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MOAEANPOBAHUE MOAYIMPOBOAHUKOBOIO AETEKTOPA

TEMAOBbIX HEUTPOHOB
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C KOHBEPCUOHHbIM CA0EM HA OCHOBe 06020u(€HH020 amomamu

B 6opogochocuruxamnoeo cmexna. Paccuumana s¢pgpexmus-

HOoCmb Oeme/cmupoeaHuﬂ HeﬁmpOHOE C KOHBEPCUOHHbIM CA0EM U be3 Heeo, onpeae/leﬂo, umo cpedﬂ;m 3¢(1)elcmueﬂocmb cocmae-

agem 4,5 %.

Karoueevie caoea: modeauposarnue, noaynposooOHUK08bL demekmop, 60pogociocuruKkamuoe cmeKao, Helumpor

HeiiTpoHbl — He3apsoKeHHBIE YacTHUIIbI, MTO3TOMY
OHM He BBI3BIBAIOT MPSIMYIO MOHU3aLMI0. OQHAKO MpU
X B3aMMOJEICTBUM C BEIIECTBOM OOpa3yloTCsl BTO-
pUYHBbIE WOHU3UPYIOIIME YAaCTUIIbl, U PErucTpalus
TaKMX YaCTHII TTO3BOJIAET 3aperuCTPUPOBaTh HENTPO-
HEI [1]. HelATpoHHBIE 1€TEKTOPHI SIBJISIIOTCS Ba>KHBIMU
WHCTPYMEHTAMU B 00J1aCTHU SIAEPHON SHEPreTUKU, Pu-
3UKU YacTHUll, MeIULIMHE U o0ecIieyeHUs JUIHOM Oe-
3oracHocTd [2]. ¥ monynpoBOJHUKOBBIX JETCKTOPOB
CpenHsisl SHeprus oOpa3oBaHUS Tapbl HOCUTENEH Ha
MOPSIIOK MEHbIIE, YeM y ra30BbIX MOHMU3ALIMOHHBIX
KaMep, ¥ Ha JBa MOpsaKa MEHbIIIE, YeM Y CIIMHTUILIS -
LIMOHHBIX CYETYMKOB.

BoablIMHCTBO pacnpoCTpaHEHHbIX MOJYITPOBOJHU-
KOBBIX MaTepuaJoB UMEIOT MaJIyl0 BEPOSITHOCTb B3au-
MOAEHUCTBUS C TEIUIOBBIMU HEUTPOHAMM, UTO OIIpEE-
JisieTcsl ceueHueM 3axBara [3, 4]. Hanmpumep, ceueHue
3axBara TEIJIOBBIX HEHTPOHOB IJISI BCTPEYAIOIIErocs B
MpUpoJIe KpeMHUsI cocTaBisieT ~1 0apH — HEUTpPOH
JIOJIKEH MPONTH B KpeMHUU paccTosiHue ~20 cM (v~
Ha CBOOOIHOTrO Mpobera) a0 TOro, Kak Mpou3oimer
paccesiHue uiau 3axBaT. Ha puc. 1 mpuBeneHbl 3Have-
HUSI CEUYEHUI 3axBaTa paclpOCTPaHEHHBIX IMOJYIPO-
BOJHUKOBBIX MaTepHUasoB.

Haubonblliee ceyeHue 3axBata Cpeid pacrpocTpa-
HEHHBIX TTOJIyTIPOBOTHUKOBBIX MaTepraIOoB UMEET M30-
tor 1B (3840 6apH). [Tpu B3ZauMoaeiiCTBUU TEIIOBO-

ro HEUTPOHA U 10g MIPOMCXOAUT peakiusl ¢ odpa3oBa-
HUEM o-4acTULbI U sapa auTtusi. O6e oOpa3oBaBLIneCcs
yacTUILIbl 00JIalalOT CIIOCOOHOCTBIO K MOHM3AllMU B
AKTUBHOM 00JIaCTH MOJYITPOBOIHUKOBOIO MHTEIPab-
HOTO M3JeJs, TOJIIMHA 00J1acT CpaBHMMa C Tpooe-
raMu 3TUX YacTUll, MPUYeM o-4acTUlla U SAPO JUTUS
JBWXKYTCS TIOCJIe peakilMM B MPOTUBOIOJOXHbBIX Ha-
TpaBJICHUSIX.

OgHUM U3 CIIOCOOOB YBEIUYEHUSI BEPOSITHOCTU
B3aMMOAEHCTBUSI HEUTPOHOB C TMOJYIPOBOAHUKOBHI-
MU MaTepualaMy U MOBBIIeHUS 3((HEKTUBHOCTU 00-
Hapy>XEHUs SIBJISIETCSI MHTErpalys Matepuaia ¢ 060yb-
IIKM CEYEeHHEeM 3axBaTa B CTPYKTYpY MOJYIPOBOIHU-
KOBOTO ycTpoiictBa [5—8§].

IIpakTuyecku Bce MOJYIPOBOAHUKOBBIE TETEKTO-
pBbI, UCMOJb3YyeMble B 3KCIIEPUMEHTAIbHON (U3UKe,
M3rOTaBIMBAIOT HA OCHOBE MOHOKPHMCTAUTMYECKOIO
KPEMHHUS MO CTaHAAPTHBIM TEXHOJOIMSIM IMOJYHpO-
BOIHUKOB, YTO OTIPeNeIsieT UX IMPOKOe IIPUMEHEHHUE.
B pabote npoBeaeHO MoaeIMpPOBaHUE MOJYIPOBOAHU-
KOBOTO JETEKTOpa TeIJOBbIX HEUTPOHOB Ha OCHOBE
P-I-n-CTPYKTYPbI ¢ KOHBEPCUOHHBIM CJIO€M U3 0OOpo-
dochopocumkatHoro crekina (B®CC), oboraieH-
Hoit atomamu usorona °B. Ucnonbsosaics nporpam-
MHbI akeT GEANT4, no3Bosiioluii MoAeIMpoBaTh
MIPOXOXKIEHUE YACTHIL Pa3IMYHON SHEPTUU Yepe3 Be-
wectBo [9, 10]. [IporpaMMmHoOe obecriedyeHUEe U UCXOI -
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Cross section, b

Ceuenne 3axBata, bH

Puc. 1. Ceuenus 3axsaTa 1,1 peakuud (n, o) y NOJyNPOBOAHUKOBBIX MATEPHAJIOB
Fig. 1. Capture cross-sections for reaction (n, o) of the semiconductor materials

Heilt kog GEANT4 ¢cBo060aHO JOCTYIHBI Ha BeO-caiiTe
npoekTa [11].

B pamkax GEANT4 nist MonenupoBaHUs TIPOXOXK-
JIeHUS PEeISITUBUCTCKUX YACTUIl 4Yepe3 ICTeKTOPHEIC
CUCTEMBI CO CJIOXKHOW IFeOMEeTpUeil MCIOJb3YIOT COB-
peMeHHBIE METOIBI 00BEKTHO-OPUEHTHPOBAHHOTO TTPO-
rpaMmupoBaHus. I'nbkass opraHu3anus IIporpaMMHO-
ro nakera GEANT4 mno3BojsieT MOJTHOCTbIO OIMUCHI-
BaTh (PUBNYECKUI IKCIIEPUMEHT: TEOMETPHUIO CUCTEMBI
C UCIOJb30BaHMEM MPOM3BOJBHOIO Habopa MaTepua-
JIOB, TUITBI YaCTUII, YIACTBYIOLIUX B SKCIIEPUMEHTE, U
¢usnyeckre MpoLecchl, MPOUCXOsIIAe TTIPU B3aUMO-
JIEWCTBAM YaCTUII.

B 3K30TepMUUYECKON peaKIInm 10B(n, o) BO3HHWKa-
IOT Q-YaCTUILIBI U PO 7Li,

B+ n—'Li+oa+E +E, + Ey

rae EY = 0,48 M5B — sHeprus y-kBanTa, £, = 1,47 M3B,
E; ;= 0,83 MaB — kuHeTH4eckas 3HEPrus o.-4aCTULIbL
U sAnpa JUTUS cooTBeTCTBeHHO [12]. O6pa3oBaHHbIE B
pe3ynbTare peakluMu YacTULIbl UMEIOT JIMHBI TOPMO-
SKEHUSA 4 MKM Y o.-YaCTUIIBI ¥ 2 MKM Y SIIpa JIUTHUS TIPH
miotHocTu TieHku BOCC 2,3 r/CM3.

Korma B KOHBepCMOHHOM CJIO€ TTPOMCXOIUT B3au-
MOJICIICTBME HEUTPOHA U lOB, o0pa3oBaHHbIC 3aPSKEH-
HBIE YaCTHULIBI MOTYT TTepeMEIaThCs B TTOIYIIPOBOIHM -
KOBBII MaTepuall, IIe OHU MOTYT TeHEepHUPOBATh Maphbl
BJIEKTPOH — JbIpKa [13]. DaeKTpOHHO-IBIPOYHbIE Ma-
DBl PA3AeSIIOTCS BHEIIHUM 3JIEKTPUYECKUM TIOJIEM U
cobupatoTcst Ha KoHTakTax. Juist moBbllieHUsT 3¢ dek-
TUBHOCTU cOOpa 3apsiia M BpeMEHU OTKIIMKA JETEKTO-
pa BMECTO p-n-TIepexoia UCTIONIb3YIOT p-i-H-CTPYKTYPY
[14—17].

D GeKTUBHOCTL AETEKTUPOBAHMUS OIPENEIsIeTCS
KaK OTHOIIEHWE YKCIa 3apeTHUCTPUPOBAHHBIX HEM-
TPOHOB B 00bEMe MOJYNMPOBOAHUKOBOIO JETEKTOpa K
YUCITy TTaJaloINX Ha YCTPOMCTBO HelTpoHOB. [1pu mc-
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‘ [10JIb30BAaHUM IJIAHAPHBIX JETEKTO-
w pOB Ha OCHOBE 10g npenen 3¢ dex-
| TMBHOCTHM COCTaBJsieT OKoso 4,5 %
! [18]. DddeKkTUBHOCTh MOJYHPO-
: BOIHUKOBBIX JETEKTOPOB MOXET
! OBITh YBEJMYEHA 3a CYET Iepexoaa
: Ha "nepdOpUPOBAaHHYIO" CTPYKTYpPY
! YCTPOMCTBA, KOTOpas BKJIIOYAET B
: ce0s1 MUKPOOTBEPCTHS WJIM KaHaB-
| KU, BbITPABJIEHHbIE HA IIOBEPXHOCTU
| JIM0a 1 3aII0JTHCHHbBIE KOHBEPCUOH-
| HBIM MaTepuajioM. Takue CTpyKTyphbI
| MOTYT MOBBICUTh 3(OEKTUBHOCTh
: mo 25 % [19].

,,,,,,,, s 3apstkeHHasl 4acTulla, mpojeras

yepe3 o0eAHEHHYIO 00J1acTh JeTeK-
Topa (puc. 2), MPOU3BOIUT Iapbl
9JIEKTPOH — JbIpKa BIOJb TPAEKTO-
pun aBwkeHus. CpemHssi SHEeprusd,
HeoOxoauMast Jisi 00pa3oBaHUSI OJHOM 3JIEKTPOHHO-
JBIPOYHOI MAPhI, COCTABISIET 3,62 3B 1151 KpeMHMS IpU
KOMHaTHOM Temriepatype. YMCIO 3A€KTPOHHO-IbI-
POYHBIX Tap TPOITOPLMOHAIBHO TOTEPIM SHEPIUU
yacTtuubl. [Tox neiicTBreM MPUIOXEHHOTO K AETEKTO-
pY 2JEKTPUYECKOTrO MOJIsI 3JIEKTPOHBI ABUXKYTCS K aHO-
Iy, OBIPKM — K KaTomy. JJIst co3maHms SJeKTPUIecKo-
ro IoJjsi, Moj BO3ACHCTBMEM KOTOPOIO COOMpPAIOTCS
3apsaael, oO0pa3oBaBIIMeCs B ACTEKTOpPEe B pe3yiIbTaTe
MOHU3AlMM, TTPOU3BOAMMOM B YyBCTBUTEJIBLHOM CJIO€
PETUCTPUPYEMOI YaCTUIICH, CIYKUT NCTOYHWK Ha-
TIPSDKEHUST CMEIICHMUS.

Kputuyeckum mapamMeTpoM IJjis1 IeTeKTOpa, ompe-
JeJsiiolInM 3(h¢GeKTUBHOCTh OOHAPYXKEHUS TEIUIOBBIX
HEUTPOHOB, SIBJISIETCS TOMLLIMHA KOHBEPCUOHHOTO CJ105].
BeposTHOCTD TIOTJIONIEHNST HEMTPOHA B KOHBEPCHUOH-
HOM CJIO€ pacTeT C YBeJMYEHUEM TOMIIMHBI ciost [20].
Yeemmuenue TomimHe ¢iog BACC 6omee 10 MKM BBI-
3bIBAET MPAKTUYECKU TOJHOE MOIIOIIEHUE TEIIOBBIX
HeWTpoHOB B cioe BACC u nmpuBOIUT K HU3KOU 3¢-

on+ 2B ILi+a+279 MsB

\ e

BDCC (BPSG) V./

Puc. 2. CxemaTnynoe u300pakeHue p-i-n-A€TEKTOPHO CTPYKTYPbI
Fig. 2. A schematic image of the p-i-n-detector structure




(beKTUBHOCTU NETEKTUPOBAHUS HEMi-
tpoHoB. Ecmu cioit BACC pacno-
JIOXEH Ha paccTrosHuu 6onee 10 MkM
oT obsactu obegHeHus (i-Si), TO
HEUTPOHBI TPAKTHYECKNU HE peru-
CTPUPYIOTCS, TaK KakK IPOIYKTHI
peaky MMEIOT MEHBIIYIO IJIUHY
cBoOogHoro mpobera. Ilostomy
o0enHeHHas1 00JlacTh JOKHA ObITh
pacriojioXXeHa B IIpeaenax cBoOOOI-
HOro npobdera 4yacTull o 1 Li. B pa-
6ote [21] mokazaHO, YTO paccTosi-
Hue mexay cioeM bBOCC u oben-
HEHHOU 00JIaCThIO0 JOJDKHO OBITh
MeHee 5 MKM 1jis 3(p¢eKTUBHOrO
oOHapyKeHUs HEUTPOHOB.
ITapameTpnl p-i-n-AETEKTOPHOI
CTPYKTYpbl TIPUBEJEHBI B TabJIulIE.
beita uccnegoBaHa 3¢ dekTrB-
HOCTb JI€TeKTMPOBaHUS HEUTPOHOB
P-i-n-CTPYKTYPOW C KOHBEPCUOHHBIM
cnoem BOCC u 6e3 Hero (puc. 3).
Hanuuue KOHBEPCUOHHOIO CJIOS
MO3BOJISIET 3aXBaThIBaTh HEWTPOHBI
TEIJIOBbIX SHEPIUil, C YBEJUYEHUEM
SHEPIUM HEUTPOHOB 3A(PGeKTUB-
HOCTb CTPYKTYP C KOHBEPCUOHHBIM
cioeM n 6e3 HeTO COIOCTaBMMa.
Ha puc. 4 mnokasaHa 3aBUCH-
MOCTb 3(P(PEKTUBHOCTU AETEKTUPO-
BaHUS TEIJIOBBIX HEHUTPOHOB OT
tomuHH ciost BOCC, oborarieH-
HOIO 10B, paccuyuTaHHasE C IIOMO-
b0 GEANT4. D11 pe3yabTaThl X0-
POIIIO COTJIACYIOTCSI CO 3HAYCHUSIMH,
MpuBeJeHHbIMU B padote [22]. Mak-
cuMajibHas 3(p@eKTUBHOCTL OOHa-
pyXeHus cocTasiser okoyo 4,5 %.
[TomynmpoBOTHNKOBBIE CTPYKTY-
pbl C KOHBEPCMOHHBIM CJIOEM Ha
octose 1B sapnstiores MepCIEeKTHUB-

HBIMU TSI OOHApYyKEHUsI TETUIOBBIX HEUTPOHOB W
MPEeICTaBISIOT AIbTePHATUBY ra30BbIM HEUTPOHHBIM
JIIeTeKTOpaM, IMOCKOJBKY MOTYT paboTaTh B IMMPOKOM
WHTEpBaJie TEMIEPaTyp B CUIY X (GU3NUYECKON U XU-

IMapameTpsl p-i-n-AeTEKTOPHOI CTPYKTYPHI
Parameters of the p-i-n-detector structure

*EOCC (BPSG)
ebe3s BOCC (without BPSG)

Detection efficiency, %
-

3¢ exTHEHOCTE AeTekTMpOBaHMA, %

IHeprua, 3B
Energy, eV

Puc. 3. O¢ddeKTHBHOCTD 1€TEKTHPOBAHUS HEATPOHOB PA3JIMYHBIX IHEPrui
Fig. 3. Efficiency of detection of the various energies neutrons

JpdekTMBHOCTE AeTekTHpoBaHus, %
Detection efficiency, %
w

o i i i I i i n L i J
0 2 4 6 8 10

TonmuHa MIEHKH, MKM
Film thickness, pim

Puc. 4. 3apucumocTb 3(P(PEKTHBHOCTH JIETEKTHPOBAHMS TEILIOBbIX HEATPOHOB OT TOJIIMHbI
ciaoa BOCC

Fig. 4. Dependence of the efficiency of the thermal neutrons detection on the BPSG layer
thickness

MUYECKOM CTaOMIbHOCTU. MaJble pa3Mephl MOIYIIPO-
BOJHMKOBBIX AETEKTOPOB PaCIIUPSIIOT BO3MOXHOCTU
HUX TIPUMEHEHUS] HE TOJIbKO B (hU3UUYECKOM IKCIIePU-
MEHTe, HO U B NMpUOOpax TEXHOJIOTMYECKOTr0 KOHTPO-
JIsl, a TaKXe B MEAULIMHCKON TEXHUKE.
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Neutron detectors are important tools in nuclear energy, particle physics, medicine and personal safety. Semiconductor structures
are promising for detecting thermal neutrons because of their physical and chemical stability. Most common semiconductor materials
have a low probability of interaction with thermal neutrons, which determined by the capture cross section. The largest capture cross
section among the most common semiconductor materials is the 10 B. One way to increase the probability of interaction of neutrons
with semiconductor materials and improve detection efficiency is the integration of a material with a high capture cross section into
the structure of a semiconductor device. The device-technological simulation of the semiconductor thermal neutron detector based
on the p-i-n structure carried out in the work. GEANT4 software package used to simulate the interaction of particles of different
energy with matter. The design of a semiconductor detector with a conversion layer based on 10B_rich borophosphosilicate glass was
developed. Shown that the thickness of the conversion layer is the critical parameter that determines the efficiency of detecting ther-
mal neutrons. The probability of neutron absorption in the conversion layer increases with increasing thickness of the conversion lay-
er. Neutron detection efficiency is calculated with the conversion layer and without it, it is determined that the average efficiency

is 4.5 %.

Keywords: modeling, semiconductor detector, borophosphosilicate glass, neutron
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Neutrons are no net charged particles, therefore,
they do not cause a direct ionization. However, during
their interaction with a substance, the secondary ion-
izing particles are generate, and registration of such
particles allows to register the neutrons [1]. The neu-
tron detectors are important tools in the field of nuclear
power engineering, physics of the particles, medicine
and personal security [2]. The average energy for for-
mation of a pair of carriers is by an order less, than of
the gas ionizing chambers, and by two orders less, than
of the scintillation counters.

Most of the widespread semiconductor materials
have a small probability of interaction with the thermal
neutrons, which is determined by the capture cross-sec-
tion [3, 4]. For example, the capture cross-section of the
thermal neutrons for the natural silicon is ~1 barn, —
a neutron has to pass the distance of ~20 cm (length of
a free path) in silicon before scattering or capture takes
place. Fig. 1. shows the values of the capture cross-sec-
tions of the widespread semiconductor materials.

Isotope 0B has the biggest capture cross-section
among the widespread semiconductor materials
(3840 barn). Because of interaction of a thermal neu-
tron and '°B occurs a reaction with formation of o-par-
ticle and lithium nucleus. Both generated particles can
cause ionization in the active area of a semiconductor
device, the thickness of which is comparable with the
run of these particles, furthermore, after the reaction
the a-particle and the lithium nucleus move in opposite
directions.

One of the ways to increase the probability of neu-
trons interaction with the semiconductor materials and
improve efficiency is integration of a material with high
capture cross-section into the structure of a semicon-
ductor device [5—S8].

Practically all the semiconductor detectors em-
ployed in the experimental physics are made based on
the monocrystal silicon, by the standard technologies
for the semiconductors, which determines their wide ap-
plication. This work presents modeling of the semicon-
ductor thermal neutrons detector based on p-i-n-struc-
ture with a conversion layer of borophosphosilicate glass
(BPSG) enriched with 10g isotope. GEANT4 software
package, allowing modeling the transition of the various
energy particles through a substance, was used [9, 10].
The software and the initial GEANT4 code are freely
available on the web-site of the project [11].

Within the GEANT4 the modern methods of the
object-oriented programming are used for modeling of
the transition of the relativistic particles through the de-
tector systems with a complex geometry. A flexible or-

ganization of GEANT4 software package makes it pos-
sible to describe a physical experiment completely: the
geometry of the system with the use of any set of ma-
terials, types of the particles participating in the exper-
iment, and the physical processes occurring during in-
teraction of the particles.

In an exothermic reaction of '°B (n, a), a-particles
and "Li nucleus appear:

YB+n—TLi+oa+E+E,+Ep,

where E, = 0.48 MeV — energy of y-quantum; £, =
= 1.47 MeV; Ej; = 0.83 MeV — kinetic energy of
a-particle and lithium nucleus, accordingly [12]. The
particles generated because of the reaction have the
braking lengths of 4 pm for a-particles and 2 um for
the lithium nucleus, at the density of BPSG film of
2.3 g/cm3.

After interaction of a neutron and '°B in the con-
version layer, the formed charged particles can move
into the semiconductor material, where they can gen-
erate electron-hole pairs [13]. The electron-hole pairs di-
vided by the external electric field and collect on the con-
tacts. For improvement of the charge collection efficien-
cy and the response time of the detector, a p-i-n-struc-
ture is used instead of p-n-junction [14—17].

The efficiency of detection is defined as the relation
of the recorded neutrons number in the volume of a
semiconductor detector, to the quantity of the neutrons
falling on the device. When the planar detectors based
on 9B are used, the efficiency limit equals to about
4.5 % [18]. Efficiency of the semiconductor detectors
can be increased due to transition to a "perforated”
structure of the device, which includes microapertures
or trenches etched on the surface of the diode and filled
with a conversion material. Such structures can raise
the efficiency up to 25 % [19].

A charged particle, flying through the depleted area
of the detector (fig. 2), generate electron-hole pairs
along the trajectory of its movement. The average en-
ergy, necessary for one electron-hole pair formation,
equals to 3.62 eV for the silicon at 20 °C. The number
of the electron-hole pairs is proportional to the losses
of particle energy. Under the influence of the electric
field, applied to the detector, the electrons move to the
anode, while the holes move to the cathode. To create
an electric field, under the influence of which the
charges formed in the detector because of ionization
produced in the sensitive layer by the detected particle,
serve as the source of the bias voltage.
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A critical parameter for the detector, which defines
the efficiency of the thermal neutrons detection, is the
thickness of the conversion layer. The probability of ab-
sorption of a neutron in the conversion layer grows with
an increase of the layer thickness [20]. An increase of
the thickness of the BPSG layer by more than 10 um
causes practically full absorption of the thermal neu-
trons in the BPSG layer and results in a low efficiency
of the neutrons detection. If the BPSG layer is located
at the distance more than 10 um from the depleted area
(i-Si), the neutrons practically not registered, because
the reaction products have smaller length of the free
path. Therefore, the depleted area should be located
within the limits of the free path of particles o and TLi.
In [21] showed, that for an effective neutrons detection
the distance between the BPSG layer and the depleted
area should be less than 5 pm.

Parameters of the p-i-n-detector structure are pre-
sented in the table.

The efficiency of neutrons detection by a p-i-n-struc-
ture with the conversion layer of BPSG and without it
(fig. 3) was investigated. Presence of a conversion layer
makes it possible to capture the neutrons of the thermal
energies, while with an increase of the neutrons energy
the efficiencies of the structures, with a conversion lay-
er and without it, become comparable.

Fig. 4 demonstrates the efficiency of thermal neu-
trons detection on the thickness of the BPSG layer en-
riched with '°B and calculated by GEANT4. These re-
sults agree well with the values presented in the work
[22]. The maximal detection efficiency is about 4.5 %.

The semiconductor structures with a conversion lay-
er based on the '°B are promising for the detection of
the thermal neutrons and present an alternative to the
gas neutron detectors, because they can work in a wide
range of temperatures due to their physical and chem-
ical stability. Small sizes of the semiconductor detectors
expand opportunities for their application not only in a
physical experiment, but also in the technological con-
trol devices, and in medical technologies.
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®OI'bOY BO MoOCKOBCKMIT aBUALIMOHHBINA MHCTUTYT (HALIMOHAIbHBIN MCCIeA0BATEILCKUI YHUBEPCUTET)

Ob OAHOW METOAUKE NMPOEKTUPOBAHMS TOMOAOIMNA BY

MDMC-KAIOYHA

Ilocmynuna é pedaxyuro 14.09.2018

Paccmompena 00na u3z memoodux npoekmupo8anus monoao2uu evicoxkouacmomuoeo MAOMC-karoua. Onucana gusuxa pabomo:
MOMC-karoua, paccmompersl anekmpopusuyeckas u mexanuveckas mooeau MIMC-karoua ¢ ucnoaviosanuem cpedcme mame-

mamu4ecKkoeo Modeﬂupoeanuﬂ npu npoeKkmupoeanuu monoaiocuu.

Karoueevte caoea: MOMC-karou, snekmpoghusuyeckas modens, memoouxKa, monoio2us, npoekmuposanue, paciem, CBY

Xxapakmepucmuxku

BBenenune

B nacrostiee BpeMss B KOMMYTAalIMOHHBIX BBHICOKO-
yacToTHbIX (BY) ycTpoiicTBax Bce yallle MCHOIb3YIOT
TepeKITI0YaTeld, BEITIOJTHEHHBIE 10 TEXHOJIOTMU MUK-
poanekTpoMexaHnyeckux cucteM (MOMC). Bro cBs-
3aHO, B TIEPBYIO OYepeldb, C BHICOKOJIMHEIHBIMM Xa-
paKkTepUCTUKAMM TMepeKioyaTesieil B IIMPOKOM Iua-
nma3zoHe yactoT. MOMC-ycTpoiicTBa UMEIOT XOPOILUi
ypoBHb M3os1uu (>30 n1b) u HU3KKMEe BHOCUMBIE TO-
tepu (<0,15 1B) 1o cpaBHeHU1O C COBPEMEHHBIMU T10-
JIyIPOBOAHUKOBBIMU ycTpoiicTBaMu. dPazoBpaliare-
JIV, MATPHIIHI TIepeKITIovaTesieii, MIPUeMHUKH U CEKITMT
rnepeaaTyvuka — BOT PsIl YCTPOMCTB, B KOTOPBIX YC-
MeIHO UCIoab3yioT MOMC-nepexkioyaTeu.

B oT1oli cBsI3M 3amava co3gaHusT METOIMKU MPOEK-
tupoBaHuss B4 MOMC sapinsieTcs 4ype3BblUaliHO aKTy-
AJIbHOW.

Kak u mo6oii kommyratop, MOMC-nepexioya-
TeJb UMEET Ba CTaOMJIbHBIX coCTosiHUS: "on" U "off".
[MepeximoueHe MeXIy STUMHU COCTOSTHUSIMU MOXET
OBITh JOCTUTHYTO 3a CUYET ABMXXEHUS MeMOpaHbl (MU
B HEKOTOpbIX TUNax MOMC-nepekitoyaTeneit — KaH-
TUJIeBepa), IepeMellalnieiicsl ¢ HCIoJIb30BaHUEM
LIeJIOTO psila MEXaHW3MOB cpabaThIBAaHUS: 3JIEKTPO-
CTaTUYECKOTro, Mbe303JEKTPUUYECKOI0, DJIEKTPOTEeP-
MMYECKOTO U 3JIEKTPOMATHUTHOTO. Y CTaHOBJICHO, UTO
BCJIEACTBME HM3KOTo IMOTPeOJIeHUS DHEPruu, Mayloi
TJTOIIAIN 3JIEKTPOJIa U OTHOCUTEJILHO KOPOTKOTO Bpe-
MEHU MEePeKII0YSHUS DEKTPOCTATUIECKUI TUIT SIBJISI-
eTcsl HauOoJiee IpuBIeKaTeIbHBIM [1].

MeTtoauky mOpoeKTupoBaHMUs Torogornun BY
MBMC-kitoua MOXHO MPeICTaBUTh B BUAE TOCIEI0-
BaTeJbHOCTU B3aMMOCBSI3aHHBIX ITATOB.

1. Pacyer reoMeTpHYeCKHX XapaKTE€PHCTHK
MODMC-Kioua

MOBMC-ki104 TpeacTaBIsieT co00ii BIIeKTpoMexa-
HUYECKOEe YCTPONCTBO, KOTOPOE paboTaeT 1o MPUHIIU -
ny 3aMblkaHus U pa3MmbikaHuss CBY kaHaia Ha 3eMJTi0
yepe3 MPOXOJHOM KOHIEHCATOp. 3aMblKaHUE MPOUC-
XOAUT 34 CYUET JIEKTPUUYECKOTOo MPUTIKEHUSI OJHOTO
M3 BBIBOAOB MPOXOAHOIO KOHAEHCATOpa IpU IMojaye
Ha ero o0KJIaaK1 HaIIpsLKeHMS.

ITockonbky UMC 00BIYHO KOIUIaHApHbIE MO CBO-
el CTPYKType, TO KOIUIAHapHBIE ITPOBOMISIINE TUHUN
(KTIJT) mpuMeHSIIOT OObIYHO KaK 4acTb WHTErPUPO-
BaHHbIX TUHUM. KomaHapHas mpoBoasias JMHUS —
9TO JIUHUS U3 TPeX MPOBOJHUKOB Ha OTHOCTOPOHHEMH
JIUHUM Tiepenayu. [1pu TakoM MOCTPOEHUU LIEHTPab-
HBII TIPOBOJHUK HAXOAWUTCS MEXIY IBYMS 3a3eMJISI-
IOIIMMHU TIJIOCKOCTSIMU, JieXalllMMU C HUM B OJHOM
miockoctu. st pacyeTa IMUPUHBI LEHTPAIbHOIO
nposoaHuka (W) u 3azopa (G) KIIJI Bocmonb3yemcst
nporpammoit TxLine 2003, nntepdeiic KoTopoii u306-
paxeH Ha puc. 1.

B kayecTBe MCXOXHBIX MAHHBIX WMCIOJb3YETCS
MaTepuall MOMIOXKN — KPEMHUU C TUBJIEKTPUIECKON
MPOHMLIAEMOCTEIO &, = 11,9, B KauecTBe Marepuaia
MPOBOASIIUX JUHUN — 3os0T0. st apdekTuBHOrO
MPOXOXKAECHUSI CUTHANIA "Ha 3eMJII0" B BBIKIIOUEHHOM
COCTOSTHMY BBIOMpaeM CONPOTHUBJICHUE IPOBOMSIIECH
JuHuu, paBHoe 50 OM, yacToTy f BeIOMpaeM, UCXOAs
13 paboYMX IMAITa30HOB YaCcTOT MEpeKITIoUaTesss, OHa
coctapisier 4 I'Tw.

g BBITIOJIHEHUST pacyeTa 3aJaeMcsi BBICOTOM
nomioxku H = 100 MKM, TOJIIMHON MPOBOISIINX M-
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Puc. 1. Unrepdeiic nporpammsl TxLine 2003 (pacuyer reomerpnyec-
kux napamerpos KILJT)

Fig. 1. Interface of TxLine 2003 program, (Calculation of geometric
parameters of CPW)

r— = = = == == = = = = = = = = = = = = == = = = = = == == = = = = = = hl
............ CPW-SUB - - - - - . -
CPWLINE CPWLINE H=1000 um
.. p=CP1. . . . . . . ID=CP2. . . . . . S T=2um -
coe e e .. W=300ume o - - - W=300ume - - - - - Rho=1 - - - - - s oa
. PORT - - - $=90um - . . . . . $=90um . . - - <+ - Tand=0001 - - - - - -
- P=t - .. L=1290um . . . . . L=1290um. . . . - - Heover=Oum- - - - - -
=50 Ohm vy s - Hab=5um - - - - - oo

|

|

|

|

|

|

|

. . - 4 L. . . . Cover=0 - - - - - . . . |
[>—Df/f//,1 O.-[ A A A c:—<] - - Gnd=0 - - - - - - . - |
: B e or oo ol : s : -+« Er_Nom=129 - - - . |
|

|

|

|

|

CIAAALS A PORT - - e H Nom=H@um- - - - - -
= = = s - CAP - - - P=2- - - - Hcov_Nom=H:aver@-um R
=i 2250 Oh - Hab_Nom=Hab@um- - - -
P .C_.O 5 pF ........... T_NOI'I'I='T@ um- - - - - -

h Pt -SRI Name:cPW-SUB1 . N N .

-
™~
™,
™

Puc. 2. DKBUBaJIeHTHAs JJIEKTPUYECKAsA CXeMa B Pa30MKHYTOM cocTosinun MOMC-
KJII09a, MOCTPpOoeHHas B nmporpaMmvaoM Komiuiekce AWR Microwave Office 2013

Fig. 2. Equivalent electric circuit in the open state of the MEMS switch, built in the AWR
Microwave Office 2013 software package
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Puc. 3. DkBHBaJIeHTHAS IEKTPUYECKAS CXeMA B 3aMKHYTOM cocTostnun MOMC-Kino-
4a, nocTpoeHHas B mporpamviom Komiiekce AWR Microwave Office 2013

Fig. 3. Equivalent electric circuit in the closed state of the MEMS switch, built in the AWR
Microwave Office 2013 software package
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Huii 7, paBHOU 2 MKM, U NpUHUMAaeM (PU3UYECKYIO
JIUHY TuHUi L paBHoi 1290 MKM.

B pesynbraTe pacuera ¢ IOMOILBIO IIPOrPaAMMBbI
TxLine 2003 paccuuThiBaeM CleaylolIne MapaMmeTphl:
LIMPUHY LIEHTPAJIbHOTO MPOBOAHUKA W 1 3a30p MeXIy
LIEHTPAIBHBIM ¥ 3a3¢MJICHHBIM ITPpOBOTHUKAMU G. OHU
paBHBI cooTBeTcTBeHHO W = 300 MKM, G = 90 MKM.

2. Daexrpodusmueckas moaear MOMC-kmoua

Hist mpoxoxaenusi CBY curHaja 4acTOTOM CBBILIE
3,9 I'Tu, c norepsimu MeHee 0,3 1b eMKOCTb OTKpHBI-
TOro Kiioya (mapajuie/ibHasi eMKOCTb) IOJKHA OBITh
<0,5 m®, eMKOCTb 3aKpHITOrO Kito4a >56 nd.

IIpu maHHBIX 3HaYEHUSIX obecrneynBaeTcs 3hPek-
TUBHOE TIPOXOXKICHNE CUTHAJA "Ha 3eMJII0" B BBIKITIO-

YyeHHOM cocTosgHuU. CompoTUBJIeHUE
JuHuM nepeaady — 50 Om. HanpsikeHue
yIOpaBAeHUsI SBJSIETCS CTaHAAPTHBIM
JIJISI TAKOTO TUTIA KJIIoUeil U ompeaessier-
Csl XECTKOCTbIO U YMPYrocThlO CO3/1aBa-
eMOM TIepeMBbIYKA. MaKCUMaJIbHOe 3Ha-
yeHue paboueil MOIITHOCTU OTNpeaesseT-
csI BKCTIEPUMEHTANIBHO, TaK KaK CHIILHO
3aBUCHUT OT TEXHOJIOTUYECKOro mpolec-
Cca M3rOTOBJIEHUS KJOoYa U KOJMYECTBa
nedekToB B HeM. BojHOBOE cONpoOTUB-
JIEHVEe KJTIoYa OIpeaessseTcs] BOJHOBBIM
conpotuBiaeHnneM CBY Tpakra, B KOTO-
pblit OH MOHTHUpYeTCs, U paBHO 50 OM.
DKBUBAJIEHTHOM CXeMOW KJIloya SIB-
JISIETCS KOHIAEHCATOp, OAMH U3 BHIBOJIOB
KOTOporo 3azemiisiercs (puc. 2, 3). Homu-
HaJl KOHIEHCAaTOpa BBIOMPAETCS WMCXOMS
M3 €r0 MHUMOTO TMTPOXOJHOTO COMPOTHB-
JieHus1. 1 Xxopoliero KOHTakTa Heo0xo-
JIUMO cOIpoTuBieHue MeHee 1 Om:

1 1

R= %0~ e 0

OTKyJa MOXHO BbIpa3uTb U ONPCACIUTDL
3HAYCHUEC €MKOCTH:

1

1> —— 2)

8- 10°nC
C > 39 nd. 3)
PesynbraTtel  MOJENUPOBAHUS  IIPO-

xoxnenuss CBY curnama yepez MOMC-
MepeKIIovaTesIb IpeacTaBIeHbl Ha puc. 4.
B npuHLMnuanbHoO# cxeme (cM. puc. 2, 3)
pacCUUTBIBAIM HAEaJbHBIE 3JIEMEHTHI,
HE OTpaxkalolllMe BO3HUKHOBEHMUs Tapa-
3UTHBIX €MKOCTEH U MHAYKTUBHOCTEH B
pacnpeie/ieHHbIX 3JIeMEHTaX Ha BBICO-
kux yacrorax. Pacuer CBY xapakrepuc-




TUK OCYIIECTB/ISLIM B yacTOTHOM auanas3oHe 0...4 I'Tx
B nporpaMmHoM kominiekce AWR Microwave Office
2013.

3. Tononxorna MOMC-Kiaoua

HanHas monenb (puc. 5) IMO3BOJISIET OINpPEAEIUTb
reoMeTpUUYECKUE XapaKTEPUCTUK MeMOpaHbl — -
HY Y LIUPUHY, YTO JAET BO3MOXHOCTb PacCUUTaTh
3 deKTUBHYIO TUIONIAAb OOKJIag0K KOHAeHcaTopa
(B okBUBaJieHTHOI cxeme MOMC-kntoua). OgHoi U3
oOkanok sgpnsercd mowans KIIJI, orpaHuyeHHas
LIMPUHOI MeMOpaHbI, IPYroil 00KIagKoi — IUToLanb
MeMOpaHbl, OrpaHMYE€HHas LIMPUHON LEHTPAIbHOIO
npoBogHuka KIIJI. OnpenennM mmpuHy MeMOpaHBI
CJIeIyIOLIMM 00pa3oM.

MareMaTtnueckoe onvcaHue MOJACIIU:

c1,
Weg’

4)

IJIe € — OUBJIEKTPUIECKas ITOCTOSSTHHASI MaTepyaia au-
3JIEKTPUKA; &) = 8,856_12 — OTHOCHUTEJIbHAs TUDJIeK-
TpUuecKasl OCTOSIHHASI; W — IIUPUHA LIEHTPaJIbHOTO
npoBogHuka KIIJI; W — mmpuna memOpanbl; C —
eMkocTh MOMC-kiIouya B pa30MKHYTOM COCTOSTHUU;
1; — TOJILIMHA IUJIEKTPUKA.

4. Mexannueckasa moaear MOMC-Kioua

PaccMoTpuM cTaTMyecKy0 MEXaHUYECKYIO MOJEIb
kmioda (puc. 6). Takasg Momeab MCIONb3YETCS IS
MU3yYeHUs] HECTaOUJIbHOCTU HATSIKEHUSI MEMOpPaHbl U
orpeaeIeHUsT 3aBUCUMOCTY KPUTHUIECKOTO HaIlpsiKe-
HUsl V. Ha MOCTHUKE OT T€OMETPUYECKUX Pa3MEPOB U
CBOMCTB Marepuasa.

3HauMMble CBOMCTBA U OTHOILEHUS OOBEKTOB MO-
JIeTUpOBaHUS:

Ex, = 76,52 I'lla — Moaynb FOHra 3oiora;

vy = 0,41 — koadbduument Ilyaccona;

Pau = 19,3 103 kr/M3 — moTHOCTB 30710Ta;

gy = 8,85e_12 — OTHOCHTEJIbHAs TU3JIeKTprudecKast
TTOCTOSTHHAS;

g1 = 7,6 — muanekTpuyecKasl MOCTOSTHHAsI MaTepu-
aja IUBJIEKTPUKA;

Ly = 280 MKM — UIMHa MEMOpaHBbI;

Ly =120 MKM — JUIMHA LEHTPAJIbHOIO IIPOBOJAHMKA
KBJI;

W = 90 MKM — 1IMpHHA MEMOpPaHBHI;

& = 1,5 MKM — 3a3op Mexay MeMOpaHOi u au-
BJICKTPUKOM B Pa30MKHYTOM COCTOSTHUM;

t = 1,5 MKM — TOJIIIIMHA MEMOpaHBI;

g1 = 0,15 MKM — TOJILIMHA IU3JIEKTPUYECKOTO CIIOH.

Ha puc. 7 mpuBeneHa 3aBUCUMOCTh KPUTHIECKOTO
HANpPsDKEHUST OT JUIMHBI MOCTHUKA TIPU Pa3IMYHOM OC-
TaTOYHOM HATIpSKeHUH B MeMOpaHe.

BHocumble notepu / Passaska, ab

Insertion loss/ Isolation, dB = DES{2.1)])

cap_up

»

B —
—~
) ——
24
(] 1 2 3 4
YacroTa, My

Frequency, GHz

T
r

Puc. 4. YpoBeHb BHOCHMBIX MOTEPb B PA30MKHYTOM COCTOSIHUH H H30-
JISIIAH B 3AMKHYTOM cocTosinu MOMC-Kio04a npH 3a1aHHBIX 3JIeK-
TPHYECKHX cXeMax B mporpaMmHom Komiiekce AWR Microwave
Office 2013

Fig. 4. Level of the insertion losses in the open state and insulation in
the closed state of the MEMS switch for the given electric circuits in the
AWR Microwave Office 2013 sofiware package

Puc. 5. I'eomerpuueckas monenrs MOMC-kimoua
Fig. 5. Geometrical model of the MEMS switch

C1o#t JHaIeKTpHKa
Dielectric layer

IenTpansHEIii
nposoauuk KILJT

Centre conductor

Puc. 6. Cxema paccMaTpuBaeMoii Mozae M
Fig. 6. Circuit of the model under consideration
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KpuTnyeckue M 0CTaTOYHbIE MEXAHHYECKHE HANPSIKEHUS
Critical and residual mechanical stresses

Kpurnueckoe nopaBaemoe HampsikeHue, B
Critical supplied voltage, V

OcraToyHoe HampsikeHue o, MIla
Residual stress o, MPa

0 20 40 60 80 100 120
Ucxonnas ¢opma MeMOpaHbI 16 24,5 31 36 40 44 48
The initial form of the membrane
Ipennaraemast opma MeMOpaHbI 6 19 26 31 36 40 44
The proposed form of the membrane

st yMeHbIIIeHNST KPpUTUIECKOTO HaIIPSDKEHUST He-
00X0IMMO MUHUMHU3NPOBATh OCTATOYHOE MEXaHWIEC-
Koe HamnpspkeHure. C 3TOil LIeJIbIO MpeiaracTcsl 13-
MeHUTb (hopMy MocTuKa (puc. 8, a, — ucxomHas; b —
npeaiaraemMast) [2].

100 200 300 400 500 600 700 800 900 1000 1100
Jnuna mocma, Mim
Lenght of bridge, um

! 150+ !
: L> =120 um, Gap = 1,5 pm :
3= 120 o) !
- p —a— g =20 MPa |
| ; g.f' —&— = 80 MPa |
| 5‘:-3" 90 4 —_— =120 MPa |
b |
> 5
1= 607 I
| o = |
| ? ":.: |
I E% 30+ |
[ =" |
| 9 |
I 0 —r I
| |
| |
| |
| |

Puc. 7. 3aBucuMOCTb KPUTHYECKOTO HANPSDKEHHS OT JIMHBI MOCTHKA
Fig. 7. Dependence of the critical voltage on the length of the bridge

280
a)

Puc. 8. Ucxoanas (a) u npeanaraemas (b) ¢popmbl MeMOpaHbi
Fig. 8. The initial (a) and the proposed (b) forms of the membrane
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CpaBHEHUE KPUTUUYECKUX U OCTATOYHBIX MEXaHU-
YECKHX HaMpsKeHUM AJIsl pa3InyHbIX CTPYKTYp C 3a30-
poOM MeXIy MeMOpaHOW M IMAJIEKTPUKOM, PaBHBIM
1,5 MKM, IIpMBelIeHO B TaOIuLIE.

3akmoueHne

B manHOi1 paboTre paccMOTpeH MeTOH MPOSKTHPO-
Banug Ttomosiorun BY MBOMC-kmoua. [loctpoeHa,
paccuvTaHa ¥ ONTHMU3MPOBAHA TeoMeTpruyecKas Mo-
Jenb MOMC-kioua, BKIIIOYAIOLIAs pa3Mepbl LIEHT-
paJIbHOTO MPOBOJHUKA U 3a3eMiieHHBIX JmHuil KITJT,
pa3Mepsl U popmy MeMOpaHbl. Pa3paboraHa ay1eKTpo-
¢usnueckass momenb MOMC-kimoua, BKIIOYAIOIIAs
MOCTPOEHUE SKBUBAJEHTHOM CXEMbl M PacyeT IJeKT-
pOoOU3NUECKNX XapaKTepUCTUK Kioda. PesymbTaTh
moaenupoBaHus TpoxoxaeHuss CBY curHanma depes
MBMC-nepexitouatenb nokasaiau npuemnembie CBY
XapaKTEePUCTUKU JJIs1 3alaHHOIO IMara3oHa yacToT.
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The work is devoted to a method for designing of the topology of a high-frequency MEMS switch. It describes the physics of op-
eration of the MEMS switch, and the electrophysical and the mechanical model of the MEMS switch with the use of the means of
mathematical modeling in topology designing.

Nowadays, the switching high-frequency (HF) devices more and more frequently use the switches made by the technology of the
micro-electromechanical systems (MEMS). This is connected, first of all, with the high-linear characteristics of the switches in a
wide range of frequencies. MEMS devices have a good level of insulation (>30 dB) and low insertion loss (<0.15 dB) in comparison
with the modern semi-conductor devices. Phase changers, matrixes of switches, receivers and transmitter sections are some of the
devices, which employ successfully the MEMS switches. Therefore, the problem of development of a technique for designing of HF
MEMS is extremely topical.

Just like any switch, the MEMS switch has two stable states: "on" and "off". Switching between these states can be ensured due
to the movement of the membrane (or in some types of the MEMS switches — of a cantilever) with the use of a whole variety of
the actuation mechanisms: electrostatic, piezoelectric, thermal-electric and electromagnetic ones. It was established, that because
of a low consumption of energy, small area of the electrode and relatively short time of switching the electrostatic type was the most
attractive one. The technique for designing of the topology of HF MEMS switch can be presented in the form of the following sequence
of the interconnected stages.
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Introduction

Nowadays, the switching high-frequency (HF) de-
vices more and more frequently use the switches made
by the technology of the micro-electromechanical sys-
tems (MEMS). This is connected, first of all, with the
high-linear characteristics of the switches in a wide
range of frequencies. MEMS devices have a good level
of insulation (>30 dB) and low insertion loss (<0.15 dB)
in comparison with the modern semi-conductor devic-
es. Phase changers, matrixes of switches, receivers and
transmitter sections are some of the devices, which em-
ploy successfully the MEMS switches [5].

Therefore, the problem of development of a tech-
nique for designing of HF MEMS is extremely topical.

Just like any switch, the MEMS switch has two sta-
ble states: "on" and "off". Switching between these states
can be ensured due to the movement of the membrane
(or in some types of the MEMS switches — of a can-
tilever) with the use of a whole variety of the actuation
mechanisms: electrostatic, piezoelectric, thermal-elec-
tric and electromagnetic ones. It was established, that

because of a low consumption of energy, small area of
the electrode and relatively short time of switching the
electrostatic type was the most attractive one [1].

The technique for designing of the topology of HF
MEMS key can be presented in the form of the follow-
ing sequence of the interconnected stages.

1. Calculation of the geometrical characteristics
of a MEMS key

A MEMS key is an electromechanical device, which
operates on the principle of connection and disconnec-
tion of the microwave channel to the earth through a
duct capacitor. A connection is implemented due to the
electric attraction of one of the leads of the duct ca-
pacitor, when voltage is supplied to the capacitor plates.

Since IC are usually coplanar by their structure, the
coplanar waveguides (CPW) are usually applied as a
part of the integrated lines. A coplanar waveguide is a
line of three conductors on a one-way transmission
line. In case of such a design the central conductor is
located between the two earthed planes laying in one
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plane with it. For calculation of the width of the central
conductor (W) and the gap (G) of CPW we will use
TxLine 2003 program, the interface of which is pre-
sented in fig. 1.

Silicon, the material of the substrate with dielectric
permeability of e, = 11,9 is used as the initial data, while
gold is used as the material of the conducting lines. For
an effective transmission of a signal "to the earth" in the
switched off state we select the resistance of the con-
ducting line equal to 50 Q, and we select frequency f
proceeding from the working ranges of the switch fre-
quencies, which is equal to 4 GHz.

For the purpose of calculation we assume that the
height of the substrate H# = 100 um, the thickness of the
conducting lines 7 is equal to 2 um and the physical
length of the lines L is equal to 1290 um.

As a result of the calculation by means of TxLine 2003
program we count the following parameters: the width
of the central conductor W and the gap between the
central and earthed conductors G. Accordingly, they
are equal to: W= 300 um, G = 90 um.

2. Electrophysical model of the MEMS key

For transmission of a microwave signal with fre-
quency over 3.9 GHz, with losses less than 0.3 dB:

— the capacity of the open key (parallel capacity)
should be <0.5 pF;

— the capacity of the closed key should be >56 pF.

The given values ensure an effective transmission of
a signal "to the earth" in the switched off state. The re-
sistance of the transmission line equals to 50 Q. The
control voltage is standard for such type of keys and is
determined by the rigidity and elasticity of a created
crosspiece. The maximal value of the operating power
is determined experimentally, because it depends to a
great extent on the technological process and the
number of defects in it. The wave resistance of the key
is determined by the wave resistance of the microwave
tract, into which it is embedded, and is equal to 50 Q.

An equivalent circuit of the key is the condenser,
one of the leads of which is earthed (fig. 2, 3). The con-
denser nominal is selected, proceeding from its imagi-
nary transmission resistance. For a good contact the re-
sistance should be less than 1 Q.

1 1

szm_C:zn_fC' (I

From which it is possible to express and determine
the value of the capacity:

1 .

8- 10°xC

C > 39 pF. 3)

The results of modeling of the transmission of a mi-
crowave signal through the MEMS switch are presented

1> )
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in fig. 4. In the basic circuit (see fig. 2, 3) the ideal el-
ements were calculated, not reflecting occurrence of
the parasitic capacities and inductances in the distrib-
uted elements on high frequencies. Calculation of the
microwave characteristics was carried out in the fre-
quency range of 0...4 GHz in AWR Microwave Office
2013 software package.

3. Topology of the MEMS key

The given model (fig. 5) allows us to calculate the
geometrical characteristics of the membrane — its
length and width, which gives us an opportunity to cal-
culate the effective area of the capacitor plates (in the
equivalent circuit of the MEMS key). One of the plates
is the CPW area limited by the width of the membrane,
the other plate is the area of the membrane limited by
the width of the central conductor of CPW. We will
determine the width of the membrane in the following
way:

Mathematical description of the model:

L cy
Wee,’

“

where ¢ — dielectric constant of the dielectric material;
g = 8.85¢12 — relative dielectric constant; W — width
of the central conductor of CPW; w — width of the
membrane; C — capacity in the open state; 7; — thick-
ness of the dielectric.

4. Mechanical model of the MEMS key

Let us consider the static mechanical model of the
key (fig. 6). Such a model is used for studying of the in-
stability of a membrane tension and determination of
the dependence of critical voltage V. on the bridge on
the geometrical sizes and properties of a material.

Significant properties and relations of the objects of
modeling:

E,, = 76.52 GPa — Young modulus of gold;

Vay = 0.41 — Poisson ratio;

Pan = 19.3¢ 10% kg/m® — Density of gold;

g = 8.85¢712 — Relative dielectric constant;

g; = 7.6 — Dielectric constant of the dielectric ma-
terial;

L, = 280 pm — Length of the membrane;

L, =120 um — Length of the central conductor of
CPW;

W =90 um — Width of the membrane;

&y = 1.5 um — Gap between the membrane and the
dielectric in the open state;

t = 1.5 um — Thickness of the membrane;

g1 = 0.15 pm — Thickness of the dielectric layer.

Fig. 7 presents the dependence of the critical voltage
on the length of the bridge at various levels of the re-
sidual stress in the membrane.




In order to reduce the critical voltage it is necessary
to minimize the residual mechanical stress. With this
aim in mind we suggest to change the form of the bridge
(fig. 8, a — the initial form, b — the proposed one) [2].

Comparison of the critical voltage and the residual
mechanical stresses for various structures (fig. 8) with a
gap between the membrane and the dielectric equal to
1.5 pm is presented in table.

Conclusion

This work presents a method for designing of the to-
pology of a microwave MEMS key and also a built, cal-
culated and optimized geometrical model of a MEMS
key, including the sizes of the central conductor and
earthed lines of CPW, the sizes and forms of the mem-
brane. An electrophysical model of the MEMS key was
developed, including construction of an equivalent cir-
cuit and calculation of the electrophysical characteris-
tics of the key. The results of modeling of the transmis-
sion of a microwave signal through a MEMS switch
demonstrated acceptable microwave characteristics for
the set range of frequencies.
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NMCCAEAOBAHUME BO3MOXHOCTHU CO3AAHUNA TTOAEBOTO MUCTOYHUKA
IAEKTPOHOB TPUOAHOTO TUINA HA OCHOBE 4H—SIC-CTPYKTYPbI
C NOAYN3OANPYIOWUM ITNTUTAKCHUAABHBIM CAOEM

Ilocmynuaa é pedaxyuro 05.10.2018

IIpusedennv pe3ynbmamol uccre0o8anuil no papabomxe u cO30AHU UCTNOYHUKA 31eKMPOHO8 MPUOOHO20 MUNA HA OCHO8e NU-
makcuanshoii cmpykmypol "n’t -4H—SiC — noayuzsonupyiouguii snumarcuansuoii caoii 4H—SiC(V)". Ha ochosanuu pesyasma-
mMo8 M00eaupo8anus NPedsodlceH 6APUAHM KOHCMPYKYUU U PA3pabOMaH mexHoA0UMeCKU Mapuipym U320mogaeHus UCMOYHUKA.
Hccnedosanvt coticmea snumakcuaibHo 8bipaujeHHo2o caos noayusoaupyroueeo 4H—SiC(V), onpedenensl oepanuuenus npu e2o
UCNONb306AHUU 8 Kadecme@e chnelicepa 8 A6MOIMUCCUOHHBIX Kamooadx.

Karoueevie caosa: A6MO31eKmMpOHHAA IMUCCUA, UCMOYHUK 3/1€KMPOHOE6, nOﬂyu30ﬂupyiomuLZ icap6u6 KPeMHUA, peaKkmueHoe

UOHHO-NAA3MEHHOe mpaeneHue, yde/lbﬁoe conpomueneHue

Beenenne

Pacumpenve GyHKIIMOHAIBHBIX BO3MOXHOCTE
puOOPOB COBPEMEHHOM BAKYYMHO# 3JIEKTPOHUKU
(BKJTIOYAsE BaKyyMHYIO MUKPO- M HAaHO3JIEKTPOHUKY)
BO MHOIOM OIIpEIE/ISICTCSl MPAKTUYECKUM MCIIOJIb30-
BaHMEM B HUX 3(DGEKTUBHBIX MCTOYHUKOB 3JIEKTPO-

HOB C aBTO3MUCCUOHHBIMU Katogamu (ADK), koro-
pble [JI1 HEKOTOPbIX NMPUOOPHBIX MPUIOXKEHUH Xa-
PaKTEePU3YIOTCS PSIIOM M3BECTHBIX MPENMYIIECTB TI0
CpPaBHEHUIO C TPAAUMILIMOHHBIMU KaTolaMu Ha addek-
T€ TepPMOBJIEKTpOHHOI 3Mmuccuu. IIporpecc B 3TOM
HampaBjeHUM BO3MOXEH IyTeM peajM3alliyd HOBBIX
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KOHCTPYKTOPCKO-TEXHOJIOTUYECKUX DEIIeHW, MaTe-
pUAJIOB M alalTUPOBAHHBIX MUKPO- M HAHOTEXHOJIO-
T TBEPOOTEJIBHOM SJIEKTPOHUKU U MHUKPOCUCTEM-
Holi TexHuku [1—3]. HecMoTpss Ha IIpOrHo3upyemMyio
nepcaoekKTuBHOCTL ADK mIsi BaKyyMHOM 3MUCCHUOH-
HOM 2JIGKTPOHUKHU, UX TIPAKTUUECKOE MCITOJIb30BaHUE
B MpubOpax CAEPXKUBAETCS OTPAHUYCHUSIMHU TI0 JO-
CTUTHYTBHIM 3HAUYEHUSM IUIOTHOCTHA TOKA aBTORJICKT-
POHHOI 3MUCCUM M MHTErpajJbHOrO TOKa KaToda, a
TaKXXe MX HEJOCTATOYHOW CTaOWUJIbHOCTBIO. YBeauue-
HHME SMUCCHOHHOIO TOKA M YIy4llleHNEe CTaOUIbHOCTH
paboTBI MOXKET OBITh JOCTUTHYTO 3a CUET MIPUMEHEHUS
B Ka4eCTBE MAaTepUaJIOB IJIsI TIOJEBbIX KaTOMIOB HOBBIX
MaTepuajoB — KapOuma KpeMHHUs, aJMa3a WIM HX
KOMITIO3UIIMI, a TAaKXKe 3a cueT (popMUpPOBaHMS HA OC-
HOBE 3TUX MaTepuajoB YIOPSIOYEHHBIX MATPUUYHBIX
MHOTOOCTPUMHBIX CTPYKTYP C IBYXyPOBHEBBIM YCUJIE-
HUEM HanpsKEHHOCTH BJIeKTpudeckoro mons [4, 5, 10].
ITonydyeHHble Ha Jy4IIUX OoOpaslax KaTodOB TaKoM
KOH(MUTYpallMu IUIOTHOCTH TOKa IOJIEBO 3MUCCUU
(~100 MA/CMZ) SIBIISIIOTCSI JOCTATOUHBIMM [JIsSI HEKO-
TOPBIX MPUOOPHBIX MPUIIOKEHUH (Harpumep, A M-
HUATIOPHBIX PEHTI€HOBCKUX TPYOOK), HO OHM SIBHO He-
JIOCTATOYHBI 7151 BaKyyMHBIX pudopoB CBY snexTpo-
HUKU (HEOOXOAMMBIE TUIOTHOCTY ToKa ~10...15 A/CMZ).
HanpHeiiee MOBbIIEHUE JIOTHOCTU TOKa 10 Tpedy-
e€MbIX 3HAYeHUIl MOXET ObITb PeaiIM30BaHO B TpeX-
9JIEKTPOAHON KOHCTPYKLMU aBTO3IMUCCUOHHOTO MC-
TOYHHKA BJIEKTPOHOB.

Mopemuposanne s4eiiku ADK
C YHpaBJSIOIHAM 3JEKTPoaoM Ha ocHoBe SiC

IMpoBenennsie B CII6GIDTY "JIDTU" uccnenopa-
HUs [6] moKa3ayu MPUHLMITMAIBHYIO BO3MOXHOCTD
co3gaHusl MaTpuyHoro ADK ¢ ympapisiolIUM 3J1€KT-
pomom Ha ocHoBe SiC, KOTOpBII XapaKTepus3yeTcs
IUTOTHOCTBIO TOKA, COMTOCTAaBUMOM C TUIOTHOCTSIMU TO-
Ka COBPEMEHHBIX KaTOIOB C TEPMOIJIEKTPOHHOI SMMUC-
cueii. B nporpammuoM nakere MAGIC monenupoBanu
TPEXAIEKTPOAHYI0O KOH(MUTYpALIMI0 MUCTOYHMKA, IPH-
BEIEHHYI0O Ha pHC. 1, ¢ pa3MepamMu OTHEILHBIX BJie-
MEHTOB STYefiKu 7 X 7 MKM W MHTErpaJibHBIMU pa3Me-
pamu stueiiku 21 X 21 mxMm. PaccTosiHue Katog — aHO[
cocraBisyio 20 MKM, pacCTOSTHUE KaTod — YIPaBJIsio-
LN 2JIEKTPOT, — 6 MKM.

PesynbTaT MomenuMpoBaHUsI 3aBUCHMOCTM ILJIOT-
HOCTM TOKa OT HaNpsDKEHUs Ha YIPaBJSIONEM dJIeK-
Tpone [Jis1 MPUHSATON KOHGMUTYpally UCTOYHUKA ITPH-
BelleH Ha puc. 2. s Takoii syeiiky HanpsiKeHue Ha-
yana smuccum cocrasiger 200 B. I1pu HanpsokeHUn
Ha ymnpaismolieM aektpone 500 B umHTerpanbHas
IUTOTHOCTb TOKa, OTOMPAEMOTro C STYEHKM, MPEeBbIIIAcT
30 A/em2.
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3.20um

Puc. 1. CtpykTypa aBTOIMHCCHOHHOTO MCTOYHHMKA 3JIEKTPOHOB C
SiC-kaTonoM, AM3JEKTPHYECKMM CrieiicepoM, MoJjieBbiM (yIpaBJisio-
IKM) 3JIEKTPOJIOM U aHOAOM (B NMPaBOi YaCTH PUCYHKA)

Fig. 1. Structure of a field-emission source of electrons with a SiC
cathode, dielectric spacer, field (control) electrode and anode (in the
right part of the figure)
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Puc. 2. UHTerpanbuas IJIOTHOCTh TOKA ABTOIMHCCHOHHOM STYEHKH €
pasmepamu 21 X 21 MKM B 3aBUCMMOCTH OT HANPSKEHHs HA YNPaB-
JISIOLIEM 3JIEKTPoJe

Fig. 2. Integrated density of the current of a field-emission cell with the
sizes of 21 X 21 um depending on the voltage on the control electrode

PaccmaTtpuBaemasi CTpyKTypa aBTOIMUCCUOHHOTO
HMCTOYHUKA 3JIEKTPOHOB COMEPXKHUT MTUIICKTPUICCKUIMA
crieficep TOJIIMHOM 6 MKM. Mcrnonb3oBaHue B Kavec-
TBe MaTepuasa crielicepa KJacCUYeCKUX JJIsl TEXHOJIO-
U MUKPOBJIEKTPOHUKU U MUKPOCUCTEMHOM TEXHUKHU
IU3NIEKTPUKOB (Hanpumep, SiO,, SisNy) Hexena-
TeJIbHO BBUIY MEXaHWUYECKUX HampsDKeHWM, orpene-
JISeMBbIX pa3MuvMeM TeMIepaTypHbIX KOO OUIUEHTOB




pacimpeHus SiC-katoga U IUdJIeK-
TpUuyeckoro cjiosi. B maHHo# pabote
Oblla HcclieqoBaHa BO3MOXKHOCTD
HCIIOJIb30BaHUSI B KauyecTBe Mare-
puana s creiicepa MOJyn30JIupy-
IOILIETO KapOuga KpeMHUS, JIETUPO-
BaHHOTO BaHAAMEM B ITIPOLIECCE DMH-
TaKCUaJbHOI'O POCTAa.

Ilo nuTepaTypHBIM NaHHBIM, B 3a-
BUCHMOCTHU OT PEXMMOB pOCTa CJ0SI
1 YCJIOBUI JIETMPOBAHUSI OH Xapak- el
TepU3yeTCsl yaeJbHbIM COMPOTUBJIE- T
ruem 10°...1010 Om - CM, YTO SBJISI-
eTcsl TIpUeMJIEMbIM ISl 00ecTieueHusI
9JIEKTPUYECKON M30JIALIUMU YIIPaBIIs-
IOILIET0 3JIeKTPoJa OT KaTroaa UCTOY-
HMKa 3J1eKTpoHOoB. [Ipu aToM ycTpa-
HSIIOTCSI OTMEUEHHbIE HEJIOCTaTKH,
MPUCYIIHME KJIACCUYECKUM MaTepu-
ajam auasiekTpuueckoro cios. Ta-
KUM 00pa3oM, paspadaTbiBaeMblil
TexHoJorudyeckuii mapuipyr ADK
TPUOJHOIO TUIA ObLT OPUEHTHUPOBAH
Ha WCIIOJb30BaHWE SIUTAKCHATb-
Ho#t cTpyKTyphl "n' -4H—SiC(N) —
snuUTakcuanbHbli cnoit 4H—SiC(V)"
Kak 0a30BOro »JjieMEHTa CO3JaBaec-
MOTO yCTpolicTBa. B oTimume ot TO-
MOJIOTUM aBTOOMUCCUOHHOTO UCTOY-
HUKa, MPUHITON MpU MOAEIUpOBa-
HUM, HA CTaJAUM M3TOTOBJIEHUS] Obla MCMOJb30BaHA
repronuyecKasi JMHeiHass KOHDUTYpalus paciosioxe-
HUsI 00J1acTeil SMUCCUM U YIIPABISIOIIUX 3JIEKTPOIOB.

T R S R TR
[

Texnonoruyeckuii Mapmpyt opmupoanns ADK
C YNpaBJISIOIUM 3JIEKTPOIOM

CxeMa TEXHOJIOTMYECKOTO MaplIipyTa W3TOTOBJIE-
Hus 3nemMeHTa ADK TpruogHOro THMma Ha OCHOBE MM~
TaKCUAJIbHOM CTPYKTYpPhI n"-4H—SiC — 4H—SiC(V)
MpeacTaBjieHa Ha puc. 3.

Onepainuu, IpoOBOAUMEIE TTpU (DOPMUPOBAHUM JAH-
HOM CTPYKTYpPbI, MOXHO pa3ieIMTh Ha TPU OCHOBHbIE
IPYIIIILL:

e (dopMUpoOBaHME MeETAJUIM3ALUMU IS KOHTAaKTOB
(puc. 3, a—c);

e (doronurorpadust u hopMUpOBaHUE TOIOJOTHYEC-
KOro pucyHka (puc. 3, d—g);

e (dopmMUpoOBaHKE MacCUBa MUKPOOCTPUI METOIOM
PEaKTUBHOTO MOHHO-IUIAa3MEHHOTO TpaBJICHUS
(PUIIT) c ucnosb3oBaHWEM AJIFOMUHUEBOI MacKu
(puc. 3, h—j).

ONUTAaKCUAIBHBIM  CJIOIl  MOJAYU3OJUPYIOILIEro
4H—SiC(V) I BeipamuBancg CVD-MeTonoM Ha rpaHu
(0001-Si) momIoxkKu n"-4H—SiC n JIETUPOBAJICS Ba-
HaaueM B Tpoliecce pocta. ToalMHa CI0si COCTaBUIa
7,5 MKM.

V777777 4

P s
&

Puc. 3. Texnonoruyeckuii mapmpyT dopmupoBanus 3aementa ADK ¢ ynpasisiomum dJiek-
TPOZOM HA OCHOBE SHTAKCHANbHOI cTpyKTyps n't -4H—SiC — 4H—SiC(V): I — srurak-
CHUabHBIN cioit monyusonupytoiero 4H—SiC(V); 2 — n"-momoxKa 4H—SiC(N); 3 —
Ni/Ti-omuueckuit KoHTakT;4 — Ni/Ti — ciou aj1s1 ynpapisiolIero 3JIeKTpoaa; 5 — Mac-
Kkupyiolee hoTope3uCTUBHOE OKPbITUE; 6 — (HOTOI1LA0IOH; 7 — HOTOPE3UCTUBHASI MacKa;
& — ympasnsiolunii a5nekTpon; 9 — amomuHueBas Macka; /0 — maccuB SiC-MUKPOOCTpUiA
Fig. 3. Technological route for formation of FEC element with a control electrode on the basis
of the epitaxial structure of nt-4H—SiC — 4H—SiC(V): 1 — epitaxial layer of semi-insulating
4H—SiC(V); 2 — n*-substrate of 4H—SiC(N); 3 — Ni/ Ti-ohmic contact; 4 — Ni/ Ti — layers
for the control electrode; 5 — masking photoresistive coating; 6 — a photo mask; 7 —
a photoresistive mask; 8§ — control electrode; 9 — aluminum mask; 10— mass of SiC — microtips

ba3oBbIii oMUUeCcKMit KOHTAKT (hOPMUPOBAJICS Me-
TOAOM MarHeTPOHHOI'O OCAXIEHUS C UCIIOJIb30BaHUEM
Ti m Ni muieneit. TonuuyHa anre3MOHHOIO ITOACIIOS
Ti coctaBuna 15 HmM, a TomuuHa ciosd Ni — 200 HM.
BEICTpBIT TepMUUECKUI OTKUT IJisl JIMHEeapu3alnu
CBOMCTB KOHTaKTa OCYILIECTBIISIJICSI HA YCTAaHOBKe "As
One" (BakyyM 107° mm pt. cron6a, 1050 °C, 3 muH).
ITpu 5TOM yaeabHOEe KOHTAaKTHOE COMPOTUBICHUE CO-
craswio 1074 Om - cm?2.

B xauecTBe MaTepualioB MEeTAIJIMUECKON TJIEHKU 4
ucmnob3oBaau Ni ¢ moacioem Ti, Takke HAHOCUBIIIM-
ecsl METOAOM MAarHeTpPOHHOTo ocaxaeHusl. ToJlunHa
mwieHkr Ni cocrapisiaa 300 HM, a TONIIMHA TTOACIIOSN
Ti — 50 um. Ha Ti/Ni-mieHKy HaHOCUJIM MacKUpYIO-
mee ¢GOTOPE3UCTUBHOE ITOKPHITHE 5, U C ITOMOIIbBIO
¢doromabiaona 6 ¢opmupoBaan (GOTOPE3UCTUBHYIO
macky. O0pa3oBaHHAs XKMIKOCTHBIM XUMWYECKUM TpaB-
JIeHWeM MeTajuimdyeckasi Macka 9 ciayxwuia JJjisl moc-
JIEAYIOLIETO PEaAKTUBHOIO MOHHO-TIJIA3MEHHOTO TPaB-
JIEHUsI SIMTAKCUAJIBHOTO CJI0SI Ha IIyOMHY 7,5 MKM.
MaccuB SiC mukpooctpuit /0 co3gaBajcsl METOIOM
pPEaKTUBHOTO MOHHO-TIJIA3MEHHOTO TPaBJICHUS CTPYK-
Typhl Yyepe3 ToHKYI0 (200 HM) mieHky Al. MukpoocT-
pust uMe GopMy KOHYCOB € paglyCOM 3aKpYTJICHUS
nopsaka 20...30 HM u guaMeTpoM ocHoBaHuUs ~200 HM.
[MoBepxHOCTHAS TIIIOTHOCTH MUKPOOCTPUIL B MacCUBe
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Puc. 4. POM-u3o0paxenune uzrorosieanoro ADK c ynpasisiomum
3JIEKTPOJIOM C JIMHEIHO# KOH(HUrypanueii pacnoJoxeHus oodaacrei
3MHCCHH M YNPABJIAIOMHAX IJIEKTPOIOB

Fig. 4. REM image of FEC made with a control electrode with a linear
configuration of the arrangement of the areas of emission and the control
electrodes

cocraswia >10% cm™2. Ha puc. 4 npusezeHo POM-
n300pakeHne u3roropiaeHHoro ADK ¢ muHeiHO KOH-
durypanyeit pacIiojoxXeHnsT 00JI1acTed SMUCCUM U YII-
PaBJISIOIIUX DJEKTPOAOB.

Xapakrepusanus snuTakcuaigbHoro cios 4H—SiC(V)

OnutakcuanbHblii cioit 4H—SiC(V) B ADK ¢ yn-
PAaBJISIIOIIM BJICKTPOAOM JOJIKEH BBITIOJHSTH (DYHK-
LIMIO M30JISITOpa — cIieiicepa ¢ MaJlbIMU TOKaMU yTeu-
KU MEXIy YMNPaBISIOIIUM 3JeKTPOJOM U KaTOIOM.
Kaxk u3BecTHO, HaMure MPOTSKEHHBIX POCTOBBIX JE-
¢eKTOB, ¢ OAHOU CTOPOHBI, MPUBOAUT K HEOTHOPOI -
HOCTU paclipeleieHUs] KOMIICHCUPYIOLeil TpuMecH
BaHaausl (M, cleIoBaTeIbHO, K BOBHUMKHOBEHUIO yTe-
YeK I10 00JIaCTSIM C MEHBIIUM YIeJIbHBIM COIIPOTUBIIE-
HUEM), C JIPyroii CTOPOHBI, YXYAILIaeT MOP(POJOrUIo

MOBEPXHOCTU CJI0S1 U 3aTPYLHSET MPOBEACHUE JIUTOT-
paduyeckux mpoieccoB. B anmMTaKCUaNIbHBIX CIIOSIX,
HCIIOJIb3YeMBIX B MCTOYHUMKE 3JIEKTPOHOB, HaOJIOMA-
JIOCh TPU XapakKTEPHbIX TUIA POCTOBBIX Ne(PEKTOB,
POM-n300paxkeHrs] KOTOPBIX NIPUBEIACHBI HA pUC. 5.

Hannume Ttakoro poma nedekToB B BbIpAlLIEHHOM
SMUTAKCUATIBHOM CJIO€ CBSI3aHO C BBICOKOI KOHIIEHT-
paluveil BaHaaIus, UCXOAHOU OpUEHTALUEN ITOMIOXKU
(pocT npoucxoaun Ha HeoTkJIoHeHHo# (0001-Si)-rpa-
HU) U 3¢deKToM HaciaeaoBaHUS aedeKToB Tuma "6"
SMUTAKCUATBLHBIM CJIOEM B TIpollecce pocta. M3mepe-
HUs TOKa pacTeKaHMsl, MPOBEAEHHbIE B CKAHUPYIOILLIEM
30HI0BOM MUKpockore Dimension 3100, mokaszanu,
YTO B 00J1aCTU HAOII0JaEMbIX IPOTSKEHHBIX 1e(PEKTOB
MPOBOIMMOCTD CJIOS BEIIIIE, YeM B CpeIHEM IO CKaHW-
pyeMoii MOBEPXHOCTH.

XapakTepuzalusl 3JeKTpOPU3NYECKUX CBOICTB
snmTtakcuaabHoro cioss 4H—SiC(V) npoBommnack Ha
npenBapuTeabHo chopmupoBaHHoit Mmatpulie (Ti/Ni)-
KOHTAKTOB (puc. 6). Bonbr-amnepHbie XapaKTepUCTH -
KU M3MEPSUINCh MUKOAMIIEPMETPOM — HMCTOYHUKOM
HanpsokeHust Keithley 6487.

Tunuunas BAX KoHTakTa, U3MepeHHasi B LIUPO-
KOM JMana3oHe HampsDKeHWH, MpYBeneHa Ha puc. 7.
W3mepeHns: mpoOBOIMIN TIPU OTPHUIIATEIHHOM ITOTEH-
Luage Ha A’ -TMOIIOXKKe, MOCKONBKY TaKasl MOJSIp-
HOCTb HaIlpsIXKEHUsI COOTBETCTBYeET padoueit mist ADK.
[Ipu nonoXuTeNbHOM IMOTEHIIMaae Ha 6a30BOM KOH-
takTe Bul BAX CyllleCTBEHHO MU3MEHSIETCSI, YTO CBU-
JIETENIbCTBYET O Pa3IMYHbIX MEXaHW3Max TpaHCIopTa
HocuTenel 3apsaaa npu "mpssMoM” 1 "obpaTHOM" cMe-
meHnu. O6mwmit Bug BAX xapakrepeH IS CTPYK-
TYp, B KOTOPBIX ITPOCXOIUT MOHOIIOJISIPHAS MHXKEKITUS
3JIEKTPOHOB U3 KOHTAKTa B TOHKUI TUANEKTPUK C JIO-
ByLIeYHBIMU LeHTpaMu [7]. Ilpu HampskKeHUsSIX 0
~10 B cobnonaetcst 3akoH OMa, T.e. TPOBOAMMOCTD B
SMUTAKCUATLHOM CJIoe¢ OOYyCJIOBJIeHA PaBHOBECHBIMU
HocuteasaMu 3apsima. C yBeIMIeHNeM HaIIpsoKeHMST Ha-

Puc. 5. POM-u300paxenne THNHYHBIX POCTOBBIX MPOTSKEHHBIX J1e(eKTOB B IMUTAKCHAIBHOM cJioe noxyusosupyiomero 4H—SiC(V): a — aH-
THda3HbIe JOMEHBI; b — MUKPOMOPHI; ¢ — MOpdoaornuyeckue aedexTol

Fig. 5. REM image of the typical growth lengthy defects in the epitaxial layer of semi-insulating 4H—SiC(V): a — antiphase domains; b — micropores;

¢ — morphological defects
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a)

auameTpoM 620 MKM

SI-SiC (Ti/Ni)-contact with a
diameter of 620 microns
n+4H-Si1C

BazoBprit
(T1/Ni)-xoHTaKT
Base(Ti/Ni)-contact

3 (T/N1)-KOHTaKT

Puc. 6. O6pa3zen nyis usmepenns BAX smurakcuansuoro cios SiC(V)

na nt-4H—SiC nopioxke: a — POM-n306paxeHue MOBPXHOCTH
obpasia; b — ceueHue

Fig. 6. The sample for measurement of VAC of the epitaxial layer of

SiC(V)on n"-4H—SiC substrate: a — REM image of the surface of the
sample; b — cross-section

mA

0,01 +
0,001 +

0,0001

1
T

0,00001 R R
0,01 0,1 1 10 100

Puc. 7. BAX o0pa3ua npu oTpunaTeJbHOM NMOTEHNHANE HA 06a30BOM
KoHTakTe. Ecii npu MaJibIX HANpsuKeHUsAX yAelbHOe CONPOTHBJIEHHE

¢J104 p, MPEBbINIAET 10 Om - €M, TO yxe npu Hanpsukenun ~100 B
yAeJbHOE CONPOTHBJIEHHE YMEHbIIAETCS HA JABa MOPsAKA

Fig. 7. VAC of the sample at the negative potential on the base contact.
1If at low voltages the specific resistance of layer p, exceeded 1 0 Q- cm,

already at voltage of ~100 V the specific resistance decreased by two
orders

OromaeTcst peXXM TOKOB, OTPaHMUEHHBIX TIPOCTPAHCT-
BEHHBIM 3apsIIOM, C KBaIpaTUYHOW 3aBUCUMOCTbIO TO-
Ka OT HampsKeHUS.

PesynbTaThl, MOMy4eHHBIE B XO€ M3MEePEHUS DJIeK-
TPOHU3NYECKHUX TTapaMeTPOB SIUTAKCUATBHOTO CJIOf,
MOKAa3aJIM, YTO TPU HANPSKEHWH Ha YIIPaBIISIOIEM
anekTpone ADK mopsimka 500 B, obecneyuBaoliem
BBICOKYIO TUIOTHOCTH TOKa aBTORJIEKTPOHHOW 3MUC-
CHUM, YPOBEHb TOKOB YTE€YKHU B IIETU YIIPABIISIOLIETO
3JICKTpoaa OYIET CIUIITKOM BEICOKUM. B CBA3M ¢ 3TM
MPEICTABISIIOT MHTEepeC pe3yabTaThl paboThl [8] u [9],
aBTOPHI KOTOPBIX MOKa3zaju, 4To mocje OoMbapau-
poBku 4H—SiC nonamu aproHa ¢ sHeprueii 53 MsB
MOXHO TIOJTy4YaTh TOJYU30JIUPYIOIINE CIION JOCTaTOU-
Hoil TomuuHbl (~10 MKM) ¢ p, = 108...10° Om - cm
BILIOTH 10 HampstkeHuit 700 B.

3akmoueHne

ITpoBeneHHOE uccaeqoBaHWE ITOKa3aao, YTO yBe-
JIMYEHNE TUIOTHOCTH TOKAa U UHTETPAJILHOTO TOKA B UC-
TOYHHKAX 3JIEKTPOHOB C aBTOAMUCCUOHHBIM SiC-Ka-
TOJOM Ha OCHOBE YMOPSAOYEHHBIX MAaTPUYHBIX MHO-
TOOCTPUMHBIX CTPYKTYP BO3MOXHO 3a CUET BBEACHUS
B KOHCTPYKIMUIO JOMOJHUTEIbHOIO YMPaBJISIOLIEro
3JIEKTpoaa, u30arMpoBaHHOro oT SiC-kaToma 3mMUTaK-
CHAJIbHBIM CJIOEM C BBICOKUM YAEIbHBIM COMPOTUBJIE-
HueM. IIpu BeIOOpEe TUMA IMOJYU3OJIUPYIOLIETO CJIOS
HEO0O0XOIMMO YYUTHIBATh BO3MOXHYIO MOIYJISILIMIO CO-
MPOTUBJIEHUS, OOYCIOBJEHHYIO MOHOTOJISIPHON WH-
KEKIUEN DJIEKTPOHOB B MUTAKCUAIBHBIN CIIOM.

B manpHeiiiem 1enecooopa3HoO MPOBOAUTD MCCE-
JIOBaHMS B HAIIpaBJIEHUU UCITOJIb30BaHUS palualluOH-
HBIX TEXHOJIOTWI IJIs CO3daHMs CIeiicepoB B KapOu-
JIOKPEMHUEBBIX aBTOOMUCCUOHHBIX UCTOYHUKAX DJIeK-
TPOHOB.

Paboma evinoanena npu @uHAHCOB80L noddepicke
Munobpuayxu P®, npoexm No 03.G25.31.0243.
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The aim of the work is to conduct a study concerning development of a source of electrons of a triode type based on the epitaxial
structure of "n"-4H—SiC — semi-insulating epitaxial layer of 4H—SiC(V)". Based on the simulation results a specific source design
with the matrix structure of microtip SiC and a control electrode was proposed. A technological route was developed for manufac-
turing of the source, including the standard processes for the micro- and nanotechnologies for microelectronics and microsystem tech-
nology. The properties of the epitaxially grown layer of 4H—SiC(V) semi-insulating were investigated. It was demonstrated that an
increase of the current density and integral current of the cathode was possible due to introduction of an additional control electrode
into the structure, isolated from the SiC cathode by an epitaxial layer with high specific resistance. In selection of a type of a semi-
insulating layer it is necessary to take into account a possible modulation of the resistance due to an unipolar injection of the electrons
into the epitaxial layer. In future, it is advisable to conduct the further research in the direction of employing of the radiation tech-
nologies for development of spacers in the silicon carbide field emission sources of electrons.
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Introduction tem technologies [1—3]. Despite the promising future
of FEC predicted for the vacuum emission electronics,
their practical use in the devices is restrained by the re-
strictions on the reached values of the current density
of the field (autoelectronic) emission and an integrated
current of the cathode, and also their insufficient sta-

bility. An increase of the emission current and improve-

Expansion of the functionalities of the devices of the
modern vacuum electronics (including the vacuum mi-
cro- and nano-electronics) in many respects is defined
by the practical use in them of the effective sources of
electrons with the field-emission cathodes (FEC),
which for some instrument applications are character-

ized by a number of known advantages in comparison
with the traditional cathodes based on the effect of the
thermionic emission. A progress in this direction is pos-
sible due to realization of the new design-technological
solutions, materials and adapted micro- and nanotech-
nologies of the solid-state electronics and the microsys-
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ment of the stability of operation can be achieved due
to application of the silicon carbide, diamonds or their
compositions as the materials for the field cathodes of
the new materials, and also due to formation on the ba-
sis of these materials of the ordered matrix multiple-
point structures with a two-level strengthening of the




intensity of the electric field [4, 5, 10]. The density of
current of the field emission (~100 mA/cmz) received
on the best samples of the cathodes of such configu-
ration are sufficient for certain instrument applica-
tions (for example, for tiny x-ray tubes), but they are
obviously insufficient for the vacuum devices of the mi-
crowave electronics (the necessary densities of the cur-
rent are ~10...15 A/cm2). The further increase of the
density of the current up to the demanded values can be
realized in a three-electrode design of a field-emission
source of electrons.

Modeling of a FEC cell with the control electrode
on the basis of SiC

The research done in LETI [6] demonstrated a basic
feasibility of development of a FEC matrix with the
control electrode on the basis of SiC, which would be
characterized by the density of the current comparable
with the densities of the current of the modern cathodes
with the thermionic emission. The three-electrode con-
figuration of the source presented in fig.1 was modeled
in MAGIC software package, with the sizes of the sep-
arate cell elements of 7 X 7 um and the integrated sizes
of a cell of 21 X 21 um. The cathode-anode distance
was 20 um, while the cathode-control electrode dis-
tance was 6 pm.

The result of modeling of the dependence of the cur-
rent density on the voltage on the control electrode for
the accepted configuration of the source is presented in
fig. 2. For such a cell the voltage of the initial emission
equals to 200 V. At the voltage of 500 V on the control
electrode the integrated density of the current taken
from a cell exceeds 30 A/cmz.

The considered structure of the field-emission
source of electrons contains a dielectric spacer with
thickness of 6 um. The use of the spacer as a material
for the classical technologies of microelectronics and
the microsystem technologies of the dielectrics (for ex-
ample, SiO,, Si;N,) is undesirable in view of the me-
chanical tensions determined by the differences of the
temperature coefficients of expansion of SiC cathode
and of the dielectric layer. The given work presents a
study of the possibility of the use as a spacer material of
the semi-insulating silicon carbide alloyed by vanadium
in the process of the epitaxial growth.

According to the literary data, depending on the
modes of the layer growth and the conditions of dop-
ing, it is characterized by the specific resistance of
10°...1010 o - cm, which is acceptable for ensuring of
the electric insulation of the control electrode from the
cathode of the source of electrons. At that, the above
drawbacks, inherent to the classical materials of the di-
electric layer, are eliminated. Thus, the developed tech-
nological route of FEC of the triode type was focused on
the use of the epitaxial structure of "n" -4H—SiC(N) —
epitaxial layer of 4H—SiC(V)" as the base element of

the created device. Unlike the topology of the field-
emission source accepted for modeling, at the manu-
facturing stage the periodic linear configuration of the
arrangement of the areas of emission and control elec-
trodes was used.

The technological route for formation of FEC
with a control electrode

The circuit of the technological route for manufac-
turing of FEC element of a triode type on the basis of
the epitaxial structure of nt-4H—SiC — 4H—SiC(V) is
presented in fig. 3.

The operations done during formation of the given
structure can be divided into three basic groups:

— Formation of metallization for the contacts
(fig. 3, a—oc);

— Photolithography and formation of a topological
figure (fig. 3, d—g);

— Formation of a mass of microtips by the method
of the reactive-ion etching (RIE) with the use of an alu-
minum mask (fig. 3, A—j)).

The epitaxial layer of the semi-insulating 4H—SiC(V)
1 was grown by the CVD method on a facet (0001 Si)
of the substrate of n*-4H—SiC and alloyed by vanadi-
um in the course of the growth. The thickness of the
layer was 7.5 pm.

The basic ohm contact was formed by the method of
the magnetron deposition with the use of Ti and Ni tar-
gets. The thickness of the adhesion sublayer of Ti was
15 nm, while the thickness of Ni layer was 200 nm. Fast
thermal annealing for linearization of the properties of
the contact was done on As One installation (vacuum
of 107% mm of mercury, 1050 °C, 3 min). At that, the
specific contact resistance was 1074 Q- cm?

Ni with the intermediate layer of Ti, also deposited
by the method of the magnetron deposition, was used
as the material of metal film 4. Thickness of Ni film was
300 nm, while thickness of the intermediate layer of Ti
was 50 nm. Masking photoresistive coating 5 was de-
posited on Ti/Ni film and by means of photo mask 6 a
photoresistive mask was formed. The metal mask
formed by liquid chemical etching 9 served for the sub-
sequent reactive-ion etching of an epitaxial layer to the
depth of 7.5 um. Mass of SiC microtips10 was created
by the method of the reactive-ion etching of the struc-
ture through a thin (200 nm) film of Al. The microtips
had the form of cones with the curvature radius of about
20...30 nm and diameter of the basis ~200 nm. The sur-
face density of the microtips in a mass was >10% cm™2.
Fig. 4 presents a REM image of FEC made with a linear
configuration of the arrangement of the areas of emis-
sion and the control electrodes.

Characterization of the epitaxial layer of 4H—SiC(V)

The epitaxial layer of 4H—SiC(V) in FEC with a
control electrode has to play the function role of the in-
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sulator — spacer with small leakage currents between
the control electrode and the cathode. As is known, on
the one hand, the presence of the extensive growth de-
fects leads to the heterogeneity of distribution of the
compensating impurity of vanadium (and, hence, to
occurrence of leakages in the areas with a smaller spe-
cific resistance), on the other hand, it worsens the mor-
phology of the surface of the layer and complicates the
lithographic processes. In the epitaxial layers, used in
the source of the electrons, three characteristic types of
the growth defects were observed, the REM images of
which are presented in fig. 5.

Presence of such defects in the grown epitaxial layer
is connected with a high concentration of vanadium,
the initial orientation of the substrate (the growth oc-
curred on the undeflected (0001-Si)-facet), and the ef-
fect of inheritance of the defects of b type by the epitaxial
layer in the course of the growth. Measurements of the
current spreading, done by Dimension 3100 scanning
probe microscope, demonstrated that in the field of the
observed lengthy defects the conductivity of the layer was
higher, than on average on the scanned surface.

The characterization of the electrophysical proper-
ties of the epitaxial layer of 4H—SiC(V) was done on a
preliminary formed matrix of (Ti/Ni) contacts (fig. 6).
The volt-ampere characteristics were measured by a pi-
coamperemeter — Keithley 6487 source of voltage.

A typical VAC of the contact, measured in a wide
range of voltages, is presented in fig. 7. The measure-
ments were done at the negative potential on n*-sub-
strate, because such polarity of voltage corresponded to
the working one for FEC. At the positive potential on
the base contact the kind of VAC changed essentially,
which testified to various mechanisms of transportation
of the charge carriers at "a direct" and "a return" dis-
placements. The general view of VAC was typical for
the structures, in which a monopolar injection of the
electrons occurred from the contact into the thin die-
lectric with the trap centres [7]. At voltages up to ~10 V
the Ohm law, i.e. the conductivity in the epitaxial layer
was observed due to the equilibrium of the charge car-
riers. With a voltage increase the mode of the currents
limited by a spatial charge, with a square-law depend-
ence of the current on voltage, was observed.

The results received during the measurement of the
electrophysical parameters of the epitaxial layer dem-
onstrated that at the voltage on the control electrode of
FEC of about 500 V, ensuring high density of the cur-
rent of the autoelectronic emission, the level of the
leakage currents in the circuit of the control electrode
would be too high. In this connection, of interest are
the results of the work [8] and [9], the authors of which
demonstrated, that after a bombardment by 4H—SiC
ions of argon with 53 MeV energy it was possible to re-
ceive the semi-insulating layers of a sufficient thickness
(~10 um) with p, = 10%...10° Q- cm up to the voltages
of 700 V.
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Conclusion

The carried out research demonstrated, that an in-
crease of the density of the current and of the integrated
current in the sources of the electrons with the field-
emission SiC cathode on the basis of the ordered matrix
multiple-point structures was possible due to introduc-
tion into the design of an additional control electrode
isolated from the SiC cathode by an epitaxial layer with
a high specific resistance. During selection of a type of
a semi-insulating layer it is necessary to consider a pos-
sible modulation of the resistance determined by a mo-
nopolar injection of the electrons in the epitaxial layer.

In future it will be expedient to carry out the re-
search in the direction of the use of the radiation tech-
nologies for development of spacers in the silicon-car-
bide field-emission sources of electrons.

The work was implemented with the financial support
of the Ministry of Science of the Russian Federation,
project Ne 03.G25.31.0243.
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ToMckuit TocynapCTBEHHbBIM YHUBEPCUTET CUCTEM YIIPABIEHUS U PaTMOJIEKTPOHUKH, I. TOMCK

PEAAM3ALIMSA CXEMbl KOHTPOAS MPOLIECCA XMMUKO-MEXAHUYECKOM
NAAHAPU3ALIMM HA OCHOBE BUPTYAAbBHOM METPOAOTUU

Ilocmynuaa e pedaxyuro 06.08.2018

Hccnedosanvl memoodst peaiuzauuu mexHoA02UU SUPMYAAbHOU MempPOoa02UU 045 MEXHOA0UHECK020 NPOUecca XUMUKO-Mexa-
HUYeCKoU NAGHAPU3AYUU, RPUMEHSAEM020 NPU NPOU3E00CMEe MUKPOINCKMPOHUKY U MUKpocucmemHoi mexnuku. IIposeden anaus
0aHHBIX ¢ 0am4UK08 000PY008AHUS XUMUKO-MEXAHUMECKOU NAGHAPU3AUUU, A MAKICe IKCMPAKYUs 0ONOAHUMENbHbIX NPUSHAKO8
015 noBblULeHUs NPedcKa3amenbHoll cnocobHocmu modeneil. Pazpabomansl modeau Ha 0CHO8e Mem0008 MAUUHHO20 0OY4eHUs, NO3-
80A5I0UUe NPeOCKa3bI6aMb 3HAUEHUs CPeOHell CKOPOCmU Y0aAeHUss MAMepuana noAUpyemoeo cios No OaHHbIM ¢ 0amH4UK08 YCMaHO8KU

XUMUKO-MEXAHUYECKOU naadapusauuu.

Karoueevie caosa: eUpmyanbHaAsA MeMpoAocUA, MAUUHHOE o6yueﬁue, nwzynpoeoaﬁulcoeoe np0u3eoacmeo, XUMUKO-MexaHuvec-
Kasa naaHapusauyusd, KOHmpoab mexnpoueccoe, npedczca3ameflbﬂoe Mode/tupoeaﬂue, UCK)CCMBEHHble HeﬁpOHHble cemu, AUHeUHas

peepeccusi, KOHMPOAb NOOA0NCEK, MEMOO ONOPHbIX 8eKMOPO8

BBenenune

TexHomornyeckuii Mpoiecc XMMUKO-MeXaHuyec-
Koii maHapusanuu (XMII) mmpoko npuMeHsieTcs: B
MPOU3BOJACTBE IMOJYIPOBOAHUKOBBIX MHTErPaTbHbBIX
cxeM Ui 1 oBaHMs, TTOJMPOBAHUS U TIJIaHApU3a-
UM pelibeda moBepxHoCcTH mmogioxek [1]. st omeH-
KU TIPOU3BOANTEIIBHOCTH M OCYIIECTBICHUST KOHTPOJIS
texmpouecca XMII mpoBoaSIT m3MepeHHUsl TOJILUHBI
MOJMPYEMOTIO CJIOS 10 U TIOCIe MOJMPOBaHUS U Jajee
OIpPENEesIOT CKOPOCTh YAaJeHUs MaTepuaa Moaupy-
emoro cjiost (MRR). Ha naHHBIII MOMEHT CYILIECTBYIOT
JIBa OCHOBHBIX TTOJX0/1a, UCIOJIb3YEMBbIX IS KOHTPOJIS
TEXITPOLIECCOB TOJYNMPOBOJAHUKOBOIO TMPOU3BOICTBA:
KOHTPOJIb "oT maptuu K maptun” (L2L), roe stam met-
pOJIOrMM MPOXOAUT HeOOoJbllasl 10JIs BceX 00padaThi-
BaeMbIX IJIACTUH, U KOHTPOJIb "OT MOJUIOXKKHU K TOJI-
Jnoxke" (W2W), rie KOHTpOJIIO MoJaBepraeTcs Kaxuast
oOpabatbiBaeMas miactTuHa. C TOUKU 3peHUsI CTa0UIb-
HOCTU TexHoJoruu W2W-KOHTpoJib sBJsIeTCsl OoJiee
MIPEeAIIOYTUTEILHEIM B CpaBHeHUHU co cxemoit L2L, Tak
KaK W2W-KOHTpPOJIb O3BOJISIET YMEHBIIUTH TEXHOJIO-
IMYecKUil pa3dopoc U 00EeCIeYUTh BHICOKMI MPOLEHT
BbIXOJa FTOAHOM npoayKuuu. OnHaKo MpUMEHEeHe Ta-

KOI cXeMbl KOHTPOJISI MpEeAIojiaraeT U3MepeHue pe-
3yJIbTaTa TeXmIpolecca Ul KaxkIou IIaCTUHBI, YTO CY-
LIECTBEHHO YBEJIMYMBAET MPOAOIKUTEIBHOCTD IIPOU3-
BOJICTBEHHOIO 1LIMKJIA.

st perueHWs TaHHOM MpoOJeMbl ObLIa Mpeaio-
>XeHa BUpTyasibHas Mmetposiorus (VM) — nepenosast
TEXHOJIOTUSI KOHTPOJIsI, TTO3BOJISIONIAS MPeICcKa3blBaTh
pe3yJbTaT METPOJIOTMHU IJI KaXA0U MOAJT0XKM Ha OC-
HOBE JIAHHBIX C JATYNKOB TEXHOJIOTUYECKOUN YCTAHOB-
KU U TPebIAYyLIUX pe3yJibTaTOB (PU3NUECKUX U3ME-
peHuii [2]. B ocHOBe TeXHOJIOTUM BUPTYaILHOM MET-
pOJIOTUM JIEXUT IOBeAcHUYecKas (IpeacKa3aTeIbHasi)
MOJIEJb C UCTIOJIb30BAHMEM METOIOB MAIIMHHOTO 00Y-
YeHHUs, B KOTOPOI pe3ybTaT MPOBEAECHUSI TEXHOJIO-
TMYecKoro mpouecca ((PU3n4ecKoro u3MepeHus1) sB-
Jggercss (GYHKUMENW OT pe3yJibTaTOB TPAAUIIMOHHOU
METPOJIOTUM U AAHHBIX C JaTYMKOB YCTAHOBKU IS Te-
KYILEeTo U MpeablayluX 3TarnoB npousBojactBa. Co-
[JIACHO TEPMMHOJIOTUM MALIMHHOTO OOYY€HUST BXO-
Hble NTaHHbIe (IaHHbIE C TaTYUKOB YCTAHOBKM) IPU-
HSITO Ha3blBaTh NMpU3HAKaMU, a BBIXOAHbIE JaHHbIE
(pe3ynbTaThl TPAAULIMOHHOW METPOJIOTUM,/PE3YIbTaTh
npeackasbiBaHusl) — oTBeTamu. Kaxoe HaboneHe
(M3MepeHUs 3HaYeHU Il TPU3HAKOB U OTBETOB) MPUHSI-
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TO Ha3blBaTb 00bEeKTOM. CTOUT OTMETUTh, YTO B Ha-
CTosIlllee BpeMsi METOAbl MAllMHHOIO OOyYeHMs aK-
TUBHO TIPUMEHSIOT TP MCCIECAOBAHMU LIEJIOTO psiaa
TexHudyeckux 3amaud [3]. KpoMe Toro, cyuiecTByiOT
HCCIIeTOBaHMSI, TIOCBIIIEHHBIE CO3MaHUIO ITPUOOPOB,
MPUHLIMIT pabOThl KOTOPBIX OCHOBAaH Ha (YHKIIMOHUPO-
BaHUM HEHPOHHOI CeTH — OJHOro M3 Haubojee pac-
MPOCTPAaHEHHBIX METOIOB MAalIMHHOTO oOydyeHus [4].

CucreMbl Ha OCHOBe TexHOJoruu VM Obuiu mpen-
JIOXXEHBI IS HECKOJBKHMX THUIIOB TEXHOJOTUYECKMX
npolieccoB. BBUAY CIOXKHOCTU onMcaHusl (pU3UKO-XU-
MMYECKHMX IIPOIIECCOB, MPOTEKAIOIINX IIPU IIPOBEIE-
Hun XMII, B pabote uccieayercsi BO3MOXHOCTb MpPU-
MEHEeHUs TexHosioruu VM pjisi JaHHOro TUIla TeX-
npouecca. /s ycTaHOBJIEHUSI B3aUMOCBSI3El MeEXIy
MepeMEeHHBIMHM TIPOIlecca U KOHTPOJMPYEMBIM Tlapa-
METpPOM ObLIT U3yyeH MexaHu3M mnpouecca XMII u cy-
lIecTBylolMe ¢uznyeckue Moaeau. Ilpouecc monu-
pOBaHMsI ObLT OMMCAaH Ha YPOBHE YacTull [5], KpucTta-
na [6] u nomnoxku [7]. B paGore [8] GbUT BBIMOJHEH
0030p U MPOBEACHO MCCAeA0BaHNE CBOMCTB BCeX Ie-
pPEUYHUCIICHHBIX BbIIlIE MOMEJIel, B pe3ybTaTe KOTOPOro
ObUTO OOHApPYXKEHO, YTO Ha MPOLECC MOJUPOBAHUS B
3HAYUTEJLHON Mepe BIUSIET COCTOSIHUE MOJTMPOBATbHU -
Ka ycraHoBKM XMII: ckopocTh MOJIMpPOBaHUSI 3HAUYM-
TEJIbHO CHIMXKaeTcsl 6e3 CBOEBPEMEHHOI'O KaueCTBEHHO-
ro KOHIAMUMOHWPOBAHMS TOJMpPOBaJibHUKA. B pabote
[9] uccnenoBanu bakTOpbl, BAMSIONIME HA KOHIUIIM-
OHUpOBaHUeE MoJUpoBajbHUKA. Takke ObLIO TpoBeIe-
HO MOJEJIMPOBaHUE Mpoliecca KOHIUIIMOHUPOBAHUS B
IeJIIX YCTAaHOBJICHMS B3aUMOCBS3el JaHHOTO TTPOIIEC-
ca co ckopocthio nonupoBaHust [10]. Tem He meHee
cyliecTByolne pusnueckue Mmoaean npouecca XMII
HE IO3BOJISIIOT C IOCTaTOYHOU TOYHOCTHIO OIMCATH
MOBEIEHNE €ro 00OPYIOBaHMUS B peabHBIX YCIOBMSIX
MPOW3BOACTBA: BBUAY MPUCYTCTBUS APYIMX HEU3BECT-
HBIX ()aKTOPOB M MapaMeTPOB CPedbl He yIaeTcs OIl-
peleauTb COOTBETCTBYIOIIME KO3(hGULMEHTH MOJe-
nu. B cBs3u ¢ 3TUM HaumboJjiee pacrpoCTpaHEHHBIMU
Ha CEeroJHSIIHUN IeHb MOAX0AaMU K MOJIEIUPOBAHUIO
npouecca XMII gBnsiroTcs METOABI HA OCHOBE aHAIM-
3a JJaHHBIX.

[Tpu Kcronb30BaHMU MOAXOJ0B HA OCHOBE aHaIM3a
JMAHHBIX BUPTyaJIbHass METPOJIOTUSI CBOAUTCS K 3amade
BOCCTAHOBJICHUSI Perpeccuu, e pe3yabTaT MeTPOJIO-
MU TIpEACKa3bIBaeTCsSl MONEIbI0O HAa OCHOBE METONIOB
MaIlIMHHOTO O0YYeHUsI.

Mg peanuzauuu texHoaoruu VM Obliy uccieno-
BaHbl U MPUMEHEHBI KaK JIMHEeHHbIE, TaK U HEeJIMHEH -
HbIe METOJbl MAILIMHHOTO 00y4YeHus. Cpeau JMHEHHBIX
HauboJjiee 4acTO MCIIOJIb3YeTCsl METON YacCTHbIX Ha-
“MeHbIINX KBagpaToB [11] u perpeccus "macco” [12].
BapuaHT npyMeHeHus MeToJa YaCTHBIX HAUMEHbIIIUX
KBaJapaToB IS MPeAcKa3aTeJIbHOTO MOJEIMPOBAHMS
npoiecca XMII 6bu1 npeactasieH B padote [13]. Uc-
KYCCTBEHHbIE HEHPOHHbIE CETH U PErpeccusl Ha OCHO-
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BEe METOJa OIOPHBIX BEKTOPOB SIBIISIOTCS Haubolee
pacnpocTpaHeHHbIMU HEJIMHEUHBIMU METOdaMU, UC-
MoJIb3yeMbIMU B TexHojoruu VM [14]. B pabote [15]
OBLT pa3paboTaH MOIYJIb BUPTYAIbHOM METPOJIOTUH TS
KOHTPOJISI TOJIIMHBI TUIGHKH, TTOJTy4aeMOl IyTeM XU-
MMUYECKOro ocaxeHust u3 razoBoii ¢asel (CVD-ocax-
neHus ). B KauecTBe MaTeMaTUYeCKON MOAeId JaHHO-
ro MOJYJISI BBICTYIala HEPOHHAsI ceTh Ha OCHOBE pa-
JIWaJbHOU 0a3MCHOM (DYHKIIMU.

TexHoJOrusi XMNMHUKO-MeXaHNIECKOi IJIaHaApU3aluA

Ilhanapuzayus — 3710 TIPOIIECC, UCITOIB3YEMBbII TIPU
WU3TOTOBJIEHUU TOJYITPOBOAHUKOBBIX MHTETPabHbBIX
CXeM M IpeIHa3HaYeHHBIN IJ1s YMEHBIIEHUS Teperna-
Jla BBICOTBI MEXIY HU3IIMMU U BBICLIMMM TOUYKAMU
penbeda Ha MOMTOXKE BIUIOTH JO MOJIYyUYEeHUs MOJTHO-
CThIO TJIOCKOM TMOBEPXHOCTU MO BCEW ee TUIOIIaau.
IIpu U3roTOBIEHUN COBPEMEHHBIX CBEPXOOJIbIIIMX UH-
TerpajibHbIX CXeM B KaueCTBE TEXHOJIOTMYECKOIO Tpo-
lecca TJIaHapu3alMyd MCHOJb3yeTCs XMMUKO-MeXa-
HUYECKOe TOoJMpOBaHUe WK TuiaHapusamus (XMIT)
[16]. Ha puc. 1 mpencraBieHa cxeMa YCTAaHOBKU st
peammzanum 1poiuecca XMII. OCHOBHBEIM 371€MEHTOM
YCTAaHOBKM SIBJISIETCS CTOJI, Ha MOBEPXHOCTU KOTOPO-
ro 3akpernJjieH MOJMPOBaJbHUK, W3TOTOBJICHHBIN U3
JOCTaTOYHO MSTKUX CUHTETUYECKMX MaTepUalioB C
pPa3BUTOU MOPUCTON MOBEPXHOCTHIO. K MOBEpXHOCTU
MOJIMPOBaJIbHUKA C KOHTPOJMPYEMbIM YCUIUEM MPU-
KUMaeTcsl TojiupyeMasi TlacThHa, 3aKperieHHas ¢
TMOMOIIIbIO TUIEHKM-HOCUTESI BO BpalllalolleMcsl BOK-

Puc. 1. Cxema ycranoBku XMII: / — monvpoBaibHUK; 2 — TMOJ-
JoXKa; 3 — rojioBKa; 4 — QUCIIEHCep UIS Todayu CYCIeH3un; 5 —
KOHIMLIMOHED; 6 — CTON; 7 — cycneH3usl; F — NpyXuMHas cuia;
1 — 4acToTa BpallleHUs

Fig. 1. CMP tool description: 1 — polishing pad; 2 — wafer; 3 — wafer
carrier; 4 — slurry dispenser; 5 — dresser; 6 — table; 7 — slurry; F —

force; n — rotational frequency




pyr coOCTBeHHOI ocu aepxkarejie (rojoske). Ha mo-
BEPXHOCTb MOJMPOBATIbHUKA YEPE3 CIIELUAIBHBIN qyC-
MeHCep MomaeTcs XUaKasi CyCIeH3Usl, BKIoUarolas
B CBOI COCTaB XXMIOKWI XMMWYECKWI1 pearcHT M adpa-
3UBHBII MOPOILIOK C HY>KHbIM pa3MEPOM TBEPJBIX yac-
Ul Takke B COCTaB YCTAHOBKM BXOIUT KOHAULIMOHED,
MpeacTaBISIoNIi coO0M BpalllaloIIMiCs abpa3uBHbIN
aqMas3Hbll AuckK. KoHauuuoHep MpenHa3HauyeH s
BbIpAaBHUBAHMSI TTOBEPXHOCTU TMOJMPOBAIbLHUKA, TOC-
KOJIBKY BO BpeMsI TTOJIMPOBAHMS TIACTUHBI TOCTECTHUAN
W3HAIIWBAETCS W TMepel KaXXIAbIM HOBBIM IPOIIECCOM
TpeOyeTcsl BbIpaBHUBATh €ro MOBEPXHOCTD.

Onepauus naHapu3aluy MOJIUMPOBaJbHUKA Ha3bl-
BaeTCsl KOHAMLIMOHUPOBAHUEM U BBIMIOJHSIETCS TOC-
PEICTBOM YAaJIeHUSI U3HOLIEHHOTO CJ10S1 MOJMPOBasb-
HUKa abpa3uBOM KOHAMIIMOHepa. BBuay ObICTporo
M3HAILMBAaHUS MOJUMPOBAJIbHUKA €r0 HEOOXOAUMO Me-
HATh mocne oopabotku 100—1000 mmacTuH (B 3aBU-
CHMOCTH OT CTETICHW MSTKOCTH TTOJIMPOBAIBHUKA).

Onucanne DaAHHBIX JJIs NOCTPOCHUA
MOBEJAEHYECKHX MoeJei

B xauecTBe 00BEKTa HCCIIENOBAHUS BHICTYIIAIUN
JaHHbIE, MPEeIOCTaBJICHHbBIE OPraHU3aTOpaMu MeXIy-
HapoJHOTrO KOHKYypca Mo MaluMHHOMY ooyuyeHuto PHM
Data Challenge 2016.

OCHOBHOIi 1Ie/IbI0 JAHHOTO KOHKypca SBJSUIaCh
pa3paboTKa MoBejeHYecKo Moaeau npouecca XMIT
JUISL TIpecKa3blBaHUsI CpelHEed CKOPOCTU yHaaleHUs
Matepuaja noaupyemoro cios [17]. YuacTtHukam Obl-
JIO TIPeIOCTaB/IeHO JBa Habopa JaHHBIX: o0yJarolas u
KOHTpOJIbHasA BbIOOpKHU. OOyyatoliiass BbIOOpKa Mpe-
cTaBjsiia co0Oil JaHHBIE C JATYUKOB 000pPYIOBaHUS
XMII, cobpaHHBIEe B TeYEHME IIPOBEACHMS Pa3IMYHbBIX
9TanoB TexIpoliecca Ml ONpeaeeHHbIX MOIT0XEK.
MRR O6b11a ompeneneHa I0 pe3ysibTaTaM HU3MEpeHU
TOJILLIMHEI CJ10s1 00 Hadana Texmpouecca XMII u mocie
ero okoH4aHus. Yuciao moaioxek B oOydaroleil Bbl-
6opke coctaBuiao 1981 mT., B KOHTPOJIBbHOU — 424 1mT.

O0padoTKa JaHHBIX M IKCTPAKIHSA NPA3HAKOB

Ha npenpiayiiuyx stamax MCCaegoBaHUS ObLI MpoO-
BElleH TpeaBapuTe/IbHbII BU3yaJbHBI aHAIU3 HdaH-
HBIX, B XOJ€ KOTOpPOTO ObLIM YCTpaHE€HbI BBHIOPOCHI
(omnbku naMepeHuit MRR). Takxke npoBeneHue aHa-
JIi3a TO3BOJIWIO BBIACJIUTH TPU TMOAHAOOpA JaHHBIX,
COOTBETCTBYIOIIMX Pa3IMYHBIM peXXrMMaM MPOBEACHMUS
Texmnpolecca. JlaHHbIe PeXMMbl OTJIMYAIOTCS 3Haye-
HUSIMM CKOPOCTHM MOJIMPOBaHUSI U HOMEpPAMM Kamep
yctaHoBku XMII [18]. B pesynbTaTe mcciaemoBaHuUs
JIaHHBIX [JIS1 BBISIBJIEHHBIX PEXHWMOB ObLIO OOHapy-
JKE€HO, YTO B HEKOTOPBIX KaMepax MoAJI0XKHU obpaba-
THIBAJIUCh 3HAYUTEIBHO HOJIbIIE, YEM B OCTaJbHBIX:
cpenHee BpeMsl MOJUPOBAHMS IJIAaCTUH B Kamepe [

CPaBHMUMO C CYMMapHBIM BpEeMEHEM ITOJMPOBAHMS
IJIACTUH B Kamepax 2 U 3, a cpeliHee BpeMsl MOJupo-
BaHUS B KaMepe 4 MpUOIU3UTEIbHO PaBHO CpeaHEMY
BpEeMEHU TTOJIMPOBAHMSA B Kamepax S m 6. B cBs3m ¢
3TUM IpU QOPMUPOBAHUU TIPU3HAKOB IJISI OOYYEHUSI
npeacKa3aTe/bHON MOJAEM 3HaUeHUS! JaHHBIX C JaT-
YUKOB YCPEIHSIU B COOTBETCTBUM CO CPEAHUM BpeMe-
HeM TojupoBaHusl. OTAeNbHbIe TTPU3HAKKU ObUIU TO-
JIy4eHBI IIpU YCPEAHEHUU I10 BpeMeHU OOpabOTKU B
Kamepe [ ¥ Mo cyMMapHOMY BpeMeH1 00paboTKM B Ka-
Mepax 2, 3. [1o aHajioruu ObUIM OMpeneieHbl CpeaHue
3HAUYEHMUSI JAHHBIX C JATYMKOB, MTOJYYEHHBIX BO BpeMs
00paboOTKM TJIaCTUH B KaMepe 4 1 3a o011ee BpeMst 00-
pabOTKM TIACTUH B KaMmepax J, 6.

IIpy mocTpoeHUM TpeAcKa3aTeJbHBIX MOoJesei
cjemyeT MPOBOIWTH MpPEIBApUTEIbHBIM aHaIU3 MPU-
3HAaKOB, MOCKOJIbKY He BCe MapaMeTphbl BIUSIOT Ha pe-
3yJIbTAT TexIpolecca. B maHHOM MccliefoBaHUM TIPU-
3HaKM M3 MCXOJHOro Habopa JaHHBIX OTOMpaaM Ha
OCHOBe (DM3MYECKON MOJEIN Ha YPOBHE YACTHII, OITH-
caHHOI1 B pabote [8]. B cBsI3U ¢ 9TUM U3 CIIMCKa BXO/I-
HBIX TapaMeTpoB ObUI yaajieH IMpU3HAK "COCTOSHUE
BOIBI B KOHOWILIMOHEpE".

B npouecce aHanu3a JaHHBIX OBbLIO YCTAHOBJIECHO,
YTO 3HAYEHUSI CKOPOCTEH ymaJleHnsT MaTepuaia Ioju-
pyeMoro cJiosi AJisl MOAJIOXKEK, KOTOpble o0pabaThiBa-
JIUCh TIOCJIEAOBATEIBHO APYT 32 IPYTOM, B3aMMOCBSI3a-
HbI Mexay coboii. ITycte MRR(f) — cpenHsisi CKOPOCThb
yoajeHusl MaTepuana mpyu odopaboOTKe TeKylleil Mom-
JIoxkku, Torna MRR(t — 1) — cpeaHsisi CKOPOCTh yaa-
JIeHUsI MaTepuaia mpyu oopaboTKe mpeAblaylleil momi-
JIOXXKU. IcXOmHBIN HAOOP TaHHBIX ObLT OTCOPTUPOBAH
M0 HAYaJIbHOMY BpPEMEHHU TMOJHUPOBAHUS TOMIOXEK,
rocjie 4ero ObLIM TMOCTPOEHBI AuMarpaMMmbl pasdopoca
MRR(Y) 1 MRR(t — 1) nnst mepBoro rogHabopa JaH-
HBIX, KaK IMOKa3aHo Ha puc. 2, a. Takxke ObUIO ycTa-
HOBJICHO, YTO KO3 GULIMEHT KOPPEJSLIMU MEXIY Cpell-
Hell CKOPOCThIO YAaJIeHUs] MaTepuasa IJisl TeKylel 1
MPeIbIIYIINX MOJIOXEK MMeeT HauboJblliee 3Haye-
HUe, eclii OTHOCUTeNbHO Tekylueit MRR(f) paccmar-
puBaeTcs rnepsasi npeabiayias momioxka MRR(t — 1)
(puc. 2, b).

TakuMm ob6pa3om, mpy NOCTPOCHUU TpeacKa3aTe/b-
HBIX MOJIeJIeil B Ka4eCTBe MOIMOJTHUTEILHOTO BXOJHOTO
nmapaMmeTpa (Ipu3HaKa) ObUI MCIIOJIb30BaH IPEIbIAY-
Ui pe3yabTar MeTposioruu (MRR anst mpenblayLInx
MoJj10XeK). JJist Toro 4ToObl yuyecTh B IpeacKa3aTesib-
HBIX MOJIEJISIX M3HOC 00opynoBaHus XMII, Takke ObLT
BSKCTparupoBaH JOMOJHUTENIbHbIM HA0OpP MPU3HAKOB.
B McXoaHBIX JaHHBIX C AATYUKOB O0OOPYIOBaHUS UMeE-
I0TCSl TIepeMEHHbIE, XapaKTepu3ylolllue W3HOC OTIe-
JIbHBIX YacTeid yctaHoBKM XMII. B xone ucciaenona-
HUs ObLIO CAEeIaHO MPEANoNOXEeHNEe, YTO €CJIM PeLenT
npoiiecca (IMOTOKM CYCMEH3UM, NaBlIeHWE, YacToTa
BpallleHUsI) He U3MEHSIETCS 3HAYUTEIbHO C TCUCHUEM
BpPEeMEHHU, TO Ha CKOPOCTh yIaJeHUsl MaTeprasa B 3Ha-
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Fig. 2. Diagram of the spread of MRR values: a — for the t-th and (t — 1)-th wafers; b — for the t-th and (t — 3)-th wafers

YUTEJIBHON Mepe OyIeT BAMSITh M3MEHEHUE MapaMeT-
poB 00opynoBaHus (T.e. CTeNEHb M3HOCA OTAEIbHBIX
KOMIIOHEHTOB YCTaHOBKM). [IJIsl mpoBepKU JaHHOM T'1-
rmoTte3bl ObL1a pa3paboTaHa perpecCMOHHasi MOZEIb Ha
OCHOBe MeToza k omkaitiux coceneit [19]. CyTh Me-
ToAa OJIMIKAMIIIEero coceia 3aKJII0YaeTCs B TOM, YTOOBI
0 3alaHHOMY OObEKTYy HalTHU TaKOl OTBET B 0Oyya-
IolIe BHIOOPKE, KOTOPOMY COOTBETCTBYET OOBEKT C
MHWHHUMAJTbHBIM Pa3InIrieM ITPU3HAKOBOTO OITMCAHMSI.
O06o0011eHre MeTOAA Ha cllydaid k OJvKalInuX coceaeit
MO3BOJISIET HAUTU k OIMKaMIIMX OOBEKTOB K MHTEpE-
cylolieMy OOBEKTY B oOydalolleil BBIOOpKE M yCpel-
HUTb OTBETHI i1 JAHHBIX O0BEKTOB.

B kauecTBe MpU3HAKOB JAHHOW MOMAEIU ObLIA UC-
MOJIb30BaHbI TIEPEMEHHBIC, XapaKTEepU3YIOIINe M3HOC
000pyIOBaHMSI, @ UMEHHO: U3HOC TJIEHKU-HOCUTES;
KOHIMIIMOHEpPA; MOJUPOBAIbHMKA; CTOJIMKA KOHIM-
LIMOHEpPa; MeMOpPaHbI; IOBEPXHOCTHOTO CJIOS TOJIOBKH.

B xauecTBe OTBETOB BBICTYITAJIIM PEe3yJIbTaThl M3Me-
peauit MRR. Ilocne oOyyeHUsT MOAEIU HAa BXOJ I1O-
Jal0TCsl 3HAYEHMS TTapaMeTpOB M3HALMBAHUSI 000pYy-
JIOBaHMSI, U aJITOPUTM HaAXOAUT B oOyuaroleil Bbibopke
k 0OBEKTOB, /IS KOTOPBIX OTJIWYKME OT BXOJIHBIX Mapa-
METPOB M3HAIIMBAaHUS MUHUMaIbHO. OTBETOM ajro-
puTMa SIBJIsIeTCs yecpenHeHHoe 3HaueHue MRR. B xone
9KCIIEpUMEHTa ObUIU MOCTPOECHBI PErPecCUOHHBIE MO-
JIeJId TSI BCEX PEXKUMOB IO JaHHBIM 00yJarolleil Bbl-
Oopku. s TecTUpoBaHMS MOJEJNIell MCIOJIb30Baln
JIaHHBIE KOHTPOJIbHOI BBIOOpPKU. Pe3ynabTaThl TECTU-
POBaHUSI PErPECCMOHHONM MOJIEIM Ha OCHOBE MeToJa k
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OKaMIIMX coceleil T0 BTOpOMY IMOAHA00py JaHHBIX
MpeACTaBJIeHbI HA pUC. 3, a.

Taxke ObLIO YCTAaHOBJIEHO, YTO CYLIECTBYET OMTH-
MaJbHBII ITapaMeTp PerpecCMOHHONM MOIEIU (YMCIIO
Oonmkaiiumx coceaeit k), mpu KOTopoM KoaULIMEHT
KOPPEJISILIMA MEXIY U3MEPEHHBIM Y MPEACKA3aHHbBIM
3HaueHUIMU MRR mipuHuMMaeT HauOoJblliee 3Have-
Hue (puc. 3, b). C yuyeToM JOMNOJTHUTEIbHBIX MPHU3HA-
KOB J/Is1 OOy4eHUsI TTOBeICHYECKUX MOoJiesieit ObLIo 10-
cTyrnHo Oosiee 40 BXOOHBIX apaMeTPOB.

s yMeHbllIeHUs pa3MepHOCTU 3aJauyud ObUT MpPU-
MEHEH METOJ OTOOpa MPU3HAKOB HAa OCHOBE CTATUC-
tnueckoro F-tecra [20]. CyTh MeTOAA 3aKJl04aeTCs B
BbIUMCICHUN KO3GhGULUEHTOB KOPPEISILUMU MEXIY
OTIEIbHBIMM TTPU3HAKAMU U COOTBETCTBYIOILIMMU OT-
BeTaMu. Jlajiee Ha OCHOBE pacCUYMTAHHBIX KO3 hu-
LIMEHTOB BBIYUCISIETCS CTAaTUCTUYECKMU KpUTEpUid
duiepa 1 onpeneIsieTcss COOTBETCTBYIOIINIA YPOBEHD
3HAUMMOCTH. YPOBEHb 3HAUMMOCTHU XapaKTepU3yeT
BEPOSITHOCTb TOT0, YTO BKJIIOYEHUE TAaHHOTO MTPU3HAaKa
B MOJIeJIb OKaXXeTcs HempaBUIbHBIM. ClieToBaTeIbHO,
B MOJIeJIb HEOOXOAMMO BKJIIOYATh MPU3HAKU, ST KO-
TOPBIX OBIJIO MOJTYYEHO MIHUMAJIBHOE 3HAYEHHE YPOB-
HS 3HAUMMOCTH. 7151 aBTOMaTM3alMu MPOLIETyphl OT-
0opa TMPU3HAKOB ObLIM OINpeaeseHbl COOTBETCTBYIO-
1€ TOPOroBble 3HAYEHMS IS KaXIOro ImoaHadopa
JIaHHBIX.

st mpoBepku 3(p¢GEeKTUBHOCTA MCIIOJIb30BaHUS
JOTIOJTHUTEJIbHBIX TTPU3HAKOB ObLIO MOCTPOEHO TpPU
noBeaeHYeCcKUX mMoaenu Ipouecca XMII Ha ocHoBe
JIMHEMHOM perpeccuu ISl KaXxIoro u3 moaHadopoB
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Fig. 3. Diagram of the spread of the measured and predicted values of MRR:

naHHbIX. [TpeackazaHHble 3HAUEHUS CKOPOCTH yaajie-
HUSI MaTepuaja MOJUPYeMOro CJosi, TTOJyYeHHBIE C
MOMOIIBIO NTAaHHBIX MOJEJEi, ObIJIM OOBEAMHEHBI B
TabJMIY ¥ CPABHUBAIUCH CO 3HAYEHUSIMU KOHTPOJIb-
Holi BEIOOpKU. B Tabn. 1 mpeacraBieHbl 3HAYEHUS KO-
s duumreHTa AeTepMuHanuu [21] u cpeaHeit KBaapa-
TUYHOW OIIMOKM MPU MCMHOJIb30BAHUM TOTOJHUTEb-
HbIX TPU3HAKOB 1 0€3 HUX.

IIpy nocTpoeHMM NOBEAEHUYECKUX MOJEJIEN Ha Oc-
HOBE JIMHEMHOUN PEerpecCcum MUCIOJb30BaJICd OIUCAH-
HBII paHee MeTol 0TOopa npru3HakoB. M3 Tabma. 1 Bum-
HO, YTO MNpPUMEHEHUE AOTOJHMUTEIbHBIX TPU3HAKOB
MO3BOJISIET CYILIECTBEHHO YMEHBIIWThH OLIMOKY Mpe.-
ckazaHusi MRR.

IMocTpoenne nmpeacKa3aTebHbIX MOEJei

st olleHKM TmpeacKa3aTebHOU ClTOCOOHOCTU MO-
JleJIM Ha BCeil KOHTPOJIbHOM BbIOOPKE IMpeacKazaHHbIe
OTBETHI JIJISI TPeX MOJAHA00POB NaHHBIX ObLIU O0BEAM -
HeHbl B obuiyto Tabauny. Jlajee pacCYMThIBAIU TO-
KazaTeJIM TOYHOCTH [JI JAHHBIX KOHTPOJBHON BBI-
OOpKM U OOlLIel TabaMLbl NMpeackKa3aHHBIX OTBETOB.
OO01Me rokasarejd TOYHOCTH ISl TpEX HAOOPOB AaH-
HBIX TMPEACTaBIEHbI Ha puc. 4.

W3 puc. 4 BugHO, 4YTO Ha YPOBHE BCEl KOHTPOJIb-
HOI BBIOOPKM MOCTPOEHHbIE MOJEIM HAa OCHOBE JIU-
HEWHOI perpeccuu 00JIafal0T BHICOKOW TOYHOCTHIO:
cpedHsisl abcosoTHas olrbka mpeackazaHuss MRR B
npoueHTax (MAPE) cocraBnsier 2,35 %, B TO BpeMsl Kak
Koa(dunmenT gerepmuHanyy paseH 0,991. B nporiec-

0,943

90 100

Tabmuma 1

Table 1

OueHKH Ka4yecTBa PerpecCHOHHbIX MojeJei
C Pa3IMYHBIMA NPU3HAKAMH

Estimations of the quality of the regression models with various features

Twun BXxogHBIX nmapaMeTpoB MOACIN

(TIpU3HAKOB)
Types of the input parameters of the models
(features)
Cpennue | CpemHue 3HaUYECHUS
Cpene 3HaYEeHUs | JAaHHBIX C JaTYMKOB
snauenns | A@HHBIX C | YCTAHOBKM, Bpemst
HAHHBIX C JATYNKOB TOJIUPOBAHUS 1
Kpurepnii ATIHKOB YCTaHOBKHM, | MRR nnst mpensiay-
KauecTBA JCTAHORKH BpeMs Mo- | ILUKX MOIJIOXKEK U
MOXOITH ¥ BpeMs JIMPOBaHUY MISR g k 6.]'[1/1:
Criterion THOIHpOBa- u MRR nyist | Xaiflumx cocenei
of quality st Mpeablay- | IO CTEeNeHU U3HO-
of a model Average LIMX TOUIO- | ca 000pyIOBaHUS
values of KEK Average values of the
the data Average data from the sensors
from the values of the | of the to.ol,. the time
Sensors of data from the of polishing and
the 100l and | S€"SO"S of.the MRR for the
the tool, thg time | previous wafers and
polishing of polishing MRR for k nearest
time and MRR for neighbors by the
the previous | degree of the usage
wafers of the equipment
CpenHss 20.97 10.60 7.64
KBaJIpaTUyHast
oumoka MSE
Quadratic mean
MSE
Koadduim- 0.976 0.988 0.991
CHT IeTepPMU-
Hauuu R
Coefficient of

determination
R2
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Fig. 4. Result of construction of the predictive model on the basis of the
linear regression

ce MCCIeI0BaHUsS ObUIM TaKXKe IMOCTPOEHBI MOBEIEH-
yeckue mozenu mpoiuecca XMII Ha ocHoBe ciemyro-
IIAX METOAOB MAILIMHHOTO O0YYEeHHUS:

e METOJ ONOPHBIX BEKTOPOB;

e VCKYCCTBEHHasi HEipOHHAS CETh;

e KOMITO3UIMS PEIAIOIIUX AEPEBHEB.

B Tabn. 2 mpeacraBieHbl OLIEHKU MpeAcKa3aTelb-
HOI COCOOHOCTU MOCTPOEHHBIX MOJEJEH Ha YPOBHE
BCEM KOHTPOJILHOI BEIOOPKHU, a TaKXKe JJIs1 OTIeIbHBIX
MoJAHA00POB JaHHbIX. B 11eJ11X cpaBHEHUS TaKXKe Mpu-
BEACHBI OLIEHKW IS MOJEJIM Ha OCHOBE JIMHEHMHOM
perpeccum.

W3 Tabi. 2 BUAHO, YTO BCE UCIIOJIb30BAHHBIE METO-
Il CIIOCOOHEBI ITpeacKa3biBaTh 3HauyeHne MRR ¢ BbI-
COKOI1 TOUHOCThI0. B KauecTBe Ipencka3aresibHOM MO-
nmen mporecca XMIT MOXXHO MCTIOnb30BaTh TaK HA3bI-
BaeMyl0 MHTETPUPOBAHHYIO MOJIEJb, TAe ISl KaxKIOoro
nojaHabopa JaHHBIX UCIOJb3yeTCsl METOM MaIlIMHHOIO
00y4yeHUs1, IS KOTOPOro ObLIO TOJy4eHO HaUMEHb-
1ee 3HaueHue olnoku npeackazanus (MSE, MAPE)
U HauOonblINi KoadduuneHT nerepmuHauuu R2. Wc-
XOJIsI M3 3HAYCHUI OIIMOOK, IIPEACTaBICHHBIX B Ta0. 2,
WHTEeTpUPOBaHHAsI TIOBeJeHUYeCKass MOJAEIb MOXET
BKJIIOYATh B ce0s CieaylolMe MeTOAbl MalllMHHOrO
0o0Oy4JeHUsI:

— WCKYCCTBEHHAs HEWpPOHHAs CEThb IJisl MepPBOrO
rnmogHabopa JaHHBIX (PexXUM A, KaMepsl 4, 5, 6);

— METOJ OIIOPHBIX BEKTOPOB IJISI BTOPOTO MOIHA-
0opa JaHHbIX (pexxuM B, kamepsl 4, 5, 6);

— JIMHEMHas perpeccus s TPEThero MmogHadbopa
JaHHbBIX (pexuM A, Kamepsl 1, 2, 3).

3akiouyeHune

B naHHoOI1 paboTe NpemioXeH BapyuaHT pealu3alun
texHoynorun VM s npouecca XMII. s mocrpoe-
HUSI TIpeicKa3aTelbHbIX MOJEJel ObUIM MCIONIb30Ba-
HBI CJIEIYIONINEe METOObI MAITMHHOTO OOYUYCHWMS: JIM-

Tabauua 2
Table 2

Pe3yabTaTbl mOCTPOEHHs MpeACKa3aTeNbHbIX Mojenei nponecca XMII

Results of construction of the predictive models of the CMP process

MeToa MalIMHHOTO 00yYeHMs
Homep nognabopa Kpurepuit Machine learning method
TAHHBIX KauyecTBa MOJEIN
Numbers of the data Quality criteria Jluneitnas MeTton onopHbIX HckyccTBeHHast Komnosumust peia-
subsets of the model perpeccust BEKTOPOB HEpOHHAs CEeTh JOLIMX J€PEBLEB
Linear regression Support vector regression | Artificial neural network Tree ensembles
I pexxum A, MSE 5.96 5.92 5.90 6.17
Kamepsl 4, 5, 6 MAPE 2.47 2.47 2.45 2.49
1 mode A, R? 0.855 0.856 0.857 0.850
chambers 4, 5, 6 R 0.926 0.927 0.926 0.923
I pexxum B, MSE 8.20 8.08 8.33 8.13
Kamepsl 4, 5, 6 MAPE 2.54 2.54 2.53 2.53
I mode B, chambers R’ 0.887 0.889 0.886 0.888
456 R 0.943 0.943 0.942 0.943
11 pexxum A, MSE 10.01 10.12 10.06 10.74
kamepsl 1, 2, 3 MAPE 1.60 1.62 1.61 1.65
111 mode A, R? 0.307 0.299 0.303 0.256
chambers 1, 2, 3 R 0.643 0.641 0.646 0.630
Bcest koHTpOJTBHAS MSFE 7.64 7.59 7.68 7.82
BbIOOpKa MAPE 2.35 2.36 2.34 2.36
The whole of the R? 0.991 0.991 0.991 0.991
control sample R 0.996 0.996 0.996 0.996
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HEeWHad perpeccus, UCKyCCTBEHHAss HEMPOHHAs CETb,
perpeccusi Ha OCHOBE METO/Ia OITOPHBIX BEKTOPOB, KOM-
MO3UILUS PELIAOIINX IepeBbeB. DM GEKTUBHOCTD TaH-
HBIX MOJie/ieli Obljla MPOTECTUPOBaHA Ha TaHHBIX MEX-
JYHApOJAHOI0 KOHKypca IO MallMHHOMY OOYyYeHMUIO
PHM Data Challenge 2016. 3agaya 1aHHOTO KOHKypca
COCTOsIJIa B KOPPEKTHOM TIpeACKa3aHUU CpeaHel CKo-
pOCTU yIajieHusl Marepuana MOJUPYEMOro CJlIosl —
KJIIOUEBOTO TTapamMeTpa KOHTPOJIS TPOU3BOIUTEIBHOC-
™ npouecca XMII.

B npouecce uccienoBaHusi ObUT TPOBEAEH aHAIU3
JaHHBIX ¢ JaTYUKOB obopynoBaHusi XMII, BEISIBIEHBI
PEXXUMBI JUISI IOCTPOEHMUSI TTIOBEICHYECKUX MOJENe, a
Tak>Xe JOIMOJHUTEIbHbIE MPU3HAKU, BBEIEeHUE KOTO-
PBIX TIO3BOJIUJIO CYLIECTBEHHO IOBBICUTDH IpeAcKa3a-
TEJIbHYI0 CIIOCOOHOCTh BCEX MCITOJIb30BAHHBIX METO-
JIOB MalllMHHOTO oOyueHus. [IpennoxXeHHbI MeTom
MMOCTPOCHUS MpeacKa3aTeIbHBIX MO MOXET Mpu-
MEHSITBCS IS TIOBEIEHYECKOTO MOJEIMPOBAHUS IpY-
IUX TEXHOJOTMYECKUX IPOLIECCOB MOJYIIPOBOIHUKO-
BOr0 IIPOM3BOJICTBA.

HanpHeime ucciie0BaHusI OyayT HarpaBieHbI Ha
MOBBIIIEHUE POOACTHOCTU IIPEACKA3aTeIbHbIX MOJIE-
JIel ¥ IpUMeHEHUe TTPEUTOKCHHBIX METOIOB [UISI KOH-
TPOJIST TEXIIPOLIECCOB IEHCTBYIOIIETO MPOM3BOACTBA B
peaTbHOM BpeMEHM.

Paboma evinoanena npu purarcosoli noddepicke
Donoda codelicmeus pazeumuro mMaivix Gopm npeonpu-
AMull 8 HAy4HO-mexHu4eckou cghepe (0oeo6op (coenrauie-
Hue) No 129061'Y/2018 om 27.04.2018 e.).
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Chemical mechanical planarization is widely applied in the modern semiconductor manufacturing as an essential wafer polishing
process. The CMP process performance is evaluated by measuring of the layer thickness before and after polishing and calculation
of the material removal rate. The latter was chosen as one of the main performance indicators of the CMP process. The currently
employed process of control of the systems of wafer processing strongly depends on the physical measurements ensured by the met-
rological instruments. A continuous node scaling results in a demand for measuring of the quality of every wafer after each process
step in order to track the wafer faults. However, this is a costly and time consuming process. In recent decades a virtual metrology
was proposed as a solution for the wafer-to-wafer control. This technology allows prediction of the crucial process performance in-
dicators without using extra metrology tools. The core component of the virtual metrology is a predictive model based on machine
learning techniques. The paper deals with implementation of the virtual metrology for a chemical mechanical planarization process
control applied in microelectronics and the microelectromechanical systems. An analysis of the sensor data of a chemical mechanical
planarization tool was carried out. Additional features were extracted in order to increase the predictive strength of the machine
learning models. The models for prediction of a material removal rate by the sensor data of a chemical mechanical planarization
tool were developed.
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Introduction

The technological process of the chemical-mechan-
ical planarization (CMP) is applied in the manufactur-
ing of the semiconductor integrated circuits for grind-
ing, polishing and planarization of the relief of the sur-
face of the wafers [1]. For evaluation of the productivity
and implementation of the control over the technolog-
ical process of CMP, measurements are done of the
thickness of the polished layer before and after the pol-
ishing, and the speed is defined of the removal of the
material of the polished layer (MRR). There are two ba-
sic approaches used for control of the technological
processes in the semiconductor manufacturing: "lot-to-
lot control" (L2L), in which only a small share of all the
processed wafers go through the metrology stage, and
"wafer-to-wafer control”, which envisages control for
each processed wafer. From the point of view of the
technology stability the W2W control is more preferable
in comparison with L2L: because W2W control allows
us to reduce the technological spread and to ensure a
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high yield. However, application of such a system en-
visages measurement of the result of the technological
process for each wafer, which increases essentially the
duration of the production cycle.

For solving of the problem a virtual metrology (VM)
was suggested, an advanced control technology allow-
ing us to predict a result of the metrology for each wafer
on the basis of the sensor data from a technological in-
stallation and previous results of the physical measure-
ments [2]. At the heart of VM technology is the behav-
ioral (predictive) model based on machine learning
methods, in which the result of carrying out of a tech-
nological process (physical measurement) is a function
of the results of the traditional metrology and the data
from the installation sensors for the current and the
previous production stages. According to the machine
learning terminology, the input data (the data from the
installation sensors) are usually called features, while
the output data (results of the traditional metrology/re-
sults of prediction) are called outputs. Each observation
(measurement of the values of the features and the out-




puts) is usually called an object. It is necessary to point
out, that the machine learning methods are used ac-
tively for research of a number of technical problems
[3]. Besides, there are the research works devoted to
creation of the devices, the principle of operation of
which is based on functioning of a neural network —
one of the most widespread methods of the machine
learning [4].

The systems based on VM technology are suggested
for several types of the technological processes. In view
of the complexity of the description of the physical and
chemical processes proceeding during CMP, in this
work we study a possibility of application of VM tech-
nology for the given type of the technological process.
In order to establish the interrelations between the
process variables and the controllable parameter, the
mechanism of the CMP process and the existing phys-
ical models were studied. The polishing process was de-
scribed at the level of the particles [5], the die [6] and
the wafer [7]. In [8] a review and a research were done
of the properties of all the above models, as a result of
which it was discovered that the polishing process is to
a great extent influenced by the state of the polishing
pad of a CMP installation: the speed of polishing re-
duces considerably without a quality conditioning of
the polishing pad. In [9] the factors were studied, in-
fluencing the conditioning of the polishing pad. Also a
modeling was done of the conditioning process for the
purpose to establish the relationships between the con-
ditioning and the speed of polishing [10]. Nevertheless,
the existing physical models of the CMP process do not
allow us to describe with sufficient accuracy the behav-
ior of the CMP equipment in the real conditions of
manufacturing: in view of the presence of the other un-
known factors and parameters of the environment it is
not possible to define the corresponding coefficients of
the model. In this connection the most widespread ap-
proaches to modeling of the CMP process are the
methods on the basis of the data analysis.

In case of the use of the approaches based on the da-
ta analysis, the virtual metrology boils down to the re-
gression problem, where the result of the metrology is
predicted by the model based on the methods of ma-
chine learning.

For realization of the VM technology both the linear
and nonlinear methods of machine learning were in-
vestigated and applied. Among the linear ones the most
frequently used one is the least-squares method [11]
and the "lasso" regression [12]. The version of applica-
tion of least-squares method for predictive modeling of
the CMP process is presented in [13]. The artificial
neural networks and support vector regression are the
most wide-spread non-linear methods applied in the
VM technology [14]. In [15] a virtual metrology module
was developed for control of the thickness of the film
obtained by the chemical vapor deposition (CVD dep-
osition). The role of the mathematical model for this

module was played by the neural network based on ra-
dial basis function.

Technology of the chemical-mechanical planarization

Planarization is the process used for manufacturing
of the semiconductor integrated circuits and intended
for reduction of the height difference between the low-
est and the highest points of the relief on a wafer up to
obtaining completely flat surface on all of its area. Dur-
ing manufacturing of the modern very large scale in-
tegrated circuits, as the technological process of sur-
face flattening, the chemical-mechanical polishing or
planarization (CMP) is used [16]. Fig. 1 presents a de-
scription of an installation for the CMP process. The
basic element of the installation is a table on the surface
of which a polishing pad is fixed, made of rather soft
synthetic materials with a developed porous surface. To
the polishing pad’s surface a plate intended for polish-
ing is fixed with a controllable force by means of a film-
carrier in a holder (wafer carrier) rotating around its
own axis. To the surface of the polishing pad through
a special dispenser a liquid slurry is supplied, which has
in its composition a liquid chemical reagent and an
abrasive powder with the necessary size of the solid par-
ticles. The installation also incorporates a dresser (con-
ditioner), which is a rotating abrasive diamond disk.
The dresser is intended for the surface alignment of the
polishing pad, because during the plate polishing the
latter wears out, and before each new process its surface
should be smoothed out.

Operation of planarization of the polishing pad is
called conditioning and is carried out by removal of the
worn out layer of the polishing pad by the dresser abra-
sive. In view of a fast wearing out of the polishing pad,
it has to be changed after processing of 100—1000
plates (depending on the softness degree of the polish-
ing pad).

Description of the data for construction
of the behavioral models

The object of the research was the data provided by
the organizers of PHM Data Challenge 2016, interna-
tional competition in machine learning.

The main objective of the given competition was de-
velopment of the behavioral model of the CMP process
for prediction of the average material removal rate [17].
The participants were provided with two sets of data:
the training sample and the test sample. The training
sample was the data from the sensors of the CMP
equipment, collected during carrying out of various
stages of the technological process for certain wafers.
MRR was defined by the results of the measurements of
the thickness of a layer before the beginning of the
CMP technological process and after its termination.
The number of the wafers in the training sample was
1981 pieces, and in the test sample — 424 pieces.
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Data processing and extraction of features

At the previous stages of investigation a preliminary
visual analysis of the data was done, in the course of
which outliers (errors in measurements of MRR) were
eliminated. Besides, the analysis allowed us to distin-
guish three subsets of the data corresponding to various
modes of the technological process. The given modes
have different values of the rate of polishing and num-
bers of chambers of the CMP tool [18]. As a result of
the research of the data for the above modes it was re-
vealed, that in some chambers the wafers were proc-
essed for much longer time, than in the other ones: the
average time of polishing of the wafers in chamber / was
comparable with total time of polishing of wafers in
chambers 2 and 3, while the average time of polishing
in chamber 4 was approximately equal to the average
time of polishing in chambers 5 and 6. In this connec-
tion during extraction of the features for training of the
predictive model, the data values from the sensors were
averaged according with the average time of polishing.
Certain features were obtained by averaging the time
of processing in chamber / and by the total time of
processing in chambers 2 and 3. In a similar way, the
average data values were defined, which were obtained
from the sensors during processing of the wafers in
chamber 4 and during the total time of processing of the
wafers in chambers 5 and 6.

During construction of the predictive models it is
necessary to carry out a preliminary analysis of the fea-
tures, because not all the parameters influence the re-
sult of the technological process. In the given research,
the features from the initial data set were selected on
the basis of a physical model at the level of particles, de-
scribed in [8]. In this connection, the features of "the
state of water in the dresser" was removed from the list
of the input parameters.

In the course of the data analysis it was established,
that the values of the material removal rate for the wafers,
which were processed consistently, one after another,
were interconnected among themselves. Let MRR(?) be
the average material removal rate during processing of
a current wafer, then MRR(t — 1) would be the average
material removal rate during processing of the previous
wafer. The initial set of data was sorted out by the initial
time of polishing of the wafers, after which diagrams of
the spread of MRR(f) and MRR(t — 1) were constructed
for the first subset of the data, as is shown in fig. 2, a. It
was also established that the correlation coefficient be-
tween the average material removal rate for the current
and previous wafers had the biggest value, if the first
previous wafer MRR(¢t — 1) was considered in relation
to the current MRR(?) (fig. 2, b).

Thus, during construction of the predictive models,
as an additional input parameter (feature) the previous
result of the metrology (MRR for the previous wafers)
was used. In order to consider in the predictive models
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the usage of the CMP equipment, an additional set of
features was also extracted. The initial data from the
equipment sensors also contain the variables character-
izing the usage of separate parts of the CMP tool. Dur-
ing research an assumption was made, that if the proc-
ess recipe (the flows of slurry, pressure, frequency of ro-
tation) do not change considerably with the time, the
material removal rate will be influenced appreciably by
the change of the equipment parameters (i.e. degree of
the usage of the separate components of the tool). For
verification of the given hypothesis a regression model
was developed on the basis of k-nearest neighbors [19].
The essence of the method of the nearest neighbor is to
find in the training sample the neighbor output of the
current object with a minimal distinction in the fea-
tures. Generalization of the method in case of k of the
nearest neighbors allows us to find k nearest neighbors
of the current object in the training sample and to av-
erage the outputs for the given objects.

As the features of the given model, the variables,
characterizing the usage of the equipment were used,
namely: usage of the film-carrier; dresser; polishing
pad; dresser table; membrane; and the surface layer of
the wafer carrier.

As the outputs, the results of the MRR measure-
ments were used. After training of the model, the values
of the usage parameters were supplied to the input and
the algorithm found the k objects in the training sam-
ple, for which the difference from the input usage pa-
rameters was minimal. The output of the algorithm is
the averaged value of MRR. During an experiment the
regression models were constructed for all the modes
by the data of the training sample. For testing of the
models, the data of the test sample were used. The re-
sults of testing of the regression model based on the &
nearest neighbors using the second subset are presented
in fig. 3, a.

It was also established, that there was the optimal
parameter of the regression model (the number of the
nearest neighbors k), at which the correlation coeffi-
cient between the measured and predicted values of
MRR acquired the greatest value (fig. 3, b). With the ac-
count of the additional features over 40 input parame-
ters are available for training of the behavioral models.

The method for selection of the features on the basis
of the statistical F-fest was applied for reduction dimen-
sionality of the problem [20]. The essence of the meth-
od consists in calculation of the correlation coefficients
between the separate features and the corresponding
outputs. Further, on the basis of the calculated coeffi-
cients the Fisher's statistical criterion is calculated and
the corresponding significance value is defined. The
significance value characterizes the probability of the
fact that inclusion of the given feature in the model will
appear to be wrong. Hence, it is necessary to include in
the model the features, for which the minimal level of
the significance value was received. For automation of




the procedure of selection of features, the correspond-
ing threshold values for each subset of the data were
defined.

For verification of the efficiency of the use of the ad-
ditional features, three behavioral models of the CMP
process on the basis of the linear regression were con-
structed for each of the data subsets. The predicted
values of the material removal rate, obtained by means
of the given models, are integrated in table 1 and are
compared with the values of the test sample. Table 1
presents the values of the coefficient of determination
[21] and mean squared error (MSE) during the use of
the additional features and without them.

During construction of the behavioral models on the
basis of the linear regression, the above-described meth-
od for selection of features was used. From table 1 it is
visible, that application of the additional features allows
us to reduce essentially the error of prediction of MRR.

Construction of the predictive models

For estimation of the predictive ability of the model
in the whole of the control sample the predicted outputs
for the three subsets of the data were integrated in a
common table. Further, the accuracy criteria for the
data of the test sample and the common table of the
predicted output were calculated. The accuracy criteria,
common for the three data sets, are presented in fig. 4.

From fig. 4 it is visible, that at the level of the whole
of the control sample the models constructed on the ba-
sis of the linear regression have high accuracy: the av-
erage absolute error of MRR prediction in percentage
(MAPE) is 2.35 %, while the determination coefficient
is equal to 0.991. In the course of the research, the be-
havioral models of the CMP process were also con-
structed on the basis of the following methods of ma-
chine learning:

— Support vector regression;

— Artificial neural network;

— Tree ensembles.

Table 2 presents estimations of the predictive ability
of the constructed models at the level of the whole of
the test sample, and also for separate subsets of the data.
For comparison purposes, estimations for the model on
the basis of the linear regression are also presented.

From table 2 it is visible, that all the used methods
can predict MRR value with high accuracy. As a pre-
dictive model of the CMP process we can use the so
called integrated model, in which for each subset of da-
ta the method of machine learning is used, for which
the lowest value of the prediction error (MSE, MAPE)
and the highest value of the determination coefficient
R? were obtained. Proceeding from the values of the
errors presented in table 2, the integrated behavioral
model can include in itself the following methods of
machine learning:

— Artificial neural network for the first subset of the
data (mode A, chambers 4, 5 and 6);

— Support vector regression for the second subset of
the data (mode B, chambers 4, 5 and 6);

— Linear regression for the third subset of the data
(mode A, chambers /, 2 and 3).

Conclusion

The given work presents a version for realization of
the VM technology for the CMP process. For construc-
tion of the predictive models the following methods of
machine learning were used: linear regression, artificial
neural network, support vector regression and tree en-
sembles. The efficiency of the given models was tested on
the data of PHM Data Challenge 2016, international
competition on machine learning. The problem of the
given competition consisted in an accurate prediction of
the average material removal rate — the key parameter of
the control of the efficiency of the CMP process.

In the course of the research an analysis was done of
the data from the sensors of the CMP equipment, and
the modes were distinguished for construction of the
behavioral models, and also the additional features, the
introduction of which allowed us to raise essentially the
predictive ability of all the used methods of machine
learning. The proposed method for the predictive mod-
els construction can be applied to the behavioral mod-
eling of the other technological processes of the semi-
conductor manufacturing.

The further research will be aimed to increase of the
robustness of the predictive models and application of
the proposed methods for the control of the technolog-
ical processes of the existing productions in real time.

The work was done with the financial support of the
Foundation for assistance to development of small forms
of enterprises in the scientific and technical sphere (con-
tract (agreement) Ne 12906GU/2018 of 27.04.2018).
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MCCAEAOBAHUE NMAOCKOCTEN KPEMHMEBbBIX CTPYKTYP,
NMOAYYEHHbIX TPABAEHUEM B PACTBOPE TMAPOKCHUAA KAAUA

Ilocmynuna 6 pedaxyuro 06.07.2018

Paccmompenst ocobennocmu nosepxHocmeu KpemHus, HOAYHEHHbIX MeMOOOM AGHU30MPONHO20 HCUOKOCMHO20 mpasieHus. [lpu-
6e0eHbl pe3yabmambl IKCHEPUMEHMANbHBIX UCCAe08AHUL OCHOBHBIX KPUCMANN02PADUUECKUX NAOCKOCMel KPeMHUsl, NOAYHEHHbIX
mpaeeHuem 6 pacmeope cUOPOKCUda Kaius, KOmopvie NOKA3bl8alOm yseauvenue napamempos wepoxosamocmu (Ra, Rz) naoc-
xocmeii 6 pady {100} — {111} — {110}, umo moxcem 6bimb CEA3aHO ¢ pazauyuem NAOMHOCMU YNAKOBKU AMOMO8 8 YKA3AHHbIX

nAOCKOCMAX.

Karouegvie caosa: MUKpOMeXaHu4ecKue aamlmicu, Kpucmaﬂﬂoepadmuemue naAocKocmu, AaHU30mMponHoe mpaeneHue, uepoxo-

8amocnb NO6EPXHOCMU KPeMHUS

BBenenue

MOHOKPUCTALTMYECKU KPEMHUI XapaKTepusyeT-
CS YPE3BbIYAMHO MAJILIMU MOTEPSMU YIIPYTOM SHEP-
TYMU, 4TO JIEJIAET €r0 OTJIWYHBIM MaTepUaioM Il W3-
TOTOBJIEHUSI BHICOKOJOOPOTHBIX MEXaHUUECKUX KOJie-
0GaTebHBIX CUCTEM MUKPOMEXAHUYECKMX YCTPOMCTB,
YYBCTBUTEIBHBIX 3JIEMEHTOB MUKPOMEXaHWYECKMX TaT-
yrkoB. HecMoTps Ha 3TO B TaKMX MUKpPOMEXaHUYEC-
KHX CTPYKTYpax, Kak MeMOpaHbl, pe30HATOPHI U T.II.,

738 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 12, 2018

BO3HMKAIOT IOTEPU YIIPYTOii SHEPTUU, CHUKAIOIIHE
JOOPOTHOCTb CTPYKTYp. OOHUM M3 MEXaHNW3MOB TO-
Tepb YIPYTol SHEPTUU SIBJISIIOTCS TIOTEPU, CBSI3aHHBIE
¢ nedeKTaMy KpUCTAUIMUECKOM pellIeTK!, B YaCTHOC-
TH C ITOBEPXHOCTHBIMU Aedektamu [1]. K umcimy Ta-
KUX I1e(eKTOB MOXHO OTHECTU MUKPOHEPOBHOCTU Ha
TpaBJIEHbIX MOBEPXHOCTSAX KPEMHMSI, 1LIEPOXOBATOCTh
MMOBEPXHOCTH, ONPEALISIONIYIO BasKHbBIE SKCILTyaTall-
OHHBbI€ CBOMCTBA MU3IECJIUMA, TaKWE KaK MPOYHOCTb U
TepPMETUYHOCTh COeNUMHEHMI [2].




OnHUM K3 OCHOBHBIX METOAOB IMOJIYYEHUS] MUKDPO-
CTPYKTYD SIBJISIETCS] XKMIKOCTHOE aHW30TPOITHOE TPaB-
JIeHWe KpeMHUS B ILLIEJOYHbIX TpaBUTEsIX. B HacTosi-
1ee BpeMsl 3TO XOPOIIO OTpabOTaHHAsl TEXHOJOTHUS,
Mo3BoJisiolasl GopMUpoBaTh KpeMHMUEBbIE KPUCTa-
JIbI UyBCTBUTEIbHBIX 3JIEMEHTOB JaTYMKOB 3apaHee 3a-
JaHHo# koHpurypauuu [3]. B To xxe BpeMs 10 HacTo-
SIIIIETO BPEMEHM MEXaHU3M aHMU30TPOITHOTO KUIKOCT-
HOTO TPaBJIEHMSI HE MOXKET ObITh JOCTOBEPHO OMUCAH
Ha OCHOBE M3BECTHBIX MOJEJIECil, UTO BBI3BIBACT 3a-
TPYyAHEHUE MPU MOACIMPOBAHUM MUKPOMEXaHUYeC-
KHUX CTPYKTYp B cliydyae ux (hOpMUPOBAHUS TTOCPEICT-
BOM XKUJIKOCTHOTO aHM30TPOITHOTO TPaBJAEHMS WU Je-
JIaeT MOIEIUPOBAHNE HEBO3MOXHBIM [4].

B c¢Bsi3u ¢ 3TMM OoJbllIOe 3HAYEHHWE TTPU U3TOTOB-
JICHU MUKPOMEXaHMYECKUX KPEMHUEBBIX CTPYKTYP
WUrpaet npakTuyeckasi CTOpoHa JAaHHOro Bompoca |[5].
OtrpaboTKa KOHKPETHBIX PEXMMOB aHM30TPOITHOIO
TpaBJIeHUS MO3BOJISIET JOOMBATHCS MPUEMIIEMBIX pe-
3yJbTaTOB B YaCTH TOBTOPSIEMOCTHU TPOLIECCOB TPaB-
JIEHUSI: CKOPOCTHM TpaBJICHUS, 3HAUEHUS YTJIOBOTO U
0OKOBOTIO MOATpaBa IMOJ, 3allIUTHYIO MacKy, 3HaUeHUI
IIEPOXOBATOCTH M MUKPOHEPOBHOCTEH (hOPMUPYEMBIX
TpaBJIEHbIX TTOBEPXHOCTEIA.

KavecTBO TpaBjieHO#i MOBEPXHOCTH KPEMHHUS

TpaBieHble MOBEPXHOCTU KPEMHUSI MOTYT UMEThb
BechbMa pa3Hoe KadecTBo. Kaxkmoe mpriokeHrue MUK-
pPOMEXaHUYECKUX NaTYMKOB TMPEAbsIBISICT ONpeaeaeH-
Hble TpeOOBaHMS K TOBEPXHOCTSIM, UMEIOIIUM (HyHK-
LIMOHAJIbHOE 3HAaYeHUEe, MO3TOMY MPU BbIOOpPE KPHUC-
TaJyiorpapuueckoil OpUeHTalUMU TIJIaCTUH, YCJIOBUM

MPOBENECHUS TTpoliecca TPaBJIeHUS U TOMOJIOTMU MacKu
JUJIS1 TpaBJeHUsI HEOOXOAUMO YYUTHIBATh KaU4€CTBO T10-
JIydaeMbIX TPaBJIE€HUEM KpUCTAIIOrpachMueCKUX MjIoc-
KOCTEN U TpaHEMN.

AKTYaJIbHOCTb JAHHOM TeMbl TTOATBEPXKAeHA MHO-
TOUMCJIEHHBIMU WCCJIEIOBAHUSIMU, TPOBOAMMBIMU B
LIeJISIX OLIEHKM KauyecTBa U mapaMeTpoB (hDOPMUPYEMBIX
KPEMHUEBBIX MUKPOCTPYKTYP, B YACTHOCTH TapameT-
POB 1LIEPOXOBATOCTU TPaBJEHBIX MOBEPXHOCTEN KpeM-
HUS pa3IMYHOUN KpucTaiorpa¢puieckKoi opueHTaluu.
ITpu 3TOM OBLIM UCHOJB30BaHbBl AaHU30TPOIMHbIE Tpa-
BUTeIU, Takue Kak ruapokcun kanus (KOH) u run-
pokcua terpametusnammonuss (TMAH) pasnuuHoit
KOHILIEHTpaLIUU.

Hamnpumep, B pabote [6] mokasaHO, 4YTO BBeIeHUE
no6aBok (Triton-x-100) B aHM3OTPOIHBINA PacTBOP
25 %-ro TMAH cyluecTBeHHO yaydlllaeT LIepoXoBa-
TOCTb TpaBjieHOU mMmoBepxHocTu {110}, yTOo CHMXaeT
paccesiHUe OTPaXEHHOTO ONTHUYECKOro Iyyka 3a CYET
YIIy4llIeHUsSI MUKPOHEPOBHOCTU KPEMHUEBBIX MUKPO-
3epkai. Huskas 111epoxoBaTOCTb HaKJIOHHBIX MOBEPX-
HOCTE KpPeMHUSI TaKxKe MPUBOAUT K XOPOIIeid ONTH-
YeCcKOM Iepenadye KOHMYeCKUX BoHOBOIOB [7]. Ilo-
Ka3aHO BJMSIHME N00aBKM HM3O0MPOIUJIOBOTO CIUpTa
(AIIC) B pactBop KOH mnpu TpaBiieHUU KpPEeMHUS
opueHTtauuu (100) Ha mapameTpbl (GOPMUPYEMBIX TTO-
BepxHocreii [8].

B 1abn. 1 mpencraBiaeHbl pe3yabTaThl U3MEpPEHUM
napaMeTpoB TPaBJIEHbIX B aHM30TPOIHBIX TPABUTEISAX
TMOBEPXHOCTENW KPEMHMUS, CAETAHHBIX Pa3HbIMU aBTO-
pamu.

Tabmuua 1
Table 1
ITapameTpbl MOBepXHOCTEH KPEMHUS
Silicon Surface Parameters
IT1ockocTh ITapameTpsl TpaBJIEHOM MOBEPXHOCTHU Hc;)(g}ﬁf:ﬁmﬁ JlobaBKu Hcrounuk
Plane Parameters of etched surface Erchant used Supplements Source
(110) BLICOHTa.MHKpOHep('n?HOCTeI?I 10 0,46 MKM 3 M KOH Tper-6yranon (CH3);COH
eight of asperities up to 0.46 pm Tert-butanol (CH;); COH [9]
(110) Bricotra MukpoHepoBHocTeii 10 0,34 MKM 3 M KOH Wzonponunossiii ciupt (UI1C)
Height of asperities up to 0.34 um Isopropyl alcohol (IPA)
(110) 481 nm 29 % KOH, 78 °C — [10]
BricoTa MUKpOHEPOBHOCTEIA: 35 % KOH:
Height of asperities
1.317 nm 40 °C
(100) 6.005 nm 50 °C - [11]
19.687 nm 60 °C
38.003 nm 70 °C
Ra =110 nm 10 % TMAH —
(100) TTAB (NC-200, moJIMOKCUATUICH-aTKII- 2]
= benun-achup)
Ra =7 nm 25 % TMAH SAS (NC-200, polyoxyethylene alkyl phenyl
ether)
BricoTa MUKPOHEPOBHOCTEIA:
(111) Height of asperities: 34 % KOH — [13]
5... 30 nm
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Pe3yabTaThl 3KCIIEPHMEHTAJIbHBIX HCCJIEI0BAHMIA

Tpasaenue mononoeuyeckoeo pucynka. Ilpm 1po-
BEIEHWM MCCAEI0BaHUI ObLIM MCIIOJb30BaHbI JBY-
CTOPOHHE TOJIMPOBAaHHBIC TIJIACTUHBEI MOHOKPHCTAII-
nuyeckoro kpemuus 9KDC-0,01 opuenrtauuu (100),
nraMeTrpoM 76 MM, TomuHoi 400 = 10 MxM. 3ammT-
HOM Maccou MpU TPaBJICHUM CIIYKWJI TEPMUYECKU BbI-
pallleHHbII OKCUJ KpeMHUs TojaiurHou 1,1 + 0,1 MKMm.
TormoJyioruto Macku [ist TpaBjieHUs1 GOpMUPOBaIU Me-
TofamMu (hOTONIUTOrpacuu Mo CIOK OKCUIA KPEMHUS.
Macka coaepxkaina 10 TecToBbIX 0OJacTel IJ1s1 TpaBie-
Hus pasmepamu 0,5 X 2,0 Mmm. Pazmep oKoH o Tpas-
JIeHWe BBIOpaH MCXOAS M3 BO3MOXHOCTH TTPOBEACHUS
U3MEpEeHUs TIIyOMHBI TpaBJICHUS WHAUKATOPOM CTpe-
moyabiM 1 MUT (TOCT 9696—82). AHM3OTPOITHEII
TpaBuTeib — 25 %-nblii pactBop KOH, temmneparypa
mpoliecca coctasistia 96...98 °C.

Jnst moayyeHus: TpaBieHbIX moBepxHocTeir {100},
{111} ucronbp3oBaaIu KPeMHUEBBIE IUIACTUHBI U YCJIO-
BMSI, yKazaHHbIe Bbillie. CTOPOHBI MAacKu AJisl TpaBJie-
HUS OPUEHTUPOBAINCH BIOJb KPUCTAUIOTPahUIECKO-
ro HarnpaBieHus [110] (puc. 1, a). [my6uHa TpaBiaeHus
cocrapisina 150 = 5 Mxm. Tlpu Takux ycnoBusix ¢dhop-
MUPYIOTCSI HAKJIOHHBIE 00KOBbIe I'paHu {111} mom yr-
JioMm 54,7° X HavanbHOU 1miockoctu (100).

st monydyeHust TpaBieHbIX ToBepxHocTteil {110}
CTOPOHBI TOIOJOTMYECKON MACKU OPHEHTHPOBAIUCH
BroJb HampasiaeHus [100] (puc. 1, b). [my6uHa Tpas-
snenus coctapiasiaa 200 = 5 mxkMm. IIpu 3ToM BepTu-
KaJibHble CTEHKU (hOPMUPYEMBIX CTPYKTYp 00pa3oBa-
HBI TTocKocTamu {110}.

Yenosus uzmepenuii. J1nst olieHKM MapamMeTpoB MO-
BEPXHOCTE MCIOAb30BAIA ONTUYECKU Mpochuo-
merp PF-60 (Mitaka Kohki Co., Ltd, drionuns) ¢ nar-
YUKOM TOYHON aBTO(GOKYCHUPOBKU IJIsSI M3MEPEHUS
TEKCTYpPbl MMOBEPXHOCTH.

M3MepeHus: IpOBOAUIU B YCIOBUSIX, CBOOOMTHBIX
OT MbLIM, BUOpPAUMA M TMPSIMBIX COJHEYHBIX JIy4ei,

[110] Bupg Ha macTHHY cBepXyY (YCIOBHO)
View af the plate from above (conditionally)

Puc. 1. Tonosiorus MacKu AJist TpaBjieHus: / — KpeMHUeBasl Ijiac-
THHA; 2 — OKHa ITOJl TpaBJieHue; 3 — OKOHUaTeIbHasi (hurypa TpaB-
JICHUSI

Fig. 1. Etching mask topology: 1 — silicon wafer, 2 — windows under
etching, 3 — the final etching figure
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Fig. 2. The value of the arithmetic average of the profile deviation, Ra
(logarithmic scale of the vertical axis)
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Puc. 3. BoicoTa HepoBHocTei npoduas, Rz
Fig. 3. Height of profile irregularities, Rz

IIpHM TeMIIepaType OKPYXKalolllel cpelbl B Irama3oHe
+21...24 °C, oTHOcUTeNbHOM BiaxkHocTu 50 = 10 %
[14]. 3aMepsiemyt0 MOBEPXHOCTD MPeaBapUTEILHO 00-
JIYBAJIM CXKAThIM BO3IYXOM.
Ilapamempur npogusomempa. Ilpy ipoBeIeHUMN U3-
MEpEHUI 3amaBaiu cleaymooluue mapaMmeTpsl [15]:
e 0azoBas mHa 0,08 mMM;
e JnuHa oueHku 0,4 mMMm;
e TIOJIHAS JIMHA TpaccUpoBKU 0,5 MM;
e 1uar (pitch) 0,2 MKM;
e BhIxoaHble gaHHbIe 10 TOCT P MCO 4287—2014.
Pezyaomamor uzmepenuii. Pe3yabTaTbl M3MEpeHUI
IMapaMeTpOB TOJyYEHHBIX TIOBEPXHOCTEN MpeacTaBie-
HBI B Ta0J1. 2 1 oToOpaxkeHbl Ha rpadukax (puc. 2, 3).
[MpuMep MOMYYEHHBIX MPOPUIOTpaMM TPaBIICHBIX
MOBEPXHOCTEN TPEACTaBIeH Ha pucC. 4, 3IEKTPOHHBIC
(¢otorpadum moBepXHOCTEI TIPUBEICHBI HA pHUC. 5.
Pesynbrartel MpOBEeNeHHBIX MCCACHOBAHUMA TTOKa-
3bIBAIOT YBEJMYEHME IapaMeTpPOB IIEPOXOBATOCTU
(Ra, Rz) nnockocteit B psany {100} — {111} — {110}.
ITnockoctu {110} UMEIOT MOBBIIIEHHYIO 1IIEPOXOBA-
TOCTb 1O CpaBHeHUIO ¢ TIockocTsamu {100}, {111}. 13
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Puc. 4. IIpodunorpamma tpasienoii nosepxnoctn {110}
Fig. 4. Profilogram of etched surface {110}
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Puc. 5. DaekTponnsie (poTorpadun noydeHHbIX JKHAKOCTHBIM AHH30TPONHBIM TpaBjienneM mwiockocreid {100}, {111} (a); maockoctu {110} (b).
DaexkTponnsiii Mukpockon JEOL JSM-6610LV

Fig. 5. Electronic photographs obtained by liquid anisotropic etching of the {100}, {111} (a) planes; plane {110} (b). Electronic microscope JEOL
JSM-6610LV

psiia UICTOUHMKOB U3BECTHO, YTO TaKas MJIOCKOCTb CO- Tabuua 2
CTOMUT M3 rpaHeil Tuna {144} wim {155} [16], 4yTO M Table 2

MPUBOAUT K TEKCTYPE MOBEPXHOCTH C GOJBIINMU 3Ha- TlapameTpe1 nCCI€N0BAHHKIX NOBEPXHOCTEH
Parameters of the investigated surfaces
YECHUAMU LHICPOXOBATOCTH.

ITnockocth {111} numeeT BoJIHOOOpA3HBIN XapakTep ILnockocts ITnockocts ITnockocts
(puc. 5, a), CBI3aHHBII, IO-BUAMMOMY, C IIOIPEIIHOC- Ne ni/m PzaileO({)}ow Plaﬂel % 10) Plaife] 2 i,
TBIO TIpoBeneHUs (oroauTorpadun (OTKIOHEHHUE TO- No. p/p
ITOJIOTUYECKOM MACKM OT 3aJaHHOTO KPHCTaJUIorpa- Ra, pm | Rz, ym | Ra, um| Rz, um| Ra, um| Rz, pm
(irieckoro HanpasneHus). I 0.00284] 0.042 | 0.0649 | 0.396 | 0.0137 | 0.094

HekoTopoe pacxoxneHue ¢ JaHHBIMH, TPEICTaB- 2 0.00385| 0.042 | 0.0624 | 0.472 | 0.025 | 0.196
JICHHBIMM B Tabi1. 1, MOXeT ObITh CBS3aHO C pa3jivy- 3 0.00388 | 0.042 | 0.0413| 0.274 | 0.0206 | 0.242
HBIMHA TIapaMeTpaMu IIPOBENCHMS Ipollecca TpaBlie- 4 0.00447 | 0.044 | 0.0656 | 0.712 | 0.0294 | 0.216
HUA — 3aBUCUMOCTBIO Ka4eCTBA ITOBEPXHOCTU OT TIJ1y- 5 0.00906 | 0.064 | 0.0509 | 0.336 | 0.018 | 0.108
Pa3MepoB TOMOJIOTMYECKOI MAcKu), a TAKXKe C IPOBe- 7 0.00388| 0.065 | 0.119 | 0.898 | 0.0114| 0.08
HIeHMeM TIPONecca HaMepeHuH (RIUSIONHe (DaKTOPEL 8 0.00445| 0.041 | 0.0565| 0.482 | 0.0112| 0.081

9 0.0086 | 0.039 | 0.0431 0.26 | 0.0211 | 0.224

IIpn TaKTUJIBbHBIX U3MCPEHUAX — I3TO paauyC HaAKO-

10 0.0041 | 0.041 | 0.0344 | 0.326 | 0.022 | 0.147
HEYHHUKa, JJIMHA TTPOGUIIsl, IPU ONTUYECKUX U3Mepe-

Cpennee | 0.0048 | 0.0475| 0.0586 | 0.4470 | 0.0187 | 0.1474

HUSIX Ha WX pe3yJbTaT BIUSIET pa3Mep OLICHMBaeMO SHAYEHUE
obnactu). B HacTosiee Bpemsl 3aTpyIHUTEIbHO HAUTHU Avlerage
value

3HaA4YC€HUA, UBMCPCHHBLIC B CTaHAAPTHLIX YCJIIOBUAX M
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MOAXOASIIME 11 CpaBHEHMST Kak 3TajloHHbIe. Ipyras
MPUYMHA PACXOXIECHUIN JAaHHBIX MOXET ObITh CBSI3aHA
C MapKoi MNPpUMEHSIEMOI0 KPEMHUS, KOHLIEHTpaluen
KCIIOJIb3YEMOTO TPABUTENSI, MPUMEHEHUEM Ppa3Iny-
HbIX 100aBOK B TpaBsIIWil pacTBOpP U, YTO OCOOEHHO
BaXKHO, YMCTOTOW MPUMEHSEMBIX MAaTEPUATIOB U XUMU -
YECKHUX BEILECTB.

3akmouenne

ITpoBeneHHbIE BKCHEPUMEHTAbHBIC UCCIeI0BaHUS
TpaBJICHWSI KPEMHUSI B pacTBOpe TUAPOKCHIA KaJus
MMOKAa3bIBAIOT YBEJUUECHUE TMapaMeTPOB 1IepPOXOBATOC-
™ (Ra, Rz) niaockocteii B psaay {100} — {111} — {110},
YTO MOXET ObITh CBS3aHO C Pa3IU4YMEM ILJIOTHOCTU
YIIaKOBKM aTOMOB B YKa3aHHBIX IUTOCKOCTSIX. MUHU-
MaJbHbIE 3HAYeHUS ITapaMeTpoB Ra, Rz njis miockoc-
teit {100} MoryT OBITb CBSI3aHBI C YCJIOBUSIMU TTPOBE-
JIeHUSI SKCIEPUMEHTAJIbHBIX paboT — TpaBlIeHUEM
MOJIMPOBAHHOM IUIACTUHBI ¢ KpUCTaiorpaduyeckoi
opueHTauuel pabdboyeil MOBEPXHOCTU B IUIOCKOCTU
{100}, B oTiMuMe oT ucciieaoBaHHo miaockoctu {110},
c(opMHPOBaHHON TIITyOOKMM TpaBJIeHHUEM B OObeMe
KPEMHHMEBON IIACTUHBI.
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The features of silicon surfaces obtained by the method of anisotropic liquid etching are considered. The results of experimental
studies of the main crystallographic silicon planes obtained by etching in a solution of potassium hydroxide are presented which show
an increase in the roughness parameters (Ra, Rz) of the planes in the {100} — {111} — {110} series, which may be due to the dif-

ference in the packing density of the atoms in the indicated planes.
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Introduction

The monocrystalline silicon is characterized by ex-
tremely small losses of elastic energy, which makes it an
excellent material for the manufacture of high-quality
mechanical oscillatory systems of micromechanical de-
vices, sensitive elements of micromechanical sensors.
Despite this, such micromechanical structures as mem-
brane resonators and so, the losses of elastic energy oc-
curs, reducing the quality of the structures. One of the
mechanisms of losses of elastic energy is the loss asso-
ciated with lattice defects, in particular with surface de-
fects [1]. Such defects can be attributed to unevenness
of etched silicon surfaces, surface roughness, identify-
ing the important performance properties of products,
such as strength and tightness of the compounds [2].

One of the main methods for producing microstruc-
tures is the liquid anisotropic etching of silicon in al-
kaline etchants. Currently, it is a well-developed tech-
nology that allows the formation of silicon crystals
sensitive elements of sensors of a predetermined con-
figuration [3]. At the same time, the mechanism of an-
isotropic liquid etching cannot be reliably described on
the basis of known models, which makes it difficult to
simulate micromechanical structures in the case of their
formation by means of liquid anisotropic etching or
makes modeling impossible [4].

Concerning this, the great importance in the man-
ufacture of micromechanical silicon structures plays the
practical side of this issue [5]. The testing of specific
modes of anisotropic etching allows us to achieve ac-
ceptable results in terms of the repeatability of etching
processes: etching rates, values of angular and lateral
touch-up under a protective mask, roughness values
and micro irregularities of the etched surfaces being
formed.

Quality of the etched silicon surface

Etched silicon surfaces can have very different qual-
ities. Each application of micromechanical sensors im-
poses certain requirements on surfaces that have func-
tional significance, therefore the selection of the crys-
tallographic orientation of the wafer, the etching proc-
ess conditions and the topology of the etching mask is
necessary to consider the quality of the etching of the
crystallographic planes and edges.

The relevance of the subject is confirmed by numer-
ous studies conducted for the purpose of assessment of
quality and parameters generated silicon microstruc-
tures, in particular, the roughness parameters of etched
silicon surfaces of various crystallographic orientation.

Thus it was used anisotropic etchants such as potassium
hydroxide (KOH) and tetramethylammonium hydrox-
ide (TMAN) of various concentrations.

For example, in [6] it is shown that the introduction
of additives (Triton-x-100) in an anisotropic solution of
25 % TMAH significantly improves the roughness of
the etched surface {110}, which reduces the scattering
of the reflected optical beam by improving the une-
venness of silicon micromirrors. The low roughness of
the inclined surfaces of silicon also leads to good op-
tical transmission of conical waveguides [7]. The effect
of the addition of isopropyl alcohol (IPA) in a KOH
solution during etching of silicon of orientation (100)
on the parameters of the surfaces being formed is
shown [8].

Table 1 shows the results of measurements of pa-
rameters of silicon surfaces etched in anisotropic etch-
ants made by different authors.

The results of experimental studies

FEtching of the topological pattern. In the studies we used
two-sided polished plates of single-crystal EKES-0.01
of orientation (100) with a diameter of 76 mm and
thickness of 400 £ 10 um. Thermally grown silicon ox-
ide with a thickness of 1.1 £ 0.1 um served as a pro-
tective mass during etching. The topology of etching
mask formed by photolithography and the layer of sil-
icon oxide. The mask contained 10 test areas for etch-
ing with dimensions of 0.5 X 2.0 mm. The sizes of the
windows for etching are selected based on the possi-
bility of measuring the depth of etching with an arrow
indicator 1 MIG GOST 9696—82. The anisotropic
etchant — 25 % solution of KOH, the process tem-
perature — 96...98 °C.

To obtain etched surfaces {100}, {111}, the silicon
plates and the conditions indicated above were used.
The sides of the etching mask were oriented along the
[110] crystallographic direction (fig. 1, a). The etching
depth was 150 =+ 5 um. Under such conditions, sloping
{111} side faces are formed at an angle of 54.7° to the
initial plane (100).

To obtain etched surfaces {110}, the sides of the top-
ological mask were oriented along the [100] direction
(fig. 1, b). The etching depth was 200 £ 5 um. At the
same time, the vertical walls of the structures being
formed are formed by {110} planes.

Measurement conditions. An optical profilometer
PF-60 (Mitaka Kohki Co., Ltd, Japan) with an accurate
auto focus sensor for measuring surface texture was
used.
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The measurements were carried out under condi-
tions free from dust, vibrations and direct sunlight, at
an ambient temperature in the range of +21...24 °C,
relative humidity 50+10 % [14]. The measured surface
was pre-cleaned with compressed air.

The parameters of the profilometer. The following pa-
rameters were set during measurement [15]:

e Dbase length — 0.08 mm;

e cvaluation length — 0.4 mm;

o full trace length — 0.5 mm;

e pitch — 0.2 um;

e output data in accordance with GOST R ISO

4287:2014.

Measurement results. The results of measurements of
the obtained surfaces parameters are presented in table 2
and displayed on figs. 2, 3.

An example of the obtained profilograms of etched
surfaces is shown in fig. 4, the electronic photographs
of the surfaces are shown in fig. 5.

The results of the conducted studies show an in-
crease in the roughness parameters (Ra, Rz) of the
planes in the row {100} — {111} — {110}.

The {110} planes have an increased roughness com-
pared with the {100}, {111} planes. From a number of
sources it is known that such a plane consists of faces
of the type {144} or {155} [16], which leads to the tex-
ture of the surface with large roughness values.

The {111} plane has a wave-like character (fig. 5, a),
apparently connected with the error in photolithogra-
phy (deviation of the topological mask from a given
crystallographic direction).

Some discrepancy with the data presented in Table 1
may be due to different parameters of the etching proc-
ess — the dependence of the surface quality on the
depth and width of etching (on the geometric dimen-
sions of the topological mask), as well as on the meas-
urement process (the influencing factors in tactile
measurements are the tip radius, profile length, optical
measurements their result is influenced by the size of
the estimated area). At present, it is difficult to find val-
ues measured under standard conditions and suitable
for comparison as reference ones. Another reason for
discrepancies in data may be related to the grade of sil-
icon used, the concentration of the etchant, the use of
various additives in the etching solution and, most im-
portantly, the purity of used materials and chemicals.

Conclusion

Experimental studies of silicon etching in potassium
hydroxide solution show an increase in the roughness pa-
rameters (Ra, Rz) of planes in the {100} — {111} — {110}
row, which may be due to the difference in the packing
density of atoms in these planes. The minimum values
of the Ra, Rz parameters for the {100} planes can be re-
lated to the experimental conditions — by etching a
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polished plate with a crystallographic orientation of the
working surface in the {100} plane, unlike the studied
{110} plane formed by deep etching in the silicon wafer
volume.
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CapaToBCcKUiT HAIIMOHAJBHBIM MCCIIEA0BATEILCKUI TOCYIapCTBEHHBIM YHUBEPCUTET

umenu H. I'. YepneliiieBckoro, r. CapaToB

CBUHELICOAEPXAIUME OCTPOBKOBBIE NMOKPbITUA AAI MOANDOUKALIMA
CBOMCTB NMOAYMPOBOAHUKOBbIX CTPYKTYP

Ilocmynuna é pedaxyuro 25.07.2018

Hccenedoganvl xumuueckuii cocmag u Mopghonoeusi HAaHOPA3MEPHbIX NOKPbIMULL, NOAYHEHHBIX NYymeM POPMUPOBAHUsL 3045 C8U-
Heycodeprucawux Hanoyacmuy, (CHY) 6 wenounoii cyoghaze. Ilepenoc CHY ocywecmensics kak memodom Jlenemopa — Ilegh-
hepa ¢ ucnoav3osanuem nogepxHocmuo-axmuenvix ewecme (IIAB), mak u npocmusim oKyHaHUeM NOOAONCKU 6 PACMBOP, He CO-
depycawuti Ha nosepxnocmu IIAB. Yemanoeaeno, umo naauuue [IAB-mampuybt 6 boavuieli cmeneHu éausem Ha CMPYKmMypy, a
He Ha XUMUYeCKUll cocmas 0cmpoekossix nokpvimuil, cocmosawux uz CHY, npu ycaosuu, ymo 6videpicka nieHKu Ha NOBEPXHOCIU

pacmeopa He npegviuiaem 1 uac.

Karoueevie caoea: mexnonoeus Jlenemopa— Illeghgpepa, 3016, ceuneycodepicawue Karacmepvl, 0CMPOBKOGble NAEHKU

Beenenune

HecntoliHbple MM OCTPOBKOBBIE METaLIU3UPO-
BaHHbIE TUIEHKM [1—3] Ha MOBEPXHOCTH MOJTYIIPOBO/I-
HUKOB WHTEPECHBI Ojarogapsi CBOMM HEOOBIYHBIM
¢U3NIECKNM CBOMCTBAM, OTIMYAIOLIMMCS OT CBOMCTB
CIUIOILIIHOTO METAJTUUECKOTO MOKPBITUSI, C OAHOM CTO-
POHBI, X CBOMCTB OTAEIBHBIX aTOMOB — C JIPYIOil CTO-
pOHEL. B CBSI3M ¢ 3TUM OHM caMM MOTYT UMETh CITCIH-
¢uyeckre CBOMCTBA, HAIIPMMEP B HUX MOXKET BO3HU-
KaTh NEePKOJISILIMOHHBIN nepexon [ 1] win 1mia3MoHHbII
pe3onanc [4]. Kpome Toro, ancambjin MUKpPO- U Ha-
HOUYACTHUI[ M KJACcTepoB, O0Opa3ymollne HeCIJIOIIHbIE
WJIM OCTPOBKOBBIE IVIEHKU, BIUSIOT Ha 3JIEKTPOHHbIE
CBOICTBa MOBEPXHOCTH ToJynpoBoaHuka [5]. Couera-
HUE OIpeeIeHHOTO TUIIa MOJIYyIIPOBOAHNKA [6] 1 BH-
Ja MEeTAIJIM3UPOBAHHOTO HAHOPAa3MEPHOIO TOKPHITHS
[7, 8] MoxeT MpUBOAUTHL K BO3HMKHOBEHUIO HOBBIX
CBOMCTB CTPYKTYphI B LieaoM [9].

Tak, Harpumep, B padote [10] xuMHIeCcKMM CIIOCO-
0oMm Obu1a TIpuroToBieHa noBepxHocThb Si(111)-H(1x1)
JIJ1s1 0Opa3LIoB n- U p-TUIIa, Ha KOTOPOi (hopMUpOBajiach
ieHka cBuHia (Pb). boiio o6HapyxkeHo, yTo chopMu-
poBaHHas Ha 3TOM "MaeaNbHON" TTOBEPXHOCTH TpaHUIIA
pasnena ¢ Pb nonHocTeio ynosneTBopsieT npeaeny Ilot-
TKHU (TO €CTh CJIydalo, Korja 6apbep Ha TpaHUIIE pa3aelia
paBeH Pa3HOCTU MEXIy paboToil BhIXOAA MeTauia U
BJIEKTPOHHBIM CPOJICTBOM TOJyNpoBogHMKa). [Tpuuyem
B pabote [10] moka3zaHo, 4YTO B 3aBUCMMOCTH OT CII0CO0a
npurorosiieHus: cucteMbl Si(111)-H(1x1)/Pb ypoBeHb
®depMU MOXHO 3aKpeNuTh y TMOBEPXHOCTU MPaKTU-
YecKM B JIOOOM MeECTe 3allpellieHHOM 30HbI. ABTOpPHI
MOSICHSIIOT, UTO Pb ObUT BBIOpaH B CBSI3U C TE€M, UTO
STOT METa/l C1ab0 B3aMMOAEICTBYET C TTOBEPXHOCTHIO
kpeMHus (Si) u rpaHulia pasaesa MexXay 3Toil moBep-
XHOCTBIO U TIJIeHKOM Pb siBIgeTcs pe3koii 1 MHEPTHOM.

MMeeTcs TakKe 3HAYNUTEILHOE YMCIO paboT, MOC-
BSILLIEHHBIX CO3JAHUIO OCTPOBKOBBIX WJIM YJIbTPATOH-
KUX (YHKUMOHAJIbHBIX TOKPBITUIA JISI U3MEHEHUS
OTITUYECKUX WM afACOPOIIMOHHBIX CBOMCTB JTMOO IS
NaccUBalM MMOBEPXHOCTHU, MPU 3TOM YacTO MCIOJb-
3YIOT MHTETPALINIO0 OPTaHWYECKUX M HEOPTaHUUECKUX
Matepuaios [11, 12], T. e. co3maloT TMOpUIHBIEC MaTe-
pUambl M CTPYKTYpHI. i1 HEKOTOPBIX MpUMEHEHWHA
TaKkoe 00beIUHEHNE MAaTePHUAIOB OIIPABIAHHO U SIBJISI-
eTCsl MHOTOOOEIIAIINM HaIlpaBICHUEM, MTOCKOJbKY
KOMOMHAIINK TBEPIOTEIbHBIX XapaKTePUCTUK Heopra-
HUYECKUX MaTepUAIOB ¢ XUMUYECKUMU WU OUODYH-
KIIMOHAJIBHBIMA CBOMCTBAMM OPTaHMUYECKMX YacTel
MO3BOJISIIOT TOJYy4YaTh HOBBIE YHUKAJIbHbIC (DYHKLIMHU.

ITocTpoeHune Takux ruOpUAHBIX CUCTEM MOXKET J0-
CTUTAThCS HECKOJBKMMU METOIAMM: CUHTE30M, KPHC-
TaJIM3alueil, caMocOOpKOM, TexHouoruen JIeHrmio-
pa—bnoaxerr (JIB), 3onb-rens (3I') TexHomorueir u
ap. TexHoa0rnu Nonyd4eHUs TOHKUX TIJIEHOK METOAOM
JIb unu ee pa3HOBUIHOCTbIO MeTOAOM JleHrMIOpa —
IMeddepa (JII), a Takke ¢ npumeHeHueM 31" TexHO-
JIOTUM TIONYJISIpHBI cpeau uccaenosareneir [13—17]
Onaromapsi CBO€i OOCTYIIHOCTM, BapuabeJIbHOCTU pe-
KUMOB U BO3MOXHOCTU TIPMMEHEHUSI B Pa3IMUHBIX
obnactax. Tak, Hanpumep, IJIEHKHU, TToaxydaembie 31
METOJ0M, BOCTPEOOBAHbI B MUKPOIJIEKTPOHUKE B Ka-
YeCTBE MCTOYHWUKOB AUMEGY3aHTOB TS TTOIYIIPOBOI-
HUKOBBIX MaTepuajoB Ipu (GOPMUPOBAHUM HA UX OC-
HoBe p-n—rnepexonoB [18, 19]. Takxke meTonm Mo3Bo-
JISET HAHOCUTH IIJICHKM Ha TMOBEPXHOCTHU Pa3IUYHON
dopmnr [20].

Hanopasmepnsbie rieHkH (30...200 HM), UCTTOJIB3Y-
eMble B IIJIAHAPHOM TEXHOJOTUU M3TOTOBJICHUS MUK-
POBIEKTPOHHBIX CTPYKTYP, MOJTYIAIOT U3 30JIeil MEeTO-
IoM lLeHTpudyrupoBaHus. Ho ruieHKH, ToayyeHHbIe
3T MeTomoM, Kak mpaBwio, 0ojiee HEOAHOPOIHbI IO
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TONIIMHE, YeM TuieHKH JIDb, 1 MeIoT JOBOJIBHO CI0XK-
Hoe cTpoeHue. [ToaTomMy B mocieaHee 1ecaTuiieTue cy-
LLIECTBEHHO BO3POCJIO YUCI0 padboT, B KoTopbix JIb 1
JIII TexHOJIOTMU UCIIOIb30BaIM /I CO3AaHMST Opra-
HUYECKUX MOKPBITUH C METAJJTIOCOAePXKALIUMU HAHO-
U MUKPOBKJIIOUeHUSIMU [21, 22], KOTOpble NPUBOASAT
K CYLIECTBEHHBIM U3MEHEHUSIM ONTUYECKUX U DJIeK-
TpOPU3NUECKUX XapAKTePUCTUK HE TOJIbKO ITOKPHI-
TUI, HO U BCEW CTPYKTYpPHI B 1ieJI0oM. Tak, Harmpumep,
IIpY HAHECEHUM TOKPBITHS W3 apaxuHaTra CBUHIIA
(ArhPb) Ha monukpucTtamimuyeckyo mnoajaoxky CdS
[23] MOXXHO TOC/Ie OTXKUTa MOJYYUTh reTepoda3Hblil
matepuan CdS-PbS ¢ moBblllieHHON paaualOHHOMN
CTOMKOCTBIO.

B pabote [24] Obu1a mpoaeMOHCTPUpPOBaHA 3aBU-
CUMOCTb paJIuMallMOHHOM CTOMKOCTH rerepodasHoro
nonaynpoBogHuka CdS-PbS ot pexkMMOB BEICOKOTEM -
IepaTypHoro orxkura. BbUIo moka3aHO, YTO OTXKMT
MPUBOAUT K MCIAPEHUIO apaXMHOBON KHUCJIOTHI C IO-
BepxHoctu CdS u muddysun Pb Braydos obpasua c
obpa3oBaHMEeM CBUHELICOAEpKAIUX BKIOUEeHU [25],
HO TIPpY 3TOM OKCHJIbl CBUHILIA U KaAMMUSsI, KOTOpbIE€ 00-
pas3yloTCsl B OCHOBHOM B ITPOLIECCE OTKUTA CTPYKTYPBI
CdS/ArhPb, cHMXalOT HE TOJBKO MPOTHO3UPYEMYIO
pagvanMoOHHYIO0 CTOMKOCTb, HO M MCXOIHYIO (OTO-
YYBCTBUTEJBHOCTb MOJynpoBoaHuKa. [ToaTomy ObuI
pa3paboTaH CIoco0 MOBHIICHUST paguallMOHHON CTOM-
KOCTH (hoTorpeobpa3oBareis [26], mpu KOTOPOM Ha-
HOpPa3MEPHBINA CJIOM C OINPEAECICHHON IUIOTHOCTHIO
METAJIOCOAEPKAIIIMX YACTUIL CO3AAETCS C MCITOb30-
BaHueM texHosoruu JIb wiu JIII n nepeHocutcs Ha
MMOBEPXHOCTh TIOJYIIPOBOIHMUKA 0€3 IMOCIeIyIOIIEro
oTXura u 0e3 yxyauieHus: GyHKIIMOHAIbHBIX Xapak-
TepucTUK (oronpeodpazoBarenss. Kpome tOro, mo-
CKOJIbKY coeaurHeHMs1 Pb yyacTBylOT B 00pa3oBaHUU
MIPOCTPAHCTBEHHO-CIITUTON CTPYKTYPBI OpraHNYECKOM
IUIeHKHU [27], cBUHELcCoAepKallie MOKPBITUS SIBISIOT-
Csl 1OCTaTOYHO PaJMallUOHHO-CTOMKUMU U TIepCreK-
TUBHBIMM U151 UCTIOJIB30BAHUS B YCIOBUSIX COJTHEUHOM
paaualuu.

ITpu co3naHuM TaKKUX MOKPHITUH HEOOXOAUMO yUu-
ThIBaTb MHOXeCTBO (pakTopoB. B wacTtHocTu, comep-
JKaHWe CcoJjieit M BOAOPACTBOPUMBIX MOJUMEPOB B BOJE
MOXeT cyllecTBeHHO caBuraTh pH pacTBopa B 11en04-
HYIO CTOPOHY, YTO, B CBOIO Ouyepelnb, U3MEHSET pac-
TBOPUMOCTh MHOTHUX HEOpraHMYecKux BelecTB. M3-
MEHEHME CTEIIEHU PaCTBOPUMOCTU MOXKET IPUBOIUTD
K KOaryJsiliud MeTajlocoaepKallux MoJeKya cyoda-
3bl M OOpPa30BAaHMWIO B3BECHM HAHOPA3MEPHBIX YaCTHII
(307151 MM KOJUIOMA), a TIPU MCHOJb30BAHUM TaKOIo
pacTBopa 11 co3maHus 1ieHoK JIb 3To mpuBeneTr K
CYILIECTBEHHOMY M3MEHEHUIO UX XMMUYECKOro COCTa-
Ba, CTPYKTYpHI U Mopdonoruu nosepxHoctu [28]. Ta-
KMM 00pa3oM, 3HaHHE 0COOEHHOCTe (pOopMUpPOBaHUS
MeTaJlJIocoAepXKalllero HaHOPa3MEePHOTo CJIOST Ha TIo-
BEpXHOCTU cyOda3nl B 3aBUCUMOCTU OT ee pH moxer
OBbITh MCITOJB30BAHO KaK YIpaBJSIOIIUi dakTop mpu

746 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 12, 2018

CO3IaHNU CTPYKTYPUPOBAHHBIX METAJLIOM OpraHnuYec-
KUX TOKPBITUI, HAIIpUMep U1 CO3MaHUs ILIaThopM
0MOYUINOB C 3aJaHHBIM pacIpeAcIcHUEM MOBEPXHOC-
THoro moteHuuana [29, 30]. Takxke mepcrneKTUBHBIM
HampaBJIeHUEeM TIPUMEHEHUS MEeTaIOCOIEPKAIEro
HAaHOPa3MEpHOTO CJIOS SBJSIETCS CO3JaHWe KaTallk-
THUYECKUX TTOKPBITUI TONYIPOBOJIHUKOBBIX Ta30BBIX
CEHCOPOB, MEMOpaH C UMMOOMIN30BAaHHBIMU OpraHu-
YECKUMHU MOJIEKYJIaMU UISI KUIKOCTHBIX U Ta30BbIX
CEHCOPOB, MEMOpaH TOIJIMBHBIX 2JIEMEHTOB, a TaKXe
OCHOBHBIX YYBCTBUTEJIBHBIX 3JIEMEHTOB METaJUIOOK-
CHIHBIX Ta30BBIX ceHCOpoB [31].

Ilenbto 3TOM pabOTHI ABASIETCS CPABHEHUE XUMM-
YeCKOro coctaBa M MOPQOJOrMd HaHOPa3MEPHBIX
MOKPBITUH, MOJYYEHHBIX IMyTeM (DOPMUPOBAHUS 3071
cBuHelcoaepxkammux HaHovyactul, (CHY) Ha wienou-
Hoil cybdaze u mociaenywouiero nepeHoca CHY nHa
KpeMHUeBY0 noanoxky. [Tpuuem nepenoc CHY ¢ no-
BEPXHOCTH BOTHOI cyO(da3bl OCYIIECTBIISIICS KaK Me-
tonom Jlenrmiopa—IIleddepa ¢ ucnonbzoBaHueM Mo-
BEpXHOCTHO-aKTUBHBIX BeuecTB (ITAB), Tak u mpoc-
TBIM  OKYHaHWeM TIOMJIOXKM B  pacTBOp, He
cojepxamuit Ha roBepxHocTu [TAB.

MaTepI/IaJI]:I U METOAbI MOJYYCHUS

B HaImmx skcrneprnMeHTax B KaueCTBe BEIleCTBA IS
OpraHMYecKoil MaTpULbl ObLIO MCIoab30BaHO ITAB u3
KJlacca XUPHBIX KUCIOT — apaxuHoBas kuciora (Arh).
Bribop Arh o0OyciioBieH TeM, YTO JUIMHA YIJIEPOIHOM
Lenu obecreyrBaeT MPakTUYECKH TOJTHYIO €€ Hepac-
TBOPUMOCTH B BOAe. DTO OMpeaelisieT CO3MaHnue CTa-
OusibHOro Bo BpeMeHM MoHocosd (MC) ¢ BbICOKOM
YIOPSIIOYEHHOCTHIO MOJIEKYJT B CJI0€ M TTO3BOJISIET T10-
JIy4aTh BBICOKYIO BOCITPOM3BOIUMOCTD IMPOLIECCOB (hop-
MHpoBaHus 1 nepeHoca MC. B kayecTBe MCTOYHMKA
Pb* Gbima ucnonbsopana conb Pb(NOs),, MOCKONBKY
OHa MMEET XOPOIIIYI0 paCTBOPUMOCTD B BOZIE M JUCCO-
LHUUPYET Ha HUTPAT-aHWOHBI M KAaTUOHBI CBUHIIA. M3-
BecTHO [31, 32], yTo pu U30LITKE MOHOB NO§ B pacT-
BOpe 00pa3yloTCsl HUTPATOKOMILIEKCHI: [Pb(NO3)6]3_,
[Pb(NO5)4]*~ 1 [Pb(NO;);]”. B 1esouHoii cpese mpu
nosbiiieHun pH pactsopumocts Pb(NOj3), ymeHbla-
€TCST U MOTYT 00pa30BBIBATHCS TMAPOKCOHUTPATHI TIe-
pemenHoro cocrasa Pb(OH)(NO3),, a mpu pH = 8
HabJI0gaeTCs BEICOKAST TUCTIEPCHOCTD CPeIbl, BBI3BAH-
Has KoaryJisiydeil MerajuiocoaepKanmx yactuil. Cs-
3bIBAsICh C MOJIEKYJIAMU apaxMHOBOU KUCIOThI, Pb Mo-
JKeT 00pa30BbIBATh Pa3IMUHbIC TUIIbI COJIC B 3aBUCH-
MocTtu ot pH pabouero pactsopa: mpu pH = 5,0...7,0
st0 Pb(NOj),* Pb(OH),, a mpu pH = 7,0...12 310
Pb(NO3), - 5Pb(OH), [32, 33]. IIpucyrcreue Pb" B
BOJIHOM cyOdaze crrocoOCTBYeT (hDOPMUPOBAHUIO TBEP-
JoKpucTaimyeckoro cocrossHuss MC Ha ocHOBe apa-
XMHOBOM KMCJIOThI Ha MOBEPXHOCTU BOIHOM cyOda-
3bl, MMHYS XXMIKOpaCIIMPEeHHOE cocTosiHue. Jdpyru-




MU cIoBaMU, HOHBI Pb' okasbIBatoT nomomHuTEIBHOE
BJIMSIHME Ha TUIOTHOCTh yrakoBku MC.

dopmupoBanne MoHocsioeB ArhPb Ha moBepx-
HOCTHU BOAHOM cyO(da3bl IpOBOAUIOCH B IEHIMIOPOB-
ckoit BanHe KSV-Nima LBThrough Medium KN 1003
(Finland), cHaGXeHHOU ABYMSI HNOABMXKHBIMM Oapbe-
paMM, 00ecreyuBalOIIMMU CUMMETPUYHOE JIBYXCTO-
pPOHHee cXaTue C TOYHOCTbIO MO3ULIMOHUPOBaHNs Oa-
pPbEpPOB U OmpeneeHUs IIolanu, 3anumaemoin MC,
10 0,1 %. IloBepXHOCTHOE HATSKEHUE M3MEPSIA Me-
TOIOM B3BELIMBAHMS TIIaCTUHBI Bunbrensmu. Mccie-
JIOBaHUSI TIPOBONVIIM TIPYU TIOCTOSTHHOWM TeMIIepaTtype
20 °C. Konuentpauusa Pb(NOs), B pactBope cocTas-
asa 1073 MOJIb/J1, 00bEM AJTMKBOTHI apaXUHOBOI KUC-
Jiotel Opanin 50 MkJ. bapbepsl Ha BaHHe JleHrmiopa
HauMHaJIM CKUMaTh 1o ncTedeHUM 30 MUH BBIIEPXKKU
MOHOCJIOSI Ha TIOBEpXHOCTHU pacTBOpa.

IMokazarens pH cy06dasbl B 3TMX 3KCHEPUMEHTaX
MOAACPKUBAJICSL TTOCTOSIHHBIM Ha ypoBHe 8,6, Ioc-
KOJIbKY HalllM Opeablaylne ucciaeaoBanus [7, 8, 25]
rnmokasanu, yto B nuarna3zoHe pH = 7,8...10,2 u nipu
yKa3aHHBIX KOHLEHTpALUSIX COJM B pacTBOpe oOpasy-
eTcsl HecIuioluHas rieHka ArhPb, comepxaiast knac-
Tepbl Pa3IMYHOIO pa3Mepa ¢ BLICOKMM COJEpKaHUEM
Pb. B Gonee kucioii cpeae MeTayuiocoAepxKaliye Kiac-
Tepbl MPAKTUYECKU He o0pa3yloTcsl W MeTajuIM3alus
MOJTy9aeMol TUIGHK! OYeHb HU3KAas M HEIOCTaTOYHAS
IUIST M3MEHEHUs1 (YHKUMOHAIBHBIX XapaKTepUCTUK
nojynpoBoaHuka. B menouHoii cpene (pH 6onee 10)
PETUCTPUPYIOTCSI TOJBKO KPYIHBIE KOHIJIOMEpPAThl U
HaOJII0AaeTCs CUJIbHOE HapyIlIeHUE CIJIOIIHOCTHU U O/l -
HopoaHocTid MC yxe Ha MOBEPXHOCTU BOMHOU CyO-
(asbl, YTO CBA3aHO C CYIIECTBEHHBIM YMEHbIIIEHUEM
pactsopumoctu Pb(NO3),. Tpebyemoro snayenus pH
JIOCTUTAJIA N00aBJIeHUEeM B BOJHYIO cyOdasy 1iesouu
NaOH, uro mpuBOIMIO K 00pa30BaHMIO TUAPOKCHUAA
Pb(OH), 1 conmu NaNO3, xotopas B BoJe 1MCCOLUM-
poBaia Ha nonsl Na™ u NO; .

Bce monygaembie cBUHEINCOMEpXKAIINE TTOKPBITHS
Ha MOBEPXHOCTU BOAHON cyOdasbl MepeHOCHIM Ha
MMOBEPXHOCTh TIPEIBAPUTEILHO OUMINEHHBIX U 00e3-
SKMPEHHBIX KPEMHMEBBIX IMOMIOXEK. BB MCIOIb30-
BaH MOHOKPUCTANTMYECKUIA Si C 2JIEKTPOHHBIM TUTIOM
MPOBOAUMOCTHU (p ~ 8§ OM * CM) U €CTECTBEHHBIM CJIOEM
OKCHJA, MPOSIBISIONIMIA I'MAPOMPUIbLHbIE CBOHCTBA.

Bb110 MoyyeHo yeThipe mapTuu oOpasloB IO ye-
ThIpe oOpaslia B KaXKIOi, OTIMYAIOIINECs MEXIY CO-
00l TexHOJOTHEel IoJydYeHUs] CBMHELICOJEPXKAIEero
MTOKPBHITHSI, M KOHTPOJIbHAS TApTHUsI, B KOTOPOIl ITOK-
pbiTHe Ha ocHOBe Arh HaHocwIM 110 TexHojoruu JIII
C TIOBEPXHOCTHU BOIHOI cyddasel ¢ pH = 8,6, HO 6e3
nobasnenus B pactBop Pb(NO3),. B nepBoii u3 yeTsi-
pex mapTUif TTOKPBITHE OBIIO TTOJIYYeHO IO TEXHOJO-
rum JIII ipu Tex xke ycaoBusx u pH BogHoi cyOdassl,
KakK ¥ B KOHTPOJBHOM TAapTUM, HO C COAcPKaHUEM
Pb™. IMonyuyenue mieHok 1o meroay JIII KoHTposu-
poBaiM ¢ MoMOLIbIO u3oTepM cxatust (puc. 1). Oc-

7T, mN/m
+

25 35 45 55 65

Puc. 1. U3orepmbl cxkaTisi MoHoOCI0eB Ha ocHoBe Arh mpu pH = 8,6:
1 — ¢ comepxaHueM cBHMHIIA B cy6dase (ArhPb); 2 — 6e3 comep-
XKaHWsI CBUHILIA B cyO(dase

Fig. 1. Compression isotherms of monolayers based on Arh at pH = §.6:
1 — with lead in the subphase (ArhPb), 2 — lead-free subphase

TaJlbHbIE TPU MapTUMU OOpPa3LOB ObUIM MOJy4YeHBLI Oe3
nobasyeHus [TAB Ha noBepxHOCTb cy0dasbl 1 cxxaTust
0apbepoB, T. €. 0e3 ucnoab3oBaHus TexHoaoruu JIII.
PexxuMbl mostydeHMs1 3TUX NapTUii 0Opas3lioB pas3inya-
I0TCSI MeXIy cO00i BpeMeHeM BBIAEPKKHU TJIEHKU Ha
NoBepXHOCTH CcyOdasbl, coaepxaiueir Pb(NO3),, T. e.
BpeMeHEM ¢ MOMEHTa 00pa3oBaHUS pacTBOpPA IO MO-
MEHTa MepeHoca IUIEHKU Ha TBEPAYIO MOIJIOXKY. DTU
BpeEMeHa COCTaBIsUIM cooTBeTcTBeHHO 0,5, 1 1 24 4.

Bo Bcex akcnepuMeHTax BU3yajlbHO perucTpupoBa-
JIoch 00pa3oBaHKe Ha MOBEPXHOCTU BOIHOTO pacTBOpa
IUICHKM, MMEIoIIei MeTa/uimdecKuii 61eck. "Bcerbl-
BaHMe" KOJUIOMIHBIX CBUHELCOACPXKAIIUX YacTUll 6e3
yuactusi [TAB cTaHOBUTCSI BO3MOXHBIM Oyiaronapsi
Mpolieccy ruaparalnuu, 1ockonbky nmpu pH = 8,6 06-
pas3yloTcss HUTPATOKOMIUIEKCHl UM TMIPOKCOHUTPATHI
CBUHIIA, SIBISIOMNECS TUAPOPUILHBIMA B OTIMYKE OT
vionos Pb™. Koarynsnust KoJIouaHbIX YaCTUL B KPYII-
HBbIe KJIACTEPHI MIPOUCXOIUT TIPH BBICOKUX 3HAYCHUSIX
pH Onaromapsi HanMyKMIO B pacTBOpe MPOTHUBOMOHOB
Na*. OGpasyouyocst Ha TOBEPXHOCTH 30151 METal-
JIN3MPOBAHHYIO TIJICHKY TIEPEHOCHIIM Ha TIOBEPXHOCTh
KPEMHUMEBON MOMIOXKM aHaiornyHo Metony JIII, Ho
0e3 yuactus IIAB, T.e. MOAJOXKY TOPM3OHTAJIbHO
OITyCKaJii B pacTBOP, OHA Kacajach €ro MoBepXHOCTH,
rnepemellagach TOpU30HTAILHO U 3aTEM MOJAHUMANACh
TakXe B TOPU30HTAJIBLHOM ITOJIOXEHUU.

MeTtoauka u pe3yIbTaThI HCCJIeI0BAHMIA

XUMUYECKUI COCTaB IMOJYYEHHBIX ITOKPBHITUMA UC-
CJICIOBAJIA C TIOMOIIBIO CKAHUPYIOIIETO 3JIEKTPOHHO-
ro mukpockora (COM) Mira // LMU (Tescan, Yexust)
¢ npucTaBkoil X-Stream 111 SHEPTOAMCIIEPCUOHHOIO
ananuza (DJ1A) B pexume perucTpalny OTPaKeHHbBIX
3J1eKTPOHOB. I1py 3TOM B HECKOJIBKHMX TOYKAX KaXKI0-
TOo CKaHa, COOTBETCTBYIOIINX KJIacTepaM Ha ITOBEpPX-
HOCTH, CHMMAJW BHEPTrOIAMCIIEPCUOHHBIC CIEKTDPHI
(B1C) B IMPOKOM AMaIa3oHe 3HEPTUil, OXBaThIBalO-
1IEM BECh CIIEKTP BO3MOXHBIX XMMUYECKUX DIEMEH-
TOB Ha TOBEPXHOCTU KPEeMHUEBOI ITOTOXKH.
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Puc. 2. U3oopaxenns COM u cnekrpol DJIA nosepxnoct crpyktyp Si/ArhNa (a) u Si/ArhPb (b)
Fig. 2. SEM images and EDX (energy-dispersive X-ray) spectra of Si/ArhNa (a) u Si/ArhPb (b) structures

Pesynbrathl uccienoBaHus MOP(MOIOTrUU U COCTa-
Ba IUIEHOK, Noay4yeHHbIX MeToaom JIII, mpeacrasie-
HBI Ha puc. 2. Ha ckaHe puc. 2, a, OTYETIMBO BUIHA
JNeHIPUTHAsl CTPYKTypa IJIEHOYHOIO IMOKPBITUS, Ha
puc. 2, b, Takke BUIHBI KOHTYPbI JIEHAPUTHOMN CTPYK-
TYpBl, HO yXXe MeHee yropsmodeHHoi. PopmMupoBa-
HUIO ACHAPUTHON CTPYKTYpPbl MOXET CIIOCOOCTBOBATH
yBeJIMUeHMEe CTENEeHU MOJMMepU3allii THIPOKCOKOM-
IJIEKCOB MpU NoBbllieHUU pH cpenbl, M0O3TOMY MOIM-
sgaepHble (OpMbl COeAUMHEHUI aM(pOTEepHBIX MeTa-
JIOB, B YaCTHOCTH Pb, MOXXHO paccMaTpuBaTh Kak Mpo-
MEXYTOYHOE 3BEHO MEXIY IIPOCTHIMA HOHAMM U
MOJIMBJIEKTPOJIUTAMU.

Ha puc. 3 npencraBiaeHbl TUIIMYHbIE CKAHUPOBAH-
Hble n300paxeHuss COM CTpyKTyp KpeMHUs CO CBU-
HelconepXKaluliM MOKPhITUEM, KOTOpPble HAHOCWIM C
MOBEPXHOCTH 30J151 03 ucrnob3oBaHus [TAB u TexHo-
qorun JII, u TunuuHele cnekTpsl DAC, moaydyeHHbIS
IS COOTBETCTBYIOLIEro ckaHa. M3 puc. 3 cnenyer,
YTO cpa3y U 1o ucredyeHun 30 MUH ITocjie oOpa3oBa-
HUs pacTtBopa (puc. 3, a) CIUIOLIHOM cI0oli He oOpasy-
€TCs1, HO PerMCTPUPYIOTCS OTAEIbHbIE KJIacTepbl MUK-
POMETPOBOI0 U CyOMUKpPOMETpOBOro pasmepon. C Te-
YEHUEM BpEMEHM CTPYKTypa CJI0sl, MePEeHECEHHOTO C
MMOBEPXHOCTU cyOda3bl Ha TOPU3OHTAJIBHO OITyCKae-
MYIO TOJJIOXKY, TIPOSIBIISIETCST BCE B 0OJIblIIEH CTEIeHU
(puc. 3, b), mpuuem uepe3 24 4 HEOTHOPOIHOCTD TIe-
PEHECEHHOTO TMOKPBITUS 0 BBICOTE CTAHOBUTCS 3HAa-
yuUTeJbHOM (pUC. 3, ¢), YTO CBSA3aHO C O0Opa3oBaHUEM
koHriaomepatoB CHY.

AHan3 pe3yJbTaTOB

CpaBHMBas M30TepMBI Ha pHc. 1 ¢ KTacCUIeCKM-
MU, MOXHO YTBEpXIaTb, YTO COIEpKaHME Pb" wim
Na™ B pactBopax criocoGeTByeT GOPMUPOBAHMIO TBEP-
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JOKpHUCTaJLIndecKoro cocrossuuss MC 6e3 mepexol-
HOTO XUIKOKOHACHCHPOBAHHOTO COCTOSTHUSI B 000MX
ciyyasix, T. €. 00e MOoJIydeHHbIe U30TEPMbl COOTBETC-
TBYIOT M30TepMaM OOpa30BaHUs COJIEH apaxMHOBOM
kucnotel. I[Ipu 3ToM miowane A, MpUXOASILAsICS Ha
ogHy MoJieKyny B MC, yBeImunBaeTcs Io-pa3HOMY B
CPaBHEHUM C IUIOLIAAbIO A, COOTBETCTBYIOLLEH Cpel-
Helt romanu Moyuekyabl Arh B8 MC, monydyeHHOM
MpU TeX Xe YCIOBUSIX. DTU pas3iuuus KOPPEIUPYIOT C
pa3INYuEM MOHHBIX PAIUYCOB Pb* (~1,25A) n Na*
(~0,97 A), 4TO MPUBOIUT K Pa3sHOCTA A OKOJIO 2 A2 ",
COOTBETCTBEHHO, MEHbIIE IIOTHOCTH ciosi ArhPb.
TakuM oGpazom, aHaIM3 U30TEPM CXKaTUsl MO3BOJIUI
MPENNOJIOXNUTh, YTO B IJIEHKAX, MOJYYeHHBIX IO Me-
tony JILI Ha menoyHoil BogHoU cyOdase, He coaep-
Kaiieir Pb, oopasyetcs conb ArhNa, a nipu noGasiie-
Huu B cyodasy Pb(NO3) nosyyaercs coib CBUHLIA —
ArhPb. ITnenka ArhPb nMmeer MeHee BbIpaXkKeHHYIO U
pPa3BETBJICHHYIO ACHAPUTHYIO CTPYKTYpPY B OTJIMYHE
OT omHOBajJieHTHOro Na, mocKoJibKy Pb, SBisisich AByx-
W YeTBIPEXBAJICHTHBIM, 00pa3yeT MOJIEKYIY COJH,
3axBaThIBas Ccpa3y KaKk MUHUMYM JIBE€ MOJICKYJIbI apa-
XUHOBOM KHUCJIOTHI.

ITpennonoxeHue o6 0Opa3oBaHUU COOTBETCTBYIO-
IIUX COJIeii METaJlIOB MOATBEPXIAaeTcsl TakxkKe IpUu
aHanuse cnekTpoB DA (puc. 4 u 5). Ha nuarpammax
puc. 4 u 5 IpuBeJEHBI YCPeAHEHHbIE HE MEHEee YeM M0
16 Toukam IjIsT 0Opa3llOB KaXXIOW CepyUM 3HAYCHUS
MPOLIEHTHOTO COACPXAHUS XMMUUYECKUX 3JEMEHTOB B
IUIEHKaX, IIepeHEeCEHHBIX Ha IIOBEPXHOCTh Si. AHanm-
3UpyeMbIe YYaCTKHM COOTBETCTBOBAJIM MECTaM pacIio-
JIOXXKeHUSI cKoIieHuid (cMm. puc. 2 u 3). AHanu3 1moka-
3aJI, UTO BO BCEX CJIyyasix B JOCTAaTOUHOM KOJIMYECTBE
MPUCYTCTBYIOT TaKue 3JIEMEHTbl, KakK KpeMHU# Si
(oTBeuaeT 3a MOAJIOXKKY), Kuciopoa O (coaepXuTcs B
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Puc. 3. N300paxkenus COM u cnekrpsl DJIA noBepxHOCTH CTPYKTYP
Si/CHY. CHY naHeceHbI C MOBEPXHOCTH 30Jis1 PH BPEMEHAX BbI-
nepxku pacrBopa: a — 0,5; b — 1; ¢ — 24 4

Fig. 3. SEM images and EDX spectra of structures of Si/lead-containing
nanoparticles. Lead- containing nanoparticles were deposited from a sol
surface using following exposure times: a — 0.5; b — 1; ¢ — 24 hours

MOUTOKKE — B OKCHMIE KPeMHUSI — M B HAHECEHHOM
cjoe), a3oT N (perucTpupyercsl B MecTax 00pa3oBaHUsI
KJactepoB), HaTpuii Na (Iormagaetr u3 LIEJIOYHOIO
pactBopa Ha ocHoBe NaOH) u cBuHen Pb. B Teuenue
1 4 3HAYNTEIbHOM AMHAMUKU I10 coaepxkaHuio Pb, Na,
N u O He HaOmonaeTcs (puc. 5). B reyeHue cyTok cy-
IIECTBEHHO yBeauuuBaeTcs coxepxkanue O u N, 4yTo
TOBOPHWT O MOBBLIIIEHHOM 00pa30BaHUM TMIPOKCOHUT-
paroB Pb(OH)x(NO3)y 3a BpeMsl XpaHeHUs pacTBopa.

CpaBHeHUE XMMUYECKHX COCTABOB IJICHOK, MOJY-
YEHHBIX C MOBEPXHOCTHU 3051 (pUC. 5) METOIOM OKY-
HaHWUS, ¢ cocTaBoM IIeHOK ArhPb, 1mojrydeHHBIX Me-
tonom JIII (cM. puc. 4, a), nokasa, 4TO KOJUYECTBO
Pb B muieHKe, COOTBETCTBYIOILEH CKaHy Ha puc. 5, a,
MpUOIMKaeTCs, a B TJIEHKE, COOTBETCTBYIOIIEH CKaHy
Ha puc. 5, b, IpeBbIIAET €ro CoJAepKaHue B IICHKE
ArhPb (cm. puc. 4, a). KonnyecTBo aTOMOB KHCJIOPOIa
B YKa3aHHBIX TICHKAX MTPAKTUYECKU OBUIO OMMHAKOBO.
IIpoueHT Pb" B mreHke, IMOJIyYEHHO! C ITOBEPXHOCTHU
pacTBopa, XpaHsierocst 24 yaca, yMeHBIIIAETCS TTOYTH
B 2 pa3a Mo CpPaBHEHUIO C TOJBKO YTO MPUTOTOBIICH-
HBIM pacTBOPOM U OoJjiee yeM B 3 pa3a Mo CpaBHEHUIO
C 30JIeM, BbIAEpKaHHBIM B TeueHue 1 4. Takum 006-
pasom, IS TTOIyYeHUs TUIEHKN, MaKCUMAaJIbHO CTPYK-
TYpYPOBaHHOI METaJIOM, HEOOXOAMMO UCITOJIb30BaTh
CBEXETIPUTOTOBJICHHBIE PACTBOPHI (XpaHSIIHNeCsS He
oonee 1 u).

ITockosbKy MPOLIEHTHI Ha CMEKTPax aTOMapHbIe, TO,
CpaBHHUBas TIPOIIEHTHOE COAEpKaHWE SJIEMEHTOB Ha
puc. 5 ¢ pacnpeaesieHueM aTOMHBIX JA0JIEl B MOJIEKYJIe
Pb(NO3), (atomHuas nons Pb cocrasnser 1/9, N — 2/9,
O — 6/9), MOXHO cAeNIaTh BHIBOI, YTO HAPSIAY C HUT-
paToM CBUHIIA 00pa3yeTcs TMAPOKCUI CBUHIIA (BOMO-
poxn He peructpupyercs MeromoMm D/1C), n ToabKO Ha
MMOBEPXHOCTU cyO(asbl, XpaHSILEHCs CyTKU, oOpasyeT-
Cs TUAPOKCOHUTPAThI CBUHIA. CylIECTBEHHOE YMEHb-

Ratio of elements, %

COOTHOIIEHHE WTEMEHTOB, Y0

N O Na Si Pb
a)

Puc. 4. IIpouenTHoe COOTHOMIEHHE XMMHYEKHX 3JIEMEHTOB HA MO-
BepxHoctu cTpyktyp Si/ArhPb (a) u Si/ArhNa (b). IlokpbiTis HO-
sygensl metoaom JIIII

Fig. 4. Atomic concentration of chemical elements on the surface of
Si/ArhPb (a) and Si/ArhNa (b) structures. Coatings were obtained by
the Langmuir-Schaefer method
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Ratio of eiements, %

Co0O0THOIlI€HHE AITEMEHTOB, %0

N O Na Si Pb N

O Na Si Pb

Puc. 5. IlponenTHOE COOTHOIEHME XHMHYECKHX 3JIeMEHTOB Ha moBepxHocTH cTpykryp Si/CHY npu pasHbIX BpeMeHAX BbIIEPKKH PacTBOpa:

a—05b—1;c— 244

Fig. 5. Atomic concentration of chemical elements on the surface of Si/lead-containing nanoparticles at different exposure times of solution: a — 0.5;

b — 1; ¢c — 24 hours

IIEHUEe 3aperMCTPUPOBAHHOrO MpolleHTa Si Ha Mo-
BEPXHOCTH, TTOKPBITOM TIJIEHKOU, BblAepXKaHHOK 1 cyT
(cM. puc. 2, ¢), CBUAECTENLCTBYET O TOM, YTO 3TO MOK-
pbITHE OoJiee phIXJIoe 1 00bEMHOE, colepIKalliee Mac-
CHUBHBIE KJIACTEPhl TMIPOKCOHUTPATOB CBMHIIA, YTO 3a-
TPYAHSET 3JIEKTPOHAM ITPOXOI K TMOIJIOXKE U YMEHb-
11aeT UHTEHCUBHOCTh IMUKOB, COOTBETCTBYIOLIMX Si.

3akmouenue

TakuMm 06pa3oM, 3KCIIepUMEHTaIbHO YCTaHOBJIEHA
BO3MOXHOCTb 00pa3oBaHMsl CBUHELICOAEpXKaIle Ha-
HOpa3MepHOU TIJICHKH TTPUEeMJIEMOTO0 KadecTBa (cocTa-
Ba U MOpP(OJOTUK) HA MOBEPXHOCTU LIEJTOYHON CyO-
¢a3bl Kak nipu Hanuuuu ITAB Ha moBepXHOCTH, TaK U
6e3 Hero. [IpryeM OCTPOBKOBbIE MOKPBITUSI, COCTOSI-
IIAE U3 CBUHEIICOMEPKAIINX KIACTEPOB, 10 TIPOIIEH-
THOMY cojJepxXaHuio Pb He ycTymaloT CIUIOLIHBIM
IUICHOYHBIM TTOKPBITUSIM Ha OCHOBE OpPraHUYECKOM
MaTpUIIbl, TOJy4YeHHbIM o TexHoaoruu JIIII, a nate-
pajbHbIE pa3Mephbl U BHICOTA TAKUX KJIACTEPOB MEHb-
11Ie, YeM y KJ1acTepoB, (popMupyeMbix B MaTpulie ArhPb.
VcranosneHo, yto nodasineHue ITAB B Oosbliieii cTe-
MEeHU BIUSET Ha CTPYKTYpPY (CTeNeHb KPUCTALIUYHOC-
TH U BO3MOXHOCTb 00pa3oBaHMSl CILIOIIHOTO MOHOC-
JIOs1), a He Ha XMMMYECKHUI cocTaB TieHKU. OTMeueHo,
YTO COCTaB CBUHELICOAEpPKAIIEH IJIEHKU Ha MOBEpX-
HOCTH 30J151 MEHSIETCSI C TeYEHUEM BPEMEHU — YBEJIU-
YUBAETCSl KOJIMYECTBO HUTPATOB Y TMAPOKCOHUTPATOB
cBUHLA. ONTUMAIbHBIMU SIBJISIFOTCS KOJMYECTBO, pa3-
Mep U COCTaB KJIACTEPOB, MOJYYSHHBIX IPU BbIIECPXKKE
TUIEHKW Ha TTOBEpXHOCTU 30181 1 4.

Hccnedosanus evinoanenvt npu noddepicke PODU
(epanm Ne 16-08-00524_a).
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The chemical composition and morphology of nanodimensional coatings obtained by forming of a sol of lead-containing nan-
oparticles in an alkaline subphase were studied. The lead-containing nanoparticles were transferred onto a substrate by either Lang-
muir-Schaefer method (horizontal lift) using surfactants or simply dipping the substrate into a solution without surfactants on its sur-
face. We have found that the presence of a surfactant matrix influences the structure rather than the chemical composition of island
coatings consisting of lead- containing nanoparticles in the case of the film exposure on a solution surface does not exceed 1 hour.
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Introduction

Discontinuous or island metallized films [1—3] on
the surface of semiconductors are of interest due to
their extraordinary physical properties which differ
from the ones of a continuous metal coating, on the one
hand, and the properties of individual atoms, on the
other hand. Therein, they may have specific properties,
e.g., percolation transition [1] or plasmon resonance
[4]. In addition, ensembles of micro- and nanoparticles
and clusters forming discontinuous or island films affect
the electronic properties of the semiconductor surface
[5]. The combination of a certain type of semiconduc-
tor [6] and type of the metallized nanoscale coating
[7, 8] can lead to new properties of the structure as a
whole [9].

For example, in report [10], the Si(111)-H(1xX1)
surface was prepared by chemical methods to form Pb
film on n- and p-type. It was found that the interface
between Pb and prepared "ideal" surface completely
satisfies the Schottky limit (that is, the case when the
barrier at the interface is equal to the difference be-
tween the work function of the metal and the electron
affinity of the semiconductor). And in [10] it was shown
that, depending on the method of preparation of the
system Si(111)-H(1x1)/Pb, the Fermi level can be
pinned at the surface almost everywhere in the forbid-
den zone. The authors explained that Pb was chosen
due to the fact that this metal weakly interacts with the
Si surface and the interface between this surface and the
Pb film is sharp and inert.

There are also a significant number of works devoted
to the fabrication of island or ultra-thin functional
coatings to change the optical or adsorption properties,
or to passivate the surface, often using the integration
of organic and inorganic materials [11, 12], i.e., they
produce hybrid materials and structures. For some ap-
plications, such integration of materials is justified but
it is also promising direction since combinations of the
solid-state characteristics of inorganic materials with
the chemical or biofunctional properties of organic
parts make it possible to obtain new unique functions.

Design of such hybrid systems can be achieved by
several methods: synthesis, crystallization, self-assem-
bly, Langmuir-Blodgett (LB) technology, sol-gel (SG)
technology, etc. The technology for production of thin
films by LB method or its variety by the method of
Langmuir-Schaefer (LS), as well as with the use of ZG
technology are popular among researchers [13—17] due
to its availability, mode variability and applicability in
various fields. For example, films obtained by the SG
method are in demand in microelectronics as sources of
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diffusants for semiconductor materials when p-n-junc-
tions are formed on their basis [18, 19]. The method al-
so allows the application of films on surfaces of various
shapes [20].

Nanoscale films (30...200 nm), which are used in
the planar technology for manufacturing of microelec-
tronic structures, are obtained from sols by centrifuge
process. However, the films prepared by SG method
tend to be more non-uniform in thickness than LB
films and have a quite difficult structure. Therefore, the
number of works were substantially increased in which
the LS and LB technique were used for fabrication of
coatings with organic conductive metal-containing na-
no- and microinclusions [21, 22] resulting in significant
changes in the optical and electrical characteristics of
both the coating and the structure as a whole. For ex-
ample, deposition of a lead arahinate (ArhPb) coating
onto CdS polycrystalline substrate [23] with a subse-
quent annealing lead to a formation of a CdS-PbS het-
erogeneous material with increased radiation hardness.

The dependence of radiation hardness of CdS-PbS
heterogeneous semiconductor on high-temperature an-
nealing modes was demonstrated in [24]. It was shown
that annealing leads to both evaporation of arachic acid
from CdS surface and Pb diffusion into the sample re-
sulting in formation of lead-containing inclusions [25],
however, lead and cadmium oxides, which are mainly
formed during the annealing of the CdS/ArhPb struc-
ture, reduce both the predicted radiation hardness and
initial photosensitivity of the semiconductor. There-
fore, a method has been developed to increase the ra-
diation hardness of a photoconverter [26], in which a
nanoscale layer with a certain density of metal-contain-
ing particles is fabricated using LB technology or LS
and transferred onto a semiconductor surface without
any subsequent annealing and without impairing the
functional characteristics of the photoconverter. In ad-
dition, since Pb compounds are involved in the forma-
tion of a spatially crosslinked structure of an organic
film [27], lead-containing coatings are sufficiently ra-
diation-hard and promising for application under solar
radiation.

It is necessary to consider many factors at fabrica-
tion of such coatings. In particular, the content of salts
and water-soluble polymers in water can significantly
shift pH of the solution to the alkaline side, which, in
turn, changes the solubility of many inorganic sub-
stances. Changing the degree of solubility can lead to
coagulation of metal-containing molecules of the sub-
phase and the formation of nanosized particles (sol or
colloid). Using of such solution to fabricate LB films




leads to a significant change in their chemical compo-
sition, structure and surface morphology [28]. Thus,
peculiarities of the formation of a metal-containing na-
noscale layer on the surface of a subphase, depending
on its pH, can be used as a controlling factor in fabri-
cation of organic coatings structured by metal, e.g., to
produce biochip platforms with a given distribution of
surface potential [29, 30]. Also, the promising direction
of application of metal-containing nanoscale layer is
fabrication of catalytic coatings of semiconductor gas
sensors, membranes with immobilized organic mole-
cules for liquid and gas sensors, fuel cell membranes, as
well as the main sensitive elements of metal oxide gas
sensors [31].

The aim of the work is to compare the chemical
composition and morphology of nanoscale coatings ob-
tained by forming of sol of lead-containing nanoparti-
cles (LCN) in the alkaline subphase and the subsequent
transfer of LCN onto the silicon substrate. Moreover,
the transfer of LCN from the surface of the water sub-
phase was carried out both by the Langmuir-Schaefer
method using surfactants and by simply dipping the
substrate into a solution not containing surfactants on
the surface.

Materials and obtaining methods

In our experiment, a surfactant from the class of fat-
ty acids — arachnic acid (Arh) was used as a substance
for the organic matrix. The length of Arh carbon chain
provides its almost complete insolubility in water and
formation of a time-stable monolayer (ML) with a
high degree of ordering of molecules in the layer. It al-
lows one to obtain high reproducibility of the processes
of formation and transfer of ML. Pb(NOs), salt was
used as a source of Pb™ because it has good solubility
in water and dissociates into nitrate anions and lead
cations. According to [31, 32], an excess of NO ions
in the solution results in [Pb(NO3)6]3_ [Pb(NO3)4]2_
u [Pb(NO3);]  nitrate complexes formation. Solubility
of Pb(NOj3), reduces in an alkaline medium with pH
increasing and the hydroxynitrates of variable compo-
sition Pb(OH)x(NO3)y can be formed. At pH > 8, a
high dispersion of the medium is observed, caused by
coagulation of metal-containing particles. Pb can form
various types of salts by binding to arachic acid mol-
ecules depending on the pH of the working solution:
at pH = 5.0...7.0 this is Pb(NO3),* Pb(OH),, and
pH = 7.0...12 is Pb(NO3), - 5Pb(OH), [32, 33]. Pres-
ence of Pb" in the aqueous subphase facilitates forma-
tion of the solid crystalline state of ML based on arachic
acid on the surface of the aqueous subphase bypassing
the liquid-enhanced state. In other words, Pb" ions
have an additional effect on ML packing density.

ArhPb monolayer formation on the surface of the
aqueous subphase was carried out in Langmuir bath

KSV-Nima LBThrough Medium KN 1003 (Finland) with
two movable barriers, providing bilateral symmetric
contraction, the accuracy of positioning barriers and
determining the area occupied by the ML up to 0.1 %.
Surface tension was measured by weighing the Wilhel-
mi plate. Studies were carried out at a temperature of
20 °C. The concentration of Pb(NO3), in the solution
was 1073 mol/l, the volume of aliquots of arachic acid
was 50 ul. The barriers on the Langmuir bath began to
compress after 30 minutes of exposure of the monolayer
on the surface of the solution.

The pH of the subphase in the experiments was kept
constant at 8.6, because our previous studies [7, 8, 25]
demonstrated that the pH in the range 7.8...10.2 and at
the specified salt concentrations, the discontinuous
ArhPb film is formed in a solution containing clusters
of various sizes with a high content of Pb. In a more
acidic environment, metal-containing clusters are
practically not formed and the metallization of the re-
sulting film is very low and insufficient to change the
functional characteristics of the semiconductor. In an
alkaline medium (pH over 10) only large conglomerates
are recorded, and there is a strong violation of conti-
nuity and homogeneity of ML is recorded already on the
surface of the water subphase, which is associated with a
significant decrease in the solubility of Pb(NOs),. The
required pH value was reached by adding of the alkali
NaOH into aqueous subphase, leading to the formation
of hydroxide Pb(OH), and NaNO3 salt, which disso-
ciated in water into ions Na® and NO; .

All the lead-containing coatings obtained on the
surface of the water subphase were transferred to the sur-
face of preliminarily purified and defatted silicon sub-
strates. There was also the use of single-crystal Si with
electronic conductivity type (p ~ 8 Q - cm) and a natural
oxide layer, demonstrating hydrophilic properties.

It was obtained the four batches of samples by four
samples in each, differing in the technology of produc-
ing of lead-containing coating, and a control batch, in
which a coating based on Arh were applied by LS tech-
nology from the surface of the water subphase with
pH = 8.6, but without adding Pb(NO3), to the solu-
tion. In the first of 4 batches, the coating was obtained
using LS technology under the same conditions and pH
of the water subphase as in the control batch, but with
Pb" content. Preparation of films by the LS method
was controlled via the compression isotherm (fig. 1).
The remaining three batches of samples were obtained
without adding surfactants to the surface of the sub-
phase and compression barriers, i.e. without the use of
LS technology. Modes for preparing of these batches
samples differ in exposure time of the film on the sur-
face of subphase comprising Pb(NO3),, i.e. time since
formation of the solution until the transfer of film into
a solid substrate. These times are composed whether,
respectively, 0.5, 1 and 24 hours.

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 12, 2018 753




In all experiments, the formation of a film with a
metallic luster on the surface of an aqueous solution
was recorded visually. "Floating" of lead-containing
colloidal particles without surfactant becomes feasible
through hydration, since at pH = 8.6, lead nitrate com-
plexes and lead hydroxonitrates are formed, which are
hydrophilic in contrast to Pb" ions. Coagulation of col-
loidal particles into large clusters occurs at high pH val-
ues due to the presence of Na* counterions in the so-
lution. The metallized film formed on the surface of the
sol was transferred to the surface of the silicon substrate
by analogy with the LS method, but without the par-
ticipation of surfactants, i.e. the substrate was horizon-
tally dipped into the solution, it touched its surface,
moved horizontally, and then rose also in a horizontal
position.

Methods and results of research

The chemical composition of the obtained coatings
was studied using a Mira // LMU scanning electron mi-
croscope (Tescan, Czech Republic) with the X-Stream
attachment for energy dispersive analysis (EDA) in the
mode of registration of back-scattered electrons. At the
same time, at several points of each scan corresponding
to clusters on the surface, energy dispersive spectra
(EDS) were recorded in a wide energy range covering
the entire spectrum of possible chemical elements on
the surface of the silicon substrate.

The results of the study of the morphology and
composition of films obtained by the LS method are
presented in fig. 2. In the scan fig. 2, a the dendritic
structure of the film coating is visible, in fig. 2, b, the
contours of the dendritic structure are also visible, but
already less ordered. An increase in the degree of po-
lymerization of hydroxy complexes with an increase in
the pH of the medium can contribute to the formation
of a dendritic structure; therefore, polynuclear forms of
amphoteric metal compounds, in particular Pb, can be
considered as an intermediate between simple ions and
polyelectrolytes.

Fig. 3 shows typical SEM images of silicon struc-
tures with a lead-containing coating, which were de-
posited from the surface of the sol without using sur-
factants and LS technology, and typical EDS spectra
obtained for the corresponding scan. From fig. 3, it fol-
lows that immediately and after 30 minutes after the
formation of a solution (fig. 3, a), a continuous layer is
not formed, but individual clusters of micrometer and
submicrometer sizes are recorded. Over time, the struc-
ture of the layer transferred from the surface of the sub-
phase to the horizontally descending substrate appears
more and more (fig. 3, b). After 24 hours, the height
heterogeneity of the transferred coating becomes sig-
nificant (fig. 3, ¢) due to formation of conglomerates
of LCN.
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Results’ analysis

Comparing isotherms in fig. 1 with classical one, we
can state that the content of Pb* or Na™ in solutions fa-
cilitates formation of the solid crystalline state of Ml
omitting the transitional liquid-condensed state in both
cases, i.e., both isotherms correspond to isotherms of
arachic acid salt formation. At the same time, the area
A per one molecule in MS increases in different ways,
which correlates with differences in the ionic radii of
Pb" (~1.25 A) and Na' (~0.97 A) resulting in a 2 A2
difference and, accordingly, a lower density of the
ArhPb layer. Thus, according to the analysis of com-
pression isotherms, we suggested that ArhNa salt is
formed in the films obtained by the LS method on an
alkaline water subphase that does not contain Pb, and
when Pb (NO3) is added to the subphase, the lead salt
ArhPb is obtained. The ArhPb film possesses a less pro-
nounced and branched dendritic structure, unlike
monovalent Na, since Pb, being divalent or tetravalent,
forms a salt molecule capturing at least two molecules
of arachic acid at once.

The assumption about the formation of the corre-
sponding metal salts was also confirmed by the analysis
of the EDA spectra (fig. 4 and 5). The diagrams in fig.
4 and 5 show the values, averaged by at least 16 points
for each sample, of atomic concentration in the films
transferred onto the Si surface. The analyzed regions
corresponded to locations of clusters (see figs. 2 and 3).
The analysis demonstrate that in all cases elements such
as silicon Si (responsible for the substrate), oxygen O
(contained in the substrate — in silicon oxide, and in
the deposited layer), nitrogen N (recorded at the re-
gions of cluster formation), sodium Na (from alkaline
solution based on NaOH) and lead Pb are present in
sufficient quantities. According results, there was no
obvious change in the Pb, Na, N, and O content (fig. 5)
within exposure of 1 h. During the 24 hours, the con-
tent of O and N grows significantly, which indicates an
increased formation of Pb(OH),(NOj3), hydroxy ni-
trates during the storage of the solution.

Comparison of the chemical compositions of films
obtained from sol surface (fig. 5) without organic matrix
and ones of ArhPb prepared by LS method (see fig. 4, a)
shows that the amount of Pb in the film in fig. 5, a is
similar to one in the ArhPb film (fig. 4, @) while one in
fig. 5, b exceeds it. The number of oxygen atoms in
these films was almost the same. The percentage of Pb™*
in the film obtained from the surface of the solution
stored 24 hours is reduced by almost 2 times compared
to the solution just prepared and more than 3 times
compared to the sol aged for 1 hour. Thus, to obtain the
film as much as possible structured metal must use
freshly prepared solutions (stored no more than 1 hour).

Since the percentages in the spectra are atomic,
then comparing the percentage of elements in fig. 5
with the distribution of atomic fractions in the Pb(NO5),




molecule (the atomic fraction of Pb is 1/9, N — 2/9,
O — 6/9), we can conclude that, along with lead ni-
trate, lead hydroxide is formed (hydrogen is not regis-
tered using the EDS method) and lead hydroxy nitrates
are formed only on the surface of the subphase stored
for 24 hours. A significant decrease in the recorded per-
centage of Si on the surface covered with a film sus-
tained for 1 day (fig. 2, ¢) is explained that this coating
is more porous and bulky, containing massive clusters
of lead hydroxy nitrates which hinder electrons to pass
to the substrate and reduces the intensity peaks corre-
sponding to Si.

Conclusion

Thus, the possibility of the formation of a lead-con-
taining nanoscale film of acceptable quality (composi-
tion and morphology) on the surface of the alkaline
subphase, both with and without surfactant on the sur-
face, has been experimentally established. Moreover,
island coating consisting of lead-containing clusters are
similar in percentage of Pb to continuous film coatings
based on organic matrix obtained using LS technology,
while the lateral dimensions and height of such clusters
are smaller than those of clusters formed in ArhPb ma-
trix. It was found that the addition of surfactants has a
greater effect on the structure (degree of crystallinity
and the possibility of formation of a continuous mon-
olayer), and not on the chemical composition of the
film. It is noted that the composition of the lead-con-
taining film on the surface of the sol varies over time —
the amount of lead nitrates and hydroxy nitrates in-
creases. The optimal values of number, size and com-
position of the clusters were obtained by exposing the
film on the surface of the sol for 1 hour.

The studies were carried out with the support of the
Russian Foundation for Basic Research (Grant No. 16-
08-00524 _a).
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Pecnyonmmka bemapych

PA3AOXXEHUE MOHOCHAAHA B TA30BOM ®A3E C MICTTOAb3OBAHUEM
KATAAM3ATOPA Co, FegPtsoNi, HA TOAMMMMAHOM HOCUTEAE

ITlocmynuna ¢ pedaxuuio 13.07.2018

Iloxasana evicokas cmenens sghpexmusrnocmu nosumemantuueckoeo kamaausamopa CoypFegPtsyNiy na nosuumuonom
Hocumene 6 npouecce pasnolcenus MOHOCUAAHA NPU OCANCOCHUU HAHOCMPYKMYPUPOEAHHbIX NOAUKPUCMANIUYECKUX NACHOK

KpeMHus.

Karoueevie caosa: MOHOZLlapMabl, MOHOCUNAQH, NOAUMEMANIUYECKUT Kamaausamop, NAeHKU KpemHus, noauuMuo

Bsenenune

ITpy M3roToBIEHUU TMOJYNMPOBOIHUKOBBIX MPUOO-
POB Pa3JMYHbIX KJIAaCCOB Y TUIOB 1 TBEPAOTEJIbHBIX MO-
HomuTHBIX MC, Kak 1 HAaHOKJIACTepOB, OOJIBIIIYIO POJIb
WIpaeT co3maHue Hu3KoTemIieparypHbix (<1073 K)
MOHO- U MOJUKPUCTALIUYECKUX IIJIEHOK KPEMHUS,
TaKk Kak yxe cam Ipouecc (GopMUpPOBaHUS TOHKMX
IJIEHOK OMpenessieT KaueCTBO OOJBIIMHCTBA U3IETUI
MUKpPO- U HAHO3JEKTPOHUKM [1, 2].

OnvH 13 NePCNeKTUBHBIX METOJ0B CHUXKEHUS TEM -
rnepaTypbl ¥ MOBBILIEHUSI CKOPOCTU OCAXIEHUS Tiie-
HOK — MCIIOJb30BaHMe Katanu3aTtopos [3, 4]. [Tpume-
HEHUE KaTaJIM3aTOPOB B PsIe XMMUUYECKUX OTpaciei
roxKasajio IpeuMyIlecTBO 3TOr0 MeToa Iepea Apyru-
MU (ITPOCTOTa peanu3ali TEeXHUUECKOTo pelleHMUs,
BO3MOXHOCTb IIMPOKOTO MCMOJAb30BAHMS CYIIECTBY-
IOILIET0 TEXHOJIOoIn4YecKoro oobopynoBanus) [4]. Ho mo
MOCJIEHETO BPeMEHU KaTaanu3aTopbl OCTalOTCsl BHE IMO-
JIsSl 3peHUsI TEXHOJIOTOB-pa3pabOTYMKOB 3JIEKTPOHHOMN
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TEeXHUKHW, OYeBUIHO, BBUIY CIIOKHOCTH BBIOOpa Karta-
JIu3aTopa JJisi KOHKPETHOM XUMUYECKON CUCTEMBI.
IIpoMbIIIIEHHOE U3TOTOBJIEHUE TUIEHOYHBIX CTPYK-
TYp KpeMHUS ¥ TepMaHUs OCHOBAHO, TJIABHBEIM 00Opa-
30M, Ha peaklusIX BOCCTAHOBJEHUS BBICIIMX M HU3-
X XJIOPUIOB KPEMHMS ¥ TepMaHUs B Cpelie BOOIOpOIa
1 Ha pa3joXeHuu ux ruapunos [1, 5—7]. lanpHeliiee
pa3BUTHE KPEMHHEBOM M TepMaHUEBOI SMUTAaKCHAIb-
HOMI TEXHOJIOTUU CBSI3aHO C MEePEeXOIO0M Ha HU3KOTEeM-
repaTypHble IIPOLIECChl OCaXIeHHUs, OoOecreunBalo-
1IMe ToJay4eHre Pa3HOOOpa3HBIX IUIEHOYHBIX HAHO-
CTPYKTYp M YIy4llIeHWe WX KadecTBa [1, 2, 6, 7]. Dra
npobJyieMa peliaeTcsl IMyTeM BHEIAPEHHUS] TPOLECCOB
TEPMUUYECKOTO Pa3IOXKEeHUS] MOHOTUIPUIOB B IIPOTOY-
HbIX cucteMax. OIHAKO B TAKMX CUCTeMax IMoTepsl He-
MIpOpearupoBaBIIeT0 MOHOTHIPUIA COCTABIISIET Ooee
40 % [1, 5, 7]. Ucnionp3oBaHue Mano3(hGEeKTUBHBIX 1
TPYIHOPEATTU3YEMBIX (PU3NIECKIX METOIOB MHTECHCH-
dukanuy xuMudeckux peakumii [1, 8] Takke He maeT
SKOHOMMH MCXOTHBIX MaTepuayioB. [loatomy ciemyer
pa3BMBaTh XUMMYECKUE METOAbl WHTEHCUDUKALIMU




TEXHOJOTUYCCKHUX NMPOLECCOB MUKPOIJIJICKTPOHUKU U
HaHOSJICKTPOHUKHM, KOTOPLIC OTIMYAIOTCA HpOCTOTOfI
peaim3alv N BBICOKOM 3(1)(1)6KTI/IBHOCTI>IO, — UCIIOJIb-
30BaHUEC KaTajau3aToOpPOB.

Co3naHue HOBBIX BUIOB MUKPO3JEKTPOHHBIX YCT-
POMCTB, MOBbILLIEHNE UX (PYHKIIMOHAJIBHOM CIOXHOC-
TU U CTEIIEHU UHTErpaluu, yBeJIUUeHNEe CpoKa CITyXK-
ObI ¥ 3KCIUTyaTallMOHHOW HalleXXHOCTU MPU OJHOBpE-
MEHHOM CHMXEHMU CE0ECTOMMOCTU M TPYAOEMKOCTU
MPOU3BOJMICTBA TECHO CBSI3aHbI C HAYYHO-TEXHUYECKUM
MPOrpeccoM B 00JIACTU XMMUU U TEXHOJIOTUMU BJIEKT-
POHHBIX MaTepuanoB [3]. BaxHellIMMU U3 HUX SB-
Jsiioresl 2D-MIeHKUM M HAaHOKPUCTAUIbl KPEeMHMS,
repMaHus, TBEPAOroO CIJIaBa KPEMHUU-TEPMAHUN U
IU3JEKTPUKUA Ha X ocCHOBE. HecMOTpsl Ha TO UTO 3TU
Marepuajbl M3ydyeHbl 0ojiee IPYrux MOJYyIPOBOIHU-
KOB, MHOTH€ BaXKHbI€ BOITPOCHI UX CUHTE3a 10 CHUX MOP
aKTyaJbHbl U BOCTpeOOBaHbI BpeMeHeM. OIuH U3 Ta-
KUX METOAOB — TIPUMEHEHME TOJUMETANIMYECKUX
karanuzaropoB (IIMK).

Llenb craTbu — MccaemoBaHUE Mpoliecca pasioxe-
HMSI MOHOCHWJIaHA B ra30Boii ¢ha3e ¢ MCIOJIb30BaHUEM
kartanuszatopa CoygFegPts)Ni, Ha mommuMuaHOM HO-
cUTeJie TIPY OCaXAEHUM TOHKUX IJIEHOK HAHOIOJIM-
kpuctanauueckoro kpemHusi (HITKK).

MeToauka u IKCNICPUMEHTAJIbHAA YaCTh

ITpu BBIOOpPE MOJUMETATIIMYECKOTO KaTajauzaTopa
Co0JII01aJIOCh YCI0BUE, YTOObI BCE METaUIbl B €ro CO-
cTaBe OBUIM TIEPEXOMHBIMU, T.€. C HE3alOJTHEHHBIMU
d-opOoutansiMu. B KayecTBe HOCHUTENSI MCIONb30BAIU
MUKPOIIOPUCTYIO, ¢ pa3dmepoM 1op 0,5...1,0 MkM, 1m0-
JIMAMUAHYIO TUIeHKY ToimuHoi 50 Mxm. Co3gaHue
MOJUUMUAHON TIJIEHKU OCYIIECTBIISUIOCH B ClEIyIO-
IIEM TIOpSIIKEe: B TTOJIMAaMUIHYIO KUCIIOTY C apoMaTH-
YECKMMMU 3BEHbSIMM C MOJIEKYJISIPHOI Maccoit 5 10% u
KUHETUYECKON BSIZKOCThIO 2,4 * 107% M2 - ¢! BHOCHIM
MenkoaucnepcHyto (0,01...0,05 MKM) MeTaLIM4YECKYIO
CMeCh, B cCOCTaB KOTOpo# BXoJsT 0,4 MacCcoBbIX J0Jiei
Co; 0,08 Fe; 0,5 Pt u 0,02 Ni (110 OTHOIIEHHIO K Macce
TBEPIOIro MPOAYKTa MOJMAMMIHON KUCIOTH 1:50).
3areM MOJMaMMUIHYIO KUCIOTY TIIATEJIbHO MepeMellu-
BAJIN C METALUTAYECKON CMECHI0O B MATHUTHOU MeIllaIKe
C YacToTol BpaleHus 60 ¢! u HaHocHH ee Ha oT-
MOJIMPOBAHHYIO KBaplIEBYIO MOIJOXKY, COOTBETCTBY-
IOIIYIO 110 KOH(UTYpAIIMU CEUYEHNIO TOplia KBaplEeBO-
ro peakTopa, MHOTOKPaTHbIM MOrPYKEHUEM, CKOPOCTh
WU3BJEUYEHUS TIOAJIOXKU U3 TOJMAMUIHOU KUCJIOThI
5 cm - mun L. Tlocne aroro KBapLEBYIO IIOJJIOXKKY C
HAHECEHHOU IOJMaMUIHON KUCJIOTOM, COAEpXKaILEn
CMeCh YKa3aHHBIX BBHIIIE META/UIOB, ITOMEIIAN B Ba-
KYYMHYIO TepMUYecKy1o Kamepy. aBiaeHue monaepxku-
Bajoch 4,33 - 107! IMa ¢ TounocTsIO +0,01 ITa, a Tem-
neparypa Obuia paBHa 598 K ¢ TouyHocthio £0,5 K.
IIpu 2THX ycHoBUSIX B TeYeHHE 25 MUH IPOXOauJia

;W/IIIIIIIII/lllllllllllll""'
r7777) M/’A
Illlll rlllllllllllllll /
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Puc. 1. I'opu3oHTAIBHBIA KBapUEBbIii PEAKTOP C MOJTAHMHIHON MeM-
OpaHoii 1yIs 0CaXKIeHUs MJICHOK KPeMHHS NPH Pa3JI0KeHHH MOHOCH-
Jana: | — nomuumuaHasg mem6pana ¢ [IMK; 2 — ymioTHUTEIbHbIE
KoJIbLIeBbIe (DJIaHIIBI; 3 — peakTop; 4 — TMOIIOXKA; 5 — TOMIOX-
KoJepXkaresib; 6 — WHAYKTOP

Fig. 1. Horizontal quartz reactor with a polyimide membrane for
deposition of the silicon films during the decomposition of the monosilane:
1 — polyimide membrane with PMC; 2 — sealing ring flanges; 3 —
reactor; 4 — substrate; 5 — substrate holder; 6 — inductor

UMMAM3ALMS TOJUAMUIHON KMCAOTHl B MOJUMMMUI.
DopMUpOBaICh MUKPOTIOPUCTHIE (C pa3MepoM IOp OT
0,5 mo 1,0 MKM) TTOIMUMUIHBIC TJIEHKM C OOIIEH IIJTO-
1IaJIbIO TTOBEPXHOCTH ~220 M2 - r_l, YTO COU3MEPUMO C
moaabio mosepxHoctu (150...290 M2+ r_l) HU3BECT-
Hbix [IMK Ha 1ieonurax, alloMOCHIMKATaX U CUJIMKa-
rese [4, 9]. ITpouecc UMUIU3ALMM KOHTPOJIUPOBAIU
MO0 M3MEHEHUSIM B MH(}pPaKpacHBIX CIIEKTpax MOJU-
AMUIHOM KMUCJIOTHI U MO BBIICICHUIO BOJBI.

[TonyyenHast takuMm o6Opa3zom 1uieHka ¢ [IMK
OpeacTaBisia CoOO0M MUKPOIIOPUCTYIO MEMOpaHy, KO-
Topasi ObLIa yCTaHOBJIGHA Ha BXOJE ra30BOi CMecu B
peakTop (puc. 1). INonmuumuanasa memopana ¢ IIMK
pacrioyiarayiachk Ha pacctossHuu 100 MM OT MOMIOXKKO-
JiepKaTeIsl, UTO TTO3BOJISUIO MOAAEPXKUBATh HA KaTaJIu-
3arope Temmeparypy 323 K.

B kxauecTBe MCXOOHBIX peareHTOB OBLIM MCIOIb30-
BaHbl MoHocunaH SiHy, dochun PH5, apcun AsHj,
aubopan ByH¢ m apron Ar mapku OC.Y. Ilnenku
HITKK ocakganu B ycTaHOBKE C peaKTOPOM FOpPHU30H-
TasibHOTO THNA U BU-HarpeBom. B kauecTBe moanoxek
MPUMEHSITN TUTacTUHBI KpeMHnsT KOM-20 ¢ opueHTa-
muei (111), (100) u (110), MOKpPHITHIE CI0OEM HUTpUAA
KpeMHUs TomuuHon 75 HM. TeMIiepaTypy ITOIIOXKEK
KOHTPOJIMPOBAIU C TIOMOLIBIO TUIATUHO-POIUEBOI1 Tep-
monapbl ¢ ToyHocThio 0,5 K. TomauuHy IIeHOK
KpPEeMHMUSI ONpeAeIsiidi METOAOM KOCOoro u cepuyec-
KOro 1uiM(oB U METOIOM BO3IYIIIHOTO 3a30pa C TOY-
HOCTbIO T 1 HM, MCHOJb3Yysl CKAHUPYIOLUI 2JIEKTPOH-
HBIM Mukpockon S-4800 (Hitachi, Anonus).

IMponykThl peakuuu pasioxXeHUs (IeTHIpUpoBa-
Hus) SiH, aHanu3upoBaau METOLaMU ra30Boii Xpoma-
Torpauu, Macc-CIeKTpOMEeTpUU U UHEPPaKpaCHOMI
cnektpockonuu. Conepxanue P, As u B B HITKK
omnpenenstiu MetogoM Oxke-CrneKTPOCKOIUHU, a KOJIU-
yeCcTBO 0Opa3oBaBLIErOCsl KPEMHUSI — C MOMOIIIBIO
MUKpoOBecoB Mak-beHa. Bocmpou3BoaMoCTh BcCeX
OITBITOB OIICHWBAJIM TI0 PE3yJbTaTaM CTATHUCTUYECKOM
00paboTKM JaHHBIX Mo KpuTteputo KoxpeHa.

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 20, Ne 12, 2018 757



Pe3yabTaThl H MX 00CyXKIEHHE

YcraHOoBIIEHO, YTO peakuus nerunpuposanus SiH,
Ha [IMK ¢ ncnonbp3oBaHreM NOTMUMUIHON MeMOpa-
Hbl ¢ IIMK npoxoaut yepe3 1iects cranuii. Ha mep-
BOIi CTagMK MPOUCXOAUT ancopoumsa Monekyn SiH, Ha
noBepxHoctu IIMK. Bropas cragusi — 3TO IOBEpX-
HocTHas peakumst Ha [TMK, TpeTbst cTanuss — aecop-
OLuMs mpoayKToB peakiuu ¢ noBepxHoctu IIMK, 3a-
TeM TI0CJIe0BaTe/IbHO TIePeHOC UX B ra3oByo (asy K
MTOUTOKKE, aacopOIIMs Ha Hei, MOBEPXHOCTHAS peak-
LIMsI Ha TIOJUIOXKE W JeCcOpOLMsT TTPOAYKTOB peaKkluu
OT MOBEPXHOCTHU TOIJIOXKKHU B ra3oByio dasy. O0Luii
VIPOLIEHHBIM MEXaHW3M pPeakLMU MOXHO IpeacTa-
BUTb cleayloiuM obpasom: Ha [IMK — SiH, + R* —
— SiH} + HR; Ha momnoxke — SiH} — Si + x/2H,,
rae R — cuMBoOJ pelieTky moMMeTauia, a 3Be3104Ka
Haja OyKBO# 03Ha4yaeT CBOOOAHYIO BaJ€HTHOCTb.

HarmpaBneHne n CKOpOCTh peaKIINU OIIPEACIISTIOTCS
B 9TOM MeXaHU3Me YK€ Ha TIepBO CTalUM peaKiuu Jie-
runpuposanusa SiH, Ha IIMK u 3aBucar or toro, Ha-
CKOJIBKO MHTEHCUBHO OYIET pa3pblBaThCsl MPU aacopo-
muu Ha [IMK cBs3bp Si—H, uyTo, B ¢cBOIO ouepenb, 3a-
Bucut ot npupoasl IIMK. Haubosee nHTEHCUBHO U C
BBICOKOI CTEIIEHBIO CEJIEKTUBHOCTH TPOIIECC AETHUIPH-
posanuda SiH, npoucxomut Ha IIMK CoyFegPts)Ni,.
DTO BBI3BAHO BBICOKOI MOBEPXHOCTHOM IIOTHOCTBIO
LIEHTPOB "CMILHOM" agcopOuum Bogopoaa (1024 M_z),
00YyCJIOBJIEHHOM HaMM4YueM (peppOMarHUTHBIX MeTall-
JIOB, IJII KOTOPBIX XapaKTEepHO MPUCYTCTBUE HecIa-
peHHbIX 271eKTPOoHOB [4, 10]. [IMK Coy4yFegPts)Ni, Ha
TOHKOW IMOJMUMUIHON MeMOpaHe COAEPXUT OYEHb
MeJIKMe KPUCTAJUTMTHI WIM KJIacTephl aTOMOB YETHIPEX
METaJJIOB TMPaKTUUYECKM Ha MUKPOMOPUCTOM W30JU-
pPOBaHHOM HOCHTEIe, Tie OOJIBIIMHCTBO aTOMOB Me-
tajoB [IMK npunHaanexar nmoBepxHoctu. Pojib 00b-
eéMa B 3TOM cCjyyae TepseT cMbICci. Takum oOpa3oM,
ITMK Ha ToHkoi1 (50 MKM) MTOJTUUMMUAHON MeMOpaHe
XapaKTepU3yeTcsl HATMYKMEeM OOJIBIIIOro YKCiia TIOBepX-
HOCTHBIX aTOMOB. Takue aTOMBI 110 CBOHCTBaM OTJIU-
YaloTCsA OT aTOMOB B 00beMe, MOCKOIbKY X OKPYKe-
HUE SBJISIETCSI MPOMEXYTOUHBIM MEXIY OKPYKEHUEM
CBOOOAHOIO aToMa M aToMa B 00beMe KpUCTaLIMYeC-
Kol pelieTKu. [TOBEpXHOCTHBINI aTOM MMEET MEHbIIIe
OMKaMIIMX coceleil, 4yeM aToOM BHYTpU OoO0Obema, HO
Oosiblie, YeM CBOOOJHBIM aTOM, W MO3TOMY IOJIKEH
OTJIMYATbCS OT HUX DJIEKTPOHHBIMU CBOMCTBAMHU U
XapaKTepoOM B3aMMOJAEHCTBUSI C MOJIEKYJaMu aacop-
bara [3].

B monekyne SiH, (GeH,) aTombl cBA3aHbI Ipoc-
TOI, HO B U3BECTHOI CTEIEHU ITOJIIPU30BaHHOM (C IO~
JIOXKUTENbHBIM MOJIIOCOM Ha aToOMe KPEMHUS WM rep-
MaHMsI) U C OTpULIATEJIbHBIM Ha aTOM€e BOJOpPOAA) CBSI-
3b10 [2]. IIpuuem cBsi3u Si—H, Ge—H monsspu3oBaHbI
TaK, YTO LEHTP TSKECTU JIEKTPOHHOIO 00jiaKa CIBU-
HYT B CTOPOHY BOJOPO/A, W MPU 3TOM Pa3pbiBE CBSI3U
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MoJIEM pelleTKM (auccolualus IpU aacopOoLMu) Ha
IIMK BO3HHMKAIOT 3JeKTPUYECKHU 3apsiKeHHbIE paayi-
KaJibl, ITOCKOJIBKY BJIMSHHE CBOOOMHOTO 3JIEKTPOHA
pewetku ITMK kak cBoOOAHOI BaJIeHTHOCTHU ITPOSIB-
JIIeTCS OCOOEHHO 3aMETHO IPHU IMCCOLIMALIMU MOJIe-
KyJ1. YacTuiipl, Haxoasiuecss B XeMOCOPOUPOBAHHOM
COCTOSTHUY, OTJIMYAIOTCSI OT COOTBETCTBYIOLIUX MOJIE-
KyJl B ra3oBoii (ba3ze Ha BXOJ€ B peaKTOp CO CTOPOHbI
nonuuMuaHoit Mmemopansl ¢ IIMK, npeacrasiss co-
0oif HE caMUu 3TU MOJIEKYJIbl, & UX OTAeJIbHbIE YacTH,
T. €. OCKOJIKY, paauKaibl. B aToM ciydyae cBOOOIHbBIE
anekTpoHbl pemetku ITMK Bce B OoJblieil cTereHun
JIOKQJIM3YIOTCSI OKOJIO TOM TOYKM MOBEPXHOCTH, K KO-
TOpPOM MpuOIMXKaeTca MoJsieKyaa, Hampumep SiHy.
IIpu 5TOM MeXay aTOMOM BOAOPOIA U MOBEPXHOCTHIO
ITMK Bo3HUKaeT CBsI3b, KOTOpasi 00eCIIeYnBaeTCs ITU-
MU CBOOOJHBIMU 2JIEKTPOHAMU U YIIPOUHSIETCS IO Mepe
npubaKeHus Monekya SiHy, B TO BpeMsl Kak CBA3b
MEXIYy KpEMHUEM U BOLOPOIOM B MosekyJe SiH, rmoc-
TerieHHO ocnaonsiercs. I1o Mmepe mpuOIMKeHUs K I0-
BepxHocti IIMK monekynsl SiH, arom Bomopona
OKa3bIBaeTCS IIPOYHO CBSA3AHHBIM C TIOBEPXHOCTHIO
[IMK (sHeprus cBsizu metaun — Bopopon wist Co, Fe,
Pt 1 Ni cocrasiser 267, 273, 272 u 282 x/Ix - MO |
[9, 11]) m-cBsi3blo, a pamukan SiH}, rie x mpu u3me-
HeHuu Temrieparypbl [IMK ¢ 298 no 373 K usmeHs -
ercst ¢ 3 10 1, oka3biBaeTCsl CBOOOAHBIM U MOCTYIAaeT
B 30HY TOIJIOXKEK, Tlle M 3aBepIIAlOTCS TaJIbHEHIINe
craguu peakiuy. OOQHAKO B 3TOM cCjiydyae K IMOIOXKe
yXe TIePEHOCSITCS He MCXOAHbIE KOMITOHEHTHI, a OC-
KOJIKU MOJIEKYJI, CBOOOIHAsl DHEPTrUsi KOTOPbIX 3a-
METHO IPEeBBIIIAeT IHEPIUI0 UCXOAHOTO U KOHEYHOTO
MpoaykToB. UMEHHO HaXoasiCh B MEePEeXOJIHOM COCTO-
SIHUY, MOJIeKyJIa 00JiafaeT MOBBIIIEHHON peaKIIMOH-
HOI CIOCOOHOCTBIO Ha MOBEPXHOCTU MOMJIOXKEK, BbI-
3bIBasl MHTEHCUBHOE OCAXIEHUE CBOOOIHOIO Kpem-
Hus (repMaHust) [12].

PesynbTaThl M3ydeHUs] KUHETUKU pEaKLMU pasJio-
xeHusd (aeruapuposanus) SiH, B mpucyrcrsun IIMK,
OCHOBAaHHBIC Ha OMPEIeTeHUN CKOPOCTU OCAXKIEHUS
IUICHOK KPEMHUSI, CBUAETEIbCTBYIOT O 3aBUCUMOCTU
ee OT MapuuaabHoro aasneHus Ar, SiH,, Temneparypbl
MOJUIOKKY MU noctossHHOM Temiiepatype [IMK 323 K,
a Takxke oT creneHu crtapeHuss IIMK mpu oTpaBie-
HUSX sigamMu (puc. 2). DKCNepUMEHTaIbHO YCTaHOB-
JIEHO, YTO C YBeJMYEHUEM NaplUaJbHOTO AaBIeHUS Ar
c1,0- 10° o 3- 10° Ma ckopocTth ocaxaeHust HITKK
JUIS TeMIepaTyp B 30He Momioxku ot 773 mo 973 K
BO3pacTaeT, I0CTUIasi MaKCMMyMa, a 3aTeM MOCTEIeH-
HO MoHMxXKaeTcs1 (puc. 2, a). [lo-BugumomMy, npu naB-
nernn 3+10° Ta B 30HY TOIJIOXKEK YePE3 MOPUCTYIO
MOJUUMMIHYI0O MEMOpaHy MepeHOCUTCST HauboJIblee
KOJIMYECTBO PAAUKAIIOB SiH;. IToBblllieHHEe MapLu-
aJlbHOTO JaBJIeHUS Ar Ha BXOJ€ B peakTOp CBbILIE
3+ 10° a cHuxaet ckopoctb ocaxaeHust HITKK. 9to
MOXHO OOBSICHUTb TEM, YTO TIPU YBEJIUYECHUM TapLIU-




anbHOro masneHust Ar soie 3+ 10° ITa 1inHa cBO6OI-
HOTO Tpo0era paauKaaoB SiH; YBEJIMYUBACTCSl Ha-
CTOJILKO, YTO YacTh MX BCIIEACTBUE OBICTPOIl MUTpa-
LIV 3aXBaTbIBaeTCsl FA30HOCUTENIEM U TPOCKaKUBaeT
MMOBEPXHOCTD TOMJIOXKEK.

Tak, npu napuuaibHOM JaBJIeHUU Ar Ha BXOJE B
peakTop, paBHOM 4 - 10° I1a, rommuumnaa HITKK Ha moz-
JIOXKKAX, HaXOISIIMXCS B KOHIIe HarpeBaTesns, B 1,5 pa3a
BBIllIE, YeM Ha MOIJIOXKaX, HAXOASIIMXCS B Hayae
HarpeBaTeisl 10 Xoay ra3oBoii cmecu. Ilpu maBiaeHun
Ar Ha Bxoje B peaktop <1,0 - 10° Ma MUKPOTIOpPUCTAst
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Puc. 2. Bauanue napuuanbtoro nasjenus Ar (a), SiH, (b), Temne-
paTypbl MONIOKKHM (€) M THNA mpuMecH-s1a (padoTocnocoOHOCTH
IIMK) (d) na ckopocts ocaxaenuss HIIKK: 7, — 923; 373; 823;
773 K (I—4 cootBetcTBeHHO); 973 K (5, 9—11). Ar =3+ 10° Ma
(b—d); Pgipg, =3+ 102 Ma (a, ¢, d): P = 20 Ta (10—12)

Fig. 2. Influence of the partial pressure of Ar (a), SiH4 (b), substrate
temperature (c) and the type of impurity-poison (operability of PMC) (d)
on the rate of deposition of NPCS. Ts — 923, 373; 823; 773 K (1—4 re-
spectively); 973 K (5, 9—11). Ar =3+ 10° Pa (b—d); Pgyy, =3+ 10° Pa
(a, ¢, d): P,y =20 Pa (10—12)

MemOpaHa ¢ ITMK cyliecTBeHHO MPensITCTBYET ra3o-
BOIi cMecH, moaToMy cKopocTh ocaxaeHust HITKK ot-
HOCHUTEJIbHO Majla. MHTeHCHBHOCTD MepeHoca paarKa-
J0B SiH4 B 3TOM ciy4yae ObICTPO CHUXKAETCH B PE3YJIb-
TaTe 3aCTOsI Ta30BOI CMECH Ha BXOJIE B PEaKkTop.

Takum oOpa3zoM, mapuMaibHOE AaBieHUEe Ar Ha
BXOJIE B peaKTOP SIBJISICTCS] KJIIOUEBBIM B Ipoliecce Je-
ruapuposanus SiH, ¢ ucnonszosannem IMK. Eciu
3amaHo paboyee MapluyaibHOEe HaBjieHHe Ar, TO CKO-
poctb ocaxnenuss HITKK onpenensiercsi kak (yHK-
uus napuuaibHoro nasneHus SiH, v Temmeparypbl
nonnoxku (puc. 2, b, ¢). Ckopoctb ocaxneHus HITKK
C YBEJIMUEHMEM MapLuanbHoro aasnenud SiH, ¢ 1+ 102
go 3,5 103 Ma Bo3pacTaet npu temieparype [IMK
323 K (puc. 2, ¢, kpuBas &). DT0 00yCIOBIEHO TeM,
YTO MPOLIECC OCAXKICHUS JTUMUTUPYETCS CKOPOCTHIO
ancopouuu SiH, Ha IIMK, mockosbKy B3auMozeicT-
Bue SiH, ¢ IIMK onpeznenser creneHb 006pa3oBaHUs
panvKaaoB SiH; W TIOCTYIIJICHUE UX B 30HY MOAJI0XKEK.
IToBbilIEHWE KOHLIEHTPALMU PaguKaloB SiH; B 30HE
MOJIOKEK MPUBOIUT K BO3pacTaHUIO 3(Pp(peKTUBHOTO
nepechieHus 1Mo GPOHTY KPUCTALIN3ALUMU U, COOT-
BETCTBEHHO, K YBEJIWYEHUIO CKOPOCTU OCAXKICHUS
HIIKK (puc. 2, b) [2].

HccnenoBanust TeMmepaTypHOil  3aBUCHMOCTHU
ckopoctu ocaxaeHuss HITKK mokazanu, 4yTo Temre-
paTypa MoUTOKEK CYIIECTBEHHO BIMSIET Ha CKOPOCTh
ocaxneHus. [1pu orcyrctBum [IMK poct HITKK mipu
napLuaabHOM nasieHun SiHy, paBHOM 102 I1a, ctano-
BUTCSI 3aMETHBIM MU TemIeparype nomioxku 873 K, a
npu ucnons3oBannu [IMK — npu 623 K (puc. 2, c,
KpuBble 6, 7). [Ipym 3TOM TIONHOTA OETWAPUPOBAHUS
nocrynarouiero B peakrop SiH, npu 773 K Bo3pacraer
¢ 0,40 10 0,76, ampu 7> 873 K — ¢ 0,60 no 0,97. Pac-
CYMTAHHAs IO YPaBHEHUIO AppeHUyca IHEePrusl akTU-
BallMy Tpolecca pasnoxenusa SiH, npu orcyrcrBun
IIMK paBHa 84,43...96,49 kJI>x/M0b, a TIpU HATUIUU
MK — 48,25...54,76 x/I>x/MONb. DTH pe3yabTaTHl
MOATBEPXIA0T MHTEHCU(UKALMIO TTpoliecca Merui-
puposanusa SiH, Ha IIMK.

ITpoBeaeHHbIE CCIea0BaHMS TOKA3aIU, UTO TaK1e
coenuHenus, Kak AsHj;, PH; u B,Hg, comepxaiune
As, P u B, aBngioTcs HexeaTeJIbHBIMM KOMITOHEHTA-
MU B mpouecce aeruapuposanHusa SiH, ¢ ucnosbso-
BaHueM [IMK (puc. 2, d). Ux napunaibHoe JaBjieHre
Ha BXOJI€ B peakTop cleAyeT MonAepKUBaTh Ha Upe3-
MepHO HU3KOM ypoBHe (5...20 Ila), mocKombKy OHM
nae3aktuBupyioT [IMK. D10 00yclioBIeHO OTpaBaeHU-
eMm [IMK, koTopoe 0OBIYHO ITPOMCXOAUT B pe3yJibTaTe
MpoyHoi xeMocop6umu As, P u B Ha ero moBepxHoc-
™. As, P 1, B MeHbI1IeH cTenneHr, B MMEIOT HEUCITIOJIb-
30BaHHbIC CBSI3bIBAIOLIME OPOWTAIU, YYACTBYIOIIME B
00pa3oBaHUU YCTOMUYMBOTO COEAMHEHMSI C aTOMaMU Ha
TIOBEPXHOCTH, T. €. 00pa3yIOLINE KATAIUTUUECKUIA S,
AnCopOUpPOBaHHbBIN s/ TIPENSITCTBYET MOJHOK alcop-
6unn SiH, 1 cHuXaeT creneHb 00pa3oBaHUs pajMKa-
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Puc. 3. Oxe-cnerpol HITKK, neruposannbix P (@) u As (b): [ — 7e-
rupoBanue 6e3 [IMK; 2 — neruposanue ¢ [IMK

Fig. 3. Auger spectra of NPCS alloyed by P (a) and As (b): 1 — alloying
without PMC; 2 — alloying with PMC

JIOB SiH;. IToaTBepXneHUEM 3TOMY MOTYT CIYXMUTb
Oxe-cnekTpsl, cHaTeie ¢ HITKK, nerupoBanHbix P u
As nipu napuuanbHoM nasieHun PHs u AsH3, paBHoM
20 I1a, B orcyrctBue u npu Hanuuuu [IMK (puc. 3),
B npouecce pasnoxenus SiHy ¢ PH; u ¢ AsHj coor-
BeTcTBeHHO. Ha HMX Jierko uaeHTUUUUPYIOTCS Ju-
Huu P (121 3B) u As (1228 3B). UHTeHCUBHOCTb CUT-
HAaJIOB, ITOIYYeHHBIX Ha P 1 As OTHOCUTEIHHO OIOPHOI
JuHuM Si, BO BTOPOM cCilyyae 3HAYUTENIbHO ciabee.
DTO CBUIETENbCTBYET O TOM, UTO YaCTh aTOMOB P 1 As
HE IOCTYMaeT B 30HY MOJUIOXKEK, Tae (GopMupyercs
HIIKK, a ocraerca na IIMK.

Ha ocHoBaHMM MpoBeIeHHBIX MCCAEAOBAHUI Ove-
BUAHO, YTO MocTaBiaeHHas 1eab ocaxaeHuss HITKK Ha
JMUBJIEKTPUYECKOUN MOMTOXKE peaausyeTcsl B Cleaylo-
wux yciaoBusix: temnepatypa [IMK pasna 323 K, non-
noxek — 773...873 K, napumuaiabHoe AaBieHUE Ar —
3-10° MMa, SiHy — 3 - 10% Ta, JerupyoLero KoMmo-
HeHTa (AsH;, PHs, ByHg) — 10 Ia. ITpu ocaxnenun
SMUTAKCUANBHBIX 2D-TIJIeHOK HAa KPEeMHUEBBIX ITOM-
JIOXKKAaX TeMIiepaTypa ux JoJKHa ObITh He 0ostee 1073 K.
DTH TMapaMeTpbl MOXHO KOPPEKTHPOBaThb B 3aBUCH-
MOCTU OT KOHKPETHBIX YCJIOBUI TEXHOJOTUYECKOTO
poliecca.

B n1060M ciayyae MHTeHCUGbUKALMS peakuuu Je-
ruapupoBanua SiH, onpenensgercsa TeM, HaCKOJIbKO
MHTEHCHUBHO MPOMCXOAUT paspbiB cBsI3u Si—H mpu
apcopbuuu Ha ITMK 1 HacKOJBKO MpOYHA CBSI3b MEX-
Iy BOJOPOAOM, BBbLAEISIOIIMMCSI MPU JErUIApHUpOBa-
anu, u [ITMK.

IMapuuanbHoe naBjieHUe ra30HOCUTESI AT Ha BXOJIe
B PEAKTOP SIBJSIETCS KIOUEBbIM MapaMeTPOM Ipollec-
ca nerunpuposanus SiH, ¢ ucnonssosanuem [IMK Ha
MMOJTMUMUIHON MeMOpaHe. [Ipy mOCTOSTHHOM TTapIim-
aJIbHOM JIaBJICHUU T'a30HOCUTENSI CKOPOCTb OCaxKie-
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Hus HITKK ompenensercs Kak (pyHKLUS Iapuyaib-
Horo fasjaeHus SiH, u TeMnepaTypbl MOUIOXKH.

Hanuuue B razoBoii cMecHu Takux NMpUMecei, Kak
AsH;, PH; u ByHg, npusoaur k aesaktusaunu [IMK
U, KaK CJIEJACTBUE, K CHUXEHHUIO CKOPOCTU OCAXKIEHUS
HIIKK npu skcmyarauuy KaTaaud3aTopa.

3akiaouenue

Karanuzatop B coctaBe 0,4 macc. moneir Co;
0,08 Fe; 0,5 Pt u 0,02 Ni uHULIMHUpPYET peaKIUn pa3-
JIOXKeHUSI MOHOCHJIaHA U MPUBOAUT MPAKTUYECKU K
MOJIHOMY TpeBpallleHNIO €ro B KpeMHUU U BOAOPOI.
WNHurencuduxauua npouecca neruapuposanus SiHy
Ha IIMK mnoprBepkmaeTcss 3HAYEHUSIMU DHEPIUU
akTMBaUMU npouecca pasnoxeHusa SiHy: 6e3 TIMK
oHO paBHO 84,43...96,49 x/Ixx/monb, a ¢ IIMK —
48,25...54,76 xJIx/Momb. IlepcrieKTBa MCIOJIb30Ba-
Hus ITMK oueBumHa mpu cUHTE3¢ HAHOCTPYKTYpU-
POBaHHBIX TOJYNPOBOIHUKOBBIX U JIU3JECKTPUUIECKUX
MaTepuajoB ISl HYXKI MUKPO- Y HAHO3JIEKTPOHUKU U
MUKPO3JIEKTPOHHOI amnmnapatypbl. Ero umcnonb3oBa-
HUe€ MO3BOJISIET MOIydaTh YCTOUYMBBEIE 2D-HaHOCTPYK-
Typbl TIpU TemIepatype noaioxku 773...873 K.
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Process of decomposition of monosilane in a gas phase with use of the Co 4yFegPts,Ni, catalyst on the polyimidny carrier at sed-
imentation of thin films of nanopolycrystalline silicon is investigated.

At the choice of the polymetallic catalyst (PMC) the condition that all metals in its structure were transitional, i.e. with the blank
d-orbitals was met. As the carrier used microporous, with a size of time of 0,5— 1,0 um, a polyimidny film 50 um thick.

The monosilane decomposition reaction intensification mechanism is considered taking into account that atoms of four metals
belong to a surface. Such atoms on properties differ from atoms in the volume as their environment is intermediate between an en-
vironment of free atom and atom in volume of a crystal lattice. Surface atom has less close neighbors, than atom in volume, but
it is more, than free atom and therefore has to differ from them in electronic properties and the nature of interaction with adsorbate
molecules. The important part is assigned to binding energy metal — hydrogen.

1t is established that reaction of dehydrogenation of SiH, to PMC with use of a polyimidny membrane with PMC — multistage
process and passes through six stages. The direction and speed of reaction are defined in this mechanism already at the first stage
of reaction of dehydrogenation of SiH, to PMC and depend on that, will be broken how intensively at adsorption on PMC link of
Si—N that, in turn, PMC depends by nature that is confirmed by kinetics of process of growth of films of silicon.

Therefore, high degree of efficiency of the polymetallic Co yyFegPtsyNi, catalyst (PMK) on the polyimidny carrier in the course

of decomposition of monosilane at sedimentation of thin films nanopolycrystalline silicon is indisputable.
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Introduction

In manufacturing of the semi-conductor devices of
various classes and types, and solid-state monolithic
IC, as well as nanoclusters, a big role is played by de-
velopment of the low-temperature (<1073 K) mono-
and polycrystalline silicon films, because already the
process of formation of the thin films itself defines the
quality of most products of the micro- and nanoelec-
tronics [1, 2].

One of the promising ways to decrease the temper-
ature and increase the rate of deposition of the films is
the use of catalysts [3, 4]. Application of the catalysts
in a number of chemical branches demonstrated the ad-
vantages of this method in comparison with the other
methods (simplicity of realization of the technological
solution, possibility of a wide use of the existing tech-
nological equipment) [4]. But so far, the catalysts are
still out of the field of vision of the technologists-de-
velopers of the electronic products, obviously because
of the complexity of selection of a catalyst for a con-
crete chemical system.

The industrial manufacturing of the silicon and ger-
manium film structures is based mainly on the reactions
of the reduction of the higher and lowest chlorides of
silicon and germanium in the environment of hydro-
gen, and on a decomposition of their hydrides [1, 5—7].
The further development of the silicon and germanium
epitaxial technologies is connected with the transition
to the low-temperature processes of deposition, ensur-
ing reception of various film nanostructures and im-
provement of their quality [1, 2, 6, 7]. This problem is
being solved by introduction of the processes of the
thermal decomposition of monohydrides in the flow
systems. However, in such systems the loss of the un-
reacted monohydride is over 40 % [1, 5, 7]. The use of
ineffective and hard-to-realize physical methods for in-
tensification of the chemical reactions [1, 8] also does
not help to save the initial materials. Therefore, it is
necessary to develop such chemical methods for inten-
sification of the technological processes of the micro-
electronics and nano-electronics, which are character-
ized by simplicity of realization and high efficiency, and
this means the use of catalysts.
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Development of new kinds of the microelectronic de-
vices, increase of their functional complexity and degree
of integration, increase of their service life and opera-
tional reliability at a simultaneous decrease of the costs
and labor intensiveness, are closely connected with the
scientific and technical progress in the field of chemistry
and technology of the electronic materials [3]. The most
important of them are 2D films and nanocrystals of sil-
icon, germanium, hard alloy of silicon-germanium and
the dielectrics on their basis. In spite of the fact that these
materials have been studied more than the other semi-
conductors, many important questions of their synthesis
are still topical and demanded in our time. One of such
methods is application of the polymetallic catalysts.

The aim of the article is research of the process of
the decomposition of the monosilane in the gas phase
with the use of CoyyFegPtsNi, catalyst on a polyimide
carrier during the deposition of the thin films of the na-
nopolycrystalline silicon (NPCS).

Methods and the experimental part

During selection of the polymetallic catalyst (PMC)
a condition was observed that all the metals in its com-
position should be transitive, i.e. with free d-orbitals. As
the carrier, the polyimide microporous film was used
with thickness of 50 um and the size of the pores of
0.5...1.0 um. Development of the polyimide film was
carried out in the following order: in the polyamide acid
with aromatic links with molecular mass of 5 - 10* and
kinetic viscosity of 2.4 - 1074 m?2- s_l, a fine-dispersed
(0.01...0.05 pm) metal mix was added, the composi-
tion of which included 0.4 mass fractions of Co; 0.08
of Fe; 0.5 of Pt and 0.02 of Ni (in relation to the mass
of the solid product of the polyamide acid of 1:50).
Then, the polyamide acid was mixed carefully with the
metal mix in a magnetic mixer with a speed of 60 g1
and deposited on a polished quartz substrate corre-
sponding by its configuration to the section of the end
face of a quartz reactor, the immersion was repeated
several times and the rate of extraction of the substrate
from the polyamide acid was 5 cm * min~ L. After that,
the quartz substrate with the deposited polyamide acid
containing a mix of the above metals was placed in a
vacuum thermal chamber. The pressure was main-
tained at the level of 4.33 - 10~ Pa with the accuracy
of £0.01 Pa, while the temperature was maintained at
the level of 598 K with the accuracy of £0.5 K. In
those conditions during 25 min due to imidization the
polyamide acid turned into a polyimide. The micro-
porous polyimide films were formed (with the size of
the pores from 0.5 up to 1.0 um) with the total area of
the surface ~220 m? - g_l, which was comparable with
the surface area (150...290 m?- g~ 1) of the known PMC
based on zeolites, aluminum silicates and silica gel [4, 9].
The imidization process was controlled by the changes
in the infra-red spectra of the polyamide acid and the
water discharge.
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A film with PMC obtained in such a way was a mi-
croporous membrane installed at the input of the gas
mix into the reactor (fig. 1). The polyimide film with
PMC was placed at the distance of 100 mm from the
substrate holder, which made it possible to maintain the
temperature of 323 K on the catalyst.

High purity monosilane SiH,, phosphine PH3, ars-
ine AsH3, diborane B,H¢ and argon Ar were used as the
initial reagents. NPCS films were deposited in an in-
stallation with the reactor of a horizontal type and HF
heating. As the substrates, the KEF-20 silicon plates
with (111), (100) and (110) orientation, covered with a
75 nm — thick layer of silicon nitride were applied. The
temperature of the substrates was controlled by means
of a platinum-rhodium thermopair with the accuracy of
+0.5°. Thickness of the films was defined by the meth-
od of the angle and spherical lap and the method of an
air gap, with the accuracy of =1 nm, by means of S-4800
(Hitachi, Japan) scanning electron microscope.

The products of the reaction of the decomposition
(dehydration) of SiH, were analyzed by the methods of
gas chromatography, mass spectrometry and infra-red
spectroscopy. The content of P, As and B in NPCS was
defined by the Auger spectroscopy method, and the
quantity of the formed silicon — by means of Mac-Ben
microscales. The reproducibility of all the experiments
was estimated by the results of the statistical data
processing by Cohren criterion.

Results and their discussion

It was established, that the reaction of dehydration
of SiH, on PMC with the use of a polyimide mem-
brane with PMC passes through six stages. At the first
stage an adsorption of SiH4 molecules on PMC sur-
face takes place. The second stage is a surface reaction
on PMC, the third stage is desorption of the reaction
products from the PMC surface, then their consecu-
tive transfer to the gas phase to the substrate, adsorp-
tion on it, surface reaction on the substrate and des-
orption of the reaction products from the substrate
surface into the gas phase. It is possible to present the
total mechanism of the reaction in the following sim-
plified way: on PMC — SiH, + R* — SiH} + HR; on
the substrate — SiH} — Si + x/2H, where R is the
symbol of the lattice of the polymetal, and the asterisk
over the letter means a free valency.

The direction and the rate of reaction in this mech-
anism are defined already at the first stage of the dehy-
drogenation reaction of SiH, on PMC and depend on
how intensively Si—H bond will be broken during ad-
sorption on PMC, which, in turn, depends on the na-
ture of PMC. The dehydration process of SiH, occurs
most intensively and with a high degree of selectivity on
PMC CoyyFegPts(Ni,. This is due to a high surface den-
sity of the centers of "the strong" adsorption of hydrogen
(1024 m_z), caused by the presence of the ferromagnetic
metals, for which presence of uncoupled electrons [4, 10]




is characteristic. PMC CoyyFegPts,Ni, on a thin poly-
imide membrane contains very small crystalline particles
or clusters of the atoms of four metals practically on the
microporous isolated carrier, where most of the atoms
of the PMC metals belong to the surface. In this case
the role of the volume loses its sense. Thus, PMC on a
thin (50 um) polyimide membrane is characterized by
the presence of a big number of the surface atoms. Such
atoms by their properties differ from the atoms in the
volume, because their environment is intermediate be-
tween the environment of the free atoms and the atoms
in the volume of the crystal lattice. A surface atom has
less nearest neighbors, than an atom in the volume, but
more than a free atom, and, consequently, should differ
from them by the electron properties and the character
of interaction with the molecules of the adsorbate [3].

In a SiH, (GeHy) molecule the atoms are connected
by a simple, but to a certain extent polarized bond (with
the positive pole on the atom of silicon (germanium) and
with the negative one on the atom of hydrogen) [2]. At
that, the Si—H, Ge—H bonds are polarized in such a
way, that the centre of gravity of an electronic cloud is
shifted towards hydrogen, and at this rupture of the bond
by the lattice field (dissociation during adsorption) the
electrically charged radicals appear on PMC, because the
influence of a free electron of the PMC lattice as a free
valency is especially pronounced during the dissociation
of the molecules. The particles, which are in a chemi-
sorbed state, differ from the corresponding molecules in
the gas phase at the input into the reactor from the side
of the polyimide membrane with PMC, representing not
these molecules, but their separate parts, i.e. splinters and
radicals. In this case, the free electrons of the PMC lat-
tice to a greater degree are localized around that point of
the surface, to which a molecule, for example of SiHy,
comes nearer. At that, a bond appears between the atom
of hydrogen and the PMC surface, which is ensured by
these free electrons and is strengthened in the process of
approaching of SiH, molecules, while the bond between
the silicon and the hydrogen in a SiH, molecule is grad-
ually weakened. In the process of approaching of a SiH,
molecule to the PMC surface the atom of hydrogen ap-
pears to be connected strongly with PMC surface (for
Co, Fe, Pt and Ni the energy of the metal-hydrogen
bond equals to 267, 273, 272 and 282 kJ - mol~ ! [9, 11])
by a strong n-bond, while SiH; radical, where x, during
variation of the PMC temperature from 298 up to 373 K,
changes from 3 down to 1, appears to be free and arrives
to the zone of the substrates, where the further stages of
the reaction come to the end. However, in this case, not
the initial components, but the splinters of the molecules,
the free energy of which considerably exceeds the energy
of the initial and final products, are already transferred to
the substrate. Being in a transitive state, a molecule pos-
sesses a higher reactionary ability on the surface of the
substrates, causing an intensive deposition of the free sil-
icon (germanium) [12].

The results of studying of the kinetics of the reaction
of the decomposition (dehydration) of SiH, in the pres-
ence of PMC, based on definition of the rate of depo-
sition of the silicon films, testify to its dependence on
the partial pressure of Ar, SiHy, substrate temperature
at the constant temperature of PMC of 323 K, and also
on the degree of ageing of PMC in case of poisonings
(fig. 2). It was experimentally established, that with an
increase of the partial pressure of Ar from 1.0 - 10° up
to 3+ 10° Pa the rate of deposition of NPCS for the
temperatures in the substrate zone from 773 up to
973 K increases, reaching the maximum, and then
gradually goes down (fig. 2). Apparently, at the pressure
of 3-10° Pa the greatest quantity of SiH; radicals are
transferred into the substrates zone through the porous
polyimide membrane.Increase of the partial pressure of
Ar at the input into the reactor over 3 - 10° Pa reduces
the rate of deposition of NPCS. This can be explained
by the fact that at the increase of the partial pressure of
Ar over 3+ 10° Pa the length of a free run of SiH; rad-
icals increases to such an extent that some of them ow-
ing to the fast migration are grasped by the gas-carrier
and slip the surface of the substrates.

Thus, at the partial pressure of Ar at the input into
the reactor equal to 4 - 10° Pa, the thickness of NPCS
on the substrates at the end of the heater is 1.5 times
higher than on the substrates which are situated at the
beginning of the heater in the way of the gas mix flow.
At the pressure of Ar at the input into the reactor of
<1.0+10° Pa the microporous membrane with PMC
hinders essentially the flow of the gas mix, and, there-
fore, the rate of deposition of NPCS is relatively small.
In this case, the intensity of the transfer of SiH, radicals
quickly decreases as a result of stagnation of the gas mix
at the input into the reactor.

Thus, the partial pressure of Ar at the input into the
reactor plays the key role in the process of dehydration
of SiH, with the use of PMC. If the working partial
pressure of Ar is set, the rate of deposition of NPCS is
defined as the function of the partial pressure of SiH,
and the substrate temperature (fig. 2, b, c¢). The rate of
deposition of NPCS with an increase of the partial pres-
sure of SiH, from 1+ 10? up to 3.5+ 10° Pa increases at
the PMC temperature of 323 K (fig. 2, ¢, curve &). This
is due to the fact that the deposition process is limited
by the rate of adsorption of SiH, on PMC, because in-
teraction of SiH, with PMC defines the degree of for-
mation of SiH; radicals and their receipt into the zone
of substrates. An increase of the concentration of SiH;
radicals in the zone of the substrates leads to an increase
of the effective saturation on the front of the crystalli-
zation and, accordingly, to an increase of the rate of
deposition of NPCS (fig. 2, b) [2].

The research of the temperature dependence of the
rate of deposition of NPCS demonstrated that the tem-
perature of the substrates influences essentially the rate
of the deposition. In the absence of PMC, the growth
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of NPCS at the partial pressure of SiH, of 102 Pa be-
come appreciable at the temperature of the substrate
of 873 K, and, if PMC is used — at 623 K (fig. 2, c,
curves 6, 7). At that, the completeness of dehydration
of SiH, coming to the reactor at 773 K increases from
0.40 up to 0.76, and at 7> 873 K — from 0.60 up to
0.97. Calculated by Arrhenius equation, the energy of
activation of the process of decomposition of SiHy in
the absence of PMC is equal to 84.43...96.49 kJ/mol,
and in the presence of PMC — 48.25...54.76 kJ/mol.
These results confirm the intensification of the process
of dehydration of SiH, on PMC. The implemented re-
search demonstrated that such compounds as AsHj,
PH; and B,Hg, containing As, P and B are undesirable
components in the process of the dehydration of SiH,
with the use of PMC (fig. 2, d). Their partial pressure
at the input into the reactor should be supported at an
extremely low level (5...20 Pa), because they deactivate
PMC. This is caused by poisoning of PMC, which usu-
ally occurs as a result of a strong chemisorption of As,
P and B on its surface.

As, P and, to a lesser degree B have unused con-
necting orbitals, participating in the formation of a
steady compound with the atoms on the surface, i.e.
forming a catalytic poison.

The adsorbed poison hinders a full adsorption of
SiHy and reduces the degree of formation of SiH, rad-
icals. This is confirmed by the Auger spectra taken from
NPCS, alloyed P and As at the partial pressure of PH5
and AsH; equal to 20 Pa in the absence and in the pres-
ence of PMC (fig. 3), in the process of the decomposition
of SiH, with PH3 and with AsH; accordingly. The lines
of P (121 eV) and As (1228 eV) are easily identified on
them. The intensity of the signals received on P and As
concerning the Si support line in the second case is much
weaker. This testifies to the fact that some of the atoms
of P and As do not arrive into the zone of the substrates,
where NPCS is formed, but remain on PMC.

From the undertaken research it is obvious, that
the set aim of deposition of NPCS on a dielectric sub-
strate is realized in the following conditions: the tem-
perature of PMC is equal to 323 K, of the substrates —
to 773...873 K, the partial pressure of Ar — 3 - 10° Pa,
SiH, — 3- 102 Pa, the alloying component (AsHj,
PHj3, B,Hg) — 10 Pa. During the deposition of the epi-
taxial 2D films on the silicon substrates their tempera-
ture should be not more than 1073 K. These parameters
can be corrected, depending on the concrete conditions
of a technological process.

In any case, the intensification of the reaction of the
dehydration of SiH, is determined by the fact, how in-
tensively a rupture of the Si—H bond occurs during the
adsorption on PMC and how strong is the bond between
the hydrogen escaping during the dehydration and PMC.

The partial pressure of the Ar gas-carrier at the input
into the reactor is the key parameter of the process of
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the dehydration of SiH, with the use of PMC on a poly-
imide membrane. At a constant partial pressure of the
gas-carrier the speed of deposition of NPCS is defined
as a function of the partial pressure of SiH, and of the
substrate temperature.

Presence in a gas mix of such impurities as AsHj,
PH; and B,Hg, leads to a deactivation of PMC and, as
a consequence, to a decrease of the rate of deposition
of NPCS during operation of the catalyst.

Conclusion

The catalyst in composition of 0.4 mass fractions
of Co; 0.08 of Fe; 0.5 of Pt and 0.02 of Ni initiates
the reactions of the decomposition of the monosi-
lane and leads to its practically complete transforma-
tion into silicon and hydrogen. The intensification of
the process of the dehydration of SiH, on PMC is
proved by the values of the energy of activation of the
process of the decomposition of SiH,: without PMC
it equals to 84.43...96.49 kJ/mol, with PMC — to
48.25...54.76 kJ/mol. The prospect of the use of PMC
is obvious during the synthesis of the nanostructured
semi-conductor and dielectric materials for the needs
of the micro- and nano-electronics and microelectron-
ic equipment. Its use allows us to obtain steady 2D na-
nostructues at the substrate temperature of 773...873 K.
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Bonooyes A. H. [IpumeHeHue mnHeitHOTO KO3 duImeH-
Ta MOIJIOIIEHUS U3JTyYeHHUsl B BELIECTBE MJIsl pEKOHC-
TPYKLIMK U300pakeHUsI B KOMITBIOTEPHOM PEHTTEHOB-
CKOM TOMOTPAME . . . o v it e e e e s Ne 8

T'opues E. C., Tennos I'. C. Marematnueckast MOIETb KO-
HEYHOro aBToMaTa abCTpakTHOIO HelipoHa 1 ceTeil Ha
€TO OCHOBE . . v vttt et et ieee e e Ne 7
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PekomeHaauuu no opopmMrieHU0 maTtepuanoB Ans I'Iy611VIKaUMVI B XypHane

"HAHO- U MUKPOCWUCTEMHAS TEXHWKA"

MATEPWAIbI, NPEACTABJIAEMbIE B PEOAKLUIO

CraTbs, ocbopmIeHHas B COOTBETCTBUU C TPeOOBaHUAMMU.

Tabnuubl, nNNcTpauun 1 nepeyeHb NOAPUCYHOYHbIX MOAMNUCEN.

CeepeHus 06 aBTopax (hamunus, ums, 0THECTBO, y4eHAsA CTEMNEHb, MECTO paboThl, 3aHNMaeMas AOMKHOCTb,
AOMaLLHWI 1 cnyebHbIn agpeca, TenedoHbl, dakc, e-mail).

B CraTbs Ha 9NEeKTPOHHOM HOCUTENe.

B AHrnosasblvHasa nHdopmaums.

NOCJIE4OBATEJIbHOCTb PASMELYEHWUS1 MATEPUAJIA CTATbU

. UHpekc YK pa3melaeTcs B NeBOM BEPXHEM Yrny NepBOn CTpaHULbI.

CeedeHust 06 aemopax Ha PYCCKOM A3blKe pa3MeLLalnTcsa nepes Ha3BaHNEM CTaTby U BKIOYAOT MHULMANbI 1
damMmnmio aBTOPOB C yKa3aHWEM UX YYEHOW CTENEHU, 3BaHNsl, AOIMKHOCTU N HA3BaHUSA opraHM3auumn u Mecra ee
pacnonoxeHus (ecrnv aTo He cnegyeT N3 ee Ha3BaHus). YkasblBaeTcs Takke e-mail n/mnu NnoyYToBbIN agpec XoTs
Obl O4HOro aBTOpPA UNMN OpraHM3auun.

3a ceedeHussmu 06 asmopax cnepyeT HazeaHUe cmambu.

Mocne Ha3BaHUA cTaTbM OTAENbHBIM ab3aLem JaeTcs aHHomauyus, oTpaxatolasi CoaepXaHue cTaTbu (4TO B HEN
paccMoTpeHo, NpuBeaeHo, 060CHOBAHO, NPEAIOXKEHO U T. 4.).

3aTeMm cnenyloT KiroYeable crioea.

TekcT cTaTbu.

Cnuncok nutepaTypsbl.

AHrnossbiyHasa uHpopmauums.

AHrIT105A3bIYHASAA UHOOPMALNS
(COrMACHO TPEBOBAHUAM 3APYBEXHbLIX AHAITUTUYECKUX BA3 IAHHbIX):

B vHMUMansl 1 amMnnnm Kaxgoro aBtopa, e-mail, nonHoe HasBaHMe mecTa paboTbl U agpec (Npu coBnageHun
MecTa paboTbl aBTOPOB HYXXHO YKa3blBaTb €ro OA4MH pa3 Af1s BCEW rpynmnbl aBTOPOB);

[ Ha3BaHue cTaTby;

B aHHoTauus ctatbn 06 bemMoM He meHee 200 croB, HanNMcaHHasi KAYECTBEHHbIM aHTTTMNCKUM SI3bIKOM, OTpaXkaro-
LLlasi OCHOBHOE cofiepXXaHne cTaTbu C yKaszaHueM Lenu, 3agadn, pesynbTaToB UCCreLOBaHUSa U KPaTKMUX Bbl-
BO/OB;

B knoyeBble crnosa (10—12 cnos);

B CrMCOK NUTepaTtypbl B pOMaHCKoM andasute (natmHuue), T. €. HeoDXoAMMO TPaHCIUTEPUPOBATL Ha NaTUH-
CKUI WwpndT (cm., Hanpumep, http://translit.ru/) tHuumanesl n pamunumn aBTOpPOB, Ha3BaHUE NCTOYHMKA MyOnK-
KaLuu n MecTo U3gaHus, a TEXHUYECKMe COKpaLleHus (Homep, TOM, CTpaHuua U T. N.) AOMKHbI OblTb NepeBe-
OeHbl C NCNomnb3oBaHMeM 0bLLenpuHATLIX 0603Ha4YeHun (Homep — N., Tom — Vol., cTpanunubl — P. n 1. n.).

CraTba MoXeT BbITb oTnpasneHa no e-mail: nmst@novtex.ru ¢ pucyHkamu,
BCTaBJfIEHHLIMM B TEKCTOBbIV dhaiin ¢ paclumpennem DOC.
JononHutenbHble NOSACHEHUS aBTOPbI MOMYT MOMNYYUTb B peAakumn XXypHana fnyHo,
no tenecoHam: (499) 269-53-97, (499) 269-55-10 nnbo no e-mail.

AOPEC PEOAKUWU XKXYPHANA
107076, . MOCKBA, CTPOMBIHCKWI MEP., 4, U3OATENLCTBO "HOBbLIE TEXHONOIMA"
PEOAKLUNA XYPHAIJIA "HaHo- 1 MuKpocucTemMHas TexHuka"
Ten.: (499) 269-55-10; Ten./dakc: (499) 269-55-10
E-mail: nmst@novtex.ru http://microsystems.ru

Anpec penakiyu xypHana: 107076, Mocka, CtpombIHCKUit Tiep., 4. TenedoH penakimu xypHana (499) 269-5510. E-mail: nmst@novtex.ru

2KypHan 3apeructpupoat B DefiepaibHOI Clly6e Mo Haa30py 3a COOIIONEHUEM 3aKOHONATENIbCTBA B Chepe MacCOBBIX KOMMYHHUKALIMI 1 OXPaHEe KYJIBTYPHOTO HACIIE/IHsI.

CauzeTenbeTBO 0 peructpauuu [TW Ne 77-18289 ot 06.09.04.
Texnuueckuii penakrop 7. A. lllaykas. Koppexktop E. B. Komuccaposa.
Cpano B Ha6op 21.10.2018. Moxnucaxo B meyars 26.11.2018. @opmat 60x88 1/8. 3akaz MC1218. LleHa noroBopHast

Opurunan-maker OO0 «AnBaHcen comourH3». Orneyarano B OO0 «AnBaHcen comoirH3». 119071, r. Mocksa, Jlenudckuii p-T, a. 19, ctp. 1. CailT: www.aov.ru
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MexnyHapOIHbIA CUMITO3UYM
* x III «Hano¢u3nka 1 HAaHOIJIEKTPOHHUKAY)
11 — 14 mapta 2019 r. Hwxnauit Hosropon :

'my6okoyBaxaeMbie konneru!

[NpurnawaeM Bac 1 BaLnx Konser NpuHATL yyactue B XXIII MexayHapoaHoM cumnosnyme «HaHobusmka
N HaHO3/IEKTPOHUKA.

CumnosnyM bynet npoxoauTtb ¢ 11 no 14 MapTta 2019 roga B caHatopum «ABToMobuancT» B6nmM3n Hux-
Hero Hosropoga.

OpraHusaTtopbl

— WHCTUTYT dun3nkm MnkpocTpyktyp PAH;

— Hwkeropogckui rocynapcTBeHHbIn yHuBepcuteT UM. H.U. JlobayeBckoro;
MWHMCTEPCTBO HayKM M BbiCLLero obpasoBaHus PO;

OtoeneHve dunsmyeckmx Hayk PAH;

Hay4Hbit coBeT PAH no dusmke nonynpoBogHMKOB;

— Hayu4Hbin coBeT PAH no ¢u3nke KOHOEHCUPOBAHHbIX CPe;

— BbnarotBopuTenbHbI GoHA «OT cepaua K cepaLy».

Conpepceparenn Cumnosuyma
Akagemuk C. B. lTanoHos, MOM PAH; YneH-kopp. PAH 3. @. KpacunbHuk, MOM PAH.

YyéHblin cekpeTapb CuMnosuyma
K.p.-M.H. B. B. PymsiHues, MOM PAH.

OCHOBHbIe pa3aesibl nporpaMmmbl

1. CBepxnpoBogsiLLiMe HaHOCUCTEMBI.

2. MarHuTHble HAHOCTPYKTYPbI.

3. MNonynpoBoAHMKOBbIE HAHOCTPYKTYPbI: 3/IeKTPOHHbIE, ONTUYeCKMe CBOMCTBA, MeTofbl GOpMUPOBaHUS.
4

5

N\

'\'ﬂ; RN
WRRNYN.

. 3oHpoBas MWKPOCKOMnA: UsMepeHnda n TeXHOJI0rMM atoMapHOro 1 HAHOMETPOBOIo MacluTaba.
. MHorocnonHas u KpUcTanin4yeckaa peHTreHoBCKaa OnTuKa.

(DopmaT CUMNO3UyMa, Od)MUMaanble A3bIKU

Ha CMIO3nyMe pe3yibTaThbl 6y)J,yT npencrtaB/ieHbl B (I)OpMe YCTHbIX U CTEHO0BbIX OOK1AA0B MO KJo4e-
BbIM pa3fejiaM nporpamMmmel, 0T06paHHbIX nporpaMMHbIM KOMUTETOM.

OcHOBHOM A3bIK CVIMI'IOBVIyMa = pyCCKVIVI, BO3MOXXHO rnpencrtaBnieHne OOK/1a4oB Ha aHITINNCKOM S3bIKeE.
B cBsizm y4yacTtnem B CVIMI'I03VIyMe 3apy66)l(HbIX Y4€eHbIX OO0K/1ag4YNKaM peKOMEHYETCA NPUBOOUNTb UJT-
JIIOCTPpaUnn Ha aHITIMACKOM S3bIKeE.

Mopspok onnatbl yyactus B CuMnosmyme

Yuyactue B CuMnosnyMe npepnonaraeT onnary opraesHoca Ao 23 aHeaps 2019 ropa. Pasmep v nopsagok
onyiatel opre3Hoca byayT pasbsicHeHbl BO BTOPOM MU3BELLEHWUW.

My6nukauusa MaTepuanos

PaclimpeHHble Te3uchbl fokNafos, NpUHATLIX Ha CMMNo3WyM, cnefyeT HanpaBuTb B afpec OprkoMuTeTa

yepes NNYHbIA KabuHeT fo 23 aHBaps 2019 roga. OHm ByayT onybnmkoBaHbl B cbopHMKe K Havany pabo-
Tbl CMMo3unyma. lNpaBuna NpeacTaBAeHNs pacluMpeHHbIX Te3ncos OyayT NpuBeLeHbl BO BTOPOM M3Be-

LEeHUW.

lMnaHupyeTcs onybnnkoBaTtb cTaTby Mo MaTepuanam CumnosunyMa B XXypHanax «®usmka n TexHnKa no-
NYNpPOBOAHMKOBY», «DU3MKa TBEPAOro Tena» n «[oBepxHOCTb».

KoHTaKThl

3opuHa Mapusa BnagumuposHa, PyMsaHLueB Bnagnmup Bnagumuposuy

Ten: (831) 417-94-76 +520, (831) 417-94-82 +262 dakc: (831) 417-94-74 e-mail: symp@nanosymp.ru
CaiT: nanosymp.ru

NHCTUTYT dmsmkm mukpoctpyktyp PAH, 603950, HmxHuin Hosropog, I'CI1-105, Poccus
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Hzpareancrso «<HOBBIE TEXHOJIOITH»

BbINIYCRACT HAYUHO-MEXHUUCCKUEC IHCYPHAIbL

BxemecauHbIn MOKAUCUMIMTAUHAPHBIA TEOPETHUECKMH
U MPUKAAAHOW HAYUHO-TEXHUUECKHH YKYPHaA

HAHO-1 MUKPOCUCTEMHAS TEXHUKA

1 B XypHale ocBellaloTcd coBpeMeHHOe COCTOsAHWe, TeHAeHLUWUN U MepcrnekTin-
Bbl pasBUTNA HaHO- U MI/IKpOCI/ICTeMHOI7I TEXHUKK, paccMaTpnBaloTCA BOMPOC
paSGOTKI/I N BHeflpeHnsa HaHOW MWKPOCUCTEM B pasfinyHble obrnactu HayKu,
TeXHOMornn 1 npon3BoacTBa.

MoannucHoW MHAEKC Mo Karanory
«Mpecca Poccumn» - 27849
HayuHo-npakTuueckui ExxemecsuHbIi TeopeTHUeckui NHOOPMALIOHHDIE
M y4e6HO-METOAMUECKUH HKyPHaA M MPHKAAAHOW Hay4HO- TEXHOJIOTUM
TeXHUUYeCKMH PHaA
T I/IH(I)OPMAI_[I:I(z)HHI)IE
MHSHEIEATEILHOCTH
B ypHane ocBewatoTcs pocTw TEXHOJIOT'MA
XEHWS M MEepcrekTMBbl B o6nacTy B XypHane ocsewatotcsi coBpemeH
WccnenoBaHul, ofecneyeHns u co- HOE COCTOsIHWE, TEHREHLWA U nep-
BEPWEHCTBOBAHNS  3alMThl  Yeno- CMEKTMBbI PasBUTUS OCHOBHbIX Ha-
BEKa OT BCEX BWAOB OMAacHOCTEN npaBneHwii B obnacTn paspaboTky,
MPOWN3BOACTBEHHON M MPUPORHOI MpousBOAcTBa W MPUMEHEHWS WH-
cpefbl, MX KOHTPONS, MOHUTOPUH- hOPMALIMOHHBIX TEXHOMOT WM.
ra, MpegoTBpalleHms], MUKBUAALMN
n - MOCNEACTBUI aBapui W KatacTpod, n <
OfINMMCHON MHAEKC OBpa3oBaHIs B Clhepe Ge3onacHo- OANUCHON MHAEKC
«Mpecca Poceun» — 94032 1 yysHenesTensHocTy, «Mpecca Poccum» - 94033
—— ExemecauHbIn TeopeTUUecKHi Teopernueckuit O
MEXATPOHUKA, n ﬂpMKAaAHOVFI " ﬂpMKAaAHOVFI nnn[naMMHaﬂ
eBTOMATM3ALlM$I, Hay4HO-TEXHWUECKHI JKypPHaA Hay4HO-TEXHUYECKHH JKYPHaA VHHeHepus
MEXATPOHMKA, NPOTPAMMHAS i)
ABTOMATU3ALMS NIAERERNA
e B >xypHane ocsewatotcs coctos
YTMPAB ﬂEHME HME W TEHOEHUMM passuTUS OC-
B XypHane ocseljaloTcsi focTke-  HOBHBIX HAMpaBneHnid vHgycTpun
HUS B obnacTM MexaTpoHukud, uH-  MPOrPaMMHoro obecrieuenns,
HIKY, aBTOMATUKy M WHc)opmatuky &M, KOHCTPYMPOBAHVMEM, apxiTek:
B LENSIX COBEPIEHCTBOBAHMS Tex-  TYPOW, obecredeHnem kauecTsa
n - HOMOrMi NPOV3BORCTBA U cosjaHWs W COMPOBOXAEHNEM  KMSHEHHO- n -
SRMCHOMEMHASKE TEXHUKA HOBLIX TMOKOMEHWA. Pac- O LMKna nmporpammHoro obecrie- OANMEL S LR
«Mpecca Poccum» - 27848 cyarppsatorcs akTyansHble mpobne-  “EHWs, a Takxe paccmarpusator- «[lpecca Poceun» — 39795
Mbl TEOPUM W MpaKTUKA aBTomaT  CA AOCTWXEHns B obnactv cospa-
Sy, UYECKOTO 1 1 1 @BTOMATU3MPOBaHHOro: i HUA M. SKCNyaTalun MpUKNagHeIX
Ny VIPaBNEHN TEXHUYECKUMIA 0Bbek- — MPOrPAMMHO-NHAOPMALMOHHbIX
R, TaMU 1 TEXHOMOrYECKMIA Mpoljec- - CMCTEM BO BCex ofnacTsx yenose
S YECKOI NESITENLHOCTH.

caMn B NPOMBILNEHHOCTH, 3Hepre-'

TUKE W Ha TpaHchnopTe.

AApec peAakLMM >KYPHAAOB AASL ABTOPOB M MOAMUCYMKOB:
107076, Mocksa, CtpombiHckui nep., 4. M3aareabcteo "HOBbLIE TEXHOAOTHUN",
Tea.: (499) 269-55-10, 269-53-97. Dakc: (499) 269-55-10. E-mail: antonov@novtex.ru

ISSN 1813-8586. Hano- u Muxpocucremaas texauka. 2018. Tom 20. Ne 12. 705-768. Unneke: 27849 («llpecca Poccnm»)
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