/pulse energy applications [1,3]. Amongst
various solid-state laser configurations, a thin-disk design can
significantly reduce thermal effects and nonlinearities [252],
enabling high average power and energy pulses [252,253].
SWNT-SAs and GSAs could be used in thin-disk designs for this
purpose. The main challenge is the relatively large non-saturable
loss of these SAs, which can be addressed by further device
optimization (e.g. enrichment in semiconducting nanotubes [18]).

The output peak power of fiber lasers is restrained by
enhanced nonlinear effects [1,3,254]. Recently, large-mode-area
fiber based ultrafast lasers working in a dissipative soliton regime
have been demonstrated for high average power pulses [255,256],
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Table 2
Pulsed lasers using GSAs. LPE: liquid phase exfoliation; GO: graphene oxide; FG: functionalized graphene. CS: carbon segregation. MMC: micro-mechanical cleavage. RGO:
reduced GO.
Laser type Coupling means Fabrication method Laser parameters Ref.
2 (nm) T f(MHz) P (mw)
EDFL Sandwiching LPE 1557 800 fs /! Il [18]
1559 464 fs 19.9 /l [38]
1525-1559 tunable 1ps 8 1 [40]
1560 174 fs 274 1.2 [196]
1562 630 fs 19.9 /l [41]
1522-1555 tunable 2 us 0.036-0.1 34 [197]
1519-1569 tunable 4.6 pus 0.008-0.029 24 [198]
1532 850 fs 527 /l [160]
1565 190 fs 42.8 0.4 [199]
CvD 1565 756 fs 1.79 2 [200]
1576 415 fs 6.84 50 [201]
1561 1.23 ps 3 3 [202]
1594 2.1,71 ps I 1l [203]
1570-1600 tunable 40-140 ps 1.5 /l [204]
1570-1600 tunable 240-655 fs, 70-150 ps Il Il [205]
1538 206 ns 0.031-0.236 7.8 [206]
FG 1559 743 fs /! /I [39]
1590 700 fs 6.95 50 [207]
1570-1600 tunable 1.08 ps 6.95 /l [208]
MMC /l 32 ps 10.9 3 [209]
1566 0.88 ps 6.22 /! [210]
1561 480 fs 7 1l [211]
RGO 1566.1/1566.3 3.7-18 us 0.003-0.065 1.1 [212]
1572.6 /] 91.5 Il [213]
Evanescent field 1561 1.3 ps 6.99 15.5 [214]
PCF FG 1561 4.85ns 7.68 4.3 [215]
Nd:YAG Free-space RGO 1064 4 ps 88 100 [216]
RGO 1064 260 ns 0.167 1389 [217]
(& 1064 161-400 ns 0.3-0.66 105 [218]
Nd:LuvO, 1064 56-131ns 0.89 474 [219]
Nd:YVO, GO 1063 /l 75 1000 [220]
/l // 38 1200 [221]
Nd:GdVO, 1064 105-1435 ns 0.3-0.7 2300 [222]
1065 16 ps 43 360 [223]
Yb:KGW 1031 428 fs 86 504 [224]
Tm:YAIO3 2023 ~10ps 71.8 268 [225]
Cr:forsterite CVvD 1222-1227 tunable 94 fs 74.6 230 [226]
Er:Yb:glass 1552 260 fs 88 4.5 [227]
YDFL Sandwiching 1069 580 ps 0.9 0.37 [228]
LPE 1064 70-250 ns 0.14-0.257 12 [229]
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reaching MW peak powers [257]. In principle, large-mode-area
fiber lasers mode-locked with SWNTs and graphene may deliver
better performances (e.g. high average power, high peak power,
system simplicity). For example, coating SWNT-SAs and GSAs on
the fiber surfaces to enable evanescent-wave interaction [56,84] or
inside the fibers [67] (e.g. holes of PCFs [92,215]) can preserve the
alignment-free waveguide format of such fiber lasers, by removing
the free-space components, which are necessary for traditional SA
(e.g. SESAMs [257]) coupling. These integration strategies can be
applied to various laser designs, such as waveguide (e.g. laser
inscribed [194] or polymer [258]) and semiconductor (e.g. vertical
external cavity surface-emitting semiconductor lasers [259] and
optically pumped semiconductor disk lasers [260]) for high power/
energy pulse generation. This technology can also enable compact
lasers with repetition rates up to hundreds of GHz [29,130]. Another
option to increase repetition rate is via harmonic mode-locking [1].

The combination of wide-band gain materials (for example
Ti:sapphire) and SWNT/graphene SAs could produce novel broad-
band tunable ultrafast sources. Note that GSAs can intrinsically
operate at “full” bandwidth [18,38,39], while the output wave-
length or tuning spectral range of a traditional laser will be
ultimately constrained by the gain medium. Nonlinear effects
(e.g. optical parametric generation [261,262] and Raman scatter-
ing [9,14]) can be used to broaden the spectral range. They can
provide broadband gain, potentially covering from ultraviolet
[263] to terahertz [264]. The recent demonstration of broadband
Raman gain [185-188] and broadband SWNT-SAs/GSAs shows
the possibility of getting broader output spectra than ever before.

External amplification of SWNT and graphene mode-locked lasers
[28,31,108,120] or coherent combination of various lasers [265-267]
could boost output power and energy. Nonlinear frequency conver-
sion (e.g. harmonic frequency generation [1,268-271], parametric
oscillation [261,272,273] and amplification [1,262], four-wave mixing
[11], supercontinuum generation [31,107,108,263,189,130]) is also an
useful way to expand the wavelength accessibility after the oscillator.
External-cavity pulse compression (e.g. nonlinear compression
[11,31,65,107,108]) could be used to generate shorter pulse down
to a few optical cycles (e.g. 4.3-fs [274]).

Acknowledgments

We thank F. Hennrich, F. Wang, D. Popa, F. Torrisi, W.B. Cho,
A. Rozhin, V. Scardaci, F. Bonaccorso, Z. Jiang, R. Going, [.H. White,
S.J. Beecher, R.R. Thomson, A.K. Kar, E.J.R. Kelleher and J.R. Taylor
for useful discussions. We acknowledge funding from the ERC
grants NANOPOTS, EU grants RODIN and GENIUS, EPSRC grants
EP/G0O30480/1 and EP/G042357/1, King’s college Cambridge, the
Royal Academy of Engineering, a Royal Society Wolfson Research
Merit Award, and the Cambridge Nokia Research Centre.

References

[1] C. Rulliere, Femtosecond Laser Pulses, Springer, 2005.
[2] F. Dausinger, F. Lichtner, H. Lubatschowski, Femtosecond Technology for
Technical and Medical Applications, Springer, 2004.
[3] M.E. Fermann, A. Galvanauskas, G. Sucha, Ultrafast Lasers Technology and
Applications, Marcel Dekker, Inc., 2003.
[4] U. Keller, Applied Physics B 100 (2010) 15.
[5] U. Keller, Ultrafast Solid-State Lasers, Elsevier, 2004.
[6] U. Keller, Nature 424 (2003) 831.
[7] O. Okhotnikov, A. Grudinin, M. Pessa, New Journal of Physics 6 (2004) 177.
[8] L. Guo, W. Hou, H.B. Zhang, Z.P. Sun, D.F. Cui, Z.Y. Xu, Y.G. Wang, X.Y. Ma,
Optics Express 13 (2005) 4085.
[9] M.J. Weber, Handbook of Laser Wavelengths, CRC, 1999.
[10] W. Koechner, Solid-State Laser Engineering, Springer, 2006.
[11] R. Paschotta, Encyclopedia of Laser Physics and Technology, Wiley VCH,
2008.
[12] A.E. Siegman, Lasers, University Science, 1986.

[13] G.P. Agrawal, Applications of Nonlinear Fiber Optics, Academic Press, 2001.

[14] R.H. Stolen, E.P. Ippen, Applied Physics Letters 22 (1973) 276.

[15] N. Sarukura, Y. Ishida, H. Nakano, Y. Yamamoto, Applied Physics Letters 56
(1990) 814.

[16] E. Snitzer, R. Woodcock, IEEE Journal of Quantum Electronics 2 (1966) 627.

[17] S.A. Zolotovskaya, V.G. Savitski, M.S. Gaponenko, A.M. Malyarevich,
K.V. Yumashev, M.I. Demchuk, H. Raaben, A.A. Zhilin, K. Nejezchleb, Optical
Materials 28 (2006) 919.

[18] T. Hasan, Z. Sun, F. Wang, F. Bonaccorso, P.H. Tan, A.G. Rozhin, A.C. Ferrari,
Advanced Materials 21 (2009) 3874.

[19] Y.-C. Chen, N.R. Raravikar, L.S. Schadler, P.M. Ajayan, Y.-P. Zhao, T.-M. Lu, G.-
C. Wang, X.-C. Zhang, Applied Physics Letters 81 (2002) 975.

[20] J.S. Lauret, C. Voisin, G. Cassabois, C. Delalande, P. Roussignol, O. Jost,
L. Capes, Physical Review Letters 90 (2003) 057404.

[21] X.C. Liu, J.H. Si, B.H. Chang, G. Xu, Q.G. Yang, ZW. Pan, S.S. Xie, P.X. Ye,
J.-H. Fan, M.X. Wan, Applied Physics Letters 74 (1999) 164.

[22] S. Tatsuura, M. Furuki, Y. Sato, I. Iwasa, M. Tian, H. Mitsu, Advanced
Materials 15 (2003) 534.

[23] A. Gambetta, G. Galzerano, A.G. Rozhin, A.C. Ferrari, R. Ramponi, P. Laporta,
M. Marangoni, Optics Express 16 (2008) 11727.

[24] H. Nong, M. Gicquel, L. Bramerie, M. Perrin, F. Grillot, C. Levallois,
A. Maalouf, S. Loualiche, Applied Physics Letters 96 (2010) 061109.

[25] F. Wang, D. Popa, Z. Sun, T. Hasan, F. Torrisi, A.C. Ferrari, in: The Conference
on Lasers and Electro-Optics (CLEO), JWA96, 2010.

[26] ]J.N. Coleman, U. Khan, W. Blau, Y.K. Gunko, Carbon 44 (2006) 1624.

[27] V. Scardaci, A.G. Rozhin, F. Hennrich, W.I. Milne, A.C. Ferrari, Physica E 37
(2007) 115.

[28] Z. Sun, A.G. Rozhin, F. Wang, T. Hasan, D. Popa, W. O’'Neill, A.C. Ferrari,
Applied Physics Letters 95 (2009) 253102.

[29] S. Yamashita, Journal of Lightwave Technology 30 (2012) 427.

[30] S.Y. Set, C.S. Goh, D. Wang, H. Yaguchi, S. Yamashita, Japanese Journal of
Applied Physics 47 (2008) 6809.

[31] J.K. Lim, K. Knabe, K.A. Tillman, W. Neely, Y.S. Wang, R. Amezcua-Correa,
F. Couny, P.S. Light, F. Benabid, J.C. Knight, K.L. Corwin, J.W. Nicholson,
B.R. Washburn, Optics Express 17 (2009) 14115.

[32] T.-H. Wu, K. Kieu, N. Peyghambarian, R.J. Jones, Optics Express 19 (2011)
5313.

[33] K. Kieu, ]. Klein, A. Evans, J. Barton, N. Peyghambarian, in: Conference on
Lasers and Electro-Optics (CLEO), CWB2, 2011.

[34] M. Breusing, C. Ropers, T. Elsaesser, Physical Review Letters 102 (2009)
086809.

[35] S. Winnerl, M. Orlita, P. Plochocka, P. Kossacki, M. Potemski, T. Winzer,
E. Malic, A. Knorr, M. Sprinkle, C. Berger, W.A. de Heer, H. Schneider,
M. Helm, Physical Review Letters 107 (2011) 237401.

[36] H. Choi, F. Borondics, D.A. Siegel, S.Y. Zhou, M.C. Martin, A. Lanzara,
R.A. Kaindl, Applied Physics Letters 94 (2009) 172102.

[37] S. Kumar, M. Anija, N. Kamaraju, K.S. Vasu, K.S. Subrahmanyam, A.K. Sood,
C.N.R. Rao, Applied Physics Letters 95 (2009) 191911.

[38] Z. Sun, T. Hasan, F. Torrisi, D. Popa, G. Privitera, F. Wang, F. Bonaccorso,
D.M. Basko, A.C. Ferrari, ACS Nano 4 (2010) 803.

[39] F. Bonaccorso, Z. Sun, T. Hasan, A.C. Ferrari, Nature Photonics 4 (2010) 611.

[40] Z. Sun, D. Popa, T. Hasan, F. Torrisi, F. Wang, E. Kelleher, ]. Travers,
V. Nicolosi, A. Ferrari, Nano Research 3 (2010) 653.

[41] T. Hasan, F. Torrisi, Z. Sun, D. Popa, V. Nicolosi, G. Privitera, F. Bonaccorso,
A.C. Ferrari, Physica Status Solidi (b) 247 (2010) 2953.

[42] T.R. Schibli, K. Minoshima, H. Kataura, E. Itoga, N. Minami, S. Kazaoui,
K. Miyashita, M. Tokumoto, Y. Sakakibara, Optics Express 13 (2005) 8025.

[43] D.V. Khudyakov, A.S. Lobach, V.A. Nadtochenko, Applied Optics 48 (2009)
1624.

[44] A.Schmidt, S. Rivier, G. Steinmeyer, J.H. Yim, W.B. Cho, S. Lee, F. Rotermund,
M.C. Pujol, X. Mateos, M. Aguilo, F. Diaz, V. Petrov, U. Griebner, Optics
Letters 33 (2008) 729.

[45] J.H. Yim, W.B. Cho, S. Lee, Y.H. Ahn, K. Kim, H. Lim, G. Steinmeyer, V. Petrov,
U. Griebner, F. Rotermund, Applied Physics Letters 93 (2008) 161106.

[46] W.B. Cho, J.H. Yim, S.Y. Choi, S. Lee, A. Schmidt, G. Steinmeyer, U. Griebner,
V. Petrov, D.-I. Yeom, K. Kim, F. Rotermund, Advanced Functional Materials
20 (2010) 1937.

[47] D.V. Khudyakov, A.S. Lobach, V.A. Nadtochenko, Optics Letters 35 (2010)
2675.

[48] W.B. Cho, J.H. Yim, S.Y. Choi, S. Lee, U. Griebner, V. Petrov, F. Rotermund,
Optics Letters 33 (2008) 2449.

[49] S.Y. Set, H. Yaguchi, Y. Tanaka, M. Jablonski, Y. Sakakibara, A. Rozhin, M.
Tokumoto, H. Kataura, Y. Achiba, K. Kikuchi, in: Optical Fiber Communica-
tion Conference (OFC), PD44, 2003.

[50] S.Y. Set, H. Yaguchi, Y. Tanaka, M. Jablonski, IEEE Journal of Selected Topics
in Quantum Electronics 10 (2004) 137.

[51] F. Wang, A.G. Rozhin, V. Scardaci, Z. Sun, F. Hennrich, I.H. White, W.I. Milne,
A.C. Ferrari, Nature Nanotechnology 3 (2008) 738.

[52] EJ.R. Kelleher, J.C. Travers, Z. Sun, A.G. Rozhin, A.C. Ferrari, S.V. Popov,
J.R. Taylor, Applied Physics Letters 95 (2009) 111108.

[53] EJ.R. Kelleher, J.C. Travers, E.P. Ippen, Z. Sun, A.C. Ferrari, S.V. Popov,
J.R. Taylor, Optics Letters 34 (2009) 3526.

[54] S. Yamashita, S.Y. Set, C.S. Goh, K. Kikuchi, Electronics and Communications
in Japan 90 (2) (2007) 17.

[55] J.W. Nicholson, R.S. Windeler, D,J. DiGiovanni, Optics Express 15 (2007)
9176.



Z. Sun et al. / Physica E 44 (2012) 1082-1091 1089

[56] K. Kieu, F.W. Wise, Optics Express 16 (2008) 11453.

[57] S. Kivisto, T. Hakulinen, A. Kaskela, B. Aitchison, D.P. Brown, A.G. Nasibulin,
E.I. Kauppinen, A. Harkoen, O.G. Okhotnikov, Optics Express 17 (2009) 2358.

[58] S.Y. Set, H. Yaguchi, Y. Tanaka, M. Jablonski, Journal of Lightwave Technol-
ogy 22 (2004) 51.

[59] S. Yamashita, Y. Inoue, S. Maruyama, Y. Murakami, H. Yaguchi, M. Jablonski,
S.Y. Set, Optics Letters 29 (2004) 1581.

[60] M. Nakazawa, S. Nakahara, T. Hirooka, M. Yoshida, T. Kaino, K. Komatsu,
Optics Letters 31 (2006) 915.

[61] A.G. Rozhin, Y. Sakakibara, S. Namiki, M. Tokumoto, H. Kataura, Y. Achiba,
Applied Physics Letters 88 (2006) 051118.

[62] A.G. Rozhin, V. Scardaci, F. Wang, F. Hennrich, I.H. White, W.I. Milne,
A.C. Ferrari, Physica Status Solidi (b) (2006) 3551.

[63] Y. Senoo, N. Nishizawa, Y. Sakakibara, K. Sumimura, E. Itoga, H. Kataura,
K. Itoh, Optics Express 17 (2009) 20233.

[64] V. Scardaci, Z. Sun, F. Wang, A.G. Rozhin, T. Hasan, F. Hennrich, LH. White,
W.IL. Milne, A.C. Ferrari, Advanced Materials 20 (2008) 4040.

[65] N. Nishizawa, Y. Seno, K. Sumimura, Y. Sakakibara, E. Itoga, H. Kataura,
K. Itoh, Optics Express 16 (2008) 9429.

[66] K. Kieu, M. Mansuripur, Optics Letters 32 (2007) 2242.

[67] A. Martinez, K. Zhou, I. Bennion, S. Yamashita, Optics Express 16 (2008)
15425.

[68] F. Wang, A.G. Rozhin, Z. Sun, V. Scardaci, I.H. White, A.C. Ferrari, Physica
Status Solidi (b) (2008) 2319.

[69] Z. Sun, T. Hasan, F. Wang, A.G. Rozhin, I.H. White, A.C. Ferrari, Nano
Research 3 (2010) 404.

[70] Z. Sun, A.G. Rozhin, F. Wang, V. Scardaci, W.I. Milne, l.H. White, F. Hennrich,
A.C. Ferrari, Applied Physics Letters 93 (2008) 061114.

[71] M.A. Solodyankin, E.D. Obraztsova, A.S. Lobach, A.I. Chernov, A.V. Tausenev,
V.I. Konov, E.M. Dianov, Optics Letters 33 (2008) 1336.

[72] K. Kieu, F.W. Wise, IEEE Photonics Technology Letters 21 (2009) 128.

[73] Y.W. Song, S. Yamashita, C.S. Goh, S.Y. Set, Optics Letters 32 (2007)
430.

[74] G. Della Valle, R. Osellame, G. Galzerano, N. Chiodo, G. Cerullo, P. Laporta,
0. Svelto, U. Morgner, A.G. Rozhin, V. Scardaci, A.C. Ferrari, Applied Physics
Letters 89 (2006) 231115.

[75] SJ. Beecher, R.R. Thomson, N.D. Psaila, Z. Sun, T. Hasan, A.G. Rozhin,
A.C. Ferrari, AK. Kar, Applied Physics Letters 97 (2010) 111114.

[76] Y.W. Song, S.Y. Set, S. Yamashita, C.S. Goh, T. Kotake, IEEE Photonics
Technology Letters 17 (2005) 1623.

[77] Y.W. Song, S. Yamashita, Japanese Journal of Applied Physics 1 46 (2007)
3111.

[78] Y.W. Song, K. Morimune, S.Y. Set, S. Yamashita, Applied Physics Letters 90
(2007) 021101.

[79] S.Yamashita, Y. Inoue, K. Hsu, T. Kotake, H. Yaguchi, D. Tanaka, M. Jablonski,
S.Y. Set, IEEE Photonics Technology Letters 17 (2005) 750.

[80] S. Yamashita, Y. Inoue, H. Yaguchi, M. Jablonski, S.Y. Set, in: European
Conference on Optical Communication (ECOC), 2004, pp. 796-797.

[81] Y.W. Song, S. Yamashita, C.S. Goh, S.Y. Set, Optics Letters 32 (2007) 148.

[82] K.H. Fong, K. Kikuchi, C.S. Goh, S.Y. Set, R. Grange, M. Haiml, A. Schlatter,
U. Keller, Optics Letters 32 (2007) 38.

[83] Y.W. Song, S. Yamashita, E. Einarsson, S. Maruyama, Optics Letters 32 (2007)
1399.

[84] Y.W. Song, S. Yamashita, S. Maruyama, Applied Physics Letters 92 (2008)
021115.

[85] S. Yamashita, Y. Inoue, S. Maruyama, Y. Murakami, H. Yaguchi, T. Kotake,
S.Y. Set, Japanese Journal of Applied Physics 45 (2006) L17.

[86] Y. Kurashima, Y. Yokota, I. Miyamoto, H. Kataura, Y. Sakakibara, Applied
Physics Letters 94 (2009) 223102.

[87] EJ.R. Kelleher, J.C. Travers, Z. Sun, A.C. Ferrari, S.V. Popov, ].R. Taylor, in: The
Conference on Lasers and Electro-Optics (CLEO), CThI4, 2010.

[88] E.J.R. Kelleher, ]J.C. Travers, Z. Sun, A.C. Ferrari, KM. Golant, S.V. Popov,
J.R. Taylor, Laser Physics Letters 7 (2010) 790.

[89] EJ.R. Kelleher, J.C. Travers, Z. Sun, A.C. Ferrari, KM. Golant, S.V. Popov, J.R. Taylor,
in: The Conference on Lasers and Electro-Optics (CLEO), CTull4, 2010.

[90] V. Scardaci, A.G. Rozhin, P.H. Tan, F. Wang, L.H. White, W.I. Milne,
A.C. Ferrari, Physica Status Solidi (b) (2007) 4303.

[91] S. Uchida, A. Martinez, Y.-W. Song, T. Ishigure, S. Yamashita, Optics Letters
34 (2009) 3077.

[92] S.Y. Choi, F. Rotermund, H. Jung, K. Oh, D.-I. Yeom, Optics Express 17 (2009)
21788.

[93] K. Kieu, M. Mansuripur, Optics Letters 33 (2008) 64.

[94] S.J. Beecher, R.R. Thomson, N.D. Psaila, AK. Kar, Z. Sun, T. Hasan, A. Rozhin,
A.C. Ferrari, in: The Conference on Lasers and Electro-Optics (CLEO), CThI6,
2010.

[95] F. Shohda, T. Shirato, M. Nakazawa, K. Komatsu, T. Kaino, Optics Express 16
(2008) 21191.

[96] Y. Sakakibara, A.G. Rozhin, H. Kataura, Y. Achiba, M. Tokumoto, Japanese
Journal of Applied Physics 1 44 (2005) 1621.

[97] F. Wang, A. Rozhin, Z. Sun, V. Scardaci, R. Penty, I. White, A.C. Ferrari, The
International Journal of Material Forming 1 (2008) 107.

[98] R. Going, D. Popa, F. Torrisi, Z. Sun, T. Hasan, F. Wang, EJ.R. Kelleher, J.C.
Travers, J.R. Taylor, F. Hennrich, A.C. Ferrari, Physica E, doi:10.1016/j.physe.
2012.01.014, in press.

[99] S.V. Garnov, S.A. Solokhin, E.D. Obraztsova, A.S. Lobach, P.A. Obraztsov,
A.L. Chernov, V.V. Bukin, A.A. Sirotkin, Y.D. Zagumennyi, Y.D. Zavartsev,
S.A. Kutovoi, LA. Shcherbakov, Laser Physics Letters 4 (2007) 648.

[100] P.A. Obraztsov, S.V. Garnov, E.D. Obraztsova, A.A. Sirotkin, D.A. Lyashenko,
Y.P. Svirko, Journal of Nanoelectronics and Optoelectronics 4 (2009) 227.

[101] P.A. Obraztsov, A.A. Sirotkin, E.D. Obraztsova, Y.P. Svirko, S.V. Garnov,
Optical Review 17 (2010) 290.

[102] D. Popa, Z. Sun, F. Torrisi, T. Hasan, F. Wang, A.C. Ferrari, in: The Conference
on Lasers and Electro-Optics (CLEO), JTuD50, 2010.

[103] A.V. Tausenev, E.D. Obraztsova, A.S. Lobach, Al Chernov, V.I. Konov,
A.V. Konyashchenko, P.G. Kryukov, E.M. Dianov, Quantum Electronics 37
(2007) 205.

[104] AV. Tausenev, E.D. Obraztsova, A.S. Lobach, Al Chernov, V.I. Konov,
P.G. Kryukov, A.V. Konyashchenko, E.M. Dianov, Applied Physics Letters 92
(2008) 171113.

[105] Y. Sakakibara, K. Kintaka, A.G. Rozhin, T. Itatani, W.M. Soe, H. Itatani, M.
Tokumoto, H. Kataura, in: 31st European Conference on Optical Commu-
nication, 2005, pp. 37-38.

[106] N. Nishizawa, Y. Nozaki, E. Itoga, H. Kataura, Y. Sakakibara, Optics Express
19 (2011) 21874.

[107] K. Kieu, R]. Jones, N. Peyghambarian, IEEE Photonics Technology Letters 22
(2010) 1521.

[108] K. Kieu, RJ. Jones, N. Peyghambarian, Optics Express 18 (2010) 21350.

[109] L. Hernandez-Romano, J. Davila-Rodriguez, D. Mandridis, ]. Sanchez-Mon-
dragon, D.A. May-Arrioja, PJ. Delfyett, Journal of Lightwave Technology 29
(2011) 3237.

[110] W.B. Cho, A. Schmidt, J.H. Yim, S.Y. Choi, S. Lee, F. Rotermund, U. Griebner,
G. Steinmeyer, V. Petrov, X. Mateos, M.C. Pujol, ].J. Carvajal, M. Aguil, F. Diaz,
Optics Express 17 (2009) 11007.

[111] A. Martinez, S. Uchida, Y.W. Song, T. Ishigure, S. Yamashita, Optics Express
16 (2008) 11337.

[112] J.H. Im, S.Y. Choi, F. Rotermund, D.-I. Yeom, Optics Express 18 (2010) 22141.

[113] F. Shohda, T. Shirato, M. Nakazawa, ]J. Mata, J. Tsukamoto, Optics Express 16
(2008) 20943.

[114] F. Shohda, M. Nakazawa, ]. Mata, ]J. Tsukamoto, Optics Express 18 (2010)
9712.

[115] F. Shohda, Y. Hori, M. Nakazawa, . Mata, J. Tsukamoto, Optics Express 18
(2010) 11223.

[116] A.V. Tausenev, E.D. Obraztsova, A.S. Lobach, V.I. Konov, A.V. Konyashchenko,
P.G. Kryukov, E.M. Dianov, Quantum Electronics 37 (2007) 847.

[117] C. Li, Y. Wang, K. Liu, C. Tian, Q. Peng, Z. Xu, Laser Physics 21 (2011) 2059.

[118] X. Zhao, Z. Zheng, L. Liu, Y. Liu, Y. Jiang, X. Yang, J. Zhu, Optics Express 19
(2011) 1168.

[119] L. Gui, X. Yang, G. Zhao, X. Yang, X. Xiao, J. Zhu, C. Yang, Applied Optics 50
(2011) 110.

[120] J.C. Jasapara, A. DeSantolo, J.W. Nicholson, A.D. Yablon, Z. Varallyay, Optics
Express 16 (2008) 18869.

[121] K. Kashiwagi, S. Yamashita, Optics Express 17 (2009) 18364.

[122] N.N. Il'ichev, E.D. Obraztsova, S.V. Garnov, S.E. Mosaleva, Quantum Electro-
nics 34 (2004) 572.

[123] N.N. II'ichev, E.D. Obraztsova, P.P. Pashinin, V.I. Konov, S.V. Garnov, Quan-
tum Electronics 34 (2004) 785.

[124] A. Martinez, K. Zhou, 1. Bennion, S. Yamashita, Optics Express 18 (2010) 11008.

[125] C. Mou, S. Sergeyev, A. Rozhin, S. Turistyn, Optics Letters 36 (2011) 3831.

[126] Y. Liu, Y. Wang, J. Liu, C. Liu, Applied Physics B 104 (2011) 835.

[127] LH. Baek, S.Y. Choi, H.W. Lee, W.B. Cho, V. Petrov, A. Agnesi, V. Pasiskevicius,
D.-I. Yeom, K. Kim, F. Rotermund, Optics Express 19 (2011) 7833.

[128] Q. Fang, K. Kieu, N. Peyghambarian, IEEE Photonics Technology Letters 22
(2010) 1656.

[129] H.G. Rosa, E.A.d. Souza, in: Conference on Lasers and Electro-Optics (CLEO),
JWA29, 2011.

[130] A. Martinez, S. Yamashita, Optics Express 19 (2011) 6155.

[131] A. Schmidt, S. Rivier, W.B. Cho, J.H. Yim, S.Y. Choi, S. Lee, F. Rotermund,
D. Rytz, G. Steinmeyer, V. Petrov, U. Griebner, Optics Express 17 (2009)
20109.

[132] G. Qin, T. Suzuki, Y. Ohishi, Optical Review 17 (2010) 97.

[133] W. Bae Cho, A. Schmidt, S. Young Choi, V. Petrov, U. Griebner, G. Steinmeyer,
S. Lee, D.-I. Yeom, F. Rotermund, Optics Letters 35 (2010) 2669.

[134] A. Agnesi, F. Pirzio, E. Ugolotti, S.Y. Choi, D. Yeom, II, F. Rotermund, Optics
Communications 285 (2012) 742.

[135] H.-R. Chen, Y.-G. Wang, C.-Y. Tsai, K.-H. Lin, T.-Y. Chang, J. Tang, W.-F. Hsieh,
Optics Letters 36 (2011) 1284.

[136] K. Yang, S. Zhao, G. Zhang, K. Cheng, B. Zhao, ]. Xu, ]. He, Y. Wang, Optics
Communications 285 (2011) 158.

[137] P.-T. Tai, S. Di Pan, Y.-G. Wang, J. Tang, Optics Communications 284 (2011) 1303.

[138] S.M. Kobtsev, S.V. Kukarin, Y.S. Fedotov, Laser Physics 21 (2011) 283.

[139] ].-C. Chiu, Y.-F. Lan, C.-M. Chang, X.-Z. Chen, C.-Y. Yeh, C.-K. Lee, G.-R. Lin, J.-
J. Lin, W.-H. Cheng, Optics Express 18 (2010) 3592.

[140] K. Wu, J.H. Wong, P. Shum, D.R.C.S. Lim, V.K.H. Wong, KE.K. Lee, ]. Chen,
Optics Letters 35 (2010) 1085.

[141] K. Jiang, S. Fu, P. Shum, C. Lin, IEEE Photonics Technology Letters 22 (2010)
754.

[142] ].-C. Chiu, C.-M. Chang, B.-Z. Hsieh, S.-C. Lin, C.-Y. Yeh, G.-R. Lin, C.-K. Lee, ].-
J. Lin, W.-H. Cheng, Optics Express 19 (2011) 4036.

[143] D.V. Khudyakov, A.S. Lobach, V.A. Nadtochenko, High Energy Chemistry 44
(2010) 530.


dx.doi.org/10.1016/j.physe.2012.01.014
dx.doi.org/10.1016/j.physe.2012.01.014

1090 Z. Sun et al. / Physica E 44 (2012) 1082-1091

[144] ].C. Travers, J. Morgenweg, E.D. Obraztsova, A.l. Chernov, EJ.R. Kelleher,
S.V. Popov, Laser Physics Letters 8 (2010) 144.

[145] M. Zhang, E.J.R. Kelleher, E.D. Obraztsova, S.V. Popov, J.R. Taylor, IEEE
Photonics Technology Letters 23 (2011) 1379.

[146] M. Zhang, EJ.R. Kelleher, A.S. Pozharov, E.D. Obraztsova, S.V. Popov,
J.R. Taylor, Optics Letters 36 (2011) 3984.

[147] C.Ouyang, P. Shum, H. Wang, ]. Haur Wong, K. Wu, S. Fu, R. Li, E.J.R. Kelleher,
A.L Chernov, E.D. Obraztsova, Optics Letters 35 (2010) 2320.

[148] K. Wu, JH. Wong, P. Shum, S. Fu, C. Ouyang, H. Wang, EJ.R. Kelleher,
A.L Chernov, E.D. Obraztsova, ]. Chen, Optics Express 18 (2010) 16663.

[149] J.H. Wong, K. Wu, H.H. Liu, C. Ouyang, H. Wang, S. Aditya, P. Shum, S. Fu,
EJ.R. Kelleher, A. Chernov, E.D. Obraztsova, Optics Communications 284
(2011) 2007.

[150] Y. Senoo, N. Nishizawa, Y. Sakakibara, K. Sumimura, E. Itoga, H. Kataura,
K. Itoh, Optics Express 18 (2010) 20673.

[151] I. Hernandez-Romano, J. Davila-Rodriguez, D.A. May-Arrioja, J.J. Sanchez-
Mondragon, P.J. Delfyett, Journal of Physics: Conference Series 274 (2011)
012118.

[152] A. Agnesi, A. Greborio, F. Pirzio, G. Reali, S.Y. Choi, F. Rotermund, U. Griebner,
V. Petrov, Applied Physics Express 3 (2010) 112702.

[153] W.-B. Cho, S.-Y. Choi, ].-W. Kim, D.-I. Yeom, K.-H. Kim, F. Rotermund, H.-
J. Lim, Journal of the Optical Society of Korea 15 (2011) 56.

[154] CS. Jun, J.H. Im, S.H. Yoo, S.Y. Choi, F. Rotermund, D.-I. Yeom, B.Y. Kim,
Optics Express 19 (2011) 19775.

[155] H. Iliev, I. Buchvarov, S. Choi, K. Kim, F. Rotermund, U. Griebner, V. Petrov,
Applied Physics B 106 (2012) 1.

[156] A. Agnesi, L. Carra, F. Pirzio, G. Reali, A. Toncelli, M. Tonelli, S.Y. Choi,
F. Rotermund, U. Griebner, V. Petrov, Journal of the Optical Society of
America B 27 (2010) 2739.

[157] A. Agnesi, A. Greborio, F. Pirzio, E. Ugolotti, G. Reali, S. Choi, F. Rotermund,
U. Griebner, V. Petrov, IEEE Journal of Selected Topics in Quantum Electro-
nics 18 (2012) 74.

[158] W. De Tan, F. Chen, R.]. Knize, J. Zhang, D. Tang, L.-]. Li, Optical Materials 33
(2011) 679.

[159] L. Hernandez-Romano, D. Mandridis, D.A. May-Arrioja, ].J. Sanchez-Mondra-
gon, P. Delfyett, Optics Letters 36 (2011) 2122.

[160] A. Martinez, K. Fuse, B. Xu, S. Yamashita, Optics Express 18 (2010) 23054.

[161] K. Kashiwagi, S. Yamashita, S.Y. Set, Japanese Journal of Applied Physics 46
(2) (2007) L988.

[162] K. Kashiwagi, S. Yamashita, S.Y. Set, Optics Express 16 (2008) 2528.

[163] J.W. Nicholson, D.J. DiGiovanni, IEEE Photonics Technology Letters 20 (2008)
2123.

[164] S. Chu, W.-S. Han, L.-D. Kim, Y.-G. Han, K. Lee, S.B. Lee, Y.-W. Song, Applied
Physics Letters 96 (2010) 051111.

[165] Y. Kurashima, K. Mimura, S. Hagiwara, E. Itoga, H. Kataura, Y. Sakakibara,
Microelectronic Engineering 88 (2011) 2304.

[166] A.G. Nasibulin, A. Kaskela, K. Mustonen, A.S. Anisimov, V. Ruiz, S. Kivisto,
S. Rackauskas, M.Y. Timmermans, M. Pudas, B. Aitchison, M. Kauppinen,
D.P. Brown, O.G. Okhotnikov, E.I. Kauppinen, ACS Nano 5 (2011) 3214.

[167] Y. Tian, M. Timmermans, S. Kivistd, A. Nasibulin, Z. Zhu, H. Jiang,
0. Okhotnikov, E. Kauppinen, Nano Research 4 (2011) 807.

[168] R. Gumenyuk, O. Okhotnikov, Journal of the Optical Society of America B 29
(2012) 1.

[169] C. Liu, Y. Wang, J. Liu, L. Zheng, L. Su, J. Xu, Applied Optics 50 (2011) 3229.

[170] S. Pan, Y. Wang, Laser Physics 21 (2011) 1353.

[171] Cheng, Y. Wang, P. Yu, Y. Cheng, J. Tang, H. Chen, W. Hsieh, Laser Physics 22
(2012) 54.

[172] S.Y. Cheng, Y.G. Wang, J. Tang, L. Zhang, L. Sun, X.C. Lin, ].M. Li, Optik, doi:10.
1016/j.ijle0.2011.02.036, in press.

[173] LM. Sy, Y.G. Wang, J. Liu, LH. Zheng, LB. Su, J. Xu, Laser Physics Letters,
doi:10.1002/1apl.201110107, in press.

[174] Q. Yang, Y.G. Wang, D.H. Liu, J. Liu, L.H. Zheng, L.B. Su, ]J. Xu, Laser Physics
Letters, doi:10.1002/1apl.201110111, in press.

[175] Q. Yang, D.H. Liu, J. Liu, Y.G. Wang, ]. Tang, L.H. Zheng, L.B. Su, J. Xu, Optical
Engineering 50 (2011) 114202.

[176] Y.-W. Song, K.H. Fong, S.Y. Set, K. Kikuchi, S. Yamashita, Optics Commu-
nications 283 (2010) 3740.

[177] H.-]. Kim, H.-]. Choi, S.-M. Nam, Y.-W. Song, Optics Express 19 (2011) 4762.

[178] O. Svelto, Principles of Lasers, Springer, 1998.

[179] A. Schmidt, V. Petrov, U. Griebner, R. Peters, K. Petermann, G. Huber, W.B.
Cho, J.H. Yim, S. Lee, F. Rotermund and leee, in: Conference on Lasers and
Electro-Optics (CLEO), CFO4 (2009).

[180] L.E. Nelson, D.J. Jones, K. Tamura, H.A. Haus, E.P. Ippen, Applied Physics B 65
(1997) 277.

[181] A.A. Voronin, A.M. Zheltikov, Laser Physics 18 (2008) 1459.

[182] D. Popa, Z. Sun, T. Hasan, F. Torrisi, F. Wang, A.C. Ferrari, in: Conference on
Lasers and Electro-Optics (CLEO), CMK®6, 2011.

[183] K. Tamura, E.P. Ippen, H.A. Haus, L.E. Nelson, Optics Letters 18 (1993) 1080.

[184] H.F. Li, S.M. Zhang, ]. Du, Y.C. Meng, Y.P. Hao, X.L. Li, Optics Communications
285 (2012) 1347.

[185] C.E.S. Castellani, E.J.R. Kelleher, ]J.C. Travers, D. Popa, T. Hasan, Z. Sun,
A.C. Ferrari, S.V. Popov, J.R. Taylor, Optics Letters 36 (2011) 3996.

[186] C.E.S. Castellani, E.]. Kelleher, ]J.C. Travers, D. Popa, Z. Sun, T. Hasan, A.C.
Ferrari, S. Popov, J.R. Taylor, in: Conference on Lasers and Electro-Optics
(CLEO), CMK7, 2011.

[187] C.E.S. Castellani, E.J.R. Kelleher, J.C. Travers, D. Popa, T. Hasan, Z. Sun, A.C.
Ferrari, S.V. Popov, J.R. Taylor, in press.

[188] C.E.S. Castellani, E.J.R. Kelleher, D. Popa, Z. Sun, T. Hasan, A.C. Ferrari, S. V.
Popov, J.R. Taylor, in: The European Conference on Lasers and Electro-
Optics, JSII2, 2011.

[189] N. Shahabuddin, H. Mohamad, M. Mahdi, Z. Yusoff, H. Ahmad, S. Harun,
Laser Physics 22 (2012) 212.

[190] E. Kapon, Semiconductor Lasers I: Fundamentals, Academic Press, 1999.

[191] K.M. Davis, K. Miura, N. Sugimoto, K. Hirao, Optics Letters 21 (1996) 1729.

[192] W. Watanabe, T. Asano, K. Yamada, K. Itoh, J. Nishii, Optics Letters 28 (2003)
2491.

[193] L. Sudrie, M. Franco, B. Prade, A. Mysyrowicz, Optics Communications 171
(1999) 279.

[194] M. Ams, G.D. Marshall, P. Dekker, J.A. Piper, M.]. Withford, Laser & Photonics
Reviews 3 (2008) 535.

[195] RR. Thomson, N.D. Psaila, SJ. Beecher, A.K. Kar, Optics Express 18 (2010) 13212.

[196] D. Popa, Z. Sun, F. Torrisi, T. Hasan, F. Wang, A.C. Ferrari, Applied Physics
Letters 97 (2010) 203106.

[197] D. Popa, Z. Sun, T. Hasan, F. Torrisi, F. Wang, A.C. Ferrari, Applied Physics
Letters 98 (2011) 073106.

[198] W.. Cao, H.Y. Wang, A.P. Luo, Z.C. Luo, W.C. Xu, Laser Physics Letters 9
(2012) 54.

[199] B.V. Cunning, C.L. Brown, D. Kielpinski, Applied Physics Letters 99 (2011)
261109.

[200] Q. Bao, H. Zhang, Y. Wang, Z. Ni, Y. Yan, ZX. Shen, K.P. Loh, D.Y. Tang,
Advanced Functional Materials 19 (2009) 3077.

[201] H. Zhang, D.Y. Tang, L.M. Zhao, Q.L. Bao, K.P. Loh, Optics Express 17 (2009)
17630.

[202] Q. Bao, H. Zhang, Z. Ni, Y. Wang, L. Polavarapu, Z. Shen, Q.-H. Xu, D. Tang,
K.P. Loh, Nano Research 4 (2011) 297.

[203] H. Zhang, D. Tang, L. Zhao, Q. Bao, K.P. Loh, Optics Communications 283
(2010) 3334.

[204] H.Zhang, D. Tang, R.J. Knize, L. Zhao, Q. Bao, K.P. Loh, Applied Physics Letters
96 (2010) 111112.

[205] H. Zhang, D.Y. Tang, LM. Zhao, Q.L. Bao, K.P. Loh, B. Lin, S.C. Tjin, Laser
Physics Letters 7 (2010) 591.

[206] L. Wei, D. Zhou, H. Fan, W. Liu, IEEE Photonics Technology Letters 24 (2012) 309.

[207] H. Zhang, Q.L. Bao, D.Y. Tang, L.M. Zhao, K. Loh, Applied Physics Letters 95
(2009) 141103.

[208] Q. Bao, H. Zhang, J.-x. Yang, S. Wang, D.Y. Tang, R. Jose, S. Ramakrishna,
C.T. Lim, K.P. Loh, Advanced Functional Materials 20 (2010) 782.

[209] Y.M. Chang, H. Kim, ].H. Lee, Y.-W. Song, Applied Physics Letters 97 (2010)
211102.

[210] A. Martinez, K. Fuse, S. Yamashita, Applied Physics Letters 99 (2011)
121107.

[211] G.R. Lin, Y.C. Lin, Laser Physics Letters 8 (2011) 880.

[212] Z. Luo, M. Zhou, J. Weng, G. Huang, H. Xu, C. Ye, Z. Cai, Optics Letters 35
(2010) 3709.

[213] H. Kim, J. Cho, S.-Y. Jang, Y.-W. Song, Applied Physics Letters 98 (2011)
021104.

[214] Y.-W. Song, S.-Y. Jang, W.-S. Han, M.-K. Bae, Applied Physics Letters 96
(2010) 051122.

[215] Z.-b. Liu, X. He, D. Wang, Optics Letters 36 (2011) 3024.

[216] W.D. Tan, C.Y. Su, RJ. Knize, G.Q. Xie, LJ. Li, D.Y. Tang, Applied Physics
Letters 96 (2010) 031106.

[217] M. Jiang, Z. Ren, Y. Zhang, B. Lu, L. Wan, ]. Bai, Optics Communications 284
(2011) 5353.

[218] H. Yu, X. Chen, H. Zhang, X. Xu, X. Hu, Z. Wang, ]. Wang, S. Zhuang, M. Jiang,
ACS Nano 4 (2010) 7582.

[219] H. Yu, X. Chen, X. Hy, S. Zhuang, Z. Wang, X. Xu, ]. Wang, H. Zhang, M. Jiang,
Applied Physics Express 4 (2011) 022704.

[220] Z. Sun, X.C. Lin, H.J. Yu, T. Hasan, F. Torrisi, L. Zhang, L. Sun, L. Guo, W. Hou,
J.M. Li, A.C. Ferrari, in: The Conference on Lasers and Electro-Optics (CLEO),
JWA79, 2011.

[221] L. Zhang, Y. Wang, H. Yu, S. Zhang, W. Hou, X. Lin, J. Li, Laser Physics 21
(2011) 2072.

[222] X.-L Li, J.-1. Xu, Y.-z. Wu, ].-1. He, X.-p. Hao, Optics Express 19 (2011) 9950.

[223] J.-L. Xu, X.-L. Li, Y.-Z. Wu, X.-P. Hao, J.-L. He, K.-J. Yang, Optics Letters 36
(2011) 1948.

[224] ]. Xu, X. Li,]. He, X. Hao, Y. Wu, Y. Yang, K.-]. Yang, Applied Physics Letters 99
(2011) 261107.

[225] J. Liu, Y.G. Wang, Z.S. Qu, L.H. Zheng, L.B. Su, ]. Xu, Laser Physics Letters 9
(2012) 15.

[226] W.B. Cho, J.W. Kim, H.W. Lee, S. Bae, B.H. Hong, S.Y. Choi, LH. Baek, K. Kim,
D.-I. Yeom, F. Rotermund, Optics Letters 36 (2011) 4089.

[227] C.-C. Lee, G. Acosta, J.S. Bunch, T.R. Schibli, Journal of Nonlinear Optical
Physics & Materials 19 (2010) 767.

[228] L.M. Zhao, D.Y. Tang, H. Zhang, X. Wu, Q. Bao, K.P. Loh, Optics Letters 35
(2010) 3622.

[229] J. Liu, S. Wu, Q.-H. Yang, P. Wang, Optics Letters 36 (2011) 4008.

[230] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos,
L.V. Grigorieva, A.A. Firsov, Science 306 (2004) 666.

[231] AK. Geim, K.S. Novoselov, Nature Materials 6 (2007) 183.

[232] AH.C. Neto, F. Guinea, N.M.R. Peres, K.S. Novoselov, A.K. Geim, Reviews of
Modern Physics 81 (2009) 109.


dx.doi.org/10.1016/j.ijleo.2011.02.036, 
dx.doi.org/10.1016/j.ijleo.2011.02.036, 
dx.doi.org/10.1002/lapl.201110111
dx.doi.org/10.1002/lapl.201110111

Z. Sun et al. / Physica E 44 (2012) 1082-1091 1091

[233] J.C. Charlier, P.C. Eklund, J. Zhu, A.C. Ferrari, Electron and Phonon Properties
of Graphene: Their Relationship with Carbon Nanotubes, Springer, 2008.

[234] K.S. Novoselov, AK. Geim, S.V. Morozov, D. Jiang, M.l. Katsnelson,
V. Grigorieva, S.V. Dubonos, A.A. Firsov, Nature 438 (2005) 197.

[235] Y.B. Zhang, Y.W. Tan, H.L. Stormer, P. Kim, Nature 438 (2005) 201.

[236] A.K. Geim, Science 324 (2009) 1530.

[237] K.S. Novoselov, Z. Jiang, Y. Zhang, S.V. Morozov, H.L. Stormer, U. Zeitler,
J.C. Maan, G.S. Boebinger, P. Kim, A.K. Geim, Science 315 (2007) 1379.

[238] X. Du, I. Skachko, F. Duerr, A. Luican, E.Y. Andrei, Nature 462 (2009) 192.

[239] M.Y. Han, B. Ozyilmaz, Y.B. Zhang, P. Kim, Physical Review Letters 98 (2007)
206805.

[240] M.C. Lemme, T.J. Echtermeyer, M. Baus, H. Kurz, IEEE Electron Device Letters
28 (2007) 282.

[241] Y.-M. Lin, C. Dimitrakopoulos, K.A. Jenkins, D.B. Farmer, H.-Y. Chiu, A. Grill,
P. Avouris, Science 327 (2010) 662.

[242] G. Eda, G. Fanchini, M. Chhowalla, Nature Nanotechnology 3 (2008) 270.

[243] S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, J. Balakrishnan, T. Lei, H. Ri
Kim, Y.I. Song, Y.-]. Kim, K.S. Kim, B. Ozyilmaz, J.-H. Ahn, B.H. Hong, S. lijima,
Nature Nanotechnology 5 (2010) 574.

[244] X. Wang, L. Zhi, K. Mullen, Nano Letters 8 (2007) 323.

[245] F. Xia, T. Mueller, Y.-m. Lin, A. Valdes-Garcia, P. Avouris, Nature Nanotech-
nology 4 (2009) 839.

[246] TJ. Echtermeyer, L. Britnell, P.K. Jasnos, A. Lombardo, R.V. Gorbachev,
A.N. Grigorenko, A.K. Geim, A.C. Ferrari, K.S. Novoselov, Nature Commu-
nications 2 (2011) 458.

[247] F. Wang, Y.B. Zhang, C.S. Tian, C. Girit, A. Zettl, M. Crommie, Y.R. Shen,
Science 320 (2008) 206.

[248] M. Liu, X. Yin, E. Ulin-Avila, B. Geng, T. Zentgraf, L. Ju, F. Wang, X. Zhang,
Nature 474 (2011) 64.

[249] M. Lazzeri, S. Piscanec, F. Mauri, A.C. Ferrari, J. Robertson, Physical Review
Letters 95 (2005) 236802.

[250] F. Wang, F. Torrisi, Z. Jiang, D. Popa, Z. Sun, T. Hasan, W.B. Cho, A.C. Ferrari,
submitted for publication.

[251] J. Liu, S. Wu, Q. Yang, Y. Song, Z. Wang, P. Wang, in: Conference on Lasers
and Electro-Optics (CLEO), JWA23, 2011.

[252] A. Giesen, ]. Speiser, IEEE Journal of Selected Topics in Quantum Electronics
13 (2007) 598.

[253] CRE. Baer, C. Krankel, CJ. Saraceno, O.H. Heckl, M. Golling, R. Peters,
K. Petermann, T. Siidmeyer, G. Huber, U. Keller, Optics Letters 35 (2010) 2302.

[254] M.E. Fermann, A. Galvanauskas, G. Sucha, D. Harter, Applied Physics B 65
(1997) 259.

[255] F.W. Wise, A. Chong, W.H. Renninger, Laser & Photonics Reviews 2 (2008) 58.

[256] B. Orta, M. Baumgartl, . Limpert, A. Tunnermann, Optics Letters 34 (2009) 1585.

[257] C. Lecaplain, B. Ortag, G. Machinet, ]. Boullet, M. Baumgartl, T. Schreiber,
E. Cormier, A. Hideur, Optics Letters 35 (2010) 3156.

[258] J. Clark, G. Lanzani, Nature Photonics 4 (2010) 438.

[259] U. Keller, A.C. Tropper, Physics Reports 429 (2006) 67.

[260] EJ. Saarinen, J. Puustinen, A. Sirbu, A. Mereuta, A. Caliman, E. Kapon,
0.G. Okhotnikov, Optics Letters 34 (2009) 3139.

[261] A.P. Piskarskas, Optics and Photonics News 8 (1997) 24.

[262] Z. Sun, M. Ghotbi, M. Ebrahim-Zadeh, Optics Express 15 (2007) 4139.

[263] Z. Sun, A.C. Ferrari, Nature Photonics 5 (2011) 446.

[264] LT. Soro, K.L. Vodopyanov, Solid-State Mid-Infrared Laser Sources, Springer, 2003.

[265] T.Y. Fan, IEEE Journal of Selected Topics in Quantum Electronics 11 (2005) 567.

[266] Q.J. Peng, Z.P. Sun, Y.H. Chen, L. Guo, Y. Bo, X.D. Yang, Z.Y. Xu, Optics Letters
30 (2005) 1485.

[267] Q. Peng, Y. Zhou, Y. Chen, Z. Sun, Y. Bo, X. Yang, Z. Xu, Y. Wang, K. Li,
W. Zhao, Electronics Letters 41 (2005) 171.

[268] Z. Sun, R.N. Li, B. Yong, X.D. Yang, Z. Ying, G.L. Wang, W.L. Zhao, H.B. Zhang,
H. Wei, D.F. Cui, Z.Y. Xu, Optics Communications 241 (2004) 167.

[269] M. Ghotbi, Z. Sun, A. Majchrowski, E. Michalski, L.V. Kityk, M. Ebrahim-
Zadeh, Applied Physics Letters 89 (2006) 173124.

[270] G.L. Wang, A.C. Geng, Y. Bo, H.Q. Li, Z.P. Sun, Y. Bi, D.F. Cui, Z.Y. Xu, X. Yuan,
X.Q. Wang, G.Q. Shen, D.Z. Shen, Optics Communications 259 (2006) 820.

[271] A.C. Geng, Y. Bo, X.D. Yang, H.Q. Li, Z.P. Sun, Q.J. Peng, X.J. Wang, G.L. Wang,
D.F. Cui, Z.Y. Xu, Optics Communications 255 (2005) 248.

[272] H.Q. Li, H.B. Zhang, Z. Bao, J. Zhang, Z.P. Sun, Y.P. Kong, Y. Bi, X.C. Lin,
AY. Yao, G.L. Wang, W. Hou, R.N. Li, D.F. Cui, Z.Y. Xu, Optics Communica-
tions 232 (2004) 415.

[273] G.K. Samanta, G.R. Fayaz, Z. Sun, M. Ebrahim-Zadeh, Optics Letters 32 (2007)
400.

[274] G. Krauss, S. Lohss, T. Hanke, A. Sell, S. Eggert, R. Huber, A. Leitenstorfer,
Nature Photonics 4 (2010) 33.



	Ultrafast lasers mode-locked by nanotubes and graphene
	Introduction
	SWNT mode-locked lasers
	SWNT mode-locked solid-state lasers
	SWNT mode-locked fiber lasers
	SWNT mode-locked semiconductor laser
	SWNT mode-locked waveguide lasers

	Graphene mode-locked lasers
	Outlook
	Acknowledgments
	References




