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B pa6oTe npepacTaB/iieHbl OLLeHKU

JIMHEMHbIX ONTUYECKUX CBOMCTB MaTepuna,
nepcneKTUBHOrO A1 U3roToBJIeHUsA
mMoaynaTopos TIu-U3ny4eHUs — TOHKUX NMJ1IeHOK
cMecu gucynbédupa sonbppama n HAUTpUAA
60pa c rekcaroHasibHOM pelleTKOW Ha
noasoxke U3 nonnatuneHTepedranarta (PET)

B LULMPOKOMOJIOCHOM TeparepuoBOM AManasoHe
yacTtoT. B gnanasoHe ot 0,5 00 2,5 TI'y, naeHKU
npoAeMOHCTPUPOBAIN BbICOKYIO MPO3payvYHOCTb,
npeBocxoasuyto 90%. PaccHnTaHHbIN
rnokasare/b npesioMneHuna coctasmn 1,75

M NpeBbICU/ 3HAYEHUS, XapaKTepHble Ans
maTtepuanos TPX n PET, npumeHsaeMbIx npu
npoussoacTee Tru-onTUKMU.
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BBEAEHWE

B mocienHHe HeCKOJIbKO JIET CYILIeCTBEHHO BO3-
poc obbeM IaHHBIX, IlepelaBaeMbIX B 00xom IIpo-
BOAHBIX JMHHUI CBS3H, a BMecTe C HUM BO3pocia
M oTpebHOCTh B CBEPXOBICTPBIX M IIHPOKOIIOIOC-
HBIX CHCTeMax Iepemauu uHPopmanuu. OSHUM
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Estimates of the linear optical properties of
promising material for the THz modulators
manufacture, i. e., thin films of the mixture

of tungsten disulfide and boron nitride with
hexagonal lattice on polyethylene terephthalate
(PET) substrate in the broadband terahertz
frequency range are presented in this paper.

In the range from 0.5 to 2.5 THz the films
showed high transparency exceeding 90%. The
calculated refractive index value 1.75 exceeded
the ones for TPX and PET — materials used in the
manufacture of THz optics.
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INTRODUCTION

In the past few years, the volume of data transmitted
bypassing wired communication lines has grown
significantly, thus increasing the need for ultrafast
and broadband information transmission systems.
One possible solution to this problem was the
transition of wireless networks from the radio range to
millimeter waves, but over time, it became clear that
further development would require coverage of other
parts of the electromagnetic spectrum. The terahertz
(THz) frequency range is especially distinguished
here, since it combines the capabilities of both radio-
frequency and optical devices, which opens up broad
prospects for the development of high-speed wireless
communication systems [1].
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13 BO3MOKHBIX pelleHHH 3TON MpobieMbl CTal
nepexos 6eCIIpoBOAHBIX CeTell 0T PaJHoJHala3oHa
K MUIJTHMETPOBBHIM BOJIHAM, OAHAaKO CO BpeMe-
HeM CTaJIO SICHO, YTO IS Ja/JIbHEHIIero pa3sBUTHUA
noTpebyeTcs OXBaT M JPYTHX HacTel 3JeKTpoMar-
HUTHOIO cIeKTpa. OcobeHHO 3[ech BBIIEISIETCS
Teparepuoselil (TI'1]) AHMAIla30H YaCTOT, TaK KaK OH
coyeTaeT B cebe BO3MOKHOCTH KaK PafHo4acTOT-
HBIX, TaK M ONTHYECKHUX YCTPOMCTB, YTO OTKPBHI-
BaeT IIMPOKHe IIePCIIeKTHBBl Al Ppa3paboTKu
BBICOKOCKOPOCTHBIX KOMIIJIEKCOB OecIIpoBOgHOM
cBs3u [1].

Tem He MeHee, paborsl B TII YacTH CIeKTpa
Haya/JIM BeCTHUCh OTHOCHUTE/IPHO HelaBHO, II03TOMY
B JaHHBIKM MOMEHT OCTPO CTOMUT BOIIPOC CO3JaHUS
ONITUYeCKUX KOMIIOHEHTOB M YCTPOMCTB, CII0CO6-
HBIX 3ddPekTHBHO paboTaTh B 3TOM [OHAIa3oHe.
B mocnenHue rompl 6BIIM GOCTUTHYTHL OIpefiesleH-
Hble yCIlexH: pa3paboTaHbl HOBbIE CIIOCOOBI TeHepa-
LUK BBICOKOMHTEHCHBHOIO HM3/IydeHHUs [2], Hccie-
IOBaHBl pa3sHooOpasHBle CIIOCOOBI YIpPaBIeHHUS
uM [3].

OpHako paboTa B 3TOM 06/1aCTH JaJieKa OT 3aBep-
IIeHUs - [0 CHUX IIOP CyLIecTBYeT 60/IBIION IIOTEeH-
Luan [ pacliupeHUs pabodero muamasoHa
CHCTeM, a TakKe [/ yBelHUdeHUs TTy6HuHB MOIy-
nAUHM. ba3ou AJis pealn3al My 3TOIO MOIYT MOCIY-
SKHTh HOBBle MaTepHasbl U CTPYKTYPHl, B JAHHBIN
MOMEHT aKTHBHO pa3pabaTbiBaeMble YI€HBIMHU II0
BCEMY MHUDY.

MATEPUAJIbl N METO/bl

He Tak [aBHO Hadalu IIPOBOAUTHCS HCCIeLOBa-
HHUS, CBSI3aHHBle C AByMepHbIMH (2D) maTepua-
7aMH, TaKUMM Kak rpadeH U TOHKHe IIJIEHKHU
JUXAJIBKOTeHUJIOB IIepeXofHBIX MeTa/ioB (OIIM)
HJIH Pa3Id4HBIX oKcuios [4]. K OIIM, Hampu-
Mep, OTHOCHUTCS U Aucyabdup Boabdpama (WS,),
B «06eMHOM COCTOSIHUH» IIPe/ICTABISIOMMK C060k
BaH-zmep-BaanbcoBy retepocTpyktypy [5]. B BuIe
TOHKOM IJIeHKH [JaHHBIM MaTephan IpeJCcTaB-
nsieT Habop HECKOJIBKUX MOHOCTIOEB, COJepsKallKX
B cebe cI0M aToMOB BolbdpaMa, 3aKIIOUeHHBIH
MeXKAy ABYMSI IUIOCKOCTSAMH cepbl. COBOKYITHOCTb
YHHUKQIBHEIX CBOMCTB WS, OTKpBIBaeT HIMPOKHeE
BO3MOXKHOCTH [JjI ero HpHMeHeHHs B CHCTeMax
KOMMYHHKAIHUK, a Takke TII cHoekTpoMeTpax
B KadeCcTBe MOAY/IsITOpa U3nydeHHd [6, 7]. Kpome
TOTO, B OGHOM U3 pabor [8] 6bl1a MpogeMOHCTPH-
poBaHa BO3MOXKHOCTb MCIIOJIB30BaHUS TOHKHX
IIJIeHOK HUTpHUJa 6opa ¢ reKCaroHaJlbHOH KpH-
cramiudeckon pemerkor (hBN) mis moBbILIeHUS

=

Nevertheless, work in the THz part of the spectrum
has begun relatively recently, so the issue of creating
optical components and devices capable of working
effectively in this range is currently an acute issue.
In recent years, certain successes have been achieved:
new methods for generating high-intensity radiation
have been developed [2], and various methods for
controlling them have been investigated [3].

However, work in this area is far from complete -
there is still great potential for expanding
the operating range of systems, as well as for
increasing the modulation depth. The basis for the
implementation of this can serve as new materials
and structures that are currently being actively
developed by scientists around the world.

MATERIALS AND METHODS

Not so long ago, studies began on two-dimensional
(2D) materials, such as graphene and thin films
of transition metal dichalcogenides (TMD) or
various oxides [4]. For example, tungsten disulfide
(WS,), which in its «bulk state» is a van der Waals
heterostructure, also belongs to TMD [5]. In
the form of a thin film, this material is a set of
several monolayers containing a layer of tungsten
atoms, enclosed between two planes of sulfur. The
set of unique properties of WS, opens up wide
possibilities for its application in communication
systems, as well as THz spectrometers as a radiation
modulator [6, 7]. Furthermore, one of the works [8]
demonstrated the possibility of using thin films
of boron nitride with hexagonal lattice (hBN) to
increase the stability of the optical properties of
molybdenum disulfide, a material that is largely
similar in structure to WS,.

Based on the foregoing, it was decided to study
the optical properties of WS, mixed with hBN in
the broadband THz frequency range, which will
allow us to take into account the data obtained in
further work on the development of effective means
of controlling THz radiation.

WS,/hBN films were obtained by liquid phase
exfoliation from the bulk form of WS, and BN
crystals. As a substrate, a plane-parallel I-mm-thick
polyethylene terephthalate (PET) plate was used. The
choice of this particular material is associated with
its low absorption in the THz frequency range from
0.1to 2.5 THz. To transfer WS,/hBN to the substrate,
the standard method for applying thin films using a
membrane was used, which is subsequently removed
mechanically. The thickness of the sample was
about 50 pm.
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CTabHMIIPHOCTH OITHYEeCKHX CBOMCTB OUCYAbdHUIA
MonubreHa - MaTepHajia BO MHOIOM aHAJIOTHU-
HOTO I10 CTPYKType WS,.

Hcxonss W3 BBIIEe CKa3aHHOTO, OBIIO pelieHo
HCCIef0BaTh ONTHYecKHe CBOKMCTBA WS, B cMmecH
c hBN B mrpokorosocHoM TI' guana3oHe 4acToT,
YTO IIO3BOJIMT YYHTHIBATH I[OJAy4YeHHBIe JaHHbBIE
B JaJbHeHIINX paborax o pa3paborke 3¢ deKTHUB-
HBIX CPeACTB yrpabiaeHus TI1l U3TydyeHHEeM.

[Inenkn WS,/hBN 6bI1HM ITOy4eHB MeTOAOM
OTCIIOEHUS B >KHUIAKON da3ze oT 06beMHOH GOPMEI
KpucTtasmoB WS, u BN. B KauecTBe MOAJIOXKKH
KCII0/Ib30Bajlach IIJIOCKOMAapae/ibHas IIJIaCTUHKA
[IOJIM3TH/IeHTepedTanarta (PET) TOMIIMHOH 1 MM.
Bri60p KMeHHO 3TOr0 MaTepHasa CBsI3aH C ero HU3-
KUM moryioleHueM B TT1 nuamasoHe yacrtoT ot 0,1
mo 2,5 TTu. [us nepeHoca WS,/ hBN Ha moaIosKKy
6BI1 IIpUMeHeH CTAaHAAPTHBIM MeTOoJ II0 HaHe-
CeHHI0O TOHKHX IJIECHOK C HKCIIOJIb30BaHHEM MeM-
6paHbl, KOTOpasi B AaJbHeHIIeM yAaIsieTCs MeXa-
Hu4yeckd. TonmmuHa obpasma cocTaBHIa MOPSAKA
50 MKM.

NMPOBEAEHUE SKCMNMEPUMEHTA
HccnemoBaHUST MPOBOAU/IMCH C HCIIOIb30BAaHHEM
nabopaTopHOM YyCTaHOBKM T CHEeKTPOCKOIHHU
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DeMTOCeRYHIHBIN TT1-HUCTOYHHUK
jn1asep THz source
Femtosecond Laser ll_alé(

*

Tr'L-IIpUeMHUK
THz detector

U

JIMHUSA 33 P>KKU
Delay Line

Puc. 1. OkcnepumeHmanbHas ycmaxoska Ty, cnekmpocko-
nuu ¢ paspeweHuem 8o epemeHu, TearPulse 4000

Fig. 1. Experimental setup of THz spectroscopy with time
resolution, TearPulse 4000

EXPERIMENTAL SETUP

The studies were carried out using a laboratory setup
of THz time-domain spectroscopy of TeraPulse 4000
manufactured by TeraView, shown in Fig. 1. In this
system, a photoconductive antenna illuminated by
the radiation of a femtosecond (fs) fiber laser is used
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Fig. 2. Temporal (a) and spectral (b) representation of THz pulses transmitted through air, a clean substrate, and a thin
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c pa3pemeHueM Bo BpemeHH TeraPulse 4000 mpo-
n3BoACcTBa ¢upmbl TeraView, m306paskeHHOM Ha
puc. 1. B JTaHHOM CHCTeMe B KadeCTBe reHepaTopa
TI'y ucmones3yercss GOTONPOBOAAINAS aHTEHHaA,
ocBellleHHasl M31yueHHeM eMToceKyHAHOro (dc)
BOJIOKOHHOTO Jiasepa. JauTeabHOCTh TI'L MMITY/Ib-
COB COCTaBJsleT 1,8 Mc, a CIeKTpalbHBIM AHAMa30H
oxBaThkIBaeT 4acToThl oT 0,5 go 2,5 TI11.

Bo Bcex pacyeTax B KayeCTBe OIIOPHOIO CMI-
Haia 6BUT BBIOPAH HMIIY/IBC, MPOINEAUINI dYepe3 L
PET, a He 4yepe3 Bo3Ayx. bmaromaps sTtomy 6b1110 0,6 0,8 1,0 1,2 1,4 16 1,8 2,0 22 24
HMCK/IIOYEHO BJIMSAHHE IIOJJIOKKH Ha II0Jy4YeHHbIe Yacrora, TT'1y | Frequency, THz
IOaHHBIe. B ToXXe BpeMsi, Majas ToOJNIIHHA obpasia
NPUBOAUT K HAJIOKEHUIO OPYr Ha Apyra UMIyab- | Puc. 3. MponyckaHue naenku WS,/ hBN 8 TI'y duanasoxe
COB, MHOTOKPAaTHO OTPa>kKeHHBIX OT IPaHeHt TOHKOH Fig. 3.WS,/hBN film transmission in the THz range
IJIeHKH. JlaHHOe 0OCTOSITeNIbCTBO TpebyeT OTHenb-
HOTO y4eTa, IIOAPOOHBIN aJITOPUTM KOTOPOTO IPH-
BesleH B [9]. as a THz generator. The duration of THz pulses is

M3MepeHUs IIPOBOJMIHCh HECKOJIBKO pa3 B pa3- || 1.8 ps, and the spectral range covers frequencies from
HBIX TO4YKax obpasla, mocjie 4ero Iojay4eHHEIe 0.5to 2.5 THz.

1,0
0’9 M—f—d
0,8 -

0,7 -

IIporycKkaHue
Transmittance Value
T

0,6 -

0,5

OaHHBIe YCPeOHSUIHUCh. JTO OBIIO CHeNaHO C LIebI0 In all calculations, the pulse passing through PET
CBefleHUs K MHHHUMYMY BIHSIHUS Ha pe3ynsTathl || rather than through air was chosen as the reference
BO3MOSKHBIX HEOJHOPOLHOCTE! TOHKOM IIJIEHKH. signal. Due to this, the influence of the substrate on

the obtained data was excluded. At the same time, the
small thickness of the sample leads to the imposition

CoBpeMeHHbIM KOMMaHUAM —
MHHOBALMOHHbIE pelleHnn!

LinpoKononocHsbIM
"f YABTPaKOMMNaKTHBIN
MK cnexTpomeTp NanoQuest

Y npouseogcrTea Ocean Insight,
PA3SPAEOTAHHBIA HA OCHOBE
MWKPOMEXAHWYECKMX KOMMNOHEHTOB

MprHLKMN paboTe cRekTpoMeTpa NanoQuest acHOBAH Ha TEXHONOMMK Npeobpaiosadma Gypee B MK-Oypee (FT-IR),
KOTOPAR NONLIYETCA NONYIAPHOCTHID B A3D0PATOPHLIX CNEKTROMETPAX, NOCKOAbKY COBMDAET OdHHBIE B WHPOKOM
CNEKTPANEHOM avanasoHe. OcHoea npubopa - nHTepdepomeTp MaikenstoHa, cobpaHHeIA Ha MUkpocxeme M3IMC no
IANATEHTORAHHOR TEXHONOT M MMKDOINEKTPOMEXIHMHECKMX CHCTEM, CNEKTPOMETD OXBATHIBALT WHMPOKWA CREKTPaNE-
HER granaiod (1350-2500 HM), HMEET CBEPXROMNAKTHLIA pasmep 70x50x25 mm 1 82 120 r. MMEETCA BOIMOKHOCTh
BLIDPATE ONTUYECKOES PajpelleHMe M3 NBYX BAPNMAHTOR B WM 16 HM 1 [BE CHOPOCTH CKaHMpOBaHUA. Baon uinyuelus
OCYLECTRAARTCA YEPed GNTOBONCKOHHBIA paikem FC/PC

HaasaveHHe: ayTeHTHOUKELMA KOHTRAGAKTHEX NPOAYKTOE M3 TEKCTWAR, NPOBELKE KAYECTEA NWLEBLX NPOAYKTOR,
OLEHKS COASPAAHUA NUTATENSHEIK BEILLECTE B NONBE, KOMNOIMULNOHHBIA 3HANKS GHONOrHYECKWX HMAKOCTEN W oBpazuoa
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PE3YJIbTATbl U OBCYXAEHUE

BpemeHHBle GOPMBI M3MEPEHHBIX CUTHAJIOB IIpef-
CTaBJIeHbl Ha PHC. 2a, a Ha pHUC. 2b m306pakeHBI
COOTBETCTBYIOIIHMEe MM CHeKTPhl. JIMHHU IIOIJIO0-
IeHus, BO3HUKAIIIHKe Ha 4YacToTax Bbimle 1 TT,
obycoB/IeHBl COAepKaHHEeM BOASHBIX IIapoB
B BO3JyXe.

CIIeKTphI IIPOIYCKAHMUS IIHMPOKOIIOJOCHOTO TI'L
H3JIydeHHs depe3 TOHKYIO IaeHKy WS,/ hBN mpen-
CTaBJIeHBI Ha PUC. 3, a Ha PHUC. 4 IPOAEMOHCTPUPO-
BaH ee II0Ka3aTe/b IIPeJIOM/IEHHUS .

BbiBO/bl

ITpomeMOHCTPUPOBAHO, YTO IIPOIIyCKaHHUe obpasna
nucynbduaa Boabdpama B CMeCH ¢ HUTpULoM bopa
coctaBasier 90% B muama3oHe ot 0,5 mo 2 Trm.
DTO yKa3biBaeT Ha BBICOKYIO IIPO3PAYHOCTh TOHKHX
nneHoK WS,/ hBN B ykasaHHOM /Hana3oHe 4acToT.
B Toxke Bpemsi, HeCMOTps Ha MaJyI0 BeJIHYHHY
da3oBoM 3aep>XKKH, BHOCUMOM IVIEHKOM B CUTHAJI,
WSz/hBN obamaeT rokasaTejaeM IpeloMIIeHH,
IpeBbIIAKIMUM 1,75 B nranaso”e 0,5-2 Tr'hg. Ilpo-
BOJUTb CpaBHEHHE C AHAJIOTUYHBIMHU IIJIEHKAMH
OUCYyNbOUA0B IIePeXOLHBIX MeTa/I/IOB 3aTPYLHU-
TeJIbHO, TaK KaK HCCIeOBAHHS HX OIITHYECKUX
CcBOMCTB B TT1] AHamna3oHe paHee He IPOBOJMJIHUCS,
OfHAKO IIOJIyYeHHOe 3HayeHHe IIoKa3aTessl Ipe-
JIOMJIEHH S IIPeBOCXOAHT TaKOBble [AJIs1, HAIIpUMeP,
nonuMetunanenTteHa (1,46) HUAM IIOIHITHIIEHTE-
pedranara (1,65) - MaTepHaloB MIKHPOKO HCIIONb3Y-
IOIIUXCS U1 Ipou3BoAcTBa TI'L IMH3, OKOH U ApY-
TUX OIITHYeCKUX 3JIeMeHTOB. ClegoBaTe/IbHO, IIPpU
IIPOeKTHPOBAHUHM YCTPOUCTB, Tpebyromux 6onbmioe
YUCIO0 CI0eB CMeCH, BOSHUKHET OCTpast HeobXomu-
MOCTb yYUTBIBATh IIpeniomneHue B WS,/ hBN.
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Fig. 4. Refractive index WS,/ hBN in the THz range

of pulses on each other, many times reflected from
the faces of a thin film. This circumstance requires a
separate accounting, a detailed algorithm of which is
given in [9].

The measurements were carried out several times
at different points of the sample, after which the
obtained data were averaged. This was done in order
to minimize the effect on the results of possible
inhomogeneities of a thin film.

RESULTS AND DISCUSSION
The temporal forms of the measured signals
are presented in Fig. 2a, and Fig. 2b shows the
corresponding spectra. The absorption lines arising at
frequencies above 1 THz are determined by the content
of water vapor in the air.

The transmission spectra of broadband THz
radiation through a WS,/hBN thin film are shown in
Fig. 3ain fig. 4 shows its refractive index.

CONCLUSION

It was demonstrated that the transmission of a sample
of tungsten disulfide mixed with boron nitride is
90% in the range from 0.5 to 2 THz. This indicates
a high transparency of WS,/hBN thin films in the
indicated frequency range. At the same time, despite
the small phase delay introduced by the film into the
signal, WS,/hBN has a refractive index exceeding
1.75 in the range of 0.5-2 THz. Comparison with
similar films of transition metal disulfides is difficult,
since studies of their optical properties in the THz
range have not been carried out before. However,
the obtained refractive index exceeds that for, for
example, polymethylpentene (1.46) or polyethylene
terephthalate (1.65), the materials widely used for
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there is an urgent need to take into account the
refraction in WS,/hBN.
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