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TeXHO/I0ru4yeckmx
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Ha J,06pOTHOCTb
Me3acCTpPVYKTyp
ONTUYECKUX
pe3oHaTopoB,
M3roTOBJIEHHbIX

Nno KpeMHUeBOM
TeXHOJIOrum
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yupeskdeHue «Hay4aHo-npou3sodcmeeHHblil Komnaekc
«TexHonozuueckuil ueHmp», 3eaeHozpad, Mockea, Poccus

MpeacTaBneHbl pesyibTaTbhl UCCeA0BaHUSA
BJ/IMSIHMSA BE/INYMHbI LLEPOXOBATOCTU NOBEPXHOCTU
CBETOBOJAHOIO C/1051 HA BE/INYUHY J06POTHOCTU
Me3acTpYKTYp ONTUYECKUX pe3oHaTopos,
paboTaloWmX B peXxMmMe MOJ, LenyyLen rajsepeun
(MLLT), 3roToB/IEHHbIX C UCMO/Ib30BaHNEM
KpPeMHMeBOM TeXHOJIOrnu. B kayecTBe matepmuana
CBETOBOJHOIO C/1051 UCCNeA0BaHbl ABa BApuaHTa:
SiO, 1 Si. MpoBeaeHo nccnenoBaHne BAUSIHUS
BEJ/INYUHbBI LLEPOXOBATOCTN 60KOBOW NOBEPXHOCTU
CBETOBOAHOIO C/1051 HA BEJINYUHY J06POTHOCTU
AN KQXKA0ro BapuaHTa CTpyKTypbl. BennuumuHa
LepOX0BaTOCTU 60KOBOM MOBEPXHOCTU
CBETOBOAHOIO C/105 UccaepoBanachb Npy NOMoLLU
ACM un POM. inga Me3acTpyKTyp ONTUYECKUX
pe30oHaToOpOB CO CBETOBOAHbIM C/1I0€M KaK

13 Si, Tak n us SiO, B pesyibTaTe ONTUMU3ALUN
6a30BbIX TEXHOJIOrMYECKMX NPOLLECCOB YAaN0Ch
AOCTNYb CHNXXEHUS BeJINYUHDI LLepOX0BaTOCTU

€ 30-40 HM po 1-3 HM. poBeaeHHasa nyTem
YNC/IEHHOr 0 MOAe/IMPOBaHUS OLeHKA

nokasana, Yto J06pOTHOCTb ONTUYECKUX
pe3oHaTOpOB CO CBETOBOAHbIM C/10eM U3 SiO,
MOXeT 6bITb AoCTUrHYTa 102 3a CHeT CHUXKEHMUS
LIepOX0BaTOCTU 60KOBOM MOBEPXHOCTU
CBETOBOAHOrO C/104.
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The results of a study of the influence of the
surface roughness of the fiber layer on the
Q-factor of the mesa structures of optical
resonators operating in the whispering gallery
mode, manufactured using silicon technology
are presented. Two variants were studied

as the material of the fiber layer: SiO, and
Si.The study of the influence of the value of
the roughness of the lateral surface of the
light-guide layer on the value of the figure

of merit for each variant of the structure

has been carried out. The roughness of the
lateral surface of the light guide layer was
investigated using AFM and SEM. For mesa
structures of optical resonators with a fiber
layer made of both silicon and silicon oxide,
as a result of optimization of the basic
technological processes, it was possible to
achieve a decrease in the roughness value from
30-40 nm to 1-3 nm. The evaluation carried
out by numerical simulation showed that the
Q-factor of optical resonators with a light-
guide layer of SiO, can be achieved 10°, by
reducing the roughness of the side surface of
the light-guide layer.
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BBEAEHUE

KpemHHueBass GpOTOHHKA SIBIASeTCs 06aCcThiO HayK,
[IO3BOJISIIOLEH  CO3/aBaTh OIITO3EKTPOHHBIE HHTe-
rpanbHble cxeMmbl (OSHC). Braromapss 4pe3sBhIYakHO
OOJIBILIOK I10/I0Ce ITPOIYCKAHUSI U BBICOKOM CKOPOCTH
nepenadu AaHHBIX (TOUT/C) NpHUMeHeHHe KpeMHHe-
BOM QOTOHHUKHM IEPCIEeKTHBHO AJII peaju3alliy SHep-
ro3pPexXTUBHBIX BBICOKOCKOPOCTHBIX OITHYECKHX
MesKCOeIMHeHUHH /ISl BBIYMC/IUTENbHBIX CHcTeM [1].
[TpakTHYecKoe MpUMeHeHHe KPeMHHEeBBIX OIIT03-
TIeKTPOHHBIX yCTPOMCTB M HMHTErpPa/IbHBIX (GOTOHHBIX
CXeM B BBIYHC/IHUTE/IBHBIX U TeIEKOMMYHHKALIMOHHBIX
CHCTeMax CTalo0 BO3MOXKHBIM 6r1arofgapsi BHePEHUIO
psifia MHHOBAlIMOHHBIX UieH [2]. KoMMepLHanr3alus
KpeMHHeBON QOTOHUKH, IIepBOHAYATBHO 00YCIOB/IEeH-
Hasl IIPUJIOKEHUSIMU B 00JIaCTH TeJIleKOMMYHHUKAIIUH,
Terlepb Takke 00yCl0B/IeHA MMOTPeOHOCTSIMU KOMIIBIO-
TEePHOU HHIYCTPHUH B BBICOKOCKOPOCTHEIX K 3HEProsd-
GEeKTUBHBIX TeXHOJIOTHSX, TAKHUX KaK CepHUd KpeMHHUH
GOTOHHBIX IpHEeMOIlepeJaloIIuX CHCTeM Kalrudop-
HHUIHCKOM KoMIIaHus Luxtera (CIIIA) [3].

Pa3BuTHe HCCAefNOBAaHUIN B 06/1aCTU KpeMHHe-
BOM (QOTOHHUKHU I103BOIH/IO MPefIpPUATHSIM IO IIpO-
u3BoACcTBYy KMOII HayaTh BBIIIYCK HHTEIPaJbHBIX
HaHOPOTOHBIX KOMIIOHEHTOB /IS IIMPOKOrO CIIeK-
Tpa MNPHJIOXKEHHM, BKJIKYas BBICOKOCKOPOCTHYIO
CBSI3b [4]. ITO I103BONM/IO IIEPEUTHU K CO3LAHUIO psla
IIPOTOTUIIOB MOIIHBIX BBICOKOMHTETPHPOBAHHBIX
ONTHYeCKUX IepefaTUHUKOB KU IPHeMHHKOB [5-7],
MOHOJUTHO HMHTEIPUPOBAHHBIX C IIPOLIECCOPAMH
¥ namaTeio [8, 9]. HemaBHHe HcCCIeOBaHHS IOKa-
3a7M, YTO KpeMHHeBble QOTOHHBIe KaHasIbl obecrie-
YMBAIOT MPOIYCKHYIO CIIOCOOHOCTH mopsiaka TOUT/c
IIpU COXpaHeHHUU ob6ller 3Hepro3dpdeKTHUBHOCTU
MeHee 2 /I /6uT [10-12].

KpemHueBass QOTOHMKA AKTHBHO IIPUMEHSETCS
JJ1S1 IIPUJIOSKEHHU M MHKPOBOJIHOBOM GOTOHUKH, HOKY-
CHPYIOIIEHCS Ha UCII0Ib30BAHUH GOTOHHBIX MeTOI0B
M TexXHOJOTHH [Js TeHepallMu, obpaboTku U aHa-
nK3a/omnpeneneH s XapaKTepUCTHK MU KPOBOJIHOBBIX
curHanos [12-15]. 3HauyWTe/lbHBlEe YCHIHSI HaIpPaB-
7TeHbl Ha Pa3paboTKy HHTerpaabHbIX (GOTOHHBIX
TeXHOJIOTHH AJIS peanHu3aluru QyHKIUH ob6paboTKu
MHKPOBOJTHOBBIX GOTOHHBIX CUT'HAJIOB [16-18].

=

INTRODUCTION

Silicon photonics is the main platform for creating
optoelectronic integrated circuits (OEIC). Due to
the extremely large bandwidth and high speed
of optical communication, integrated optical
waveguides are used in optical interconnects to
transmit data at the crystal level [1]. The practical
deployment of silicon optoelectronic devices and
integrated photonic circuits in computing and
telecommunication systems has become possible
thanks to the introduction of a number of innovative
ideas [2]. The commercialization of silicon photonics
is occasioned by the mass application in the field of
telecommunications, as well as the prospects for
consumption by the computer industry. Examples
of this can be new technologies developed in the
USA by Intel and Luxtera for a series of photonic
transceiver systems [3].

The development of research in the field of sili-
con photonics has allowed CMOS manufacturing
enterprises to launch the production of integrated
nanophotonic components for a wide range of
applications, including high-speed communica-
tion [4]. This made it possible to proceed to the
creation of a number of prototypes of powerful
highly integrated optical transmitters and receiv-
ers [5-7], monolithically integrated with processors
and memory [8, 9]. Recent studies have shown that
silicon photonic channels provide a bandwidth of
the order of Tbit/s while maintaining an overall
energy efficiency of less than 2 pJ/bit [10-12].

Silicon photonics is actively used for microwave
photonics applications focusing on the use of pho-
tonic methods and technologies for generation, pro-
cessing and analysis/characterization of microwave
signals [12-15]. Considerable efforts are directed to
the development of integrated photonic technolo-
gies for the implementation of the functions of pro-
cessing microwave photonic signals [16-18].

To date, silicon-containing materials, including
silicon-on-insulator (SOI) structures, as well as InP,
LiNbO; and chalcogenide glasses are considered as
the main integrated platforms [20]. Very complex
systems based on InP [20], Si;N, [21] and SOI [19]
have been implemented. In addition, nonlinear
integrated microwave photonic circuits in chalco-
genide for the implementation of highly selective
filters have been demonstrated [18].

Among the various microphotonic components
actively used in silicon photonics, microdisc and
micro-ring resonators are distinguished [22-26] due
to the long photon lifetime (high Q-factor) and
a significant increase in the electric field inside.
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Ha cerogHsSImHUN JeHb OCHOBHOIM MaTepHalbHOU
62301 HMHTerpajbHON (GOTOHHUKH SIBISIIOTCS KpeM-
HUMNCOAep>Kallhe MaTepHasbl, B TOM YHCIEe CTPYyK-
Typbl KpeMHHUH-Ha-u3oasgTope (KHH), a takke InP,
LiNbO; m xanpKoreHuAHBIe cTekaa [20]. Peamuso-
BaHBI OYEeHb CJIOKHBIe CHCTeMBI Ha ocHoBe InP [20],
Si;N, [21] u KHH [19]; Kpome Toro, pogeMOHCTPHUPO-
BaHbl HeJIMHeHHble HHTeIPa/IbHbIE MUKPOBOJIHOBEIE
bOoTOHHBIe CxeMBl Ha OCHOBe XaJbKOTeHHJOB [JIS
peanu3alyi BEICOKOCeTeKTUBHBIX QHIBTPOB [18].

Cpenu pasjIMYHBIX MHUKPOQOTOHHBIX KOMIIOHEH-
TOB, IPUMEHSIOMMUXCSI B KpeMHHeBON (QOTOHUKe,
ocoboe MeCTO 3aHHMAIOT MHUKPOJKCKOBBIE U MHUKPO-
KOJIbLIeBble Pe30HaTOpHL [22-26] 6aromaps BBHICOKOHM
nobpoTHOCTH. ONTHYECKHe MHUKPOPe30HATOPHI [27]
IIPeJICTAB/ISIIOT COO0M MHUKPOPOTOHHBIE CTPYKTYPBHI,
OT/JIMYalollyecss KOMIAKTHBIMU pa3MepaMu (B cpaB-
HeHUHU C AHAIOTMYHBIMH ONTHYECKHMMHU YCTPOM-
CTBaMU, HM3rOTOBJIEHHBIMHU C UCII0/Ib30BAaHHUEM BOJIO-
KOHHBIX TeXHOJIOTHI), CeJIEKTHBHOCTHIO (II0 YacToTe)
U YyCHUJIeHHEeM CBETOBOIO I10TOKa, KOTOpOe BO3MOKHO
6aromapst MOJOKUTENBHOM OBpAaTHOM CBsI3H, obe-
ClleYyMBaIOIIe  MHOIOKpPaTHOe IIPOXOXIeHHe
Jla3epHOr0 H3/y4eHHs depe3 aKTHUBHYIO cpendy [28].
YCTpolicTBa Ha OCHOBE MHUKPOPE30HATOPOB HCIIONb-
3YIOTCSL J/14 Pa3/HMUYHBIX NPUIOKEHUN HHTEeIPalb-
HOH ONTHKH, TAKUX KaK reHepallus 4YaCTOTHOM Ipe-
benku Keppa, reHepaius J1a3epHOro H3JTy4eHUS,
HeJIMHeHNHas ONTHKA, CEHCOpHKa (co3maHue Ipeob-
pasoBaTenel GU3NUECKUX BeJIUUHH) [29].

Ocobast ponp OTBORUTCS HCCIENOBAHUSIM B 0671a-
CTH CO3[aHHUS CBEPXBBICOKOJOOPOTHEIX Pe30HATOPOB
(mobpoTHOCTH 108-107), paboTaoIIUX B pesKHUMe MOJ,
men4yymen raieperd. B moHorpadum M. JI.Topo-
IELIKOTO BBeIeHO IIOHSTHE HOOPOTHOCTH OMTHYe-
CKUX pe30HATOPOB uepe3 ONHCaHHe KoJyiebaTesb-
HOT0 KOHTYpa C COCpeloTOYeHHBIMHU ITapaMeTpaMH.
B CBSI3M C 3TUM IPUHHMAaeM, UYTO JOOPOTHOCTB — 3TO
mmapaMeTp KosiebaTelbHOM CHCTEMBI, OIIpeensiio-
MK IIMPHUHY Pe30HAHCA M XapPaKTepHU3YIOUIHI, BO
CKOJIBKO Pa3 3arachkl SHePrUH B cHcTeMe Oorblle,
YyeM IIOTepU 3HePrUu 3a BpeMsl U3MeHeHHUs Pasbl Ha
OOWH pasuaH [30].

Ha ochoBe onrtuvyeckux MIIT pe3oHAaTOPOB BO3-
MOXKHO CO3faHHe PasIH4YHBIX 6roceHcopos [30, 31],
GOHOHHBIX 71a3epoB [33], J1a3epoB CO CBEPXHU3KUM
Ioporom reHepanuu [34]. BmecTe ¢ TeM, TakHe pe3o-
HAaTOPbI HaXOMST LIMPOKOe NMIPUMeHeHHe [ Hccile-
JOBAHUMU B 00/1aCTU HeJIMHEHMHOH OIITUKU [35-37].

B nmanHouW paboTe IIPUBOAUTCS CPaBHUTENb-
HBIM aHa/JIH3 BJAMSIHHS MNIEPOXOBATOCTH IIOBEPX-
HOCTH Me3acTPYKTyp CBeTOBOJHOIO CJIOS, H3TO-
TOBJIEHHBIX Ha 0a3se KpeMHHHCOJepsKaIIUX
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Optical microresonators [27] are universal micro
photonic structures characterized by compact
size, selectivity, and amplification [28]. Over the
past two decades, the research of devices based on
microresonators has found application as the main
building blocks for integrated photonic applications
in optical communication, on-chip optical intercon-
nects, and biosensorics [29].

A special role is given to research in the field
of creating ultra-high-frequency resonators that
operate in the whispering gallery mode. In such
resonators, it is possible to achieve the maximum
photon lifetime, in other words, large Q-factor
values, which is one of the most significant param-
eters of their operation, with small volumes of
modes [30].

Optical resonators operating in the whispering-
gallery-mode (WGM) regime can be used to cre-
ate various biosensors [30, 31], phonon lasers [33],
lasers with an ultra-low generation threshold [34].
At the same time, such resonators are widely used
in the field of nonlinear optics [35-37].

This paper presents a comparative analysis of the
effect of the surface roughness of the mesa struc-
ture of the light guide layer made on the basis of
silicon-containing materials on the Q-factor of opti-
cal resonators operating in the whispering-gallery-
mode regime (WGM).

METHODS FOR INVESTIGATING THE EFFECT
OF ROUGHNESS ON Q

To conduct a comparative analysis, waveguide
structures were made from a light-conducting layer
of SiO, and Si at the domestic production site of the
Scientific-Manufacturing Complex “Technological
Center”. Figure 1 shows the cross-sections and
appearance of the studied mesa structures of optical
resonators with a light guide layer of Si (Fig. 1a,
c) and SiO, [32, 38].

The main contribution to the decrease in Q-factor
and the increase in optical losses in integral struc-
tures is made by scattering at the interface [39]. As
the main technological parameter at this stage of
research, the value of the surface roughness of the
light-conducting layers of waveguide structures is
chosen.

In practice, achieving a minimum surface rough-
ness of the structure of both silicon oxide and silicon
is associated with a number of technological difficul-
ties. This has to do with the fact that when creat-
ing most silicon microelectronics devices, rough-
ness requirements are either not imposed, or are
limited to values of the order of tens of nanometers.



MaTepHaloB, Ha BeIHYHHY JOOPOTHOCTH ONTHYe-
ckux MIIT pe3oHaTOpOB.

METO4bl UCCNEOOBAHUA BTIUAHNSA
LUEPOXOBATOCTU HAQ

1 poBemeHUsI CPAaBHUTEIBHOTO aHaiu3a ObUIH
KM3TOTOBJIEHBI BOJTHOBOJHBIE CTPYKTYPhl M3 CBETOBOJ
Horo cost SiO, ¥ Si B OIBITHOM ITpPou3BozCTBe HIIK
«TexXHOJIOTUUeCKUH LIeHTp».

Ha puc. 1 nopeacraBieHsl OIIepeYHBIe CeUeHUS
M BHENIHWMN BHJ HCCIeLOBAHHBIX Me3aCTPyKTYyp
OIITHYECKUX Pe30HATOPOB CO CBETOBOAHBIM CI0eM
u3 Si (puc. 1la, c) u SiO, [32, 38].

OCHOBHON BKJIaJ, B CHUXXeHHe J06POTHOCTH
U yBeJIMUYeHHe OITHYEeCKHUX II0Teph B HMHTErpasb-
HBIX CTPYKTypax BHOCAT pacCesHHs Ha IpaHHIe
paszgena «IOBEPXHOCTh pe30HATOpa - OKpysKal-
mas cpema» [39]. B KauecTBe OCHOBHOI'O TEXHOJIO-
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Therefore, the standard technological processes of
silicon technology preclude ensuring the minimum
roughness of the formed structures. However, in the
manufacture of optical devices, this technological
factor is extremely significant, due to the fact that
the formed surface of the light guide layer is the
interface of optical media.

Achieving optimal optical properties of the mesa
structures under consideration is possible in the case
of minimal losses at the interface of optical media.
The formula given in [40] makes it possible to esti-
mate the Q-factor of optical resonators through inser-
tion loss:

Qint_1 = Qmat_1 + qurf_1 + Qscatt_l + Qbend_1 ’ D

where Q. is the proper absorption in the material
(attenuation of waves in the material); Qg is

Si-romIoKKa
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guide layer of silicon and silicon oxide, respectively [32, 38]
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Puc. 1. Me3acmpykmypbl onmu4eckux pe3oHamopos, 8bi6paHHble 0451 NpogedeHust CpagHUMeAbHO20 dHAAU3A: d), C) = ICKU3bI
nonepeyHo20 ceyeHUs Me3acmpykmyp co ceemosodHbIM CA0eM U3 KpeMHUS U 0KcUda KpemMHUusl coomeemcmeeHHo; b), d) — POM-
CHUMKU U320mo8/eHHbIX 06pAa3L,08 CO C8eMmo80dHbIM CAOeM U3 KpeMHUS U 0Kcuda KpeMHus coomeemcmaeHHo [32, 38]

Fig. 1. Mesa structures of optical resonators selected for comparative analysis: a), c) - sketches of the cross-section of mesa struc-
tures with a light-quide layer of silicon and silicon oxide, respectively; b), d) -SEM images of manufactured samples with a light-
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THUYeCKOTro IIapaMeTpa Ha AOAdHHOM 3Talle HCCIe-

NOBaHUM BblOpaHa BeJIHYMHA LIEPOXOBATOCTH
IIOBEPXHOCTH CBETOBOJHBIX C10€B ONTHUYecKUX MIIT
Pe30HaTopOB.

Ha mpakTuKe JOCTHKeHHe MHHHMAaJbHOM IIepo-
XOBATOCTH IIOBEPXHOCTH CTPYKTYPBl KaK M3 Si, Tak
1 U3 SiO, CONpSDKEHO C PSOOM TeXHOJIOIHMUYeCKHX
TPYAHOCTeH. DTO CBSI3aHO C TeM, UTO IPHU CO3Ja-
HHUU YCTPOMCTB KpPeMHHEBOKM MMKPO3TeKTPOHHKHU
(M3MC) B yCTIOBHUSX IIPOEKTHBIX HOPM IIPOM3BOACTBA
1,6 MKM TpeboBaHHS II0 IIEPOXOBATOCTH OOBIYHO
He IIpeIbSB/ISIOTCS. [103TOMY CTaHIApTHBIE TeXHO-
JoruyecKue IPOLecchl KPeMHHeBOH TeXHOJIOIHHU
He II03BO/SIOT obecreuyuTh MHUHHMAJIBHYIO IIepo-
XOBaTOCTh CPOPMHPOBAHHBIX CTPYKTYp. OJHaKo
IIPH U3TOTOBJIEHUH ONTHYECKUX YCTPOMCTB AAHHBII
Be/IMUMHA IIePOXOBATOCTH SIBJISIETCS 3HAUUMBIM TeX-
HOJIOTUYEeCKUM (HaKTOpOM BBHIY TOrO, YTO CHOPMU-
pOBaHHas [I0BEPXHOCTb CBETOBOJHOTO CJI0S SIBJISIETCS
TPaHULIeN pa3fesia ONTHYeCKUX Cpef,.

JlOCTHKeHHe ONTHMAbHBIX OINTHYECKHX CBOMCTB
paccMaTpHBaeMBbIX Me3aCTPYKTYp BO3MOXKHO B C/ly4dae
MHHHMQJIbHBIX I10Tepb Ha TpaHUILIe pasfiesa OITU-
yeckux cpen. IIpuBeneHHas B pabote [41] popmyna
[103BOJIsIeT IIPOM3BECTH OLIeHKY JOOPOTHOCTH OITH-
YeCKHX Pe30HAaTOPOB Uepe3 BHOCHUMBbIE I10TepH

-1 -1 -1 -1 -1
Qint _Qmat +qurf +Qscatt +Qbend ’ (1)

rae Q.. - COOCTBEHHOe IIOIJIOIIEHME B MaTepHale
(3aTyxaHHe BOJIH B MaTepHaie); Qg — IOTEPH H3-3a
IIOIJIOIIEeHHS Ha TIOBEPXHOCTH ; Qg — [IOTEPH Ha pac-
cesiHHe, BBI3BAaHHBIE B TOM YHC/Ie HECOBEPIIEHCTBOM
IIOBEPXHOCTH CBETOBOJHOIO C/10s (II€POXOBATOCTHIO);
Qpend ~ IOTEpH K3-3a U3THOA.

O4eBHUIHO, UTO IIOTePH, BbI3BAHHbIE HeCOBEp-
IIEHCTBOM IIOBEPXHOCTH, BHOCST BKJIaJ B obmue
IIOTepH OINTHYECKOM CTPYKTYPhl M COOTBETCTBEHHO
OKa3bIBAIOT BIMSIHHE Ha J06pOTHOCTh. Io3TOMYy st
dopMHPOBaHHUS CTPYKTYP C MHHHMAJIbHOM BeJIH-
YUHOM LIePOXOBATOCTH (MOPSAKA eIHMHMI] HaHOMe-
TpoB) HeobxonuMo mpuberaTb K HeCTaHAAPTHBIM
crocobam 06paboTKkU CTPYKTYp. B ciaydae ¢ okcugom
KPeMHHUSI HeKOTOpble ITPOM3BOJUTENTH IIPHUMEHSIOT
CO,-nmasep [Ist OIUIABNIEHUS JU3IeKTPUYECKUX CTPYK-
Typ. [leACTBUTENBPHO, B TaKOM C/ydae II0/Ty4aeTcs
TOPOHA/IBHAS OIUIABJIIEHHAs CTPYKTypa, YTO II03BO-
nsieT 3¢$eKTUBHO MPUMEHSTh YCTPOCTBA, HU3TOTOB-
JeHHBle Ha ee 6a3e, B ONTHYECKUX IPHIOKEHHUSX.
OmHaAKoO y Takoro crocoba CymiecTBYeT Psj Hemo-
CTaTKOB, CBSI3aHHBIX C IIPOM3BOJUTENBHOCTBIO CO,-
Nasepa, a Takke C HEBO3MOXKHOCTBIO CO3[aHHS Ha
KPHCTa/l/le MacCHBa TAKUX Pe30HATOPOB.
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the loss due to absorption on the surface; Qg -
scattering losses, mainly due to defects such as
roughness; Q.nq — losses due to bending.

It is obvious that the losses caused by the imper-
fection of the surface make a significant contri-
bution (about 50%) to the total loss of the optical
structure and, accordingly, to its optical properties,
in a particular case, the Q-factor.

Therefore, in order to form structures with
a minimum amount of roughness (on the order of
units of nanometers), it is necessary to resort to
non-standard methods of processing structures. In
the case of silicon oxide, some manufacturers use
a CO, laser to melt dielectric structures. Indeed, in
this case, a toroidal fused structure is obtained,
which makes it possible to effectively use devices
made on its basis in optical applications. However,
this method has a number of disadvantages associ-
ated with the performance of expensive equipment,
as well as the impossibility of creating an array
of such resonators on a chip, since this method is
designed for piece processing.

To date, in the case of silicon optical structures
the smallest amount of surface roughness has been
demonstrated only on single-crystal, free-standing
structures [41].

Technological approaches have been developed
at the Scientific-Manufacturing Complex “Techno-
logical Center”, which make it possible to reliably
form arrays of optical whispering-gallery-mode
resonators with a light-guide layer of silicon or sili-
con oxide with minimal roughness (1-3 nm), using
a special complex of technological processes.

As arule, it is customary to estimate the amount
of roughness by examining samples using atomic
force microscopy. However, each of the structures
under consideration has a number of specific
design and technological features. Due to the fact
that it is necessary to investigate non-standard
inclined surfaces made of silicon oxide and silicon,
in order to obtain the most reliable information
about roughness, the surface analysis was carried
out using a combined technique. This technique
includes research using a Helios 650 scanning elec-
tron microscope (SEM) and a Bruker atomic force
microscope (AFM).

The basis of this roughness analysis technique
using the Helios 650 SEM is the research of Japa-
nese authors [42; 43], as well as previously pre-
sented own developments [44]. The essence of the
method is to analyze the horizontal edge of the
metal-test material interface in the etched area.
The presentation of the stages of the methodology



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
NS NANOPHOTONICS
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

B HIIK «TexHOJOTHYECKHUM LIeHTpP» pa3paboTaHBbl
TeXHOJIOTHYeCKHe IIOAXO0AbI, IT03BOJIAI0IINE TapAHTH-
poBaHHO GOPMHPOBATh MACCHUBBI OINTHYeCKUX MIIT-
Pe30HATOPOB CO CBETOBOAHBIM CJI0OEM M3 KPeMHHS
WM OKCHAA KPpeMHHS C MHUHHMAJIBHOH ILI€pPOXOBa-
TOCThIO (1-3 HM) IIPU UCIIOJIB30BAHUU CIIELINAJIBHOTO
KOMIIJIeKCa TeXIIPOLeCCoB.

Kaxk mpaBu/io, BeIHYMHY LIEPOXOBATOCTH IIPH-
HATO OLIEHUBAaTbh IyTeM HCCAef0BaHUS 00pas3lioB
IIPH TOMOINM AaTOMHO-CHJIOBOM MHKPOCKOIIHH.
OfHaKo Kaxkhasi M3 pacCMaTpUBaeMBIX CTPYKTYP
obnamaer psamom crelnHPUUECKUX KOHCTPYKTHBHO-
TeXHOJIOTUYeCKHUX ocobeHHOCTel. BBHAY TOro 4TO
HCCIe0BaTh HeoOXOAMMO HeCTaHJAapTHble HaKJIOH-
Hble II0BePXHOCTH M3 OKCHUJA KPpeMHHUS U KpPeMHHUS,
IJIs TIOJIy4eHUsI MAKCHMAaJbHO JOCTOBEPHBIX CBele-
HUH O IIepOXOBAaTOCTH aHA/IN3 IIOBEPXHOCTH IIPO-
BOJUJICS C MCIIONb30BaHHEeM KOMOMHHUPOBAHHOM
MeTonMKH. Takasg MeToAMKa BK/IKOYAaeT MCCIeL0Ba-
HUe IIPU IIOMOIIYM PaCTPOBOTO 3JIEKTPOHHOIO0 MHUKPO-
ckora (POM) Helios 650 ¥ aTOMHO-CHJIOBOIO MHKPO-
ckorma (ACM) Bruker.

332 OCHOBY OAaHHOM MeTOJHKH aHa/lIH3a LIepOXo-
BaTOCTH C HCIIONb30BaHHeM POM Helios 650 B3sTHI
HCC/IeIOBAaHUS SIIOHCKUX aBTOpoB [42; 43], a Tarke
paHee TIIpeAcTaBleHHble COOCTBeHHBIe Hapa-
borku [44]. CyTp MeTola 3aK/IIOYAeTCs B aHalM3e
TOPH30HTAIBHOIO Kpas FPaHMIBI pasfena MeTal -
HCCIelyeMbIil MaTepHasl B BBITPABIEHHOM 06IacTH.
IlpencraBjeHre 3TallOB METOJUKH aHaJIM3a IIepo-
XOBaTOCTH HAaK/JIOHHOMN ITOBEPXHOCTH Me3aCTPYKTyp
IIpUBeNeHOo Ha puC. 2.

Ha mepBom 53Tame B 00/1aCTM HAaKJIOHHOM IIJIO-
CKOCTH Me3aCTPYKTYPhl IIyTeM II0C/IeNOBATE/IbHOIO
HaIlbUIEHHUSI HeIlOCPe[CTBeHHO B KaMepe POM Helios
650 TOHKHX MeTa/uIM4YecKux ciaoeB Cr u Pt chopMu-
POBaH KOHTPACTHBIM csion (pHc. 2a, 1). CTOUT OoTMe-
THUTb 0CO6YI0 3HAUHMOCTb TAKOI'O IIOAX0/A IIPU KOIH-
YeCTBeHHOM aHa/iM3e IIepOXOBAaTOCTH IIOBEPXHOCTH
OHIEeKTPUYECKHX CTPYKTYP. ITO CBA3AHO C TeM, YTO
IIpY MCCAeNOBAaHHUU TaKUX CTPYKTYp B PacTPOBOM
3JIeKTPOHHOM MHMKPOCKOIIE ITPOMCXOAMT HaKOIIIe-
HHe 3apsfa B CI0SX AU3JIeKTPHKAa, 4YTO BBI3BIBAET
«3aCBeTKY» KaZpa U IMPeHsaTCTBYeT IIPOBeJeHHIO
aHanusa [44].

[Ipy moMoOLIM HMOHHOTO IIy4Ka O6blIa ymaneHa
YacTh CTPYKTYpPBl Ha Kpalo HAaKIOHHOM IIJIOCKO-
CTH IIOBEPXHOCTH CBETOBOJHOIO CJI0s pe30HaTopa
(puc. 2a, 2) [38], a 3aTem mHpoBefeH aHAIHU3 Ipa-
HUIIBI pasfena MeTasui-Si. Ha pucyHke 2b mokasaHa
0671acTh, TAe BBIAEISIOTCS TOUKH U CTPOUTCS TpaduK
(puc. 2c). [l KOMHUYeCTBEeHHOTO OIpefie/ieHUs Belu-

=

for analyzing the roughness of the inclined surface
of mesa structures is shown in Fig. 2.

At the first stage, a contrast layer was formed in
the area of the inclined plane of the mesa structure
by successive spraying of thin metal layers Cr and Pt
directly in the Helios 650 SEM chamber (Fig. 2a, 1).
It is worth noting the special significance of this
approach in the quantitative analysis of the sur-
face roughness of dielectric structures. This is due
to the fact that when studying such structures
in a scanning electron microscope, charge accu-
mulates in the dielectric layers, which causes the
frame to flare and prevents analysis [44].

With the help of an ion beam, a part of the struc-
ture at the edge of the inclined plane was removed
(Fig. 2a, 2) [38], and then the metal - Si interface
was analyzed. Figure 2b shows the area where the
points are highlighted and the graph is plotted
(Fig. 2c). To quantify the amount of roughness,
the average value of the spread of values along the
Y axis is taken.

During the control analysis of the mesa struc-
ture surface using the Bruker atomic force micro-
scope (AFM), the main difficulty was in position-
ing the cantilever and interpreting the results
obtained (Fig. 3). The samples were scanned with
a ScanAsyst Air probe equipped with a V-shaped
cantilever.

For each of the structures under consideration,
the optimization of the manufacturing process was
carried out, aimed at reducing the surface rough-
ness of the light-guide layer of the masa structures.
For comparison, Fig. 4 shows SEM photographs of
mesa structures from SiO, before and after optimiz-
ing the technological process of their formation.

Table 1 provides the results of quantitative
analysis of the roughness values for Si and SiO,
structures obtained using the combined technique
described above.

Based on the data on the surface roughness of
mesa structures and the method of finite time dif-
ferences, the Q-factor of the studied mesa struc-
tures was calculated. The Q-factor calculation is
based on the method of determining the attenua-
tion of a short pulse introduced into the study sub-
ject [42]. Such a pulse contains a certain frequency
spectrum, the width of which directly depends
on its length (the shorter the pulse is, the wider
the frequency spectrum is). This makes it possible
not to pay special attention to the diameter of the
structure and the frequency of the input wave at
the design stage of the resonator design param-
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YHMHBI II€POXOBATOCTH NMPUHHMAETCSI CPefHSsl BelU-
YMHA pa3bpoca 3HaUYeHHH I10 ocH Y.

B Xome mpoBeleHHs aHAAM3a IIOBEPXHOCTH Me3a-
CTPYKTyp HpH IIOMOIIH aTOMHO-CHJIOBOTO MHKPO-
ckora (ACM) Bruker ocHOBHas CJIOKHOCTB 3aKIIIO-
4Yajach B IO3HLMOHHPOBAHHH KaHTHJIeBepa HU
MHTepIpeTallul II0JyYeHHBIX Pe3y/lbTaToB (pHC.
3). CKaHHpOBaHHe 00pa3LOB MPOBOAUIOCH 30HIOM
ScanAsyst Air ¢ V-06pa3HbIM KaHTH/IEBEPOM.

Jy1st Me3acTpyKTyp U3 Si u SiO, IpoBefeHa ONITUMHU-
3alMg TeXHOJOTHYeCKOIo IIpoliecca H3TrOTOBJIeHHS,
HallpaB/ieHHasl Ha CHKDKeHHe BeJIMYHHBI IIepoXoBa-
TOCTH IIOBEPXHOCTH CBETOBOAHOIO C/I0SI Ma3acTPyK-
Typ. Ha puc. 4 npuseseHbl PIM-GOTOCHUMKH

e
— m HAHO®OTOHUKA

eters, since in the case of a wide spectrum, several
resonant frequencies can be excited [42].

Considering that the method of calculating the
Q-factor of resonators from SiO, is similar to the
method used in our earlier article for resonators
from Si [38], explanations for the calculation are
presented briefly. Figure 5 shows a graphical repre-
sentation of the results of numerical simulation of
the Q-factor of the resonator, taking into account
the measured value of the surface roughness of its
profile, performed using the formula:

_2nlog efy

a
i
i
i
i
i3
il

b

interface [32, 38]

)

P
C
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Puc. 2. [MocredosamenbHocmb UCCAed08aHUS ¢ UCNoAb308aHuem PIM Helios 650 (nokazaHa Ha npumepe me3dcmpyKmyp co cee-
Mo8odHbIM cAoem U3 Si): a) nocaedosamenbHeili npouecc: 1 - HanvlAeHue cAost Cr+ Pt; 2 — ydaeHue y4acmka cmpyKkmypebl npu
NOMOWU UOHHO20 NYYKd; 3 = 8Ud NoAy4eHHOL CmpyKmypbl C60KY; b) CHUMOK 2paHuubl pazdena memana — uccaedyembili Mamepuan
C 8bideneHueM movek; ¢) nocmpoeHue 2paguka pa3época 3Ha4eHull no 2pauue pazdead 32, 38]

Fig. 2. Sequence of the studies using SEM Helios 650 (shown in the example of meso structure with fiber layer of Si): a) sequential
process: 1-the coating layer Cr+Pt; 2 - removal of a section of the structure with the ion beam; 2 — view of the resulting structure
from the side; b) the boundary of the metal — based material with a selection of points; c) the graph of the spread of values at the
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Me3acTpyKTyp u3 SiO, o u mocie

TeXHOJIOTMYeCKOro Ipolecca uX opMHPOBaAHHUS.

B Tabn. 1 mpemcTaBlIeHBl pe3ylbTaThl KOIHYe-
CTBeHHOI'O aHa/IM3a BeJIHMYMHBI II€POXOBATOCTH AJIS
CTPYKTYp U3 Si U SiO,, HojlyueHHble C HCII0Jb30Ba-
HHeM KOMOKMHHUPOBAaHHOM METONUKH, OIIMCAHHOM

BBIIIIE.

Ha 0CHOBaHMM JaHHBIX O HIePOXOBATOCTH I1OBEPX-
HOCTH Me3acCTPYKTyp M MeToJa KOHEYHBIX BpeMeH-

HBIX pa3HOCTeH IIpOBeJeH pacyeT

HCCIeIOBAHHBIX Me3aCTPYKTyp. PacdeT BhIIIONHEH
C UCIIO/Ib30BAaHHEM MeTOJa OIlpefiesieHus AoOpoT-
HOCTH IO 3aTyXaHMIO KOPOTKOIO MMIIy/IbCa, BBeJEH-
HOTO B 00beKT HcC/lefloBaHUs [42]. IIpy 5TOM IIHPHUHA
CIIeKTPa YacTOT 3aBHUCHUT OT JJIMHBI HMIIyabca (Uem

NANOPHOTONICS m

i g
1T

OIITUMH3aIIHU

nobpoTHOCTH

KOpo4e MMIIY/IbC, TeM IIHPe CIIeKTP 4acToT) [42]. b

PacueT HOOPOTHOCTH Pe30HATOPOB

Si mpoBefieH C HCIIO/Nb30BaHHEM MeTOa KOHEeUHBIX
BpeMeHHBIX pa3HocTell. [TO0CKOJIBKY ero IomgpobHoe
onucaHHe 6BUIO ITPe/CTAaBIeHO paHee B pabote [38],
TO B HaCTOSIeN CTaTbe IpPUBeJeHbl TOAbKO KpaT-

KUe IOSICHEHMs K pacyety. Puc. 5

rpadudeckoe otobpaskeHHe pe3yabTaTOB CEPHUM pac-
4eTOB JOOPOTHOCTH Pe30HATOpa C y4YeTOM H3MepeH-
HOM BEJIMYMHBI II€POXOBATOCTH IIOBEPXHOCTH €ro
npoduisi. PacyeT BBIIIOJHSUICS C MCIIOJIb30BAaHHEM

bopMyIIBL:

_2nlog efy
Q= 2m

’

rae fgp - pe3oHaHCHas 4acToTa, ¢ — OCHOBAHHe HaTy-
panbpHOro jorapudma, m - ImapaMeTp 3aTyxXaHHS

HMIIYJ/IbCA, BBEAEHHOI'O B pe30HaTOP..

U3 pe3y/nbTaTOB pacyeToB JOOPOTHOCTH, IIPeACTaB-

JIeHHBIX B Tabn. 2, BUAHO, YTO
CHYJKeHHEe BeIMUYMHBI IIepOX0Ba-
TOCTH CBETOBOJHOIO CJI0S OITHYe-
cK1X MIIT pe30HATOPOB Kak M3 Si,
Tak U U3 SiO, IPUBOOHUT K yBeIH-
YeHHUIO UX JOOPOTHOCTH.

BbIBO/ bl

M3 TIOMy4YeHHBIX Pe3y/l1bTaTOB
clefyeT, 4YTO MOXKHO J[JOCTUYb
BBICOKOM [IOOPOTHOCTH OIITHYe-
CKHX Pe30HaTOpoB, paboTarouiux
B PeXHMe MOJ LIeruyleH rasue-
peu, eclIu IPOBeCTH OINTHMHM3a-
I[UI0 TEXHOJIOTHYEeCKOro IIpoLecca
M3rOTOBJIEHUSI  Me3aCTPYKTYP
u3 Si u SiO,. IIpeAcTaBieHHBbIe
pe3y/IbTaThl HCCIeOBAHUM ITOKa-
3bIBAIOT, YTO CHHKEHHE BeJIHU-

-109,0 Tl
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) A | il |h
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HJIIIOCTPHUDYET Horizontal Vertical Surface
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Horizontal Vertical Surface
Distance, nm Distance, nm Distance, nm
0,498 -1,381 1,468
1,493 0,827 1,831
0,995 1,062 1,498

(2) b)

Huem ACM Bruker

Puc. 3. ViccnedosaHue npounsi No8epxXHOCMU € LUCN0Ab308d-

Fig. 3. Surface profile study using the Bruker AFM

Tabnuua 1. CBOAHbIE AaHHbIE MO LLIepOoXoBaToCTN ANnsa nccnegyemMbix mesa-

CTPYKTYp 13 Si n SiO,

Table 1. Summary roughness data for the studied mesa structures

from Siand SiO,

MeTtopa nccne-
[OBaHUS
Research
method

BennymHa LepoxoBaToCcTu
(8o oNTUMM3ALMM TEXHONOT Y-
4eckoro npouecca), MKkm
The value of roughness (before

process optimization), um

BennymHa LwepoxoBaTocTu
(nocne onTMMM3aLMKM TEXHOMO-
rMYecKoro NpoLecca), MKm
The value of roughness
(after process optimization), pm

Si Sio, Sio, Si
P3OM Helios 650 30-40 30-40 1-3 1-3
Helios 650 SEM
ACM Bruker 30-40 30-40 1-2 1-2
Bruker AFM

PHOTONICS vOL. 16 Ne1 2022

17



e
— m HAHO®OTOHUKA

YMHBl LIePOXOBATOCTH CBETOBOZ-
HOTO C/10s Kak u3 Si, Tak u us Sio,
c 30-40 am 1o 1-3 HM II03BOJIsSIeT
IIOJIyYHUThb O TUYECKUH Pe30HaTOP
C BeJIMYHHON JOOPOTHOCTH COOT-
BeTCTBeHHO 107 1 10°. M3 aHanu3a
NAaHHBIX CJleflyeT, 4YTO IIPH CHH-
SKeHHUH Be/JIMYUHBI LIepOX0BaTo-
CTH IIOBEPXHOCTH Pe30HATOPOB U3
SiO, BemM4YMHA UX HOOPOTHOCTHU
BO3pacTaer boblle, YeM B CIydae
KCII0/Ib30BaHUS Si.

BNATOAAPHOCTU

HacTosimas cTaThsl OATOTOB/IEHA
npu G(UHAHCOBOM MOAAEPIKKe
MunucrepctBa  obpasoBaHHUS
U Hayku Poccurnickou ®enmepa-
LMK B paMKax IoCyJapCTBEHHOTO
3amaHus Ha 2021 ron (IpoexT
Ne FNRM-2020-0008) «TeopeTu-
YeCcKHe M 3KCIepHMEeHTa/IbHbIe
KCCIeIOBaHUSA KOHCTPYKTHBHO-
TeXHOJIOTUYeCKHUX MeTOJO0B CO03-

IllepoxoBaTOCTh ~30-40 HM
Roughness ~30-40 HM

Puc. 4. CpasHeHue senuyuHbl wepoxosamocmu cmpykmyp u3 SiO, do onmumu-
3ayuu npouecca ux GopmMuposaHus u nocae

Fig. 4. Comparison of the roughness of structures from SiO, before optimizing the
process of their formation and after

500 HEM | nm

500 HM | nm

IllepoxoBaTOCTH ~1-3 HM
Roughness ~1-3 nm

OAHHUS 91eMeHTOB MHTeIPaIbHOM

ONTHKH, COBMECTHMBIX C KPeMHHEBOM TexHOJIO-
ruer». IIpu BBIIIOJIHEHHUH PaboOTH HCIIONB30BAIOCH
obopymoBaHHe IIeHTpa KOJIEKTHUBHOTO II0JIb30Ba-
HUS «OYHKUMOHAIBHBIM KOHTPOJIb M JHATHOCTHKA
MHKPO- M HAaHOCHUCTeMHOM TeXHHUKH» Ha 6asze HIIK
«TeXHOTOTUYeCKHUH LeHTP”.
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where f; is the resonant frequency, e is the base of
the natural logarithm, m is the pulse attenuation
parameter.

The results of numerical Q-factor modeling for
the studied mesa structures of optical resonators are
presented in Table 2.

Ta6auua 2. Pe3ynbTaT pacyeTa 4O6GPOTHOCTM ONTU-
4YeCKMX pe30HATOPOB CO CBETOBOAHbLIM C/IOEM U3 Si
1 SiO, € pa3IMYHON BEINYNHOM LLIEPOXOBATOCTU
NMOBEPXHOCTU

Table 2. The result of calculating the Q-factor of
optical resonators with a light guide layer of Si and
SiO, with different surface roughness

Qnpwu wepoxosa-
TOCTM 30—40 MKM
Qwith a roughness
of 0—40 um

Q npu Wwepoxosa-
TOCTW 1-3 MKM
Qwith aroughness
of 1-3 um

Sio, i Sio,
PesynbTaT 104 104 107 10°
pacyeta
Calculation
result
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CONCLUSIONS

It follows from the results obtained that
after optimizing the technological process of
manufacturing mesa structures from Si and SiO,,
it is possible to count on achieving a high Q-factor
of optical resonators operating in the whispering-
gallery-mode regime. The presented research results
show that a decrease in the roughness from 30-40 nm
to 2-3 nm leads to an increase in the Q-factor of
a resonator with a light-guide layer of SiO, to 10°.
The Q-factor of silicon oxide resonators increases
more with a decrease in the roughness value than in
the case of silicon, which is due to the manifestation
of nonlinear optical properties of this material.
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3AO «HMN® «JTiomuHodop»

‘ - Htmmmme pocculickoe npegnpusimue
C NOAYBEKOBOU ucmopuell

3A0 «HIP cAiomunodop» SBASETCS NpasonpeeMHIKoM BCecoln3iHoro HayuyHo-HCCAEAOBATEABCKOTO
HHCTHTYTa AtoMuHOGMOpoB H ocobo yncteix semwects (BHHHA), oprannsosantoro 8 1964 ropay B
cucreme [oCyAapCTBEHHOTO KOMHTETa XHMHYECKoi npombiuAesnocT npu lNocnaane CCCP.

Ceropaa 3A0 «HIMIP «AlomuHOpOp» — COBpeMeHHAR AWHAMHYHO Pa3BHBAIONAACA KOMIAHHSA,
KOTOpas NPoAOAMKAET 3aHHMAaTHCH HAYYHBIMH HCCASAOBAHNAMH, TEXHOAOIHYECKHMH paspaboTraMy
AASL POCCHAICKHX H 3apyDesHbIX MPpeANnpHATHA, CEpHlHO BTy cKawmas foaee 250 HanmeHoBaHHA
NPOAYKIHH, 3HAYHTEeABHAd YaCTh KOTOPOH YHHKAABHA 1 He HMeeT aHaAOT0B B MHpe.

MBI roTOBBI MPpeAAOKHTD:

— HeopraHuyeckme niommHodopbl Boex
M3IBECTHLIX BWOOB NIOMUHECUEHLWK;

— Marepuansl AN\ KepamMu4ecknx
KOHOEeHCaToOpOoE;

— MaTepuans! AN\ Nbe30KepamMHKK;

— BbiCOKO4YBCTBMTENbHbIE
TepMOWMHOWMKaATOPHBIE MaTepHans!
(TEpMOMHAWKTOPLI NNABNEHWA MapPOoK
THM u TUH);

— martepuansl ANA TOHKOCNOWHOR
onTukM (Nnedkoobpasaywowme
MaTepuanbi: oKcHUaObI,
xansKorednasl, propuasl);

— marTepuansl ons
MarHuTo-nNIOMHHECLLeHTHOR
AedexToCKONMK;

= NIOMWHECLIEHTHLIE KPacKM AN\
3alMLLIEHHOR NeYaTH, AeKopaumnin u
Aw3aiua;

— BM3yanu3aTopbl NasepHoro
nany4yenuna YO- n K- guanaszoHos;

— CUMHTHMNNATOPHLIE MaTEpPHANDI;

— CBETOKOppPEeKTHpYlolWwme nobaexkm,
npuMeHAemMble NP M3rNNTOBNEHWK
COBpeMeHHbIX
ceeTonpeobpasylowmx MaTepuanos
ANA NapHUKOE U Tennuu.

......

Hama xomnannsa ﬂﬁﬂﬂ,ﬁ.ﬂ&'l’ FHAYHTEABHBIM HAYYHBIM H
NPOA3BOACTEBEHHBIM MOTEHIHAAOM AAH OCBOEHHA HOBBIX MEPCNEeKTHEHBIX
HaY4YHBIX H MPOH3IBOACTEEHHBIX Hanpan.&eunﬁ. MocTroanHoe
COBEPIIEHCTBOBAHHE ONBITHO-TEXHOAOTHYECKOH Gaibl NpeAnpUHATHS
NMo3BOAHET pazpaﬁamna'rh H BHEAPATE B MPOHIBOACTED HOBLIE
MPOAYKTBI.
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