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NCrnoJib3OBAHUE
NMEPECTPAUBAEMOIO JIA3EPA
C-WAVE

B CMEKTPOCKOMNWMH
OAWHOYHbLIX MOJIEKYI
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B cTaTbe 06CyXAaeTcsi BOSMOXXHOCTb MCMOJIb30BaHUS
onTUYeCcKNX napamMeTpuyeckux reHepaTopos
C-WAVE B KayecTBe nepecTpanBaemMoro siasepHoro
MCTOYHUKA A8 CNeKTPOCKOMUMN BbICOKOIro
paspeweHus. NMpeacraBneHbl CNeKTpbl BO36YXAeHUS
dnyopecueHLUN OANHOYHBIX OPraHNYeckuX MoJieKy/
KpUCTannos, M3mepeHHble Npu CBEPXHU3KNX
TemnepaTtypax. B kayecTBe nepectpamBaemoro
Jla3epHOro UCTOYHMKA UCMOJIb30BaJICSl ONTUYECKUN
napameTpuyeckun reHepatop C-WAVE, KoTopbii
o6napaeT WMPOKUM AMANA30OHOM NepecTpomKu
(450—-650 HM), Y3KOW LWMPUHOM CNEKTPAJIbHOMN INHUY
(<1 MrI'u) u nepecTpomKkom ANHbI BO/HbI 6€3 Nepeckoka
mopbl (>25 N'y).

BBEAEHUE

HccrenoBaHUST MOJIEKY/ISIPHBIX IIPOLIECCOB M HX
0c06eHHOCTEH HUIPAIOT Ba’KHYIO POJIb BO MHOTHX
obracTsax HayKH, TaKUX KaK MeJIHIIMHA, O6HOoJorus,
XUMHUS U OU3uKa. PrayopeclieHTHAsl CIIEeKTPOCKO-
1Sl ONUHOYHBIX MOJIEKY/ II03BOJISIeT PAaCIIHPHTh
IIOHMMaHHEe HX CBOHCTB H BO3JEHCTBHUH, KOTO-
pble OKas3pIBaeT Ha HHUX cpela. OJHAKO H3ydeHHe
CBOICTB OJMHOYHBIX MOJIEKY/] B BellleCTBe SIBJISI-
eTCsl CJIOKHOM 3aflavel C BBICOKHMMH TpebOBaHHU-
SIMH K HCIIO/Ib3yeMBIM JeTeKTOpaM M UCTOYHHKAM
7a3epHOro usny4eHus [1]. B JaHHOI cTaTke 0OCY>K-
JaeTcs BO3MOXKHOCTb IIPHMeHeHHs IepecTparBae-
MBIX HeIIpepBhIBHBIX UICTOUHUKOB JIa3€PHOI0 H3/Iyde-
HUSL [J151 Pa3/IMYHBIX MEeTOHOB CIIEKTPOCKOIIUH.

NMOCTAHOBKA 3KCINMEPUMEHTA

DKCIepHMeHTaJIbHAsI YCTAaHOBKA HK300paskeHa
Ha pwuc.l. Ily4dok mepecTpaMBaeMOro KMCTOYHHKA
doxkycupyercsi Ha obpasme KpHCTamIa HapTa-
JMHA, COomepsKallleM MOJIeKy/abl KpacuTens DBATT
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This report discusses the applicability of C-WAVE
for high-resolution spectroscopy.The fluorescence
excitation spectra of single organic molecules in

a solid state crystal are measured at cryogenic
temperatures. As a tunable laser light source, the
optical parametric oscillator C-WAVE is employed.
C-WAVE exhibits promising features as a laser
light source for spectroscopy applications, like a
broad tuning range from 450 to 650 nm, a narrow
linewidth <1 MHz, and mode-hop-free tuning

over >25 GHz.

INTRODUCTION

Investigations of molecular processes and their
characteristics play an important role in many
scientific disciplines, like medicine, biology,
chemistry, and physics. Fluorescence spectroscopy
of single molecules gives fundamental insights
into their properties and the influence of their
surroundings [1, 2]. However, studying single
molecules in a host material is a challenging task
with high demands on the detectors and on the
laser light sources [3]. This report examines the
applicability of a new tunable continuous-wave
(cw) laser light source for various spectroscopy
methods.

EXPERIMENT

The experimental setup is illustrated in Fig. 1.
A frequency-tunable laser beam is focused onto a
sample containing dibenzanthanthrene (DBATT)
molecules hosted in a naphthalene crystal.
The laser beam is tuned to resonances of the
DBATT molecules, leading to their excitation
and subsequent fluorescence. The fluorescence
light is filtered and measured with a single
photon detector, SPCM-AQR from Perkin Elmer.
A High-Finesse WS/6-200 wavemeter monitors the
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(dibenzanthanthrene). JlazepHoe u3ny4yeHUe
HAaCTPOEHO B PEe30HAHC C MOJIEKYISpHBIMHU KoJie-
6aHusMU Monekyn DBATT, 4TO HPHUBOAUT K HX
BO3OY>KZEHHUIO U IIOCIeAyIomen (ayopeclieHIIHH.
H3nydeHHe ¢nyopecleHIIMH IIPOXOAHUT depes
GMIIBTP U PerHCTPUPYeTCs C IIOMOIUIBIO AeTeKTOpa
oguHOUYHBIX $oTOHOB (SPCM-AQR ot Perkin Elmer).
KOHTpO/Ib YaCTOTHI JIa3€pHOT0 H3Ty4YeHHs OCYIIeCT-
BJISIETCSL C IIOMOINIBIO BBICOKOTOYHOTO BOJIHOMeEpa
WS/6-200. Bonee mompobHOe oOImHCaHHe 3SKCIIePH-
MeHTa IpUBeaeHo B pabore [1].

NA3EPHbIA UCTOYHUK BO3BYXXAEHUSA
OOUHOYHBIE MOJIEKY/Ibl B KPHCTa/L/Ie MOXKHO pac-
CMaTpHBaTh KaK HOea/JibHble [IBYXYPOBHEBHIE
CHCTeMBI C eCTeCTBeHHOM IIHMPHUHOU CIIeKTPaJIbHOMU
JIUHHWH B guariasoHe ot 10-50 MI'ly. M3-3a nedpekToB
KpUCTasja Iepexofbl OTOeJAbHBIX MOJIEKYJI HeO.-
HOPOZHO paciipeneneHsl B obnactu Beime 1 TTII.
C IIOMOIIBIO Y3KOIIOJIOCHOIO Jla3epa, HaCTPOSHHOrOo
Ha YaCcTOTy KOHKPETHOIO Iepexodad, OLHUHOYHBIe
MOJIEKY/IBI MOKHO BBIZIEJIUTH K3 aHCaMbist. TakKUM
obpasom, naszep Ajsi BO3OYyKOeHHUS OIHUHOUYHBIX
MOJIEKY/I IOJI’KeH 0071afaTh IMHPUHOM CIIeKTPasib-
HOM JHHHUU y>XXe eCTeCTBeHHOM UIHMPHHBI CIIeK-
TPaJIbHOM JHHHUH MOJIEKY/ M IIepecTpPauBaThCs
B IIMPOKOM CIIeKTPaJIbHOM [Hama3oHe 6e3 Iepe-
CKOKa MOZBI. [IpyTMMHU Ba>KHBIMH TPebOBaHHSIMU
K HMCTOYHHUKY JIA3€pHOrO0 H3JIyUYeHUS SIBJISIOTCS:
cBoboza B BEIGOpe LIeHTPaIbHOM AIUHEI BOJHEI (1151
Pa3IMUYHBIX MOJIEKYJSPHBIX COeJUHEeHHI), MOII-
HOCTb BBIXOIHOTO H3/1ydeHUsI 6onee 200 MBT 1 HU3-
KHH YPOBeHb IIyMa.

Kaxk mpaBuio, mas og06HBIX 3KCIIepHMEeH-
TOB MCIIOJIB3YIOTCSI JIa3epbl Ha KpacuTensx, Ti:Sa
Jla3epbl WM IlepecTparBaeMble OHOAHELIE JIa3ephl.
THUTaH-caniGUpPOBEIe jIa3ephl OTPAaHHYEHBI JHUAIla30-
HaMH4 OJIUH BoiH 700-1000 HM M 350-500 HM (BTO-
pasi rapMOHHKA). JIazeprl Ha KpacHTessiX TpebyioT
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frequency of the excitation laser. A more detailed
description of the experimental methods is given,
e.g. in [3].

SUITABLE EXCITATION LASERS

Single molecules in a solid state crystal can
be regarded as nearly ideal two-level systems
with natural linewidths in the range of 10-50
MHz. Due to imperfections in the crystal
the transitions of individual molecules are
inhomogeneously distributed over more than
1 THz. With a narrow-band laser tuned to an
individual transition single molecules can be
isolated from the ensemble. Therefore, the laser
is a crucial component for the excitation of single
molecules: It requires a linewidth below the
natural linewidth of the molecules and a mode-
hop-free tunability over a broad spectral range
to address many molecules. Furthermore the
flexibility in choosing the center wavelength for
different kinds of molecule-host combinations,
an output power well above 200 mW, and low
intensity noise are other relevant parameters.
Commonly, dye lasers, Ti:Sa lasers, or tunable
diode lasers are used for such experiments. Ti:Sa
lasers are restricted to the wavelength ranges
700-1000 nm and 350-500 nm when frequency-
doubled. Dye lasers require a change of the dye
or even of the pump laser used, when switching
between wavelength ranges. Diode lasers are
typically restricted to small tuning ranges and
low output powers in the visible wavelength
range. Optical parametric oscillators (OPO)
offer an attractive alternative: The wavelength
coverage of OPOs can be designed according to
the experimental requirements, OPOs are solid-
state systems which do not rely on consumables
such as dyes, and they deliver relatively high
output powers.
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Puc.1. SkcnepumeHmanbHas ycmaHoska: KOHPoKanbHbll
MUKpockon ¢ kpuocmamom. OnmosoA0KHO Hanpasasiem
Ad3epHbIl AyY 8 IKCNePUMEHMAAbHYI0 YCMAHOBKY, 20 OH
npoxodum 4epes psid puabmpos u Gokycupyemcs Ha obpasue.
CmeuleHHbIl 8 OAUHHOBO0AHOBYIO 06AACMb CU2HAA (payopec-
UeHuyuu pezucmpupyemcs, Guabmpyemcsi U aHaausupyemcs
C NOMOU,bIO AABUHHO20 pomoduoda

Fig. 1. Experimental setup: Confocal microscope including

a cryostat. A fiber guides the laser light to the experimental
setup where it is cleaned up with filters and focused onto the
sample. The red-shifted fluorescence light is collected, filtered,
and analyzed with an avalanche photodiode (APD)

PHOTONICs N25/65/2017 53



3aMeHBI KpacHTe I WM JasKe jla3epa HaKauKH IS
IepecTPOHKHY JJIKHBI BOTHBL U3/1y4eHH . [JHOoTHEIe
Ja3epsl, KaK IIPaBHJIO, OTPAaHUYEHBI HeOOJIBIINM
OUAIIa30HOM IE€PeCTPOMKU U 06J1alaloT HU3KOU
BBIXOJHOM MOIIHOCTBIO B BHJAHMOM J[Halla3oHe.
B CBsA3M C 3THM OIITHYeCKHe I[IapaMeTpHYecKue
reHepatopsl (OII) sIBASIIOTCSL MEPCIIeKTHBHOM aJlb-
TepHAaTHUBOM 3THX HCTOYHMKOB: AHAIa30H Ilepe-
CTPOMKH IJHHBI BOJHBI H3nydeHUs OIII MoxkeT
OBITH TIOAOOPAH CIIEIIMATIBHO IIOA, HYKABI KOHKPET-
HOrO SKCIIEPHMEHTAa, OHU MPEeNCTABISIOT Cobok
TBepOOTe/JbHble CHCTeMBbI, KOTOpble He 3aBHCAT
OT PacXOAHBIX MaTepHa/IOB, TAKHUX KaK KpPacHUTeH,
a Takske 06/IaIAIOT IOBOJIBHO BBICOKOM MOIIHOCTBIO
M3JIYYeHU .

[IpeAcTaBleHHBle HM3MepeHHs OblIM  IIpo-
BeleHbl ¢ momoinpo OIII C-WAVE, paboraroriero
B HeIlpepbIBHOM peskuMe. DToT OIIL ¢ 610KoM st
reHepalidy BTOPOM TapMOHMKH H37y4daeT B JHa-
mas3oHax 450-650 sM u 900-1300 HM. BrixogHasa
MOIIIHOCTb HM3JIyYeHHs HaXOOUTCS B AHalla3oHe
no 500 MBT, IIMpHHA CIIeKTPaJIbHOK JTMHHUH COCTaB-
nsieT MeHee 1 MTIL. IlepecTporiKa 4acTOTBl MOXET
OCYILIeCTB/ISThHCS 6e3 IepeckoKka MOABL B HATIA30He
bosee 25 ITu. U3sMeHeHUS LIEHTPa/JIbHOM YacTOTHI
Ha HecKojabKo ITI, Tak >Xe KaK WU OJHWHBI BOJIHBI
M3JIy4YeHM s, IIOJTHOCTBIO YIIPABJISIOTCS KOMIIBIOTe-
pom. IIpeBocxofHOe KavueCTBO I1y4uKa obecriedrBaeT
BBICOKYIO 3pdeKTUBHOCTh coequHeHus OIIl ¢ omTo-
BOJIOKHOM, a CJIeJOBaTeJ/IbHO, II03BOJISIET JIErKO
MHTErPUPOBATh HMCTOYHHK B CYIIECTBYIONIYIO 3KC-
[IepUMEHTAJIbHYIO CXeMy.

PE3VYJIbTATDI

CrexTphl ¢uyopeceHIUK MoneKynl DBATT 6butu
M3MepeHbl Ha [JIMHe BOJIHBEL 618 HM B AHuama-
30He 1 T myTeM CIIMBaHMSI HECKOJBKHX pa3s-
BEePTOK II0 YacToTe, IIOJIy4YeHHBIX B peskuMe be3
repeckoka mopabl. Ha puc.2 B yBeIMYeHHOM Mac-
mrabe mpencTaBiieHa ofHA M3 TAKHUX Pa3BepPTOK.
CurHan ¢ayopecueHLIIMH MOJIeKY/I, CMeIleHHBIH
B JIJINHHOBOJIHOBYIO 00/1aCTh, HM3MePsUICS C IIOMO-
IIBIO JIABUHHOIO ¢OTOoOHOLA B IIpoliecce IIepe-
CTPOMIKM YaCTOTHI j1a3epa. K3mepeHHBble CIIEKTPHI
06/1a1a10T HeCKOJIBKMMH Y3KHUMHU CIIeKTPIPHBIMHU
JTUHUSAMH, KOTOPBIE COOTBETCTBYIOT OTHE/IbHBIM
monekynaM DBATT [2]. Hicronb3yeMbIN HCTOYHHK
nasepHoro usnydeHus CWAVE 1103Boj1sieT 3apUKCH-
POBaThb YaCTOTY JIa3epa C BLICOKOH TOYHOCTBIO (OIIpe-
ZlesieTCsl TOYHOCTBIO BOJIHOMeEpa) TaKUM 0bpa3oM,
YTOOBI ITOIIACTh B Pe30HAHC C KOoMebaHUSIMHU OFHOM
MOJIEKYJIBl [OJisd H3y4YeHUsI ee POTOPU3HUUYECKUX
CBOMCTB U TUHAMUKU GOTOHOB.
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For this report, the commercially available
cw-OPO "C-WAVE" is employed. This OPO with SHG
unit covers the wavelength ranges 450-650 nm and
900-1300 nm. The output power is in the 500 mW
range and the linewidth is below 1 MHz. C-WAVE
can be swept mode-hop-free over more than 25
GHz. Changes of the center frequency of several
GHz as well as large variations of the wavelength
are fully computer controlled. The good beam
profile allows high coupling efficiencies into
optical fibers and therefore a simple integration
into existing setups.

RESULTS

Fluorescence spectra of DBATT molecules have
been measured at a center wavelength of 618 nm
and over a range of 1 THz by stitching several
mode-hop-free frequency sweeps. Figure 2
shows a zoom in one of the mode-hop-free
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Puc.2. 3agucumocmb UHMeHCUBHOCMU CuzHaAa GpayopecueH-
uuu monekya DBATT 8 Kpucmaane HapmanuHa om 4acmombei
8036y>K0eHus. Bcmaska: Cxemamuyeckoe U306paxkeHue
HEe0OHOPOOH020 YLWUPEHUSs AUHUL, COOMBemMcmayouUx mone-
Kyaam DBATT ¢ wupuHol AuHuu 17T Y,

Fig. 2. Fluorescence intensity of DBATT molecules hosted

in a naphthalene crystal versus excitation frequency. Inset:
Schematics of the inhomogeneous broadening of DBATT
molecules with a linewidth of 1 THz
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3AKJ/TIO4YEHUE

IIpencTaBiieHHasi yCTaHOBKA II03BOJISIeT H3MEPSTh
CIIeKTPBI BO30OYKAeHUs (IyopecIieHIIUH OHHOY-
HBIX MOJIeKYJI B IIPO3padyHBIX cpefax. Takue UCTOY-
HHUKHU JIa3epPHOr0 M3JIy4YeHHsI, KaK THUTaH-CaIidpu-
poBbin yasep u OIII' C-WAVE, OTJIMYHO HOAXOAST
/IS M3MepeHHUsl Y3KHUX JHHHH CIeKTpa B IIHPO-
KOM Juaria3oHe 4acToT. CoueTaHMe 3THX Jla3epHBIX
MCTOYHMKOB I103BOJISIeT [IOYTH IIOJTHOCTBIO OXBATHTH
OHAIIa30H AJIHUH BoaH oT 450 mo 1300 HM c aBTOMATH-
YeCcKHM yIIpaBjeHHeM JJIMHOM BOJHBI U 6e3 Heob-
XOOMMOCTH 3aMeHBbl JIa3epHBIX Cpej, WM [JOIIO0JI-
HHTe/JIbHON IOCTHPOBKH CHUCTeMBI. Bce 3To genaer
IIpeJCTaBIeHHYI0 CXeMy 3KCIIePUMeHTa YAO0OHBIM,
JIETKO TMOOAAMIIMMCSA H3MEHeHHSM M YYBCTBH-
Te/IbHBIM CIIEKTPOMETPOM [Jis H3MePeHHs Xapak-
TePHUCTHUK OOMHOYHBIX MOJIEKYJ, LIeHTPOB OKPACKH
U II0JIYIIPOBOAHHKOBBIX KBAHTOBBIX TOYEK.

JINTEPATYPA

1. G.Wrigge et al. Efficient coupling of photons to a single molecule and the
observation of its resonance fluorescence. — Nature Phys. 4, 60 (2008).

2. F.B.zZhelezko et al. Spectroscopic characteristics of single
dibenzanthanthrene molecules isolated in a low-temperature naphthalene
matrix. = Appl.Spectrosc. 66, 334 (1999).

i1

scans. The molecules’ redshifted fluorescence
signal is measured with the APD while the laser
frequency is scanned. The measurement shows
several narrow spectral features corresponding
to individual DBATT molecules [4]. With C-WAVE
it is also possible to lock the laser frequency
with wavemeter-precision to one single molecule
resonance in order to study its photo-physics and
photon dynamics.

SUMMARY

The presented setup enables the measurement of
fluorescence excitation spectra of single molecules
in transparent host materials. Both laser light
sources, Ti: Sa lasers and C-WAVE, are well suited
for measuring narrow spectral features over wide
frequency ranges. A combination of these laser
sources allows a nearly complete wavelength
coverage from 450-1300 nm with fully automatic
wavelength control and no need to change laser
media or perform realignments. This makes
the presented setup a user friendly, flexible and
sensitive spectrometer for characterizing single
molecules, color centers and semiconductor
quantum dots.
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