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Ec/iv paHbLue YepHbIN 3/1eKTPONpOBOASALLUA

rpapuT cuMTancs HenpurogHboimM ans GoToOHUKUN
MaTtepuasiom, TO B NocnegHue rogbl 3Ta To4Ka

3peHuns usmeHuIacb KOpeHHbIM o6pasom. OKasanoch,
YTO NMPY NOHMXKEHUN Ppa3MepHOCTU U Nepexoae

K AByMepHoMy rpaéuTy (rpacdeHy) unm ogHoOMepHOMY
rpa¢puty (0AHOCTEHHbIM YriepoAHbIM HAHOTPY6KaM

1 rpadeHOBbIM HAHOMO/I0CAM) MaTepuan npossnaser
HOBble YHUKaJIbHble CBOMCTBA.

K CJIOKHTIOCh KCTOPUYECKH, UTO IIepBbIMHU ObIIH
OTKPBITHI OMHOCTEHHBIE YIJIepOHbIE HAHOTPYOKHU
(OYH) [1]. OHu mpencTaBiasIOT cOOOM OLHOCION-

Hble LWIHHJAPE ¢ guameTpoM 0,3-3,0 HM U [JIHHOH
1-10 MKM, CBepHYyTble (C PasIMYHBIM YIJIOM 3aKpy-
YMBaHHUS) U3 M0I0C I'PadeHOBOM IIOCKOCTH (pHc.la).
OOBIYHO HAaHOTPYOKH CHHTE3UPYIOTCS B BHJe ITy4YKOB
(ropes). Ilyuky HAHOTPYOOK IIPeCTABIISIOT COOOM OIHO-
MepHble KpUCTLTHI (prc.1b), oHM MoryT popMHpoBaTh
IIPOTSDKEHHBIe TOHKHE IIJIeHKHM HaHOMETPOBOH TOJI-
muHBI (puc.1c). HaHOTpy6Ka - ofHOMepHas yI/IepofHas
CTPYKTypa, BCe aTOMBI KOTOPOK HaXOHATCSl Ha IIOBepX-
HOCTH. J/IeKTPOHHBIe M ONTHYeCKHe CBOKCTBA TaKOH
CHCTeMBl IIOJIHOCTBIO OIpefe/IsIOTCS ee TeOMeTpHeH.
OYH MoryT 6bITh KaK MeTaJIJIAMH, TaK M IIOJIYIIPOBO-
OHUKaMHU. B 9/IeKTPOHHOM CTPYyKType IOIYyIIPOBOLHU-
KOBBIX HAHOTPYOOK IIOSIBISIETCSl 3allpellleHHas 30Ha,
MIMPHHA KOTOPOH pacTeT IIPH YMeHbIIeHUH fHaMeTpa
HaHOTPY6KH. ITO 03HAUAET, YTO OIITHUECKHe CBOMCTBA
MaTepHaja BapbHpyeMBble.

OKa3aJI0Ch, YTO HAHOTPYOKM 06/1aJal0T TaK>Ke BBICO-
KO OIITHMYEeCKOM HeIMHEeMHOCThI0 (Ha ABa IOpsiaKa
Gospller], YeM LIMPOKO HCIIONB3YIOMIHECss KPUCTa/IbL
KDP) u cBepXOBICTPBIMY BpeMeHaMU pelaKCalluH 3/1eK-
TPOHHBIX BO30Oy>kIeHME (0Kko0 100 &C). ITH CBOMCTBA
OTKPBIIM BO3MOKHOCTB HCIIONBb30BAaHMSI HAaHOTPYOOK
B Ka4eCTBe CBEPXOBICTPBIX MOMY/ISITOPOB CBETOBBIX ITyU-
KOB — HaChIIIAIOIIUXCs ormoTutenen (HIT). HIT ucrions-
3YIOT [IJIs1 peaIM3alluy peXKHMa CAaMOCUHXPOHHU3aIUU
Mof, 1 GOPMUPOBAHHUS CBEPXKOPOTKHUX (PeMTOoceKyH/ -
HBIX) MMIIYJIbCOB B JIa3epax 6nmskHero MK-namasoHa
[2-6] (puc.2); 01 reHepalLlMK ONTHYeCKHX TAPMOHHK [6,
7], IU1sI CO3IaHMSI CBEPXOBICTPBIX POTOmETEKTOPOB, pabo-
TAIOIIHX B IIMPOKOM CIIeKTPa/IbHOM JHaIia3oHe [8]. 3To
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For many years the black electrically conductive
graphite was considered as the material which is
useless for photonics. Over the recent years the
opinion about this material has been drastically
changed. It was found that the new unique properties
appear when decreasing the dimensionality and
transiting to two-dimensional graphite (graphene)

or one-dimensional graphite (single-wall carbon
nanotubes and graphene nanoribbons).

istorically, single-wall carbon mnanotubes

(SWCN) were discovered first [1]. They are

represented by single-layer cylinders with
the diameter of 0.3-3.0 nm and length of 1-10 pm
rolled up (with various torsion angle) from the bands
of graphene plane (Fig.1a). Usually, the nanotubes
are synthesized in the form of ropes, which are
represented by one-dimensional crystals (Fig.1b).
Nanotube ropes can form extended thin films with
nanometric thickness (Fig.lc). Nanotube is one-
dimensional carbon structure, all atoms of which
are located on the surface. Electronic and optical
properties of such system are completely determined
by its geometry. SWCNs can be represented by metals
and semiconductors. Forbidden zone, which increases
with the decrease of nanotube diameter, occurs in
the electron structure of semiconductor nanotubes.
It means that the material has varying optical
properties.

It was found that nanotubes also have high optical
nonlinearity (by 2 orders higher than widely used
crystals KDP) and ultrafast periods of relaxation of
electron excitations (about 100 fs). These properties
gave the opportunity to use nanotubes as ultrafast
modulators of light beams - saturable absorbers (SA)
used for the implementation of self-mode-locking and
formation of ultrashort (femtosecond) pulses in the
lasers with near IR band [2-6] (Fig. 2); for the generation
of optical harmonics [6, 7], for the creation of ultrafast
photodetectors operating in broad spectral range [8].
These capabilities are important for the development of
optical communications (using the radiation with the
fundamental wavelength of 1.5 pm), laser surgery and
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a) b)

c) - electronic-microscopic view of the film made of SWCN

Puc.1. OdHocmeHHble y2aepodHble HaHompybxu (OYH): a) - cxemamuyeckoe u3o6paxkeHue OYH ¢ pa3Au4Hol XupanbHOCMbio
(yenom 3axpy4ueanus epagerosoli cemku); b) - 3nexmpoHHO-MUKpOCKonu4eckoe U306paXkeHue NonepeHHoz0 cederuUs ny4Ka
OVYH, 06veduHsouLe20 HaHOMPY6KU pa3Au4HO20 duamempad; ¢) — 3eKMpPOHHO-MUKPOCKONUYecKoe U3o6paxkeHue naeHku u3 OYH
Fig. 1. Single-wall carbon nanotubes (SWCN): a) - diagrammatic view of SWCN with various chirality (torsion angle of graphene
grid); b) - electronic-microscopic view of cross-section of SWCN rope combining the nanotubes with various diameters;

9]

JaeT BO3MOXKHOCTb HCIIO/Ib30BaTh MaTepuhasl B OIITH-
YecKHMX KOMMYHHKAIUSX (C MCIIOIb30BaHHEM H3Jyue-
HUS C OCHOBHOM [JJIMHOM BOMHBI 1,5 MKM), Ja3epHOH
XUPYPruu, 0co6eHHO 0PTaTBMOIOTHUECKO XUPYPrUun
(c 1,8-2,2-MKM H3/Ty4eHHEM), B 30HAHUPOBAHHUU 3arps3-
HEHHN B aTMocdepe (IIpH JUTMHAX BOJIH 6oJsiee 2 MKM)
U B CIIEKTPOCKOIIMHY C BpeMEHHBIM pa3pelleHHeM.
dopMHUpOBaHME U IIPUMEHEHHEe HaChIIAOIMHXCS
[orJIoTUTeslell Ha ocHoBe OVYH 4BisileTcsi HOBOM
MHTEHCHUBHO pa3BUBAIOIIEICS 00/1acTbl0 HayKH.
[lepBoe yrnoMHHaHHe O npuMeHeHuu OYH (B BuZe
IIJIeHKM, HallbUIEHHOM Ha CTeKJIO) B KadecTBe HACHI-
IIAIOLIErocsl MOIVIOTUTENS B BOJIOKOHHOM (3p6HeBoM)
nasepe 6bUIO OMYOIMKOBAHO SIIIOHCKUMHU Y4YEHBIMHU
B Te3ucax OFC-koHdepeHIMH B 2003 romy [9]. A yxe
yepe3 rof, - B 2004 rogy pOCCHUHCKHMH Y4YeHBIMH
13 MHCTHTYTa obmien du3nKky uM.A.M.IIpoxopoBa PAH
(MO® PAH) 6sl7a peanr30oBaHa CaMOCHHXPOHHM3ALIMS
Mo7, B 3pbHeBoM Jlazepe C MCIIOb30BAHHEM SKHJKOHM
CyCIleH3uH HaHOTpybok (puc.3a) [2]. B 2007 roxy, 6ma-
rogaps B3aMMOJENCTBUIO ¢ HayuHBIM LIEHTPOM BOJIO-
KOHHOM onTuku PAH (HLIBO PAH), ObIIH yCIIEIIHO
ITpoBeJIeHbI PabOTHI 10 CO3AAHHUIO 3TIeMEHTOB [J1sI BOJIO-
KOHHBIX JIa3epoB B popMe IIOJIMMEPHBIX IIJIEHOK C pac-
npefesleHHBIMU B HUX OYH [4-6]. 3a mecsiTh et Ha 6a3e
n1abopaTopUM CIIEKTPOCKOIIMH HAHOMATepHasIoB (IO
pykoBoncTtBoM E.O6pasuosori) B MO® PAH 6bl1 pea-
JIM30BaH IIOJHBIM (IIOMyIIPOMBIIUIEHHBIN) LHUKI GOp-
mupoBaHus HII. OH BKIO4aeT B cebst cuHTe3 OYH
MeTOJaMH AYyTOBOIO pa3spsta U XMMHYeCKOro ra3odas-
HOTO OCa’K[JeHHS, BCeCTOPOHHIOK XapaKTepHU3allHIo

especially ophthalmological surgery (with the radiation
of 1.8-2.2 um), sensing of atmosphere pollution (with
the wavelengths of more than 2 pm) and spectroscopy
with time resolution.

Formation and application of the saturable absorbers
based on single-wall carbon nanotubes (SWCN) refer to
the new intensely-developing field of science. The first
reference of SWCN application (in the form of the film
evaporated on glass) as the saturable absorber in fiber
(erbium) laser was published by Japanese scientists
in the theses OFC of the conference in 2003 [9]. In the
next year (2004) the Russian scientists from Prokhorov
General Physics Institute of the Russian Academy
of Sciences (GPI RAS) implemented the self-mode-
locking in erbium laser using the liquid suspension of
nanotubes (Fig. 3a) [2]. In 2007 thanks to the cooperation
with the Fiber Optics Research Center of the Russian
Academy of Sciences (FORC RAS), the works associated
with the creation of the elements for fiber lasers in the
form of polymer films with distributed SWCN were
successfully accomplished [4-6]. Over the recent years
using the facilities of the Laboratory of Nanomaterial
Spectroscopy (under the supervision of E.D. Obraztsova)
in GPI RAS the complete (semi-industrial) cycle of SA
formation was implemented: SWCN synthesis using
the methods of arc discharge and chemical gas-phase
deposition, comprehensive characterization of their
properties by optical methods, formation of different
types of SAs on their basis (Fig. 3b-d) and their testing
in various lasers with broad range of operating
wavelengths (1.0-2.2 pm).
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KX CBOMCTB OIITUYeCKUMH MeTofaMHU, GOPpMHUPOBAHHeE
Ha ux ocHoBe HII pasnuuHoro tuma (puc.36-T) U uX
WCIIBITAaHHE B PA3/IMYHBIX JIa3epax C IIHPOKUM JHaIla-
30HOM pabouux JUTHH BOTH (1,0-2,2 MKM).

[IupoKUK pabovYMM CIEeKTPAJIbHBIN AHAIIa30H,
oIpeiesisieMBll reOMeTpHEelN HAaHOTPYOOK, SIBIISETCS
OHOM M3 UX K/IIOYeBbIX YHUKA/IbHBIX XapaKTePUCTHK.
Jlo HelaBHero BpeMeHH HaHOTPYOKM, CHHTe3HPOBaH-
Hble Pa3/IMYHBIMHU MeTofaMH (3/7eKTpHyecKast Ayra,
Na3epHast abnsALMs, XUMHUYeCKoe Ta30pa3Hoe oCasKie-
HHUe M3 MeTaHa WIH NapoB CIUPTA) UMeIU AUAMETP
MeHee 2 HM. B mociemqHue rogsl 6bl1a poieMOHCTPU-
POBaHA BO3MOYKHOCTb MCIIOJIb30BAHHUS OJHOCTEHHBIX
YIJIepOAHBIX HAaHOTPYOOK B KaueCTBe HACBIMIAIOMIMXCS
IIOIVIOTHTENIeN B Jla3epaX, paboTaloIMX B CIEKTPasb-
HOM fuarnasoHe 0,80-1,93 HM (0T THTaH-CaniGUPOBOro
nasepa [11] o TynueBoro BOJIOKOHHOIO jasepa [5, 6]).
OnHaKo peasr30BaTh PeKHMM CaMOCHHXPOHH3ALIUH
MO, U TIOJTY YK Th CYOIIMKOCEKYHAHBIE HMITY/IbCBI TAKSKE
Ba>KHO W B aMaria3zoHe 2,0-3,0 MKM. DTOro Tpe6yeT
M OINTHYeCKasl AHUArHOCTHKA aTMocdeprl, U Heobxo-
OUMOCTD PAaCIIMpeHHs KIacca Jla3epoB, paboTaONIHX
C HaChIIAMOUWMMMUCS [IOIJIOTUTEISIMH, OCHOBAHHBIMH
Ha OYH. HezmaBHO pa3pabOTaHHBIM adPO30JIbHBII
MeToJ, CHHTe3a C HCIIO/Nb30BaHHeM deppolieHa B rase
CO mo3BossieT MonyyaTh Oonbllivie HAHOTPYOKHU C AHa-
meTpaMu A0 3,0 HM. MX CIeKTp ITOIVIOIIEHHS IMOKPBI-
BaeT JHalla30H BIJIOTH 0 3 MKM [12].

B 2004 romy B HayKy CTPEMHTEJIBHO BOPBAJICA I'pa-
deH - rekcaroHajbHas yIJIepogHas CeTKa TOJIIHMHOM
B OOUH aToM [10]. OTHOCHUTEIbHO HECIOKHBIN CII0CO0
€ro IOJIy4YeHHUsI U PeruCTpaliks MHOTUX HOBBIX QyH/a-
MeHTa/IbHBIX 3pdeKTOB B 3TOM MaTepHase B3bymopa-
SKHJIM Hay4dHoe obIecTBo M npuHecau HobeneBcKyro
IIPeMHIO ero OTKpBLIBATe/IsIM — BBIXOALLAM M3 Poccuu
AHppero 'erimy 1 KoHcTaHTHHY HoBocenoBy. [1s doTto-
HHUKH I0sIBJIeHHe IrpadeHa OTKPhLIO GpaHTaACTHYECKYIO
BO3MOKHOCTb CO3[aHHS HeTHHEeLHO-ONTHYeCKHX 3JJle-
MEHTOB [/ IIPaKTHYeCKH HeOTPaHUYeHHOILO CIIeK-
TPaJIBHOIO [HAaIla30Ha - OT CpefHel HHQPPaKpacHOM
1o TepareprieBoi obmacty [11-12]. POCCHACKUM yYeHBIM
yAalIoCh BHeCTH CBOM BKJIaJ, B MCIIO/Nb30BaHHe Irpade-
HOBBIX HaCBIIIAOIIMXCS IIOITIOTHTeer. B 4acTHOCTH,
BIIepBble OBbIIM 3aperUCTPUPOBAHBI U M3MepPeHbl HaChl-
LIAOIIKecs II0TePU Ha JJIMHe BOJAHBI 10 MKM, Xapak-
TePHOM J1/15 I POKO IIPHMEHSIIOIIET0Cs B TEXHO/IOTUSIX
CO,mazepa [13].

Fpaden obnagmaeT BCeMH IIpeHMMYyIIeCTBAMU
HAaHOTPYOOK (BBICOKOM OIITHYECKON HeTHHEHHOCTBIO
U CybmMKOCeKyHIHBIMH BpeMeHaMM peslaKCalluu
3/IeKTPOHHBIX BO3OY>KIEHUM), HO BCIeACTBHE JIMHEH-
HOM [OHCIepPCHH SHEPrhuU 3J1eKTPOHOB B 3aBHCHMO-
CTH OT BOJIHOBOI'O BEKTOpPA OH MOKET HCIIO/Ib30BaThCs
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Broad operating spectral range determined
by nanotube geometry is one of their key unique
characteristics. Until recently, the nanotubes
synthesized by various methods (electric arc, laser
ablation, chemical gas-phase deposition of methane or
alcoholic fumes) have had the diameters of less than 2
nm. Over the recent years the capability of use of single-
wall carbon nanotubes as the saturable absorbers in the
lasers operating within the spectral range of 0.80-1.93
nm (from titanium-sapphire laser [11] to thulium fiber
laser [5, 6]) was demonstrated. However, the capability
to implement self-mode-locking and obtain sub-
picosecond pulses is very important within the range
2.0-3.0 pm for the optical diagnostics of atmosphere and
expansion of the class of lasers, which operate with the
saturable absorbers based on SWCN. Recently developed
aerosol method of synthesis using ferrocene in CO gas
makes it possible to obtain the large nanotubes with the
diameters up to 3.0 nm, absorption spectrum of which
covers the range up to 3pm [12].

HenpepbliBHOE

n3nyyeHue
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a)
Hacbiwaowmncs nornotutens
/ CaMOCHHXpOHM3aLns
\

50-100 dc

b)
Puc.2. Cxema npouecca camocuHXpoHU3auuu Mmoo 8 Aasepe:
a) = npu omcymcmaeuu HacblWaowe20cs nozaomumens
8 1A3epHOM Pe30HAMope 8bIXOOHOE U3Ay4YeHUe si8asiemcs Henpe-
pbl8HbIM U npedcmasAsiem coboli KOHBOAKULIO MOO pa3AUYHOL
UHMEeHCUBHOCMU, 8biCBeYUBAEMDbIX 8 NPOU3B0AbHbIE MOMEHM bl
8pemeHU; b) — npu 8HeceHUU 8 pe3oHamop amnAumyoHo-
AUCKpUMUHUpYHOLLe20 3neMeHma (HACkILarLLez0cs Nozno-
mumens1) Modbl € HU3KOL UHMeHCUBHOCMbIo NoddsAsitomcs
U No npowiecmauu HeCKoAbKUX 0ecsimKos npoxo0oe Yepes
pe3oHamop 8bIX0OHOE U3ny4eHue CmaHos8umcs CmpyKmypupo-
BAHHBIM C 0AUMEAbHOCMbIO UMNYALCO8, COOMBemcmayouel
xapakmepHbim napamempam mod (decasmiku pemmocekyHd)
Fig. 2 Diagram of the process of self-mode-locking in laser:
a) - in case of the absence of saturable absorber in laser
resonator, the output radiation is continuous and represents
the convolution of the modes with various intensity illuminated
in random moments of time; b) — in case of introduction of
amplitude-discriminating element (saturable absorber), the
modes with low intensity are suppressed and after several tens
of passages through resonator the output radiation becomes
structured with the pulse duration which corresponds to the
typical mode parameters (tens of femtoseconds)
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Ha 1100011 IJIMHe BOJIHBI, B TO BpeMs KaK HaHOTPy6Ku
Haubosee 3¢pdeKTUBHEL IIPU BO30Y>KAEHUH C JIMHAMU
BOJIH, COBIAJAMIIMMHU C MaKCMMyMaMH HX OITHYe-
CKOIO IIOIVIOmIeHMS. MaKCHMMAaJIbHBIN JHAMeTp, IpHU
KOTOPOM OHOCTEHHBIe HAaHOTPYOKU OCTAIOTCS YCTOM-
YMBBIMH, OFPAHHYEH — OKOJIO 3 HM. JTO 3HAYHUT, YTO
MaKCHMaJIbHasl IJIMHA BOJIHBI, HAa KOTOPOM MOT'YT pabo-
TaTh HaCBIIIAOIIMECS IIOMIOTUTeNH U3 OYH, He IIpeBsI-
maet 3 MKM (puc.4).

Co BpeMeHHU IepBbIX 3KCIIEPHMEHTOB II0 MCIIOJb-
30BaHHIO I'PadeHOBEIX CTPYKTYP B GOTOHHKE IIPOILJIO
okono 12 jyet. Ilepedpasupyss HU3BeCTHOE BhbIpaskeHMe,
MO>KHO CKa3aTb YTo IpadeH "TaK ke HercuepIriaeM, Kak
1 atoM’. CerofHsl MOSBU/IMCh HOBble MU HCIIONb30-
BaHMUA rpadeHa i TeHepalluM CYIIepKOHTHHyyMa
B BOJIOKOHHBIX JIa3epax, o6 yBelHMYeHHH OITHYEeCKOH
HeJTMHEHMHOCTH B IUIEHKaX M3 OOIHMPOBAHHBIX OJHO-
CTeHHBIX YIJIEPOOHBIX HAHOTPYOOK HIM rpadeHa.
I1py CO3MaHKMM KOMITAKTHBIX JIa3epOB Ha OCHOBe pOTOH-
HBIX KpUCTA/UIOB [14] mau "on-chip’ nma3zepoB rpaden
paccMaTpHBaeTcsl KaK eJHUHCTBEHHBIN MOAXOASLINH
HaCBIIAIOMUICS IOITIOTUTENb, CIIOCOOHBIM COXpa-
HHUTb MHUHHUATIOPHOCTb YCTPOMCTB. CeromHs B Poccuu
Goree ISATH TPYII B Pa3IH4YHBIX ropogax (B Mockse,
HoBocubupcke, YepHoronoBke, HuskHem Hosropore,
MsxeBcke, CaHKT-TleTepOypre) BoBJIeUeHBl B HCC/IEMO-
BaHMS B obnacTu rpadeHoBor GoToHHUKHU. CrenyeT
OTMETHTb, YTO UX Pe3y/IbTaThl HAXOAATCS Ha MUPOBOM
YPOBHe M BIIOJIHE KOHKYPEHTOCIIOCOOHBI. BO3MOXKHO,
yke HaCTaJa MOpa CHAeNaTh IIar OT JIabopaTOpHBIX
HCC/IeJOBAHUH K IIPOMBIIIIEHHBIM Pa3paboTKaM.

Pabora moxpfepskaHa POCCHHCKHMM Hay4HBIM (OH-
ZOM B paMKax ITpoeKTa "YriaepofHasi OTOHHKA'.
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Puc.3. Paszau4Hble munbl HACILAOUWUXCS nozaomumeneti

Ha 0CHOBe 0OHOCMEHHbIX Y2AepOdHbIX HAHOMPY6OK: a) — 0OHO-
POOHAs 800HAS CycheH3usl, codep kauiasl UHOUBUOYAAbHbIE
OVYH, nokpbimble MoAeKyAamu no8epxHOCMHO-aKMUHO20
gelecmaa; b) — naeHka u3 Kap6oKcuMemuAUeANoA03bl C 0OHO-
podHo pacnpedeneHHbimMu OYH; ¢) — 3epKano, NoKpbimoe
noAumepHoU naeHKol, codepkauieli uHousudyanbHole OYH;
d) — KOHHeKMOop 80/0KOHH020 Ad3epd C HaHeCeHHol Ha e20
cepduesuHy naeHkoll u3 OYH

Fig. 3 Various types of saturable absorbers based on single-
wall carbon nanotubes: a) - homogeneous aqueous suspension
containing the individual SWCNs which are covered with

the molecules of surface active substance; b) - film of
carboxymethyl cellulose with uniform-distributed SWCNs;

c) - mirror covered with the polymer film containing individual
SWCNs; d) - connector of fiber laser with the film of SWCN
applied on its core part

In 2004 graphene, the hexagonal carbon grid with
the thickness of one atom, burst into the science
(10]. Relatively simple method of its obtainment and
recording of several new fundamental effects in the
material have agitated the scientific society and
brought the Nobel Prize to its discoverers - immigrants
from Russia, Andre Geim and Konstantin Novoselov.
For photonics, the occurrence of graphene opened the
fantastic capability of creation of nonlinear optical
elements with practically unlimited spectral range -
from medium infrared to terahertz region [11-12]. The
Russian scientists managed to make contribution into
the use of graphene saturable absorbers. In particular,
the saturable losses at the wavelength of 10 pm, which
is typical for CO, laser widely used in technologies, were
recorded and measured for the first time [13].

Craphene has all advantages of nanotubes (high
optical nonlinearity and sub-picosecond periods of
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Fig. 4 Comparison of spectral ranges for the effective use of
single-wall carbon nanotubes and graphene as saturable
absorbers

relaxation of electron excitations) but due to the linear
dispersion of electron energy depending on the wave
vector it can be used at any wavelength, while the
nanotubes are more effective for the excitation with the
wavelengths matching the maximums of their optical
absorption. Maximum diameter, at which the single-
wall nanotubes remain stable, is limited - about 3 nm.
It means that maximum wavelength, at which the
saturable absorbers of SWCN will operate, is not more
than 3 pm.

About 12 years have passed since the time of initial
experiments associated with the use of graphene
structures in photonics. Paraphrasing well-known
expression we can say that graphene "is inexhaustible
in the same manner as atom". Nowadays, the new
ideas on the graphene use for the generation of
supercontinuum in fiber lasers, increase of optical
nonlinearity of the films made of doped single-wall
carbon nanotubes or graphene are occurring. When
designing the compact lasers based on photonic crystals
(14] or on-chip lasers, graphene is considered to be the
only suitable saturable absorber which is capable to
retain the diminutiveness of devices. Today, in Russia
more than 5 groups in different cities (in Moscow,
Novosibirsk, Chernogolovka, Nizhny Novgorod,
Izhevsk, Saint Petersburg) are being involved in the
studies of graphene photonics. It should be noted that
their results meet the international standards and
are fully competitive. It is possible that the time has
come to make step from the laboratory studies to the
industrial design.

The work is supported by the Russian Research
Foundation within the framework of the project "Carbon
Photonics".
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®PECTUBAJIb POTOHUKMHA
PHOTONICS FESTIVAL IN TAIWAN

C 16 no 18 ntoHs 2015 roga Ha TavMBaHe NPOXOAMNA BbICTAB-
ka Photonics Festival in Taiwan. TanBaHb - 0AHa U3 MaBHbIX
MUWPOBbIX MPOVU3BOACTBEHHLIX MIOLAA0K MO U3rOTOBNEHUIO
(GOTOHHOM MPOAYKLMMW: MIA3MEHHbIX MaHesnen, CBETOAMNO-
o, DVD-npourpbiBateneir, GpOTOBONLTANYECKUX CUCTEM,
ONTMYECKOro BOMOKHA M MHOTUX APYrux yCTPOMCTB. Opra-
HM3aTOpaMM MeponpusaTUs BbiCTynMAa ACCOLMaLUNs pa3Bu-
TV NPUKAALHON U MHAYCTPUANbHOW GOTOHUKM TanBaHS —
Photonics Industry & Technology Development Association
(PIDA). BbicTaBka NpoxoAmna B HOBOM BbiCTaBOYHOM 3ane
Taipei World Trade Center (TWTC). OTcYnTbIBasi CBOO UCTO-
puvto € 1984 roaa, oHa CTasa KpynHenwen cpean NogobHbLIX
npodeccnoHanbHbIX GOpyMOB A3MKM B OMTO3NEKTPOHHOWM
oTpacau. Ha camom gene - 370 WeCTb TeMaTUYeCKUX BbICTa-
BOK, KKAAS M3 KOTOPbIX GOKYCMpPYyeT CBOE BHMMAHWE Ha
onpeaeneHHbIX OTpAC/NX.

OPTO Taiwan 2015 AeMOHCTPUPOBA/IA OMTO3/1IEKTPOH-
Hble YCTPOMCTBA, M3MepuTe/bHble NpuMbopbl, onTUYeckue
yCTPOMCTBA BBOAA-BLIBOAA U XpaHeHUs MHopmauum. OT-
JenbHble 30HbI BLICTABKW 6bINN NOCBALLEHbLI Na3epHbLIM Tex-
Honornsam, 3D-neyatn, 6MODOTOHMKE, aAKALEMUYECKON
Hayke. Llenb 601bLUNHCTBA YHACTHUKOB — MPUBNEYL BHUMA-
HUe MHBeCTopoB. TexHosorns 3D-neyaTn HaxXoAUTCS B CTa-
A1 pa3paboTky, NO3TOMY paHHUe MHBeCTMLMKU B R&D crno-
CObHLI 06ecneynTb B byaylwemM Lenbin psg nNpemMmyLLecTs
3D-TeXHONOrMM, Yero Hefb3s BbINOAHMTL C MOMOLLLIO Tpa-
OVNLUMNOHHBIX METOA0B NMPOM3BOACTBA.

B 30He nasepHbIX MPUNOXEHNIN PACNONOXUANCH GUPMDI
o la3epHON MUKPOO6paboTke, nasepHou ronorpapum, 0b-
paboTke W306paXkeHMI, ABTOMATM3MPOBAHHLIM PO6OTAM.
B xo4e BbICTAaBKU MOXHO 6bl10 yBMAETL pa3paboTku B 06-
NacT¥ KOMMOHEHTOB TOYHOM OMTUKKN AN MOBUILHOW Tene-
dboHUN, UMPpPOoBLIX CUCTEM BMAEOHABAOAEHUS, aBTOMO6U-
NecTpoeHns, NoTpebuTenbCKUX NPOAYKTOB, KOMMEPYECKUX
CUCTEM TEXHWYECKOro 3peHus U poboToTexHUkU. LLnpoko
66111 NpeacTaBaeHbl KOMNAHWMM AINOHMKM U KuTas.

Display Taiwan 2015 - BbiCTaBka, B KOTOPOW aKLEHT
cAenaH, ectectBeHHo, Ha aucnnen: PDP-, LCD-, pucnneun
Ha OCHOBE TOHKOMNEHOYHbIX TPAH3UCTOPOB, HA OCHOBE Op-
raHNMYecKux CBETOM3NYHAIOWMX JIIOMUHECLEHTHbIX [AMO-
nos (OLED) n anonos c noneson amuccuen (FED). Ha Haw
B3N8, 6ONLLWMHCTBO 3KCMOHEHTOB COCTABASNIO MPOMbILL-
NeHHoe obopyaoBaHuWe Ang 06paboTky 3neMeHTOB gucnne-
€B 1 KOHTPO/IS Y3/10B NO3ULMOHUPOBAHUS.

NANO Taiwan 2015 — 3T0 BbiCTaBKa HaHOTEXHO/IOTUA.
B ee 30He CBOIO NpOAYKLMIO MoKasanu crapranbl, 6osb-
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LUMHCTBO M3 KOTOPbIX PAcMONOXeHbl B TeXHomapkax. Pas-
paboTaHHbIe UMW MPOAYKTbI — YHUKANbHbIE NpUbOopbl As
TenemMeguuUnHbl, pagMoNormyeckmx MCCIefoBaHUNA, OHK
CNocobHble 3anHTepecoBaTh BefylimMe MeauLMHCKUE LeH-
TPbl M 60/IbHULbI. HO B 3TOW 30HE Mbl BCTPETUIN U KPYMHbIE
KOMMAHWUU, BbINYCKAOLWMNE NOANUMEPDI, XMMUYECKMEe HAMosI-
HUTenun, buopasnaraemble Matepuanbl A4S ynakoBKW.

LED Lighting Taiwan 2015 - BbICTaBKa OCBeLleHUS
n csetoamonos, OPTICS TAIWAN 2015 — BbiCTaBKa BbICO-
KOTOYHOW OMTUYECKOW MpoMbiwaeHHoCTH, Solar Taiwan
2015 — BbicTaBKa GOTOBOMLTANKN. U XOTS aHANUTUKW Npea-
PEKAIOT, YTO Yepe3 AecATOK JIET LieHbl Ha PV-moaynuv ynagyT
BABOE, W 3TO JACT BO3MOXHOCTb a/IbTEPHATUBHOWN 3Hepre-
TUKE KOHKYPMPOBATbL MO OMNTOBLIM LieHaM C TPAAULMOHHON
3N1eKTPO3Hepren, y4acTHUKOB BbICTaBKM Solar Taiwan
6bi10 Mano. ins cpaBHeHus: OPTO Taiwan — 215 yyacTHu-
koB, Display Taiwan 2015 —40 y4acTtHukoB, LED Lighting
Taiwan - 74 yyactHuka, OPTICS TAIWAN - 56 y4acTHU-
koB, NANO Taiwan — 39 yyacTtHukoB, Solar Taiwan — 7
$upM, NNKOC TPY KPYMHENLLIMX TEXHOMAPKA, Cpeayn KOTOPbIX
Hscichu Science park, npo3BaHHbIN a3MaTCKON CUANKOHO-
BOW AONNHOW. Pe3naeHTbl TEXHONMAPKOB — 3TO B OCHOBHOM
CTapTanbl, HA UX CTEHAAX Mbl YBUAEIMN MHOFO YHUKANbHBIX
nprvbopoB AN MeAULMHCKUX YUYPeXAEeHWA U HaceneHus,
cnefsauLero 3a COCTOSiHMEM CBOEro 340POBbS.

Ho camon "BkycHON" oka3anacb HoBas BbicTaBka Plant
Factory. OHa obbeanHuMna nNpou3BOAWUTENEN arpoKy/b-
TYp W MpeAcTaBuid MPOAYKLMIO KOMMAAHWUW, 3aHUMAIOLMNX-
cs obopynoBaHMEM ANs NPOU3BOACTBA PACTEHMI, MOKAa3a-
na 6onblne HapaboTkm, caenaHHble Ha TaiBaHe B 06nacTu
cenbckoro xo3sancrea. CoefHeHWe 3HAHWA 06 0COBEHHO-
CTSX BbIPALWMBAHUS NAOAOB M PACTEHWUIA C BO3MOXHOCTS-
My PV-3Hepretuku n LED-UCTOYHMKOB AaeT noTpscatoLlme
pe3ynbTaTtbl.

MoceleHune BbicTaBkM Photonics Festival in Taiwan gns
peaakuun xypHana "®oToHuka" 6bino nbesHo npeno-
ctaBiieHo TAITRA (CoBeToM MO pa3sBUTMIO BHELHEN Top-
ropnu TaiBaHs), ero otaeneHnem B CaHkT-MeTepbypre
(stpetersburg.taiwantrade.com.tw). B ciefyiolux Home-
pax >XypHasia yuTaTenu yBuasT 0630pbl MeponpuaTUi U NH-
TEPBbIO C YYACTHUKAMU BbICTAaBKU. Mbl HaleeMcsi, YTO 3TO
NMOMOXET POCCMUCKMM KOMMNAHUSIM Hanagutb TOProBble
CBA3M C NOCTaBLLUMKAMU 13 TaBaHS

H.UcmomuHa, J1.KapsikuHa,
XypHan "®omoHuka", uzdamenbcmso "TEXHOCDHEPA"
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