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Cynbduppbl rannimsa o6nagatoT WMPOKOn
3anpeLLeHHOM 30HOM B AuanasoHe 2,85-3,05 3B

M NepcneKTUBHbI /151 UCNOJIb30BaHUSA

B $OTOBO/IbTaMKe U ONTOIEKTPOHMKE,
HeNIMHEeMHOW ONTUKU, ONTOINIEKTPOHUKM,
TeparepLeBbIX YCTPOMCTBAX, a TAKXe B KAa4ecTBe
NacCMBUPYIOLLUX C/10€B B MOJTYNPOBOAHNKOBbIX
npu6opax ll1-V rpynn. B saHHOM pa6oTe TOHKME
naeHku cynbpupa rannms Ga,S,_, Bnepsbie

6b1/1M NOJIy4eHbl METOA,0M M/1Ia3MOXUMMUYECKOTO
ocaxxaeHus us rasosom ¢asbl (PECVD) c NOMOLLbIO
TPaHCMOPTHOM peakLuum C y4acTUeM x10pa,

npu 3TOM HeNnocpeaCTBEHHO BbICOKOYUCTbIE
3nemeHTbl (Ga 1 S) 6b1IM UCMO/Ib30BaHbI

B KayecTBe UCXOAHbIX BellecTB. HepaBHOBecHas
HU3KOoTemnepaTypHasa niasma BY-paspsga
(40,68 MI'L) Npy NOHWXKEHHOM AABJIEHUMN

(0,01 Topp) sBNsSINACb UHULMATOPOM XUMUHECKUX
npeBpaLeHui. bblv U3yyeHbl 3aBUCMMOCTU
cocTtaBa, Mop$os10rnm NOBEpXHOCTU, CTPYKTYPHbIX
M ONTUYECKUX CBOMCTB MOJIy4YEHHbIX MJIEHOK OT
MOLLHOCTM NJIa3MeHHOrro paspsaaa.

KntoueBble cnosa: cynibdug rannvs, TOHKme
nneHku, PECVD
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Gallium sulfides have a wide band gap in the
range of 2.85-3.05 eV and are promising for use
in the field of photovoltaics and optoelectronics,
nonlinear optics, optoelectronics, terahertz
devices, and also as the passivation layers in the
group IlI-V semiconductor devices. In this paper,
thin films of gallium sulfide Ga,S,_, were obtained
for the first time by the plasma-enhanced
chemical vapor deposition (PECVD) using

a chlorine-involved transport reaction, while
the direct high-purity elements (Ga and S) were
applied as the original substances.

The nonequilibrium low-temperature plasma

of an RF discharge (40.68 MHz) at a reduced
pressure (0.01Torr) was the initiator of

chemical transformations. The dependences of
composition, surface morphology, structural
and optical properties of the obtained films on
the plasma discharge power were studied.
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INTRODUCTION

The history of the gallium chalcogenide study dates back
more than 50 years. Most of the publications discussed
the bulk samples. Almost immediately, it was found
that gallium chalcogenides had a strong radiation resis-
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BBEAEHUE

Vcropusi M3y4eHHs XaJIbKOT€HUIOB Ta/IIHMS HACYHUThI-
BaeT 6oree 50 s1eT. B OCHOBHOM B ITy6IHMKALIMSIX 0BCYsK-
Iannch obbeMHBIe 06pasibl. [IpaKTHYeCcKH Cpasy Opl10
YCTaHOBJIEHO, YTO XaJbKOTEHH/Bl Ta/UIUS 06/1afatoT
CHUIBHOM PaJUALIMOHHOM YCTOMYHBOCTBIO, BeJTHYMHA
KOTOPOH Ha 2-3 MOpSKa BBILIE, YeM Yy KIACCHYeCKHUX
IIOJIyIIPOBOJHHKOB Ha OCHOBE KPeMHHS U IepMaHHUS.
TUNMYHBIM IIpefCTaBUTe/leM XaJbKOI€HH0B TaJlIHs
SBJISIIOTCS.  CYy/AbQHUIBL TajlIMs, KOTOpble IIPHBJIeKa-
Te/IbHBI 671arofapsi CBoell OTHOCHTEIBHO HH3KOH CTO-
MMOCTH, 3KOJOTHYHOCTH K XHMMYECKOH CTabHIBHO-
cTh. KpHCTa/UIM4ecKUM Cy/IbQU[ TaJ/UIHS CYIIeCTByeT
B YeThIpPex CTeXHMOMEeTPUYeCKMX cocTaBax: GaS u Ga,S;,
Ga,S u Ga,Ss [1]. Kpome 3Toro, Harbosee 4acTo BCTpe-
yaromue ¢opmbl GaS U Ga,S; MPOABIAIOT IIOTMMOP-
du3sM, rae rekcaroHaupHbBIM (-GaS M MOHOKIHHHBII
0-Ga,S; ABNAOTCA Haubonee CTaBMIBHBIMU KPHCTAI-
JTMYeCKUMH CTPYKTYPaMH IIPH HOPMA/IBHBIX YCIOBHAX.
DHeprusi HeIIpsSIMOM 3aIlpellleHHOM 30HBI 00BEMHOIO
B-GaS coctaBnser oKolO 2,5 3B, YTO NpPHUMeEpPHO Ha
0,5 3B HIKe SHEPrHHU IIPSIMOK 3allpellleHHOH 30HBHI [2].
C mpyroi cTOpoHEI, a-Ga,S; KMMeeT 3Hepruio 3alpelleH-
HOM 30HBI OKOJIO 3,42 3B [3]. BBHAY AOCTaTOYHO 60/b-
IIOM 3aIlpellleHHOM 30HBI CyTbQUABI TAIIHS SBISIOTCA
KaHIUATOM Ha posib 6ypepHoro c1osi B GoTOrasbBaHU-
YecKHX 371eMeHTax [4]. Takoke OHM MOTYT IIPUMEHSITCS
[P M3TOTOBJIeHHMH POTOLETeKTOPOB M Ia30BBLIX CEHCO-
pos [5-7].

Monocynpdup ramnus (GasS) MosKeT HAaUTH IIPHMeHe-
HHe B ONTOYIEKTPOHHBIX YCTPOMCTBAX YO U BUAUMOIO
nouarasoHa [8]. O6beMHBIe KPUCTALIBL GaS IIPOSIB/ISIOT
GOTOMIOMHHECLIEHIIMIO B CHHe-3eJIeHOH obmactu [9].
OpHaxo B BUe c10oeB GaS sB/ISgeTcs [epCIleKTHBHBIM
MaTepHajoM /sl U3TOTOBJIEeHUs ITPUOOPOB, H3/ydalo-
mue cuHUN/Y® cset [10]. Hammporus, Ga,S; IposiBisieT
MaKCHMaJIPHYIO IIPO3PavyHOCTh B fAuamnasoHe 0,48-
24 MKM U MOKeT HalTU IIpUMeHeHHe B TeparepLiOBbIX
ycTporcTBax [11]. MOHOKJIMHHBIN &-Ga,S; IIOKa3blBaeT
HM3KOTeMIIepaTyPHYIO GOTONTIOMUHECLICHIIHIO C IBYMS
IojsIocaMu pu ~1,99 u ~2,79 3B, CBA3aHHBIMU C Jedex-
TaMH, a TaKkKe CJIaDOMHTEHCHBHYIO II0JIOCY BOIH3H
3,36 3B 0T MeXX30HHOro Iepexona [12]. IIpu 3ToM HaHO-
KPUCTaJ/IMYeCKHe KBaHTOBble TOUKHU Ga,S; JAIOT CHHe-
3eJIeHyI0 IMHCCHIO CBeTa C KBAHTOBOM 3)PeKTHBHOCTBIO
Io 25,7% [13], KoTopble MOTeHLIMAIbHO MOKHO HCIIOJb-
30BaTh B KayeCTBe MaTePHAaJIOB [jis (GJIyopecleHTHbIX
30H70B. brarogaps CBOMM aHH30TPOIIHEIM CBOMCTBAM
obe crexmomeTpuueckre (GOPMBI CyIbOHAA TaJIHS
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tance, the value of which was 2-3 orders of magnitude
higher than that of classic silicon- and germanium-
based semiconductors. A typical representative of gal-
lium chalcogenides are gallium sulfides being highly
attractive due to their relatively low cost, environmental
friendliness and chemical stability. Crystalline gallium
sulfide exists in four stoichiometric compositions - GaS
and Ga,S;, Ga,S and Ga,Ss [1]. In addition, the most
common forms of GaS and Ga,S; demonstrate polymor-
phism, when hexagonal f-CaS and monoclinic a-Ca,S;
are the most stable crystal structures under normal
conditions. The indirect band gap energy of bulk -GaS
is about 2.5 eV that is approximately 0.5 eV lower than
the direct band gap energy [2]. On the other part, a-Ga,S;
has a band gap energy of about 3.42 eV [3]. In view of the
rather large band gap, gallium sulfides are a candidate
for the role of a buffer layer in the photovoltaic cells [4].
They can also be used to manufacture the photodetectors
and gas sensors [5-7].

Gallium monosulfide (GaS) can be used in the opto-
electronic devices in the UV and visible range [8]. The
bulk GaS crystals show photoluminescence in the blue-
green region [9]. However, in the form of layers, GaS
is a promising material for the manufacture of blue/
UV light emitting devices [10]. On the contrary, Ga,S;
demonstrates maximum transparency in the range of
0.48-24 pm and can be used in the terahertz devices [11].
Monoclinic a-Ga,S; shows low-temperature photolumi-
nescence with two bands at ~1.99 and ~2.79 eV related to
the defects, as well as a low-intensity band near 3.36 eV
from the interband transition [12]. Moreover, the nano-
crystalline Ga,S; quantum dots lead to the blue-green
light emission with a quantum efficiency of up to 25.7%
[13] that can potentially be used as the materials for fluo-
rescent probes. Due to their anisotropic properties, both
stoichiometric forms of gallium sulfide are available for
use in the nonlinear optical applications [14, 15].

Various methods are used to obtain thin films of gal-
lium sulfide, such as the glow microwave discharge [16],
pulsed laser deposition [17], chemical vapor deposition
[5], atomic layer deposition [18], deposition from solu-
tions [19], thermal evaporation [20], etc. The chemi-
cal composition of gallium sulfide thin films strongly
depends on the deposition method and conditions [21],
leaving room for uncertainty in the relations between
the rated composition, assumed structure, and the prop-
erties observed. For example, the deposition method
and parameters significantly determine the band gap of
final GasS films [22-25]. Moreover, GaS, Ga,S;, or a com-
bination of both phases can be synthesized depending
on the growth conditions. Therefore, determination of
the dependence of “preparation method - composition -
physical and chemical properties” of gallium sulfides
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[IpUBJIeKaTe/lbHbI /ISl KUCIIONb30BAHUS B HeTHHEHHO-
OIITUYeCKUX IIPUIOKeHUsX [14, 15].

JJ1d TI0/y4eHUs] TOHKHX IJIEHOK CyJbQUIA Ta/lIHs
[IPUMEHSIOTCS. Pa3Hble MeTOJBI, TaKHhe KaK TICHIIHH
MHKPOBOJIHOBBIK paspsiz [16], MMIIy/IbCHOe 1a3epHoe
ocaskmeHUe [17], XMMHUYECKOoe OCaKIeHHe M3 Ta30BOH
dasml [5], aToMHO-C/I0eBoe ocaskaeHHe [18], ocaskaeHLe
13 PacTBOPOB [19], TepMuUecKoe HUcrapeHue [20] U T. 1.
XUMHYEeCKUH COCTaB TOHKHX IUIEHOK CyabU/Ia ralks
CHJIPHO 3aBHCHUT OT Crocoba M YCIOBHH OCAKIEHHS
[21], ocTaBnsis MecTO Ajisl Heollpe[elleHHOCTH B OTHO-
IMIeHHUSIX MeXAy HOMMHAJIBHBIM COCTaBOM, IIPeAIIo-
JlaraeMoH CTPYKTypoH U HabJIioJaeMBIMU CBOMCTBAMHU.
Hampumep, MeTon M IlapaMeTpbl OCKOEHHUS Cyllle-
CTBEHHO oIlpefesseT IIMPHUHY 3allpellleHHOH 30HBI
KOHEYHBIX IUIeHOK Ga$S [22-25]. Takke B 3aBUCHMOCTH
OT YCIOBHUM POCTa MOYKeT CHHTe3HpoBaThcs GaS, Ga,S;
unu KombuHaius obenx das. I1o3TOMy ycTaHOB/IeHHe
3aBHCUMOCTH «CIIOCOD IOJTy4YeHHs - COCTaB — QHU3HKO-
XMMHYeCKHe CBOMCTBA» IIIEHOK CYyAbQHUIOB Ta/lIvs,
IIO/lyYeHHBIX Pa3sHBIMH CII0CO6AMH, IIO-TIPeKHEMY
0CTaeTCs aKTya/IbHOU 3a/aveH.

Lenpto paboTsl ObIIO yCTAaHOB/IEHHE 3aBHCHMOCTH
CTPYKTypPHBIX K OITHYECKHUX CBOHCTB IUIeHOK Ga,Si,,
[IOJIly4eHHBIX IUIa3MOXMMHYECKHMM OCLKAEHHEeM H3
ra3oBo a3bl, OT MOLUTHOCTH IIJIa3MEeHHOI0 pa3psa.

SKCNEPUMEHTAJIbHAA YACTb
CxemaTHyeckoe H300paskeHHe IIIa3MOXHMHUYECKOM
YCTAaHOBKM CHHTe3a TOHKHX IIJIEHOK CyJ1bOHIA TaJUIHs
[IpHBefleHO Ha pHC. 1. TakoKe IIPUHLIMII AHCTBUS yCTa-
HOBKH c0061masicst HaMU B paboTax [26-31]. MeTtannuye-
ckuM Ga ¢ YUCcToToM 4N U 371IeMeHTapHYIO S C YHCTOTOH
5N 3arpyskajid B CIIeLIHa/IbHbIe 3arPy30UHbIe eMKOCTH,
M3rOTOBJIEHHBIEe U3 BBICOKOYHMCTOIO KBapLia U CHabKeH-
Hble BHEIIHHMMH Pe3HCTUBHBIMH HarpeBaTe/lbHBIMU
3JleMeHTaMH U TepPMOIIapaMHK [JIs KOHTPOJIS TeMIle-
patypbl. TemIlepaTypa MCTOYHHMKA TaJ/I/IMs COCTaBIsa
850 °C, TemIiepaTypa MCTOYHHUKA cepbl — 200 °C. McTou-
HMK TaJIJINS, Yepe3 KOTOPBIM ITPOITyCKaIH Iaphl XJI0pa,
PaCIIonaraics B HEIlOCPeICTBEHHOM 6IM30CTH OT 30HBI
I1a3Mbl. [Taphl cephbl JOCTaB/ISUIMCh 10 HarpeBaeMbIM
(450 °C) KBapLIeBBIM JIMHUSM B 30HY PeaKlIki [T0TOKOM
BBICOKOYHCTOrO aproxa (99,999 o6. %), KOTOPBIH TaKKe
HCIIONIb30BAIM B KadecTBe I171a3M00Opasylolero rasa.
Kpome TOro, BBICOKOYHCTBIF BOLOPOL, (99,999 06. %)
no6aBiIsS/IM B TPyOUATBIM PeakToOp ISl CBSI3bIBAHUS
MOHOB XJIOpPA U yJajleHUsl raszoobpasHoit ¢pas3sl HCl u3
PeaKIIMOHHOL CMeCH.

[I1a3MeHHBIN pas3psfn Bo3byxkmancs 4-BUTKOBBIM
BHEIIHMM BY-HHIyKTOpOM, MOILIHOCTh LeHepaTopa
coctasiasia 30-100 Bt. O6liee maBieHHe B CHCTeMe
BO BpeMsl 3KCIIEPUMEHTOB IIOAJeP;KUBAjIOCh IIOCTOSH-
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films obtained by various methods, still remains an
urgent problem.

The aim of this paper was to establish the dependence
of the structural and optical properties of Ga,S,, films
obtained by the plasma-enhanced chemical vapor depo-
sition on the plasma discharge power.

EXPERIMENTAL PROCEDURE

A scheme of the plasma-chemical setup for the syn-
thesis of gallium sulfide thin films is shown in Fig. 1.
The operating principle of the installation was reported
in [26-31]. 4N-purity metal Ga and 5N-purity elemen-
tal S were loaded into the special reservoirs made of
high-purity quartz and equipped with the external
resistance heating elements and thermocouples for
temperature control. The gallium source temperature
was 850 °C, the sulfur source temperature was 200 °C.
The source of gallium, through which chlorine vapor
was passed, was located in the immediate vicinity of
the plasma region. Sulfur vapor was delivered via the
heated (450 °C) quartz lines to the reaction region by
a flow of high-purity argon (99.999 vol. %) that was
also used as a plasma-feed gas. In addition, high purity
hydrogen (99.999 vol. %) was added to the tubular reac-
tor to bind chloride ions and remove the gaseous HCl
phase from the reaction mixture.

The plasma discharge was excited by a 4-turn exter-
nal RF inductor, the generator power was 30-100 W.
The total system pressure during the experiments was
kept constant at 0.01 Torr. The initiation of the element
interaction reaction occurred due to the mechanisms
of electron impact/electron attachment in the plasma
discharge, the solid reaction products were deposited
on a substrate heated to 150 °C and made of high-purity
oriented epi-polished sapphire (0001).

The plasma discharge was studied by the opti-
cal emission spectroscopy using an HR4000CJ-UV-
NIR spectrometer (Avantes, Holland) in the range of
180-1100 nm with a resolution of 1.2 nm. The X-ray
phase analysis was performed using a Bruker D8 Dis-
cover diffractometer at 26 angles from 10 to 60° with an
increment of 0.1°. The surface morphology of gallium
sulfide films was studied by the atomic force micros-
copy (AFM) using an SPM-9700 scanning probe micro-
scope (Shimadzu, Japan). The elemental analysis of the
films was performed using a JSM IT-300LV (JEOL) SEM
with an X-MaxN 20 energy-dispersive elemental analy-
sis attachment (Oxford Instruments) under the high
vacuum conditions and an accelerating voltage of 20 kV.
The optical transmission spectra were measured using
an Agilent Carry 5000 double-beam spectrophotometer
(Agilent Technologies Inc., USA) in the wavelength
range 200-1100 nm with an increment of 1 nm.
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HeiM 0,01 Topp. MHUIIMHPOBAHKME PeAKLIMH B3aKMO-
JEeHCTBUS 371eMEeHTOB MPOMCXOLU/IO 38 CYeT MeXaHM3-
MOB 3JIeKTPOHHOTO YAapa/3/1eKTPOHHOIO IIPHIUIIAHUS
B IUIa3MEeHHOM paspsifie, TBepAble IPOAYKTHl PeaKIIuU
OCKIOAIMCh Ha HarpeBaemyro no 150 °C IIOmJIOXKKY,
BBIIIOJIHEHHYIO M3 BBICOKOYKCTOIO OPHEHTHPOBAHHOIO
3IHUIIONIHMPOBaHHOrO candupa (0001).

IIna3sMeHHBIN Pas3psif, UCCIefO0BAIM METOLOM OIITH-
YeCKOM 3MHCCHOHHOM CIIeKTPOCKOIMH IIPH IIOMOIIH
ciekTpomeTpa HR4000CJ-UV-NIR (Avantes, Comtan-
Ivsi) B quarasoHe 180+1100 HM ¢ pasperieHueM 1,2 HM.
PeHTreHo}a30BbIM aHAIU3 IIPOBOAMIICS C HCIIONb30BA-
HUeM AudpakTomerpa Bruker D8 Discover mpu yriax
20 ot 10 mo 60° c marom 0,1°. Mopdonoruio MmoBepx-
HOCTH IUIEHOK CynbQUIA Ta/UIMs H3ydald MeTOHOM
ATOMHO-CHU/I0BOM MHKpocKonuu (ACM) C HCHOIb
30BaHMEM CKaHHPYIOIIEro 30HAO0BOTO MHKPOCKOIIA
SPM-9700 (Shimadzu, dmouwus). HcciemoBaHHUS 3iie-
MEHTHOr0 aHaJ/IM3a IIJIEHOK ObLIK BBIIIONIHEHbI Ha COM
JSM IT-300LV (JEOL) ¢ SHeprogucriepCoHHO IIPHUCTaB-
KOM [I/ISl TIPOBefleHUsl 2J1eMeHTHOro aHaau3a X-MaxN
20 (Oxford Instruments) B yCTIOBHSIX BBICOKOTO BaKyyma
U yCRopsmomero HampsskeHus 20 kB. CIeKTphI OITH-
YEeCKOTo ITPOIYCKAaHMs OBUIM M3MepeHBl Ha JIBYXJIyde-
BoM crekTpoporoMeTpe Agilent Carry 5000 (Agilent
Technologies Inc., CIIA) B guama3soHe OJWH BOJH
200+1100 HM c maroMm 1 HM.

PE3YJIbTATblI N UX OBCY>XXAEHUE
OnThyeckyde SMUCCHOHHBIE CIIeKTPBHl IJIA3MEeHHOIO
paspsma cmecern Ar-S, Ar-Cl,-Ca m Ar-H,-Cl,-Ga-S
IIpY MOIIHOCTH TreHepaTopa 30 BT IIpencTaB/ieHbl Ha
puc. 2a.

B yC/lI0BHSIX IIJIa3MEeHHOI0 paspsifia cepa JeMOHCTPHU-
PYeT BBICOKYIO PeaKIIMOHHYIO CIIOCOOHOCTBH 6raromapst
OOJIBIIOMY CEUeHMIO 3aXBaTa U CPOACTBY K /IEKTPOHY
(e=-2,07 eV). IT0 oTpaskaeTcsl B SMHUCCHOHHOM CIIeKTpe
IIJIa3MBbl IIOSBJIeHHeM IIHMPOKHUX MaKCUMYMOB MOJIEKY-
JISIPHBIX GparMeHTOB cepsl (S,-Sg) B obmactu 270-370 HM
(kpuBas 1). B3auMOIENCTBHE BBICOKOIHEPreTHUHBIX
3JIEKTPOHOB B pa3psifie IJIa3Mbl C MOJIeKYJIaMH Cepbl Sg
COIIPOBOKAAETCSI 0Opa3oBaHUEM UMEPHBIX dparmeH-
TOB S, B BO30Y>KIEHHOM COCTOSIHHUHU COIVIACHO C/IeZlyI0-
IIeMy CyMMapHOMY IIPOLIeccy:

e +Sg-4S, +e. @

B crexTpe Ha PoHe IIMPOKHUX MAKCHMYyMOB B 0bsa-
ctu 270-450 HM, HaOIIOHAI0TCS SMUCCUOHHBIE TI0I0CH
B036y>KILeHHI>IX ¢dparmenToB S, mpu 282,9; 290; 293;
336,9; 394, 419,3; 447,8 HM. DMHCCUOHHBIE TUHHUU aTO-
MapHBIX PparMeHTOB CephI B CIIeKTPe IIJIa3MBbI B HAIlIUX
YCTIOBHSIX He 0OHaPY>KeHBI.

i g

Tleys ¢ cepolt
Sulfur furnace

BY-reHepaTop
RF generator

Puc. 1. Cxema naasmoxumu4eckol yCmaHosKu 0As CUHmMe3a
MOHKUX NAEHOK CyAbpuda 2anus

Fig. 1. Schematic layout of a plasma-chemical installation for
the synthesis of gallium sulfide thin films

RESULTS AND DISCUSSION

The optical emission spectra of the plasma discharge of
Ar-S, Ar-Cl,-Ga, and Ar-H,-Cl,-Ga-S mixtures at a gen-
erator power of 30 W are shown in Fig. 2a.

Under the plasma discharge conditions, sulfur
demonstrates high reactivity due to its large capture
cross-section and electron affinity (¢=-2.07 eV). This
is indicated in the plasma emission spectrum by
the occurrence of broad maxima of sulfur molecular
fragments (S,-Sg) in the region of 270-370 nm (curve
1). The interaction of high-energy electrons in the
plasma discharge with Sg sulfur molecules is accom-
panied by the formation of S, dimer fragments in
an excited state according to the following overall
process:

e +Sg—4S, +e. oy

In the spectrum against the background of broad
maxima in the region of 270-450 nm, there are the
emission bands of excited S, fragments at 282.9, 290,
293, 336.9, 394, 419.3, 447.8 nm. The emission lines of
sulfur atomic fragments in the plasma spectrum in
our conditions are not found.

In the plasma spectrum of the Ar-Cl,-Ga mixture
(curve 2), the excited Ca(l) gallium atoms are repre-
sented by the intense emission lines at 287.4, 294.4,
403.3, 417.2 nm, as well as a group of less intense lines
in the region of 225-272 nm [32]:

Ga%+e-Ga'. )

PHOTONICs vOL. 17 N22 2023 g9
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B criexTpe IJ1a3Mbl CMeCH Ar-Clz-Ga (KpI/IBasI 2) BO3-
Oy>kmeHHBIe aTOMBI TIns Ga(l) mpefcTaBieHbl HHTEH-
CHBHBIMH 35MHCCUOHHBIMHY JIMHUSIMHU IIpU 287,4; 294,4;
403,3; 417,2 HM, a TaKKe TPYIIIION MeHee MHTEeHCHBHBIX
JTUHUM B 00j1acTH 225-272 HM [32]:

Ga'+e->Ga’. )

Kpome Toro, B crekTpe Habmiomaercs cinabouH-
TeHCHUBHAs THUHUS aToMoB xopa Cl(I) mpu 837,56 HM.
Xapaktepusle mias CI(I) nuHuu npu 725,6; 741,4;
754,7 HM, [I0-BUAUMOMY, CKPBITBL TUHUAMU AL(I).

B cmekTtpe miasmel cmecu Ar-H,-Cl,-Ga-S (xpu-
Basi 3) oOHApy>KeHBl 3MHCCHOHHBIe JIMHUH BOZOPOAR,
Haubonee MHTEHCHBHble U3 KOTOpbIX H, (656,27 HuU)
u Hg (486,13 HM) cepuu Bampmepa. BumgHo, uTo 106aB-
nenue K cMecd Ar-Cl,-Ca mapoB cepel COIIPOBOXKAA-
eTCsl 3HA4YMTe/JbHBIM yMeHbllleHHeM HHTeHCHBHOCTH
nmuaui Ga(l), a mobaBieHHe BOLOPOAA BeleT K UCUe3HO-
BeHMIO TMHUU xy1opa Cl(I) mpu 837,56 HM. YTHIn3aus
PaANKAJIOB XJI0Pa IIPOMCXOAUT IIPH B3aKMOIEHCTBHUU
UX C paIUKalIaMU Bomoposa ¢ obpasoBanuem HCl::

Cl-+H--»>HCl. (3)

Ha puc. 2b mpencraBieHb! MONy4YeHHbIe SMUCCHOH-
Hble CIeKTPbl XMMHYeCKH aKTHBHOM IIIa3Mbl CMeCH
Ar-H,-Cl,-Ga-S mpu pasnuvHOM MOLIHOCTH IeHepaTopa.
IIpn yBenMYeHHH MOIIHOCTH BK/I3JBIBAEMOH B Pas-
psii IIa3MBbl HabmiomaeTcss BO3pacTaHHe HMHTEHCHB-
HOCTH IIO7IOC B o6yacTu 270-370 HM OT MOJIEKYJISIP-
HBIX QparMeHTOB cephbl S2-S8 1 IMHHUM aTOMOB aproHa.
JlIunum atomoB rauus Ca(l) mpu 287,4; 294,4; 403,3;
417,2 HM B TIPHUCYTCTBUH Cepbl Cl1abOMHTEHCHBHBIE
M 3aMeTHa TOJIBKO Haubosiee BRIpasKeHHAs! IMHUS [IPU
417,2 um. Kpome TOro, Bo3pacTaHue MOIIHOCTH reHepa-
TOpa COIIPOBOKAAETCS yMeHbIIeHHeM MHTeHCHBHOCTH
JTHHHUHU 0T MOJIEKYJI K aTOMOB BOZIOPO/iA.

MOKHO TIPe[IIONOXKUTh, YTO ITPH HEBBICOKMX 3Ha-
YeHMSIX MOIIHOCTH IIJIa3Mbl BO3MOXKHO o0b6pasoBa-
HHe KaK CyabUIOB TajyiMs, TaK U CyI1bHOXIOPHUIOB
B pe3y/bTaTe HeIOJIHOM KOHBEPCHUM XJIOpH[JA TajUIHf,
[I0JIy4eHHOI0 TPaHCIIOPTHOH peakliuel. YBelHdeHHe
MOIITHOCTH TI'eHepaTopa MPHUBOAUT K Oosee IOTHOMY
CBSI3BIBAHHIO X/I0pa U Bozopoza B HCl u obpasoBaHmHI0
TBepHoH dasel Ga,S, .

BeIiM IIOydyeHBl IJIEHKM Pa3/JIMYHOTO COCTaBa
B 3aBHMCHMOCTH OT MOILHOCTH IIa3MEHHOIO paspsia
(Tabnuna 1). IIpM HCIOIB30BAHUM MHHHMAJIBHOM
MOIIHOCTH IUIasMbl 30 BT IUIeHKH cynbduAa rajuins
COIePKIH JOCTaTOYHO 6071bIIoe KOTHUYEeCTBO X/I0pa —
nol5+2at. %. YBeIHdeHUe MOIIHOCTHU IJIa3Mbl 10 70 BT
IIPUBEJIO K OTCYTCTBHIO XJI0pa B IIOJIYYeHHBIX IIJIeHKaX.
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Puc. 2. SmuccuoHHble cnekmpsbl: a) cmeceli (1 - Ar-S; 2 -
Ar-Cl,-Ga u 3 - Ar-H,-Cl,-Ga-S); b) cmecu Ar-H,-Cl, -Ga-S
(npuT1-30Bm;2-70B;3-100 Bm)

Fig. 2. Emission spectra: a) of mixtures (1- Ar-S;

2 - Ar-Cl,-Ga and 3 - Ar-H,-Cl,-Ga-S); b) of the Ar-H,~Cl,-
Ga-S mixture (at1-30W,2-70 W, 3-100 W)

In addition, a low-intensive line of CI(I) chlorine
atoms at 837.56 nm is observed in the spectrum. The
lines specific for CI(I) at 725.6, 741.4, and 754.7 nm are
apparently hidden by the Ar(I) lines.

In the plasma spectrum of the Ar-H,-Cl,-Ga-S
mixture (curve 3), the hydrogen emission lines are
found, the most intense of which are H, (656.27 nm)
and Hg (486.13 nm) of the Balmer series. It can
be seen that the addition of sulfur vapor to the
Ar-Cl,-Ga mixture is accompanied by a significant
intensity decrease of Ga(l) lines, and the hydrogen
addition leads to the disappearance of CI(I) chlo-
rine line at 837.56 nm. Disposal of chlorine radicals
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OpHaKo Iosy4eHHast IUIeHKA cofiepsKasia M36bITOK CepEL.
B TO ke BpeMsl IIpH Aa/IbHEMNIIeM YBeTHYeHUH MOIIHO-
CTH IU1a3MBbl [0 100 BT comepskaHue cephl ITalaeT, u CTe-
XUOMeTpHSsl IUIeHKH Npubamskaercs K Ga,S;. TakuMm
obpasoM, 6osee MOIIHAs IUIa3Ma CIIOCOOCTBOBAIA JIYd-
el KOHBEPCHU U HCXOJHBIX BEIeCTB,

CTpyKTypa CHHTe3HPOBAHHBIX IUIEHOK OBUIa H3y-
4YeHa C IIOMOILIBI0 PeHTTeHOBCKOro $a30BOro aHaaM3a.
CooTBeTCTBYIOIIMe OUPPAKTOIPAMMBI K300paskeHBI
Ha puc. 3. IlouyTH BCe IUIEHKM SIBJISIOTCS PEeHTreHoa-
MOPGHBIMH, KpoMe CIydasi ¢ MaKCMMaJIbHOM MOIIHO-
CTBIO IIa3MBbI. B IUIeHKe, cozepsKalllel XJop, amopd-
HOe Ta/U10 Haubosee BBIPaKeHO. [IpH MaKCHMAaTIBHOHN
MOIIIHOCTH IIJIa3Mbl AUGpaKTorpaMMa IIeHKH GasgSe,,
IIOMHMO HIMPOKOro $oHa oT amMopdHOI ¢asbl, comep-
SKUT pedierc BOMU3U 49°, OTHOCSINMNCSA K IIIOCKO-
ctu (300) rekcaroHanpHOM dassl f-Ga,S; [COD 1530882].
HabmronaeMbls AUGPAKLIMOHHBII ITHK SIBJISIETCS OCTa-
TOYHO ILIMPOKHMM, YTO YKas3blBaeT Ha [OePpeKTHOCTb
Y IIOJIMKPUCTAIMYHOCTD C MaJILIMU Pa3MepaMHU JoMe-
HOB IVIEHKH. HaJIM4yKe TOJIbKO OHOI0 pediierca MosKeT
[IPeAII0/IaraTh TEeKCTYPY, OPUEeHTHPOBAHHYIO BJIOJIb OCH
€, OHAKO KPHBast KAYaHMUSI CoCTaBiseT bonplie 10°,

Ha pruc. 4 rmoka3saHo BIUSHIE MOITHOCTH I1I/Ia3MBbl Ha
MOPGOJIOTHIO ITIOBEPXHOCTH I10/IyYeHHBIX IVIEHOK CYJIb-
dupa rasuinsi. COrIaCHO CHSITBIM ACM‘I/IBOﬁpa)KEHHF{M,
IIOBEPXHOCTh IIeHKH Gay,S,Clis ¢ IIepoxoBaToCThIO
OKOJI0 4,71 HM COOEPKUT QPparmMeHThI 1<y61/1qec1<01?1
dopMel pasmepom 135 HM. C poCcTOM MOIITHOCTH I1Ia3MbI
10 70 BT MopQosiorus CylecTBeHHO M3MeHSeTCs, Ha
[IOBePXHOCTU IUIeHKU Ga,,Sg, SIBHO BHUIHBI KBasucoe-
puYeckue 3epHa pasMepom oKkojo 160 Hm. IIpu 3Tom
IIepOX0BATOCTh CHIKaeTcs n0 1,50 HM. IToxoxkum
penbed ITOBEPXHOCTH IIIEHOK CylbPUIa Trayivs obHa-
pykeH B paborax [18,33]. MaKcHMMasbHasi MOIIHOCTb
m1asMbl (100 BT), cooTBeTCTByIOIIAsi IUIEHKH GasgSe,,
IIPUBOAUT K JajIbHeHIeMy yMeHBIIEeHHUIO LIepoXOBa-
TOCTU IIOBEPXHOCTU A0 0,10 HM, Ha KOTOPOM TPYAHO
BBIOE/NUTh Kakue-nubo ¢parmeHTel. Habmiomaemoe
yMeHbIIIeHHe LIePOXOBATOCTU IIOBEPXHOCTH C POCTOM
MOIIHOCTH IIJIa3MBl MBI CBSI3bIBaeM C 6ojiee UHTEH-
CUBHBIM HOHHBIM TpaBleHHEM II0BePXHOCTH, IIPH-
BOISIIMM K yHQJIeHHIO C1aboCBSI3aHHBIX GParMeHTOB
C IIOBEPXHOCTH. TaKKM 06pa3oM, MOIIHOCTH ILIa3MBL
SIBJISIETCS OYeHb Ba’KHBIM IIapaMeTPOM OCaKIOeHMS,
OIIpefe/IAIoIUM MOPOOIOTHIO IIOBEPXHOCTU IIJIEHOK
cynpduaa rajuiks, BKIYas pasmep 1 GopMy 3epeH.

BBIIM HCCIeOBAaHBl ONTHUYECKHe CBOMCTBA ILIEHOK
cynbdraa TA/LIKS, a TAKoKe BIHSHHUe UX COCTaBa (MOII-
HOCTH IUIa3MBbl) Ha CIIeKTPHI IIPONYyCKaHHS (pHC. 5).
BuaHO, YTO BCe IIEHKH MMeIU JOCTaTOYHO BBICOKYIO
IIPO3PavyHOCTh B BUAUMOM H 6nuwkHeM UK-nuarasoHe
(70%). B To 5ke BpeMsI KCUe3HOBEHHSI X/I0Pa U II0CTeIleH-

il 4

Ta6nuua. CocTas NaeHOK U NapamMeTpbl Noy4YeHus
Table. Film composition and production parameters

MoLwHoCTb Niasmbl, BT CocTtaB
Plasma power, W Composition
30 Gas,S,5C) s
70 GaySgo

100 Gaz5S6,

occurs when they interact with the hydrogen radi-
cals to generate HCl:

Cl-+H-»HCcl. (3)

Fig. 2b shows the obtained emission spectra of the
chemically active plasma of the Ar-H,-Cl,-Ga-S mixture
at various generator power values. With an increase in
the plasma power put into the discharge, an increased
intensity of the bands in the region of 270-370 nm from
the S,-Sg sulfur molecular fragments and lines of argon
atoms is observed. The lines of Ga(I) gallium atoms
at 287.4, 294.4, 403.3, and 417.2 nm in the presence of
sulfur are low intensive, and only the most significant
line at 417.2 nm is noticeable. In addition, an increase
in the generator power is accompanied by the decreased
intensity of lines from the hydrogen molecules and
atoms.

It can be assumed that in the case of low values of the
plasma power, the formation of both gallium sulfides
and sulfochlorides is possible as a result of incomplete

Ca,s,Cl,

37748

GaEOSSO

38762

Nt et Arn]

VIHTeHCUBHOCTE, IIP. .

\-v.\_\ WM‘M
B-Ga,S, (300)

10 20 30 40 50 60

Puc. 3. lupppakmozpamma nAeHoK cyabpuda 2anaus
pasau4Hozo cocmasa

Fig. 3. X-ray diffraction pattern of gallium sulfide films with
various compositions

PHoOTONICS voL. 17 Ne2 2023 101



m TEXHOJIOTUU U TEXHOJIOTMYECKOE OBOPYOBAHUE |

i g

HOe yMeHbIIIeHHe Cepbl B IUVIEHKAX IPHUBOAUT K CIBHUTY
Kpasi OIITHYECKOro IIOIVIOIIEHHsI B CTOPOHY boree HU3-
KHX 3Heprut. C y4eToM Majoro oTpakeHHS CBeTa OT
IJIEHOK KO3QUIIMEeHT IIOIIomeHUsT (o) PacCUMUTHI-
Ba/IM U3 Ko3dduLiKeHTa pornycKaHus (T) U TONLIHMHBL
wieHkH (d), kak

a=In(T)/d. (4)

J1s1 ompenie/ieHUs IIHUPHHBI 3aIlpellleHHOH 30HEI (Eg)
MaTepHasa CTPOMJIACh 3aBUCHMOCTb KO3PPHUIIeHTa
IIOrJIOIIEHU ST OT 3HEPryuH IIaJalollero $oToHa B Koop-
auHartax Tayna. IIppHMMas BO BHHUMaHHe, YTO II0IY-
YeHHBble IUVIEHKU B OCHOBHOM COCTOSIT M3 aMOpPOHOM
dasbl, 5Ta 3aBUCUMOCTb MMeeT CJIeAYIOLIH I BU]:

ahv=A(hv-E,?, (5)

rme A - IOCTOSHHasA, h - IocTosHHas IlIaHKa, Vv -
4acToTa I1aJalolero cBera. BausHue sHepruu ¢oToHa
(hv) Ha (a-hv)Y? st TOHKHX IUIEHOK Pa3HOrO COCTaBa
IIOKa3aHO Ha pHUC. 6. ONTUYecKas 3aIlpelleHHas 30Ha
OplIa OIleHeHA W3 SKCTPAIOISLIUY JTHHEMHON YacTH
KPHUBBIX Ha och abcuucc. IIeHKa, comepskalas xjop,
MMeeT Haubosblllee 3HAUYEHUe Eg, IpU6IM3UTEIBHO
paBHoe 3,48 3B. O B mieHKax, He comepsKallux XJIop,
OIITUYeCKasl 3allpellleHHas 30Ha YyMeHBIIAeTcs [0
3 u 2,86 3B mima coctaBa Ga, Sgy M GasgSg COOTBET-
CTBeHHO. PaHee 6BUIO OIpefesieHO, YUTO 3allpelleH-
Has 30Ha s -Ga,S; cocrasiser 2,48 3B [34]. Takum
06pa3oM, MOKHO ITPeJIIONOXKUTh, YTO GOPMHPOBAHLE
KPUCTa/NINYeCcKkol dasbl B'Gazsz, Hapsny ¢ amopdHOMU
B IIeHKe GayeS,,, HalleHHOe 13 UCCIeJ0BaHUM CTPYK-
TYPBI IIJIEHOK C IIOMOIIIbI0 peHTTeH0($a30BOro aHA/IMU3a,

conversion of gallium chloride obtained by the trans-
port reaction. Increase in the generator power leads to
a more complete binding of chlorine and hydrogen in
HCl and formation of the Ga,S,, solid phase.

The films with various compositions were obtained
depending on the plasma discharge power (Table 1).
When using the minimum plasma power of 30 W, the
gallium sulfide films contained a fairly large amount of
chlorine, up to 15+2 at.%. Increase of the plasma power
up to 70 W led to the absence of chlorine in the obtained
films. However, the resulting film contained an excess
of sulfur. Moreover, as the plasma power increases
further to 100 W, the sulfur content is decreased and
the film stoichiometry approaches Ga,S;. Thus, a more
powerful plasma contributed to a better conversion of
the source substances.

The structure of the synthesized films was studied
using the X-ray diffraction (XRD) measurements. The
relevant XRD curves are shown in Fig. 3. Almost all
films are X-ray amorphous, except for the case with the
maximum plasma power. In the chlorine-contained
film, the amorphous ring is the most pronounced. At
the maximum plasma power, the diffraction pattern
of the GaygS;, film, in addition to a broad background
of the amorphous phase, contains a reflection near 49°
that belongs to the (300) plane of the B-Ga,S; hexagonal
phase [COD 1530882]. The observed diffraction peak is
rather broad that indicates defectiveness and polycrys-
tallinity with the small film domain sizes. Availability
of only one reflection may suggest a texture oriented
along the ¢ axis, however, the rocking curve is greater
than 10°.

Figure 4 shows the plasma power effect on the sur-
face morphology of the obtained films of gallium sul-

1 MKM 3X3 MKM 1 MKM

a) 6)

3,28 33,63
HM HM
— 5 e

Puc. 4. ACM-u306paskeHHUS IUIEHOK Gay,S,eClis (2), GayySgy (b) 1 GasgSg, (€)
Fig. 4. AFM images of (a) Ga;;S,5Cls, (b) GayySgy, and (c) GaseSe, films

3X3 MKM ©

3X3 MKM e

B)
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OTBETCTBEHHO 3a CHIKEHUe Eg OTHOCUTE/ILHO IUIeHKH
GaySgg-

BbIBOAbl
[TonyyeHHe IUIEHOK CylIbQHIa Ta/uiusi OpUIO OCyIIecT-
BJIEHO C IIOMOLIBIO TPAHCIIOPTHOM PeaKLIMH C y4YacTHeM
XJI0pa B YC/IOBHSIX HH3KOTeMIIepPaTypPHOH HepaBHOBEC-
HOM IUIa3MBI, I[le BBICOKOUMCTHIE 3/IeMeHThl Ga u S
OBLTH KCIIONB30BAHBL B KauecTBe IIPeKypcopoB. Hccie-
JlyeMble IIJIeHKA HMEIT OITUYeCKYI0 3aIlpelieHHYI0
30HY OT 3,48 1m0 2,86 3B, KOTOpast YyMeHbBIIAETCS C YBeIH-
YeHHeM MOIIHOCTH IUIA3MEeHHOIO paspsia. YCTaHOB-
JIEHO, YTO I10CJ/IeIOBATEIbHOE IIOBBIIIEHHME MOIIHOCTH
IUIa3MBbl IIPU HEHM3MEHHOCTH OCTaJIbHBIX I1apaMeTpoB
IIpoliecca IIPUBOAUT K HMCUYE3HOBEHHUIO X/IOpa B KOHeY-
HBIX IUIeHKaX BCJIeACTBHE JIy4dlller KOHBEPCHH pea-
THPYIOIIMX BellecTB. [IpM MaKCHMMaJIbHOM MOIITHOCTH
IJIa3MBl CTEXHOMETpUSI IUIeHKU b6mm3ka K Ga,S;, rze
HalJieHo 06pa3oBaHMe KPUCTAUIMYECKOH dasbl B-Ga,S;,
a OINTHYeCKas 3allpelleHHas 30Ha MMeeT HauMeHb-
mee 3HadyeHHe 2,86 3B. C poCTOM MOIIHOCTH IIJIa3MBbI
IIPOMCXOANT CHIM’KEHHEe LIePOXOBATOCTH II0BEPXHOCTH
IUIeHOK C 4,71 HM 1o 0,10 HM H3-32 OLZHOBpPEMEHHBIX
IIPOLIeCCOB OCAKIEHUS U MOHHOIO TPaBJIeHMs, BCIIel-
CTBHE y[AJIeHUS BellecTB, C1abo CBSI3aHHBIX C IIOBEPX-
HOCTBIO. HakoHel], HM3MepeHHs OITHUYeCKOIo IIPo-
IIYCKaHMA IIOKa3a/iM, YTO TOHKHE IIJIGHKH Cyl1bdHuaa
TaUIMd HMEIT BBICOKMM KO3QUILIMEHT IIpoIlycKa-
HUS 70%, YTO OYeHb Ba’KHO AJISI MHOTHX OIITHUYECKUX
[IpUMeHeHHH.

HccnenoBaHe BBIIIOTHEHO IIPH IIOAAEPsKKe Poccui-
CKOr0 Hay4yHOro ¢oHza, rpaHT Ne 22-19-20081, https://
rscf.ru/project/22-19-20081/.
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of 135 nm. As the plasma power increases to 70 W, the
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on the Ga,,Sq, film surface. In this case, the roughness
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leads to a further decrease in the surface roughness to
0.10 nm, where it is difficult to distinguish any frag-
ments. We attribute the observed surface roughness
decrease with the raised plasma power to the more
intense surface ion etching that leads to the removal of
weakly bound fragments from the surface. Thus, the
plasma power is a very important deposition parame-
ter that determines the surface morphology of gallium
sulfide films, including the grain size and shape.

We studied the optical properties of gallium sulfide
films, as well as the effect of their composition (plasma
power) on the transmission spectra (Fig. 5). It can be
seen that all films have sufficiently high transparency
in the visible and near-IR ranges (70%). Moreover, the
chlorine disappearance and gradually reduced sulfur in
the films lead to a shift in the optical absorption edge
towards the lower energies. Having considered the
small light reflection from the films, the absorption
coefficient (o) was calculated based on the transmis-
sion coefficient (T) and film thickness (d) as follows:

a=In(T)/d. (4)

To determine the band gap (Eg) of the material, the
dependence of absorption coefficient on the incident
photon energy was determined in the Tauc coordinates.
Having considered that the obtained films mainly con-
sist of an amorphous phase, this dependence has the
following form:

ahv=A(hv-E,)?, (5)

where A is a constant, h is Planck’s constant, v is an
incident frequency. The photon energy (hv) influence
on (a-hv)¥2 for thin films with various compositions is
shown in Fig. 6. The optical band gap was estimated
based on the extrapolation of the linear curves to the
x-axis. The chlorin-contained film has the highest E,
value that is approximately equal to 3.48 eV. As for the
chlorine-free films, the optical band gap is decreased to
3 and 2.86 eV for Ga,,Sg, and GasgS;,, respectively. Previ-
ously, it was determined that the band gap for B-Ga,S;
was 2.48 eV [34]. Thus, it can be assumed that formation
of the B-Ga,S; crystalline phase, along with the amor-
phous phase in the CayS, film obtained during the
X-ray phase analysis of the film structure, is responsible
for the decrease in E, relative to the Ga,Sg, film.

CONCLUSIONS

The gallium sulfide films were prepared using a trans-
port reaction with the chlorine participation under
the conditions of low-temperature nonequilibrium
plasma, when the high-purity elements Ga and S
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were used as the precursors. The films under study
have an optical band gap from 3.48 to 2.86 eV to
be decreased with the increasing plasma discharge
power. It has been determined that a consistent
increase in the plasma power, with other process
parameters remaining unchanged, leads to the chlo-
rine disappearance in the final films due to the better
conversion of the reactants. At the maximum plasma
power, the film stoichiometry is close to Ga,S;, where
formation of the B-Ca,S; crystalline phase is found,
and the optical band gap has the smallest value of
2.86 eV. As the plasma power is increased, the surface
roughness of the films decreases from 4.71 nm to 0.10
nm due to the simultaneous deposition and ion etch-
ing processes after the removal of substances weakly
bound to the surface. Finally, the optical transmis-
sion measurements have shown that the gallium
sulfide thin films have a high transmission coeffi-
cient of 70% that is very important for many optical
applications.

The study was supported by the Russian Science
Foundation, grant No. 22-19-20081, https://rscf.ru/
project/22-19-20081/.

AUTHORS:
L. A. Mochalov ORCID: 0000-0002-7842-8563;
M. A. Kudryashov ORCID: 0000-0002-3090-1622;
M.A. Vshivtsev;
. 0. Prokhorov ORCID: 0009-0003-5180-5394;
P.A.Yunin ORCID: 0000-0001-7081-2934;
T.S. Sazanova ORCID: 0000-0003-2580-821X;
Yu. P. Kudryashova;
V. M. Malyshev;
A.D. Kulikov;
V. M.Vorotyntsev ORCID: 0000-0001-9451-937X.

CONTRIBUTION OF THE AUTHORS
L.A.Mochalov: idea, experiment, discussion;
M.A.Kudryashov: experiment, processing and
discussion; M.A.Vshivtsev: experiment design;
I. O.Prokhorov: experiment; P.A.Yunin: experi-
ment; T.S.Sazanova: experiment, results processing;
Yu.P.Kudryashova: results processing; V.M. Maly-
shev: suggestions and comments; A.D.Kulikov:
results processing; V.M. Vorotyntsev: organization of
work, discussions.

CONFLICT OF INTEREST

We inform you that we have no known conflicts of
interest related to this publication. We confirm that
the manuscript has been read and approved by all the
named authors and that there are no other persons
meeting the criteria of authorship, but not listed in the
list. We also confirm that the order of the authors listed
in the manuscript has been approved by all of us.



POLARUS

BOJ/IOKOHHDIE JIA3EPbI
YNIbTPAKOPOTKUX AMMNYJIbCOB
SNIEKTPOHUKA AJiA TA3SEPOB

KomnaHms «Monapyc» — poccMinckuii paspaboTUmK n NpousBoaunTe b BOJIOKOHHbIX J1a3€PHbIX UCTOYHU-
KOB Y/IbTPaKOPOTKNX UMMNYNbCOB N 3N1eKTPOHUKN Ansl nasepoB. KomnaHms HaxoauTcs B MockBe, . TPOULIK.
Moapo6Has nHPopMaLMs Ha caiiTe:

www.polaruslaser.ru

www.polaruslaser.ru

B nvHelike NpoAyKTOB MpejcTaBneHbl UTTepbrieBble BONOKOH-
Hble MUKOCEKYH/ZHble flazepHble UCTOYHWKK C Pas3INYHON Bbl-
XOZHOVI cpesiHel MOLLHOCTBIO A0 50 BT 1 sHeprueit B UMnysbce
[0 20 Mk/ZIX., a Takxe 3aatoLLiie BONIOKOHHbIE fla3epbl C Ppa3Hoi
OUKCNPOBaHHOM ANNTeNbHOCTBIO UMnynbca 40 nc, 1-10 Hc.
BO3MOXHbI LOMOMIHUTE/IbHBLIE ONUUY, HarnpyMmep, reHepaTop 2
rapMOHUKV N/ CENEKTOP UMMY/bCOB. YHVKaNbHbIE XapakTe-
PUCTUKN U3yHeHWNS U CTabUNbHOCTb HaLLKX /1a3epoB MO3BO/S-
FOT NCMOSIb30BaTb UX AN UCCIefoBaTeNbCKMX 3aj4ay B 061aCTh
B3aVMOZENCTBMA N3NyYeHUsT C BeLLEeCTBOM, a Takxe ANs Mpo-
MbILLIEHHOrO npuMeHeHrs. OO0 «lofapyc» Takxe agantupyet
JlazepHble NCTOYHWKIN MOA VHAVBUAYaNbHbIE 3334l 3aKa3yun-
KOB, eC/I1 3TO HeobXo4MMO.

PL/B-30 | PL/B-64 | PL/G-30 | PL/G- 64
AnnHa BONHbI, HM 1030 1064 1030 1064
AnuTtenbHOCTb MMNYbCA, NC 4045 4045 4045 4045
MakcManbHasa BbIXoaHasA MOLHOCTb, BT 10-40 10-40 10 10
JHeprusa B uMmnynbce, MK/K <20 <6
AviameTp BbIXOAHOro Ny4yka, Mm <1,5 <1,5
YacToTa cnegoBaHuMa uMmnynbcos, MIy, 1-10 0,3-10
KauecTtBO nyuka M2 <1,3 <1,3

KomnnekT anekTpoHuk Laser Control System BkJitoUaeT B cebs cucTeMy
yrnpaB/ieHVsA N CUHXPOHM3aL MV Na3epa, ApaiiBepa 1asepHbIX AN0LO0B, AaT-
KK 1 gpyroe. JocTynHbl K 3aKasy: ApariBep fla3epHoro Anoga «6aboy-
Ka», JpaiiBep 3aatoLLero N1asepHoOro A1oAa, ApariBep MOLLHbIX 1a3epHbIX
AVOAO0B, reHepaTop 3/1eKTPUYeckX NMMNYILCoB 1 3ajepXek. Bece ycTpoli-
CTBa NMET CTaHZAPTHYHO O6LLYIO LLUNHY YrpaBieHUsd 1 YHUBepCaibHbIl
rpaduryecknii nHTepderic ana rmbkoro KOHGUrypmpoBaHus. YCTponcTea
MOTYT 6blTb MCMO/Ib30BaHbI MO OTAE/IbHOCTU U B 1060 HEo6X0AMMON
KoHbUrypaumm.

Ha TEPPUTOPNN KOMMNaHNN BO3MOXHa AeMOHCTpaUnA pa60TbI J1a3epos,
a TakKXe BbIMOJIHEHWME YyCayr MO Ml/leoo6pa60T|<e MaTepunanoB: pe3ke,
cBepneHnn n a6n;||_|,|/||/| KepaMinKu, NoayrnpoBOAHNKOB, CTEKOJ, M1aCTNKOB,
MnaeHoK 1 TA4.

|_|p6VIMyLLI,ECTBaMVI HaLllel KoMMaHWn ABASTCA rbkas LleHoBadA rnoinTn-
Ka 1 BbICOKW TEXHOIOTNYECKN YPOBEHb MNMPon3BOACTBA.

Hawwu koHTaKTbl: +7 (499) 271-71-75 (06. 1015), info@polaruslaser.ru



