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eab padoTbl
W3yyeHne mopsaka pacdeTa TOHKOIUICHOYHBIX KOHJCHCAaTOPOB B

THOPUIHBIX HHTETPANBHBIX MUKPOCXEMAX.

1. KpaTrkne TeopeTuiecKkue cBeIeHUs

WnterpansHas  mukpocxema (MUMC) — 3T0  KOHCTPYKTHBHO
3aKOHYEHHOE  H3JeJIue  JIEKTPOHHONH  TEXHHUKH,  BBINOJHSIOIIEE
omnpejeneHHy0 (QyHKIMIO npeoOpa3oBaHHs MHGOPMAIMU U COJEpIKallee
COBOKYITHOCTh IEKTPUUECKH CBSI3aHHBIX MEXIY coboit
NIEKTPOPATHOIIEMEHTOB (BP2), M3TOTOBIICHHBIX B eIMHOM
TEXHOJIOTHYECKOM Iukite [1].

TepMuH «WHTETpaldbHAsE MHKPOCXEMa» OTpa)aeT: OOBbEIMHEHHE
3HAYUTEIBHOTO YHCJIa TPAH3UCTOPOB, TUOI0B, KOHIEHCATOPOB, PE3UCTOPOB
U COCUHSIOMHNX MIPOBOJHUKOB B €IUHYI0 KOHCTPYKLHUIO (KOHCTPYKTHUBHAs
HWHTETpalus);  BBIIOJHEHHWE  CXeMOM  GyHKIMH  mpeoOpa3oBaHMsA
nHpopmanuy, Ooyiee CIOXKHBIX MO CPAaBHEHHIO ¢ (YHKIMSMH OTIEIBHBIX
OPD  (cxeMOTexXHWYECKass WHTErpauys); BBIIOJIHEHHE B  E€IUHOM
TEXHOJIOTMYECKOM [HMKJIE OJHOBPEMEHHO Bcex OPD cxembl n
MEKCOEIMHEHUH M OJJHOBPEMEHHOE ()OPMUPOBAHUE TPYMIIOBHIM METOJOM
6osbioro uncia oguHakoBbIXx IMC (TexHOMOrHYecKass HHTETPaIys).

IIo crnoco0y W3rOTOBIEHUS pa3IMYalOT MOIYHPOBOJHUKOBBIE U
mwienounsle IMC. B momynpoogaukoBeix MMC Bce DOPD u wacth
MEXCOeIUHEHNH  COPMHPOBAHBI B  TPHIIOBEPXHOCTHOM  CJIO€
MIOJTYIPOBOTHUKOBOH (OOBIYHO KPEMHMEBOH) IOJUIOKKH. B IIeHOYHBIX
NMC naccuBHble OPD U3roTOBICHBI B BHJIE COBOKYITHOCTH TOHKUX (MEHee
1 mxM) mwm Ttoncteix (10 — 50 MKM) IUICHOK, HAaHECCHHBIX Ha

JMIIeKTpUUecKyto 1outoxky. ['uopunasie UMC (T'MMC) npexncrasistor



co00if KOMOWHANMIO IUIGHOYHBIX ITACCHBHEIX OPD ¢ MHHHATIOpHBIMU
0eCKOpITyCHBIMU TUCKPETHBIMHU aKTUBHBIMHU npudbopaMu
(TIOTyTIPOBOAHUKOBBIMU UMC, TPaH3UCTOPAMH, JTNOJIAMN),
pAacIIOIOKEeHHBIX Ha OO0IIeH IudIeKTpudIeckoil mommoxke. DPD, xoTopsie
SIBIIIFOTCSL HEOTheMJIeMOHN cocTaBHOW dacThio UMC um He MOryr OBITh
BBIZICTICHBI M3 HEE KaK CaMOCTOSITENIbHOE U3JIENe, Ha3bIBAIOT dJIEMEHTAMHU
HUMC, a nuckpetnble aktuBHble OPD 'MMC — HaBeCHBIMH KOMIIOHEHTAMH
(mmM  MPOCTO KOMITIOHEHTAaMHM), TMOMYEPKHBAs TEM CaMbIM, YTO HX
M3TOTAaBJIMBAIOT OTICIHHO B BHAE CAMOCTOATENBHBIX HMPHUOOPOB, KOTOPHIC
MoryT OBITh iproOpeTeHs! n3rorosutesieM ['MC kak mokymHbIe n3genus. B
OTIIMYME OT JHUCKPETHBIX KOMIOHEHTOB HsieMeHTel WMMC Ha3pIBaloT
HHTErpaJbHBIMHU (MHTETPATBbHBINA PE3UCTOP, MHTErpaNbHbIH quom) [1].

B coBmeniennbix UMC DPD BBHINOIHEHBI B IPUITOBEPXHOCTHOM CIIO€
MIOJTYIIPOBOTHUKOBOTO KpUCTa/ula (Kak y mnoxynpoBogaukoBoit MIMC), a
MaCCUBHBIE HAHECEHBl B BHUJE IUICHOK Ha TOKPBHITYIO JAMAJIEKTPUKOM
MIOBEPXHOCTh TOTO K& KpucTaiuia (kak y meHounot UMC).

I'MC 1o cpaBHEHHIO C TIONYHPOBOOHHKOBBEIMH HMEIOT  PAL
MPEUMYIIECTB: 00SCIIEYNBAIOT IIUPOKAN NHANa30H HOMHHAJIOB, MEHBIIINE
TIPEeITBl TOMYCKOB | JIyYIINE IEKTPHICCKUE XapPAKTEPHUCTUKH MACCHBHBIX
aeMeHTOB (0oJiee BEICOKYIO TOOPOTHOCTD, TEMIIEPATypHYIO U BPEMEHHYIO
CTaOMIIBHOCTh, MEHBIIIEE YHCIO M MEHEEC 3aMETHOE BJIHMSHUC Mapa3sUTHBIX
SIIEMEHTOB).

OpnHa W3 OCHOBHBIX XapaKTEPUCTHK MHUKPOIIEKTPOHHOTO H3IETHS —
paccenBaeMasl MOINHOCTh. IIpM THOPUIHOM WCIIONHCHHH MOXKHO
00eCIeYnTh U3TrOTOBIICHHE M3ACIHIA JOCTATOYHO OOJIBIION MOIIHOCTH, YTO
BaXHO TPU CO3JIaHUH AHAJOTOBBIX YCTPOWCTB, YIPABJISAIOMIAX MOIIHBIMHU

BXOAHBIMU LICTIAMU.



KoHCcTpyKIHM IJIEHOYHBIX KOHAEHCATOPOB

Tak Kak €MKOCTh TOHKOIDICHOYHOTO KOHAEHCATOpa OIpeaessieTcs
IUIOIAABI0 TIEPEKPHITHA ero OOKIamoK (aKTHBHOW IIIOMIANbI0  WIIH
IUIOIAABI0 BEpXHEW OOKIAagKH), TO OH MOXET OBITh HW3TOTOBICH B
HECKOJbKUX KOHCTPYKTHBHBIX BapHAHTAX, PUBEICHHBIX Ha puc. 1 [2].

Ha puc. 1, a mpuBeneHa KOHCTPYKIMSI KOHJEHCATOpPa C IUIOLIA/IBIO
BepXHel 0bKkTaaku Gonee 5 Mv°. Tak Kak BepXHHE OOKIAIKH (POPMHPYIOT
MaCOYHbIM MCTOJIOM, TO JJIs1 YCTPAHCHUS MOTrPEHIHOCTU COBMCILICHUA MAaCKU B
MecTe BBIBOJa BepXHEH OOKIAIKH C MPOTHUBOIOJIOKHOH CTOPOHBI OT BHIBOZA
JeTaloT KoMmeHcaTop. [Ipy 3HaYMTENbHOHN IUIOMAAN BEepXHEH OOKIaIKH 3Ta
TIOTPEIITHOCTh Malia ¥ KOMITeHcaTop He HykeH. [Ipu akThBHO# 1uiomanun ot 1
710 5 MM’ OOKIIaIKH KOHJIGHCATOPA MOYKHO BBIIIOJIHATH B BHJIE JBYX B3aHMHO
nepecekaronuxcs mojocok (puc. 1, ©0). Ecmm pacuetHas ruiomans
KOHJACHCATOpa MCHbBIIC 1 MMZ, KOHJACHCATOP MOKHO BBINOJHATL B BHUIC
TOCJIEIOBATENbHO COEIMHEHHBIX KOH/IeHcaTopoB (puc. 1, B). Eciu pacyerHas
IUIOIIA]b CJIMIIKOM Maja M He IO3BOJISIET KOHCTPYHPOBATh KOHZIEHCATOP
MPUEMIIEMBIX Pa3MEpOB, MOXKHO HCIOJIB30BATh B KAueCTBE JIUIJICKTPHKA
MOIIOKKY (puc. 1, T), KoTopass  JOJDKHA OBITH TIPHUTOMHA IS HAIBLIICHUS
00KIaIoK ¢ 00enx CTOpoH. MOXKHO KOHCTPYHpPOBATh TAaKXKE TIpeOCHUATHIN
koHAeHcaTop (puc. 1, o). EMKOCT Takoro KOHIEHcaTopa TOYTH IEITHKOM
OIIPE/IeNISETCS EMKOCTBIO, 00YCIIOBIEHHOM KpaeBbIM 3P (eKTOM.

Marepuajibl KoHIeHCATOpoB. OOKIAJAKM KOHICHCATOPOB JIOJDKHBI
HUMETh BBICOKYIO MPOBOJIMMOCTb, KOPPO3HOHHYIO CTOMKOCTb,
TEXHOJIOTHYECKYI0 COBMECTHMOCTh C MaTEPHAIIOM TOJUIOKKH M IM3JIEKTpUKa
KOHJICHCAaTOpa: TeMmIieparypHble Kod((HUIHEHTH JIMHEHHOTO paCIIMpeHus
(TKJIP), 6mm3kue k TKJIP momioky M IMAJIEKTPHUKA, XOPOIIYIO aJre3uto K

TIOJIOKKE U TUDJICKTPUKY, BBICOKYIO MEXaHUYICCKYTO TPOYHOCTbD.
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Puc. 1. Kondpurypanuu rmieHOYHBIX KOHIEHCATOPOB: a — IUIOIAAh BEpXHEH
oOkmnanku Ooiee 5 MM2; 0 — wromans ot 1 10 5 MMZ; B — pacyeTHas
ILIOIa /b KOHEHCATOPA MEHbIIe 1 MM?; I — KOHCTPYKIIHS C
HCTIOJIb30BaHUEM TOJUIOKKH B Ka4eCTBE JUAJIEKTPUKA; 1 — rpeOeHYAThIH

koHaeHcarop [1]

HawnyymM  matepuasnioMm a1 0OKJIaJOK KOHJIEHCATOPOB  SIBIISIETCS
AIIOMHUHUN, KOTOPBIM, OAHAKO, UMEET IUIOXYI0 aAre3uto K mojuioxkke. s
NpeaoTBpalliCHUA  OTCIIauBaHUA HWKHEN 06KJ'Ia}IKI/I BHa4aJI€ HAIIbUIIKOT
MOJACION TWTaHA WM BaHaiws. BepxHss oOKIagka, HanpuisieMas Ha
JIWDIICKTPUK, He TpeOyer moncinosi. [IpuMeHeHne 3050Ta s OOKIAIOK HE
PEKOMEHJyeTCcsT M3-32 BBICOKOM TMOJBIXKHOCTH aTOMOB M BO3MOXHOM
muhdy3ur CKBO3b JIMAJICKTPHK, TMPHUBOIAIICH K KOPOTKOMY 3aMBIKAHHIO
0OKJTIaIOK.

Marepuan AWAJIEKTPUKA [JOJDKEH HMETh XOpPOIIYI0 aAre3uio K

MOJUIOKKE M MaTepuaiy OOKIaJoK, 00JanaTh BBICOKOM ANIEKTPHIECKON
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MPOYHOCTHI0 M MAaJbIMU HOTEPSIMHU, MMETh BBICOKYIO AUAIIEKTPHUYECKYIO
MPOHUIAEMOCTh ¥ MHUHHUMAJIbHYIO TMIPOCKONHUYHOCTh, HE pa3iaraTbCsi B
nporiecce  (HOPMHUPOBAHUS IUIGHOK. B KadyecTBe  JIHAJIEKTPUUECKHX
MaTrepuaiioB Haubojee YacTO WCIHONB3YIOT MOHOOKHCH KPEMHHS U
repmanus. B Tabn. 1 mpuBeJcHBI OCHOBHBIC MapaMeTPhl TUAICKTPUICCKUX
MaTepHUaJIOB TOHKOIUICHOYHBIX KOHJICHCATOPOB.

KoOHCTpYKIIMM TJICHOYHBIX KOHICHCATOPOB JIOJDKHBI ~ YYHUTHIBATH
0COOEHHOCTH TOIIOJIOTHYECKOH CTPYKTYpPBI INIEHOYHOTO (pYHKIIMOHAIBLHOTO
y3na (pa3Mepbl MOAJI0XKKH, KOJIUYECTBO U PACMOI0KEHHE BBIBOJOB H T.1I.),
BEIMYMHY HOMHUHANA, XapaKTePHUCTHKH KCHOJB3YEMbIX MaTepHalioB,
TEXHOJIOTHUIO TPOM3BOJACTBA, TPeOYEeMYIl0 H BO3MOXHYIO TOYHOCTb
BOCITPOM3BE/ICHUSI HOMHHAIIOB, YCIOBHSI dKCIUTyaTtalluu MUKpocxem [2]. B
COOTBETCTBUM C OTUM OCHOBHBIMH  HCXOJHBIMH  JAHHBIMH  JJIs
MIPOSKTHPOBAHUS PE3UCTOPOB SIBJISIOTCS:

- HoMHHaJIbHas eMKocTh Cj, OM;

- MOTPEIIHOCTh HOMHUHAILHOU €MKOCTH Yci, %0;

- pabounii quamnazoH TeMIepaTyp, max — ! min, C;

- TEXHOJIOTHYECKUE OTPAHUUCHUSI;

- [Iar KOOPJIMHATHON CETKH, MM;

- HaNpsDKEHUE MUTaHUA cxeMbl Up,q, B;

- Irana3oH pabo4yux 4acToT.

TeXHOJOTrMYECKUE OrPAHUYCHHUS IIPH HCIOJIB30BAHHH Pa3IHYHBIX
METOJOB CO3JaHUS TOHKOILIEHOYHBIX KOHJEHCATOPOB [Macounoro (M),
¢oromurorpaduueckoro (D), KOMOMHHPOBAHHOTO  MAcCOYHOTO U
¢oromurorpaduueckoro  (M®), asnmekTponHo-monHoro (OU) w mo

taHTa’0Boi TexHosorun (TA)] npusenens! B Tabu. 2 [1].



Tabmuua 1. [TapamMeTpsl AUAICKTPHIECKAX MATEPHAIOB TOHKOIUICHOYHBIX KOHAEHCATOpoB [1]

Marepuan [TapameTpbl
s al = = O
o o % 5 §‘ s = 5 E = S
g2 & S g« g g SA | Zgd
o £ EOQO| @ X 8w oo E o Il 2 < £ 2
2584 g« & m F B D B o 2 E & &0 o
224 =3 E. | E8€% | oE&E | gM | 8 2 EY
JUDJICKTPUKA 00KIIaIoK E ZE x 5 5 s ¢ S £ 8= = 2 9 g ol
f5e2 8% | g2 | g8l | sE% | £2 | 7| TE:
SEEl 2 z c 5 S5a | SE|B| 35E
E o3 5 3 = 2 =a M o z =T
ol = s = & g 8=
>‘ = g o 2=
MOHOOKHUCH 0,2 5000 60 6 4
5,0-6,0 0,01-0,02 |(2-3)-10°| 500 2-10°
KPEMHHSI 10000 30
5000 10
MOHOOKHCH 0,005- 6 4
. 10000 7 11-12 1,0-10° | 300 3-10
repMaHusl Amomunnit 560 0,007
15 5
A99
2500 24
Bopocunu- 0.001
5000 15 ,001-
KaTHOE 4 (3-4)-10% 300 | 0,35-10™
10000 10 0,0015
CTEKIIO
15000 8




OxoHuaune TadIuIE! 1

o0KJIaIKa

15000 12,6 (0,5-1)-10™
20000 10-12,6 npu
Crekio
30000 6,3-10 0,002- 6 T=-60+25 °C,
JNEKTPOBAKY- 5,2 (3-4)-10° 300 .
0,003 (1,5-1,8) 10
YMHOE
40000 6,3 npu
T=25+155°C
Tanran 60000 15
TBY, 1-10
Tlnokuce HIDKHSS 100000 10
TaHTajla
oOKIaIKa 6 4
23 0,02 2-10 0,1 4-10
ATroOMHHHN
A99,
0,2 200000 3
BEPXHSA




Tabmmma 2.

KoHCTpyKTOPCKO-TEXHOTOTHYECKHE

OrpaHNYICHUSA

[pH IPOSKTUPOBAHMU TOHKOIUICHOYHBIX KOHACHCATOPOB [1, 2]

Tononorus Copnepxanue Pa3mep orpanudeHus, M,
KOHJIEHCaTOpa OTrpaHUYECHUS IIPY UCIIOJIb30BaHUM METOJa
M| ® | MO BU | TA
TouyHOCTH +0,01{+0,01{ +0,01 |+0,01| +0,01
H3rOTOBJIECHHS

JIMHENHBIX pa3MepOB
snementa Al, Ab, Aa,
AL, AB, Mmm

MuHuMaIbHO
JOIyCTHMBIE
PACCTOSIHUS, MM:

- ME&XIY KpasMu
TIURJIEKTPHUKA 1
HIDKHEN 00KJIaKOM

xoHzeHcaropa f

01 |01 |01

Mexy KpasimMu
BEpXHEH U HIDKHEH

00KIIa70K g

0,2

Mexny kpaem
TUBJICKTPHUKA U
HIKHENH 00KJIaIKOM B
MeCT€e BBIBOJIA

BEpXHEHN 00KIIaKu C

0,2

Mexny kpaem
JIUAIEKTPUKA 1
COEIUHEHUEM BBIBOJA
KOHJICHCATOPAa C
JpYTUM IUICHOYHBIM

snementoM h

03
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OxoHYaHHe TaOIHIBI 2

OT IIEHOYHOT0
KOHJIEHCaTopa J10
HaBECHBIX KOMIIOHCHTOB

z

0.5

MuHAMaBHAS TUIONIA]Th
MEPEKPHITUS OOKIIAIOK

L xB, MM

0,5%0,5

MaxkcumanbHOe
OTKJIOHEHUE EMKOCTHU
KOHJIEHCAaTOpa OT
HOMHUHAJIHHOTO 3HAYCHMS,

%

+12

HOpﬂ)IOK pacueTra TOHKOIMJICHOYHbIX KOHICHCATOPOB

Konpnencarop nokasan Ha puc. 2.

ISy

\
\\

\\

AN

\\

Ls

N
Ly

Ly

Puic. 2. TOHKOIIEHOUHBIE KOHICHCATOPHI ¢ EMKOCTHI0 10 5 * 10° nd
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OO0mutmii mops oK pacdeTa (puc. 2) BKIIOYACT HECKOIBKO MPUBEACHHBIX
HIDKE 3TaIloB.

1. Bribop wMmarepmana AMAIIEKTPHKA MO pabodeMy HaIpsHKSHUIO
NPOU3BOAUTCS B COOTBETCTBHM C JAaHHBIMH, IPHBEACHHBIMH B TaOi. 1.
Crenyer OpHEHTHPOBATHCS Ha MaTepuall JAMUAJIEKTPHKA C BO3MOXKHO Ooliee
BBICOKMMH  JTUDJICKTPUYECKOW  IPOHUIAEMOCTBIO &,  DJIEKTPUUYECKOU
NpoYHOCThIO F,,, ManeiMu 3HadeHMsMH TKC u tgd nns obecredeHus
MUHHAMAJIbHBIX T'€OMETPUUYECKHX Pa3MEpOB KOHAEHCATOpa, TUI KOTOPOIrO
NpUBEICH Ha puc. 2.

2. OmpegmeneHne  MHHHMAaJbHOM  TONIOMHBI  JHAJICKTPUKA
NPOU3BOAUTCS. U3 YCIOBHI oOecrmedeHHss HEoOXOIUMOH 3ICKTPUYECKOH

MPOYHOCTH 110 hopMyIie
dmin > k3Upa6 / En ) (1)

rae K, — xod¢duiMeHT 3amaca 3JeKTPUYECKOU MPOYHOCTH (OOBIYHO ISt

TOHKOIIJIEHOYHBIX KOHJeHcaTopoB K, = 2..3); E JJIeKTpUYECKast

np
HPOYHOCTb Marepuana AudnexTpuxa, Blwwm; Up,s - pabouee HampspkeHHe.
TonmuHy nudnexTpuka wyame BbIOWparoT B mpenenax 0,1..1  mxm.
MuHUMaNbHasT — TONIIMHA  JAMDICKTPUYECKOTO  CIOS ~ OTpaHMYCHA
TpeOOBaHUEM TOJIYYSHHUS CIUTONIHOM TUIEHKH 0€3 CKBO3HBIX OTBEPCTUH U C
33J]aHHOM  DNIEKTPUYECKOM TMPOYHOCTHIO, a MAaKCUMaJbHAs TOJIIMHA
OTpaHMYCHA MEXAHWYCCKUMH HANPSHKCHUSIMH B pacTyIIeld IUICHKE.
OnTUMalbHOHM TONIIUHON MPUHSTO CUUTaTh Beanuuny B 0,3...0,5 mxm.

o 2
3. Onpezenenne yaeabHON eMKOCTH KoHIeHcaTtopa (n®/em”) Bemercs

o gopmyne
Co, =0,0885¢ / d, 2

rac d- TOJIIHWHA JUDJICKTPUKA, CM.
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4. OrmpeneneHnue OTHOCHTEIBHOM TEMIEPAaTYpHOH IOTPEIIHOCTH

HpOI/ISBO,Z[I/ITCH nu3 BLIpa)KeHI/I}I
v = ¢+ (Tnax — 20 °0), @3)

TIe 0.c — TeMIEePaTyPHbBIH KOdQOUIHUEHT eMKOCTH MaTepHala AUdJIeKTPHKA.
5. Ompenenenne OOIMyCTUMOW  OTHOCHUTEIHHOH  IIOTPEUIHOCTH

aKTHBHOH IJIOIIAN KOHAEHCATOPA OCYIIECTBIIETCS IO (hopMyIie

YSnon = Yo — Yco— Yer — Yt 4)

Ie  Yco — OTHOCUTEIbHAs  MOTPEIIHOCTh  YIENBHOH  eMKOCTH,
XapaKTepU3yIollas BOCHPOU3BOJMMOCTh YIEIbHOW EMKOCTH B YCIOBHSIX
JaHHOTO MPOM3BOJICTBA (3aBHUCUT OT MaTepHaia M IOTPEIIHOCTH TOJLIHHBI
JMDIICKTPUKA U cocTaBisieT 3 — 5 %); y.. — OTHOCHTENbHAs MOTPEIIHOCTb,
00yCIIOBJICHHAsI CTapeHUEM IUICHOK KOHJCHCATOpa (3aBHCHT OT MaTepHana
M METO/Ia 3aIUThI ¥ OOBIYHO He mpeBbimaeT 2 — 3 %).

6. OmpeneneHue yAeNbHON €MKOCTH KOHJEHCaTopa C y4eToM

TOYHOCTHU U3TOTOBJICHUS:

2
= . [Ysmon]” Ko _
Coroun = € [ zAL] (1+Kg)?’ ®)
1711 00KIaI0K KBagpaTHoi dopmsl (ipu Ky, = 1)
2
¥ Spon
Coroun = C [%] . (6)

TOYHOCTH M3TOTOBJIECHUS JTHHEHHBIX Pa3MEPOB IJICHOYHBIX HJIEMEHTOB
" paccrosauit Mmexay aumu Al, Ab, AL, AB BeiGupaeTcs ¢ yuetom mMetosa

dbopmupoBanus dneMenTa (Tabm. 2).
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OmnpenensieM, KaKoi JTOJDKHA OBITh YAeTbHAas eMKOCTh KOHICHCATOPa C

YYETOM TEXHOJIOTHIECKUX BO3MOJKHOCTEH HM3rOTOBJICHHS II0 ILIOIIAIN

TIEPEKPHITHS 0OKIIAIOK M TOJIIMHE TUJIEKTPUKA. 3amaemMcs Syin = 1 MM,

C .
Comin = S::: (7

7. BI)I60p MUHHUMAJIBHOI'O 3HAYCHUA yZ[eJ'ILHOﬁ €MKOCTH KOHACHCATOpa

C yUC€TOM 3J’IeKTpPI‘IeCKOI>i MMPOYHOCTH U TOYHOCTHU U3TOTOBJICHUSA
CO <min {COV; COTqu; COmin}-

OmpepenisieM,  Kakasg — TOJMIMHA  JUOJIEKTPHKA  COOTBETCTBYET
BeIOpaHHO# ynensHoi emroctu Cp: d = 0,0885¢ / C,.
Jlajiee IPOBO/IMM PacueT reOMETPHIECKHX Pa3MEpOB KOHICHCATOPa.

8. Ompeznenenne K03 PUIMCHTA, YIUTHIBAIOLIETO KpaecBoi 3B eKT:

1; CICy > 5 mnd?,
(1,3...0,06) - CICy; 1 < CICo< 5 mnd.

9. Onpenesenue MIONIAIH BepXHEi 00KIaAKK KOHIECHCATOPA!

c
S=% (8)

10. Omnpenenenue pa3MepoB BepxHEH OOKIAIKM KOHJIEHcCAaTopa MpH
K;=1:
L=B=+05. 9)

11. Beluncienne pa3MepoB HIKHEH OOKJIaJKW KOHJEHcAaropa C

Y4€TOM JOIIYCKOB Ha IEPEKPLITUE:

12



LH=BH=L+2g’ (10)

rae g — pasMep NMEePEKPBITUS HUKHER M BepXHeM 00KIag0K KOHAEHCcaTopa
(tabm. 2).

12. Onpexnenenre pa3MepoB AUIIICKTPHKA:
Ly =By =Ly +2f, (11)

rae f — pasmep mepekphiTHs HIKHEH OOKIAMKH U JUIIICKTPUKA.

13. Omnpenesnenue miIomaan, 3aHUIMAaEMON KOHJICHCATOPOM:

dopma 00KIAOK KOHAEHCATOPa BHIOMpAETCs Ha JTtare pa3paboTKu
scku3a Tomnojornd. CHauana NPOEKTHpyeTcs OOKJIaJKa KOHJIEeHcaTropa
KBaJpaTHOU (OPMBI, & IPH OTCYTCTBHU MECTa HA YEPTEKE TOIMOJOTHH IS
pacriojiokeHHsi  KBajpaTa cCjelyeT 3aIarbCsi OJHOH M3  CTOPOH
KOHJIeHcaTopa, ko3 duireHToM HOpMbl 00KIAI0K M BBIYUCIUTL Pa3MeEphl
0OKJIaIOK IPSIMOYTOJIEHON (hOPMEI.

Jlnst KOHTpOJsI €MKOCTH B IPOLIECCE WM MOCHE H3TOTOBICHUS
MHUKPOCXEMBI ~ KOHJEHCATOp  MPOSKTUPYETCS  CO  CHElUaIbHBIMU
KOHTaKTHBIMH ILIONIA/[KAMH.

14. KonpmeHcaTtop CHpPOEKTHPOBAaH TMPABIIBHO NPH BBITOJHEHHU
NIPUBEACHHBIX HUXE YCIIOBUI:

a) paboumii TaHTeHC yria JUAICKTPUYECKAX TOTEPh HE MPEBBIIAET

3aJaHHOTO:

190,46 < g0,

rae tgépag = tgég + tgéog.
13



Tanrenc yrma motepb B oOkmagkax 1gd,; ClemyeT BBIYHCIATH IO

bopmye
190, ~ (47 / 3) * frax - Ros - C, (13)

roe R,; — comporuBiieHne 00KIanok KoHmeHcatopa, Om; C — eMKOCTh
koHaeHcaropa, @; fynax — MakcumasbHas pabouas yacrora, I y.
CompoTtuBieHne 0OKJIATOK KOHIEHCATOpa 3aBHCHT OT €r0 (OPMBI H

paccunThIBaeTCs o hopmyIe

Ro6 = psos - Ky (14)

TIE Psos — YACIBHOE MMOBEPXHOCTHOE COMPOTHBIICHUE MaTeprala 00KIaIok;
0) paboyasi HAIPSKEHHOCTH HEKTPHIECKOTO MO E,,; HE IIPEBBIIIACT

E,, marepunana qusnekrpuka E,,;; < E,)

Upas
Epa6 = I; ’ (15)

B) MOTPENTHOCTh AKTHUBHOW TUIOIIAIU KOHJEHCATOpa HE MPEBBIIAET
JIOTYCTUMYIO:

Vs pad < VS non

TJI€ Y5 pag BBIYHCIISETCA 10 hopMyIIe

1+K¢

VSpa6 =AL \/m

(16)

IIpoBepku MOKa3bIBaIOT, YTO KOHAECHCATOP HE BBIXOAMT 3a NPEEIb
TOYHOCTH, HMEET 3amac I10 DJIEKTPUUYECKOH MPOYHOCTH U AKTUBHOM

IIo1m@aan, TAaHTr€HC yrijia JUBJICKTPUICCKUX MMOTEPh MCHBIIC 3aIaHHOTO.

14



2. [MocnenoBaTeIbHOCTH BBIMOJHEHHS PA0OTHI

1. 3yunte TeOpETUIECKYIO YacTb PaOOTHL.

2. [lomyunte 3amaHWe B BUAE TNPHHOIWNHAIGHOH CXEMBI Yy
TIpero1aBaTes.

3. BeiOepute MaTepuaibl JUIICKTPUKA U OOKIaIOK KOHACHCATOPA.

4. PaccuuTaiiTe KOHCTPYKITMH BCEX KOHICHCATOPOB.

5. Caenaiite mpoBEepKy pacueToB.

6. Onpenenure CyMMapHyH  IUIOIIA[b, 3aHAMACMYI0  BCEMH

KOHACHCATOpaMHu.

3. Copep:xanue oTyera

1. Lems paboTHI.

2. Pe3ynbpTaThl pacyeToB.

3. UepTexkn TOHKOIUICHOYHBIX KOHJIEHCATOPOB B Maciitabe ¢
yKa3aHUeM pa3MepoB.

4. BBIBOJIBI IO MOJYYEHHBIM PE3YJIbTaTaM.

KoHTpoabHbIe BONpPOCHI

1. Yro Takoe ruOpuiHast MHTETpaJIbHAs cxema?

2. HazoBure  TpeOoBaHWs,  MNpeabsBIIEMble K  MaTepHaiam
JU3JIEKTPUKOB KOHICHCATOPOB.

3. HaszoBure TpeOoBaHUs, MPEABSIBIAEMbIE K MaTepHanaM OOKIJIaI0K
KOHJICHCATOPOB.

4. Ha3oBuTe OCHOBHBIE MaTepHaJbl IUICHOK JHAJIEKTPHKOB
koHzaeHcaropos TIMC.

5. HazoBuTe ocHOBHBIE MaTepHabl 00KIan0K KoHeHcaTtopos [ IMC.

6. Kakue KOHCTpyKIMM OBIBAIOT y TOHKOIUIEHOYHBIX KOHJICHCATOPOB?

15



7. Yto Takoe KpaeBoi 3G PeKT B KoHAeHCaTope?

8. Uto Takoe k03¢ HUIIeHT POPMBI TOHKOIUIEHOYHOTO pe3ncTopa?

9. Kak paboraet rpebeHuaThIif KOHACHCATOP?

10. KoHCTpYKIMH KOHAEHCATOPOB MaJIOX €MKOCTH.

11. INopsnok pacyera KOHIEHCATOPA.

12. Pacckaxxure O MOJCTpanBaeMbIX KOH/IEHCATOpPaX.

13. Kax npoBoauTcsi IpoBepKa MpaBUIBHOCTH pacdyeTa KOHCTPYKLUH

KOH/IeHCcaTopa?

Bbub6auorpaguyeckuii cnucox

1. Konenos JI.A. KoHCTpyHpOBaHNE W TEXHOJIOTHS MHKpPOCXeM: ydeO.
mocobue 11t By30B. M.: Bricmas mkona, 1984. 232 c.

2. MepkynoB A.U., MepkynoB B.A. OCHOBBl KOHCTPYHUPOBaHUS

HHTErpanbHbIX MUKpocxeM. Camapa: M3garensctBo CI'AY, 2013. 270 c.
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Hean paéoTbl
W3ydenne mopsaka pacdera TOHKOIUICHOYHBIX PE3UCTOPOB B
THOPHUIHBIX HHTETPATbHBIX MHKPOCXEMaX.

1. KpaTkue TeopeTHYeCKHe CBeICHHUA

Wnterpanpras  mukpocxema (MUMC) — 3TO  KOHCTPYKTHBHO
3aKOHYEHHOE  U3JleNMe  JJIGKTPOHHOM  TEXHUKH,  BBINOJHSIONIEE
omnpeJieNieHHy0 (QyHKIMIO NpeoOpa3oBaHMs MHGOPMAIMU U COJeprKallee
COBOKYITHOCTh INEKTPUIECKU CBSI3aHHBIX MEXTy coboit
3JIEKTPOPATUOITIEMEHTOB (BPY), W3TOTOBJIEHHBIX B €JIMHOM
TEXHOIOTHYeCKOM ImKite [1].

TepMuH «WHTETpalbHAs MHKPOCXEMa» OTpakaeT: OOBEIMHEHHUE
3HAYUTEIHHOTO YHCIIa TPAH3UCTOPOB, THOIOB, KOHIEHCATOPOB, PE3UCTOPOB
U COCIUHSIOMHUX MPOBOTHIKOB B €IUHYI0 KOHCTPYKUIHUIO (KOHCTPYKTHBHAS
WHTETpalusd);  BBIIONHCHWE  CXeMOM  (QYHKIMHA  mpeoOpa3oBaHUS
nHpopManuu, OoJiee CIOXKHBIX MO0 CPABHEHHUIO C (YHKIUSMH OTACITHHBIX
OPD  (cxeMoTexHMYecKas HHTErpalysl); BBINOJHEHHE B  €IUHOM
TEXHOJIOTHYECKOM  IIMKJIE€ OJHOBpeMEHHO Bcex OPD cxeMbl ©
MEXCOEIUHEHU U OJTHOBpEMEHHOe (HOpPMHUpPOBAHKME TPYNIOBBIM METOJOM
Goubioro yucia oguHakoBbix UMC (TexHoOrHYeckas HHTErparus).

IIo crnoco0y W3rOTOBIEHUS pa3IM4a0T MOIYHNPOBOJHHKOBBIE U
mieHoynsle UMC. B mnonynpoBonnukoBeix UMC Bce DOPD u uacte
MEXCOCIUHCHHH  C(OPMHPOBAHBI B MPUTIOBEPXHOCTHOM  CJIO€
MTOJYTIPOBOTHUKOBOIM (OOBIYHO KPEMHHEBOW) TMOMIOKKH. B INICHOWHBIX
HNMC naccuBHbIe DP3 H3roTOBICHHI B BHJIE COBOKYITHOCTHA TOHKHX (MEHEE
1 mxMm) wmwmm toicteix (10 — 50 MKM) IUICHOK, HAaHECEHHBIX Ha
IUdIIeKTpUdeckyto moanoxky. [ubpuaasie UMC (TMMC) npencTaBisioT
co00lf KOMOWHAIIMIO TUICHOYHBIX NAacCHBHBIX OPD ¢ MHHHMATIOpHBIMH
OEeCKOPITYCHBIMHU JIUCKPETHBIMU AKTHBHBIMHU npubopamMu
(TTOTyIpOBOAHNKOBBIMU UMC, TpaH3UCTOpaMH, JINOJIAMH),
PAaCTONIOKEHHBIX Ha OOIIeH MMANEKTpUYECKOr moiokke. DPD, kxoTopbie
SIBIIIIOTCS. HEOoThemJieMOlN coctaBHOW dacThio UMC m He Moryr OBITh
BBIZICJICHBI U3 HEE KAaK CaMOCTOSITENIbHOE U3JIEIHEe, Ha3bIBAIOT 3JIEMEHTAMU
UMC, a nuckpernble aktuBHble OPD I'MMC — HaBeCHBIMH KOMIIOHEHTAMH
(W TPOCTO KOMITOHEHTAMH), TIOAYCPKHABas TEM CaMbIM, YTO HX
M3rOTaBJIMBAIOT OTICIHHO B BUAC CAMOCTOSTENBHBIX HMPUOOPOB, KOTOPHIC



MoryT ObITh IproOpeTensl n3rotoBureneM ['MC kak nokymnHsle u3genus. B
OTIIMYME OT JHUCKPETHBIX KOMIIOHEHTOB 3jeMeHTHl VMMC Ha3bBaroT
HHTETPATBHBIMY (MHTETPABHBINA PE3UCTOP, MHTETPpaTbHbIH auox) [1].

B cosmemnierasix UMC DPD BHITOTHEHEI B MIPHIIOBEPXHOCTHOM CIIOC
MIOJYTIPOBOTHUKOBOTO KpHCTa/uia (Kak y moxynpoBomgaukoBoit IMC), a
[IACCHBHBIC HAHECEHBI B BHUIC IUICHOK Ha MOKPBITYIO IHAICKTPHKOM
TIOBEPXHOCTH TOTO K& KpucTayuia (kak y menouHoit UMC).

I'MC 1o cpaBHEHHIO C TOJYNPOBOAHUKOBBIMU HMEIOT  psil
MIPEUMYIIECTB: 00ECIIeYnBaIOT NUPOKUH Hara30H HOMHHAJIOB, MEHBIINE
MIPE/IEIbl IOMYCKOB U JIYIIHE JJIEKTPUUECKHE XapaKTePUCTHKU MacCUBHBIX
9JIeMEHTOB (OoJiee BBICOKasi OOPOTHOCTB, TeMIlepaTypHas M BpEeMeHHas
CTaOWIIbHOCTb, MEHBIIICE YHCIO M MEHEe 3aMETHOE BIMSHUE Iapa3sUTHBIX
3JIEMEHTOB).

OnHa M3 OCHOBHBIX XapaKTEPUCTHK MHKPOJJIEKTPOHHOIO HM3ICIUS —
paccenBaemasi MOINHOCTb. [lpm THOPHUAHOM  HCIOJNHEHHH MOXKHO
obecreYnTh U3rOTOBICHUE H3JCIHI JOCTATOYHO OOJNBIIONW MOLIHOCTH, YTO
BAKHO IIPU CO3JaHUM AHAJIOTOBBIX YCTPOMCTB, YIPABIAIOLIUX MOLIHBIMU
BXOJIHBIMH LICITAMHU.

KoHCTpyKIMM NUIEeHOYHBIX Pe3UCTOPOB

Pesuctops! sBISIOTCS Hambolee pacIpOCTPAHCHHBIMH 3JIEMEHTaMHU
TUIEHOYHBIX MHUKPOCXEM.

[Mapamerpsr TOHKOTIIGHOYHBIX PE3UCTOPOB OTIPENETISIFOTCS
CBOHCTBaMHM TNPUMEHSEMBIX PpE3UCTHUBHBIX MarepuanoB (tadum. 1). B
KayeCTBE PE3UCTHUBHBIX MAaTepuajioB HCIIOJIBb3YIOT YHCTBIE METaJllbl,
CIIaBBI, a TaK)KE CIEIMAIbHBIE PE3NCTHBHBIE Marepuaisl (kepmersl). s
CO3/aHUs PE3UCTOPOB HEOOXOAMMBI IICHKH C YACIHHBIM MOBEPXHOCTHBIM
COTIPOTHUBIIEHUEM ps OT AECATKOB A0 AECATKOB Thicsa OMm/O. UeM MeHbIe
TONMIMHA IUICHOK, TEM BBINIE ps, HO OJHOBPEMEHHO IIOBBIIIACTCS
TemnepaTypHelii ko3¢ ¢umuent comportusieHus or (TKR), a Tarxke
YXyaAIIaeTcsl TeMIepaTypHas ¥ BpeMEeHHas! CTaOMIBHOCTD IIJICHOK.

PesuctuBHBIE  27€MEHTHI  THOPUAHBIX ~ MHMKPOCXEM  IIOJIy4aroT
HamblJICHWEM Ha JIUDJIEKTPUYECKHE OCHOBaHUS  (TIOJJIOKKH)  y3KHX
PE3UCTHBHBIX  IUICHOYHBIX IIOJIOCOK PAa3MYHOW KOHPUTYpamuu W
KOHTAKTHBIX IUIOIAJ0K, UMEIOIUX ¢ HUMH HEKOTOPYIO 30HY MEPEKPBITUS

(puc. 1) [2].



Puc. 1. Konpurypanun TOHKOIIICHOYHBIX PE3UCTOPOB: a — ITOJIOCKA;
0 — coCTaBHOM M3 TOJIOCOK; B — MEaHIIp; T — 3MeiiKka [1]

KOHCprKI_II/II/I IIJICHOYHBIX PE3UCTOPOB JOJIKHBI YUYUTBIBATH

0COOEHHOCTH TOIOJIOTHYECKOH CTPYKTYpPBI IUIEHOYHOTO (pYHKIIMOHAIBLHOTO
y31a (pa3Mepsl MOAJI0XKKY, KOIUYECTBO M PACIONOXKEHHE BBIBOJOB H T.A.),
BCJIMYMHY HOMMHAJA, XapaKTCPUCTUKU  HCIHOJIB3YEMbIX MaTCpUaoB,

TEXHOJIOTHIO TPOM3BOJCTBA, TpeOyeMyl0 U BO3MOXHYIO TOYHOCTh

BOCTIPOM3BEJICHUS HOMHHAJIOB, YCJIOBHS JKCIUTyaTallud MHUKpocxeM [2]. B

COOTBETCTBUU C 3TUM OCHOBHBIMH HUCXOJIHBIMHU JaHHBIMH

JUIst
MPOEKTUPOBAHHSI PE3UCTOPOB SBJISIOTCS:

- HOMHHAJIbHOE conpoTuBieHue R;, Om;

- OTPEIIHOCTh HOMUHAIBHOTO COMPOTUBIICHHUS YRi, %0;

- paboumii quamazoH TeMIeparyp, 1 max — ! min, 'C;

- TEXHOJIOTHYECKUE OTPAHUICHUS;

- 11ar KOOPJIMHATHON CETKH, MM;

- HallpsDKEHME NTUTaHUs cxeMel E, B.

TeXHOJOTrMYECKUE OrPAHUYCHHUS IIPH HCIOJIB30BAHHH Pa3IHYHBIX
METOJIOB CO3/IaHHsI TOHKOIUJIGHOYHBIX PE3UCTOPOB
¢oromurorpaduueckoro (D), KOMOMHHPOBAHHOTO  MAcCOYHOTO U
¢doromurorpaduueckoro  (M®P), oamexktporHO-moHHOTO (OU) W WO
TaHTa0Boi TexHoxoruu (TA)] npusenens! B Tabu. 2 [1].

[Macounoro (M),



Tabmma 1.

JUIsI TWIEHOYHBIX PE3UCTOPOB ¥ TIPOBOAHKKOB [1, 2]

Onexrpodu3nyeckre XapaKTEePUCTHKH MaTepHaliOB

Martepuan ps, OM/0 [Py, 0g-107, Martepuain Crapenue,
Br/cm? l/rpan  |KOHTAaKTHBIX % 3a 5000 4
-60...+125, [momanox B HOPM. YCIL.
°C
Xpom XO, 'OCT| 200... 500 2,0 0,6 Mens (ry>xeHas) 2,0
5905-67
Huxpom X20HS80,| 100...300 1,0 1 Mens 0,1..0,4
T'OCT12766-67
Cmutas MJIT-3M 300...500 2,0 2+ Mens ¢ noacaoeM +0,1
+(1,9..2,4) BaHaaUs
(myxeHas);
Me[Ib C MOJICIOeM
HUXpOMa
(3anuieHHas
HHKEJEeM)
Kepwmer, 3000 2,0 3 30510T0 € +0,3
ETO.021.033. TY 5000 -4 MOJICIIOEM XpOMa
10000 -5 (Huxpoma)
Tauran, 300...500 3,0 -2 AnroMuHHH ¢ 2,6-3,2
CY0.021.041 TY MO/ICII0EM
BaHA/Ns; MEb C
HOJICTIOEM
HUXPOMA;
TaHTaJl
CraBbl: 3051010 €
PC-4800 (0,3..1)10° | 2,0 2,0 TOZCIOEM XPOMa 2,0
PC-3710 (0,5...3)10° 05..2 (amxpoma) 2,0
PC-3001 (0,8...1,5)10 1,0 1,0
PC-1004, 3 10,0 2,0
ETO.021.048TY | (1..4)10*




Tabmmma 2.  KOHCTPYKTOPCKO-TEXHOJIOTHUECKHE  OTPAaHUYCHUS
TIPH IPOEKTUPOBAHUH TOHKOTIEHOYHBIX pe3ucTopoB [1, 2]

Tononorus Conepxanue Pa3smep orpannuenus, MM, Ipu
pe3ucropa OTpaHUYEHHUS HCTIONb30BAHUM METO1a
M ) Mo )41 TA
TounOCTH +0,01 | 40,01 +0,01 +0,01 +0,01
U3TOTOBJICHHUS
JIMHEHHBIX

pa3MepoB IEMEHTA

U PacCTOSIHUN

Mexy Humu Al,
Ab, Aa, AL, AB u
JPYTHX TPH
PAacCIOJIOKEHHI
MIEHOYHBIX

DJICMEHTOB B OJHOM

ciloe, MM

MuHuManbHO b 0,1 0,1 0,1 0,15 0,05

JIOTTYCTUMBIH

pasmep
| 0,3 01 0,3 0,3 0,1
pesucropa, MM

MuHUMAaIIBEHO 0,3 0,1 0,3 0,1 0,05
JIOTTy CTUMBIE
PaCCTOSIHUSI MEXK LY
[JIEHOYHBIMU
JJIEMEHTAMH,
PacrooKEHHBIMH B
OJIHOM CJIOE, d, MM

MakcumanbHO 10 100 30 100 100
JOTTYCTHMOE
COOTHOIIICHHE
pa3mepos l/a




Ta6nuua 2. OxoHyaHue

MuHUMAIIBHO 0,2 0,1 0,2 0,1 0,1
JIOIyCTUMOE
PaCCTOSIHUE MEKTY
MIJICHOYHBIMH
JJIEMEHTAMH,
PAaCIOJIOKEHHBIMH B
Pa3HBIX CIOSIX, C,
MM

IlepexpbrTus mis >0,2 >0,1 >0,2 >0,1 >0,1
COBMEIICHUS
IJICHOYHBIX
9JIEMEHTOB,
PACTIONIOKEHHBIX B
Pa3HBIX CIOSIX, e,
MM

MunumansHOE 0,5 0,2 0,5 0,4 0,2
paccTosiHue OT
IUICHOYHBIX
JJIEMEHTOB JI0 Kpast
miatel d, MM

MuHuMaabHast 0,1 0,05 0,1 0,1 0,05
[IHpHHA
TUICHOYHBIX
MTPOBOTHHUKOB I, MM

MuHUMAIEHO 0,2 0,1 0,2 0,1 0,1
JIOIyCTUMOE
PaccTosIHUE MEXITY
KpaeM ILICHOYHOTO
pe3ucropa u Kpaem
€ro KOHTaKTHOM
TUTOIIA/IKY |, MM

Ilopsinok pacyera TOHKOIJICHOYHBIX Pe3MCTOPOB
1. KOHCTpYKTHBHBIH  pacyeT  TOHKOIUICHOYHBIX  PE3HCTOPOB
3aKJIIOYaeTCsl B OIpEAETIeHUH (OPMBI, TEOMETPHYECKUX pa3MepoB |
MUHHMAaJbHOHN IIOINAH, 3aHMMAaeMOHW pPE3UCTOpaMM Ha Mojuloxkke. Ilpu
9TOM HEoOX0AMMO, 4YTOOBI pPE3NUCTOpHl OOECHEeYMBaIM pPaccenBaHUE




3aJaHHOM MOIIHOCTH TIPH YIOBJIETBOPEHHH TpeOyeMOHl TOYHOCTH B
YCIIOBHAX CYLIECTBYIOIINX TEXHOJIOTHYECKHX BOZMOXKHOCTEH.

[IpoexTHpoBaHWEe  KOHCTPYKLMH  TOHKOIUICHOYHOTO  PE3UCTOpa
Ha4yMHAeTCs C pacdeTa MOIIHOCTH Pj, BBIIEIsIeMON Ha KaXKIOM PE3HCTOpE.
I'py6o P; Mo>xHO Oo1IeHUTH 110 hopMyIe

P=t ®

= Ri'

OpHako B 3TOM CiIydae pAcCUMTaHHOE 3HAYCHHE MOIIHOCTH
MOJTy4aeTCsl 3aBBIIICEHHBIM, TaK KaK CYMTAeTCs, YTO BCE HAMpsOKEHUE
MUTaHWs TaJaeT Ha i-M pesuctope. B wTOre pasmepbl pe3ncTopa TOXe
MOTYT TOJTY4UTHCS 3aBBIIICHHBIMU.

Boiiee TOYHO MOIIHOCTH MOYKHO PacCUUTaTh 1Mo (HopMyJie

Pi=1i2.Ril (2)

rae |; — Tok, mpoTekaronmii uepes i-it pesucrop. lj paccunThIBaCTCS UCXOMS
13 3a/laHHON MPUHIUIHAIBHON cxembl. Hampumep, Ha puc. 2 mpuBeneH
YY4acCTOK CXEMbI, I KOTOpOro TpeOyeTcss paccuuTaTh MOIIHOCTS,
PaccenBaeMyIO PE3UCTOPAMH.

o
En
R Rs
o— VT4
R

Puc. 2. YyacTok npruHIUNHATBHON CXEMBI



PaccuntaeM MakCMMaJbHYIO MOIIHOCTb, BBIACISIEMYIO Ha PE3HCTOPE
R;. Ilpemmomaraem, d9ro Tpamsuctop VT; B aKTHBHOM pPEXHME
(OMHTTEpHBIA IEepeXo] OTKPHIT, KOJUICKTOPHBIH — 3aKpBIT), TOIZIA TOK
MOTEYeT OT UCTOYHMKA MMUTAHUS Yepe3 Pe3rcTop Ry M SMUTTEPHEBIN epexon
Ha 3eMJIIO:

lpy = En/ Ry, ®)

CJIeJIOBATENILHO, MOIITHOCTh OYJIET paBHA
Pr1 = |R12/ Ri. 4
Ha pesuctope R, MakcumaipHas MOIIHOCTH OyIET BBIACIATHCSA TPHU

OTKPBITOM KOJUICKTOPHOM U 3aKPBITOM 3MUTTEPHOM IIEPEX0Je TPAaH3UCTOPa
VT;. To ecth TOK, mpoTeKaromuii uepes pesucrop Ry, Oyaer paBeH

Eﬂ
Ip, = R, + 1R’ (5)
2 R1+R3
cJeI0BaTeNIbHO, MOIITHOCTh OyIeT paBHA
Pro = I/ R 6
R2 = Ir2 2: (6)

AHAIIOTUYHO PACCUUTHIBAIOT BCE OCTAIBHBIC MOITHOCTH.

2. OcoOeHHOCTBIO pacueTa IUICHOYHBIX pPE3HCTOPOB  SBISCTCA
TPYIIIOBOE TPOEKTUPOBAHHUE, YTO CBSI3aHO C HEOOXOTUMOCTBIO BEIOOpa
pe3uctuBHOTO Matepuana. [1o BO3MOXXHOCTH OH JOJKEH OBITh CIUHBIM IS
Bcex pesucropo MMC. Ilostromy npnst mneHounsix HMMC  npu
MIPOEKTHPOBAHNU PE3UCTOPOB HEOOXOAMMO MPOBECTH aHATU3 HOMHHAIIOB
PE3UCTOPOB, CBECTH WX B HECKOJIBKO TPYNH C ONU3KMMH 3HAYCHUAMHU
COTIPOTHUBIICHUS, a 3aTEM YK€ BBIOPATh IS KaXKJOU TPYIIIBEI MaTepHal.

OmnpenensieTcss ONTHUMAaIbHOE 3HAYCHHE YHEIHHOTO ITOBEPXHOCTHOTO
COTIPOTHUBIICHUSI PE3UCTUBHOW IUICHKHM C TOYKH 3PEHHS OOeCIeYeHus
MUHHMYMa IUIOMAaIH o pe3uctopamu rudpunnor UMC mo popmyne



" @

rae N — Yucio pe3ucTopoB; R; — HOMHUHAN i-ro pe3ucropa.

3. Bribupaercs mMatepuai pe3uCTUBHOH IUIeHKH (Ta0l. 1) ¢ yAeIsHBIM
COIIPOTUBIICHUEM, ONMKAWIIMK 1O 3HAYCHUIO K BBIUYUCICHHOMY ps onr
Hcnonp3yemble  MaTepuaibl  PETVIAMEHTHPYIOTCS  COOTBETCTBYIOLIMNMH
I'OCTamun u OCTamu. Crnemyer oOpaTHTh BHHMaHHE Ha TO, YTOOBI
TeMIepaTypHBIH KO3 PUITHEHT COTIPOTHUBIICHUS (TKC) OBLI
MUHHMAJIBHBIM, a JIOIyCTHMas yiAelbHas MOLIHOCTh paccenBaHus P, Obuia
MaKCHUMAaJIbHOM.

4. TlpoBomuTcs TNpoBepKa MPaBUIBHOCTH BBIOPAHHOTO MaTepHaia
PE3UCTUBHOMN TUIEHKU C TOYKU 3PEHUS TOUHOCTH M3TOTOBIEHUS PE3UCTOPOB.

[lomHast OTHOCHUTENbHAs IOTPEIIHOCTh H3TOTOBJICHHUS IUICHOYHOTO
pesucropa yr = AR/R cOCTOHUT U3 CyMMBI HOTPEIIHOCTEH:

YR =Vp T Vps T VRCT YRom T VRes (8)
TIe Ygp — MOTPEHOCTh Kod(pduimenta (Gopmbl Yig = % + %; Vps
MOTPENIHOCT BOCHPOU3BEACHUS BEIUYMHBI ps PE3UCTUBHON IMIIEHKH; YR —
TEMIIepaTypHasl TOTPEHIHOCTb; YRy — HOTPENIHOCTh, OOYCIIOBJIEHHAS
CTapeHHeM IUICHKH; )r, — IOrPEIIHOCTh MEPEXOJHBIX CONPOTHBICHUN
KOHTaKTOB [1].

IlorpemHocTh  BOCHPOM3BENECHUSI  YIEJIBHOTO  IIOBEPXHOCTHOTO
CONPOTHMBJIEHHS  },, 3ABHCHT OT YCJIOBHH HambUIEHWs U MaTepuana
PE3UCTUBHON IUIEHKU. B ycla0BHAX CEpUMHOIO IIPOU3BOJCTBA €€ 3HAUCHUE
He npeBbimaet 5 %, y,,=5%.

TemmneparypHas morpenIHoCcTh 3aBUCUT 0T 7KR maTepuana mieHKH:

YRt = OR * (Tmax — Trin ): (9)

e og — TEMIEpPaTypHBIA KOA((GUIMESHT CONPOTUBICHUS MaTepuala
IUICHKH, T max — | min — pPA00OYHI TUATIA30H TEMIIEPATYp.

9



[orpemHoCcTh  Yre;, OOYCHIOBIEHHAs CTapeHUEM IUICHKH, BbI3BaHA
ME[UICHHBIM ~HM3MCHEHHEM CTPYKTYphl IUICHKM BO BpeMEHH U eé
okucneHneM. OHa 3aBUCHT OT MaTepHana IUICHKH H 3I(PPEKTHBHOCTH
3aIUTHI, @ TAKXKE OT YCIOBUH XpaHEHHS W dKcIuryaTanuu. OOBIYHO JUIs
IT'MMC  ygc,, HE TpeBbimaer 3 %.

ITorpermHocTs NepexoAHbIX CONPOTUBICHUH KOHTAKTOB )R, 3aBUCHT OT
TEXHOJIOTHYECKHX YCIIOBUH HaIblJICHUS IUICHOK, yIEIBHOTO
COIPOTHBIICHHUSI PE3UCTUBHOM IUJIGHKM M TEOMETPHYECKHX pPa3MEpoB
KOHTaKTHOTO Mepexoja: IUIMHBI MEPEKPHITUS KOHTAKTHPYIOMMX IUICHOK,
mupuHbI pesuctopa. OObMHO Ygr, =1 +2 %.

W3 (8) ompenenseM yyg, KOTOpas NOJKHA ObITh Oonbine Hyns. Ecnn
7k < 0, HeoOXommMo BHIOpPaTh JpPYroil MaTepHald, C MEHBIINMH
3HAYCHUSAMH OCTAIBHBIX COCTABIIAIONINX HOTPEIITHOCTH.

5. Omnpenensercss KOHCTPYKIMS  PE3UCTOPOB MO  3HAYCHUIO
ko3 dunuenta Gopmsr Ky

kd,i = Ri /ps (10)

Ecmm 1 < kg < 10, To pekoMeH/yeTcs KOHCTPYHPOBAaTh PE3UCTOP
npsMoyronsHoit dopmer; mpu 0,1 < ki < 1 — ucHone30BaTh Pe3HCTOp
HPAMOYTONBHOH (POPMEI, y KOTOPOTo JUIMHA MEHbIIE IMPHHBI, Ky > 10 —
PE3UCTOP CIOKHOU (POPMBEL.

6. PaccunThIBalOTCS TPSMOYTOJBHBIC IMOJOCKOBBIE TOHKOIUICHOYHEIE
PE3UCTOPHI.

Bribupaem texsomoruro. OmpenenseM OrpaHHYCHHS TSI BEIOpaHHON
TeXHoJoTHH. J[lamee MPOBOAWM pacdeT MOCIEAOBATSIFHO U1 KaXKIOTro
pesucropa.

s pesuctopos, umetomux 1 < ky < 10, pacdyerHoe 3HaueHHe
IIMPHUHBI PE3UCTOPA OIIPEeeTCS U3 YCIOBUS

Bpaca > MaX { Diexr s Prowns Bp o (11)
rae bpacq - MHUHHUMAJIbHas IHI/IpI/IHa pe3I/ICTOpa, OHpeﬂeHHeMaH

BO3MOXXHOCTAMU BBI6paHHOFO TCXHOJIOT'MYECKOI'O IMpOoIIecca;
bTqu — MUpHHA pE3UCTOPA, onpeaesieMas TOUHOCTbIO U3IrOTOBJICHUS:

10



bTqu > (Ab +Al/ kC]J) / VK nous (12)

rae Ab, Al — morpemHocTH W3rOTOBICHHS INMPHHBL M UTMHBI PE3HUCTOPA,
3aBUCAIINE OT BEIOPAaHHOTO METO/a U3TOTOBIICHNS;

b, — MHUHUMaNbHAs LIMPUHA PE3UCTOPA, IIPH KOTOPOIl pacceHBaeTCs
3aJaHHas MOIIHOCTb,

(13)

3a mmpuHy b pesuctopa npuHHMaeTca Ommkaiimee K Dpcq
HanGoJblIee 3HAYCHHE, KPaTHOE IIary KOOPIHHATHON CETKH, TPHHIATOMY
IUIsT depTeka TOIMOJIOTHH C ydeToM Mmacmraba. JIjisl TOHKOIUICHOYHOM
TEXHOJIOTUH Il KOOPAMHATHON ceTkH 00bruHO coctamsieTr 0,01 wm
0,005 mm.

PacueTHast JyiMHa pe3UCcTOpa OnpeaessieTcs mo GopmyJie

|paw =b- k(j,. (14)

Ilomuas JUIMHa Ppe3ucTopa C Y4YCTOM MCPCKPLITUA KOHTAKTHBIX
IIOIIAJ0K ONPEACIIACTCS BRIPAXKCHUEM

lione =1+ 26, (15)

e e — pa3Mep MEPeKPBITHS PE3UCTOpPa W KOHTAKTHON IUIONIAIKU
(e =0,1 mm).
[lnomaznp, 3aHMMaeMasi Pe3UCTOPOM Ha IUIOIIAIKE, ONMPEACIACTCS 10
dhopmyie
S = luom - 0. (16)

JUis mpoBepKH MpaBUIBHOCTH pacueTa HaxoAsaTca JeHCTBHUTENbHAs
ylenbHas MOIIHOCTb PAaCCEHBAHUS U IMOTPELIHOCTb pe3ucTopa. Pesucrop
CIIPOEKTUPOBAH yAOBICTBOPUTEIILHO, €CIIM:

1) yaenbHast MOIITHOCTD PacCEHBAHHSI

P*(): P/S < Pq; (17)
11



2) morpemHocth Kod(pduuueHTa GOPMBI Y g,  HE IPEBBIIIACT
JOIMYCTUMOTO 3HAYCHUS g -

V*Kq) =Al/ Inmu +Ab/Db = YKo s (18)
3) CyMMapHas NnorpeuHoOCTb y*R HE MPEBBIIIACT JOIIYCKA YR:

YR= Vo F Vs + VRt F YRer F YRe < VRo (19)

rae ykg = Al/1+Ab/b.
Hus pesuctopoB ¢ 0,1 < Ky < 1 pacder HauMHAEM C ONpEAEICHUS
JUIMHBI, & 3aTE€M ONPEAEIIAEM IUPUHY.
PacderHoe 3HauYeHHe [UIMHBI PE3UCTOPOB ..., ~ BbIOWpaercs u3
YCIIOBHS
Ipacv > maX{ Imexy ; Imotm; Ip }l (20)

re |y, — MUHMMabHas JUIMHA PE3MCTOpa, OmpesensemMas paspelniaromei
CHOCOOHOCTBIO BBIOPAHHOTO TEXHOJIOTHYECKOr0 MeToAa (HOPMHPOBAHUS
koupurypauuw; ., — MHHAMaNbHas IJIHHA PE3UCTOpPA, MPH KOTOPOH
obecrieunBaeTcst 3a1aHHasi TOYHOCTb:

ITqu > (AI +Ab - kd)) / yKd) }:[on; (21)

Ip — MUHUMAJIbHAA AJIMHA pE3UCTOpa, Ipru KOTOpOﬁ paccenBacTCd 3aaHHasA

P-K i
Ly = /P_O‘i’_ (22)

st metoza poromurorpaduu .., = 0,1 Mm.
PacueTHas muprHa PE3UCTOPOB ONPEEISETCS MO (GOpPMYJIe

MOIITHOCTB:

bpac'-li = Fqu (23)

12



IlonHass panuHA pe3ucTopa € YYETOM MEPEKPBITUS KOHTAKTHBIX
IUIOMAA0K W IUIOH[afb PE3UCTOpa OMPEACISIOTCS COOTBETCTBEHHO IIO
¢dopmymnam (15, 16).

Hanee nposenem pacuer pesuctopoB C Ky > 10. Takne pesuctopsr
OyzneM BBHITIONHATH B (popme Meannpa. [lluprHa pe3ucropa pacCUUTHIBACTCS
TaK e, KaK 11 pe3ucTopoB ¢ 1 < Ky < 10.

JnvHa cpenHel TMHUU MeaHapa

lep = bpacy * Ky (24)

3agaeMcs pacCTOSTHUEM MEXY COCCTHUMH 3BEHBSIMH MEAHIPA iy -
Hus wmeroma ¢oronuTorpaduul  d,,;, OEpercs U3 TEXHOJOTHMYCCKHX
OTpaHMYEHUH, JUISI MACOYHOTO METOZa OOBIYHO 3aMAI0T 8min = Opacy. TaKHM
00pa3oMm, Imar oJHOTO 3B€HA t = 2 * bpyey MM t = Apin + Dpacy.

OnTuManbHOE YKCIIO 3B€HbEB MEAHIPa

lep

nOl'IT t

=W

(25)

ITpu meanape kBaapaTHOil hopmer L=B:

Nonr = w’ K¢2/2 (26)

OrmpeienuM JUTHHY MeaHIpa:
L=ng.-" (a + bpacq). (27)

OmnpenenyM MWUPUHY MeaHpa:

lcp_a'nonT

B = (28)

nOl'[T

Tarke HEOOXOAMMO YYHTHIBATh, YTO MPH KCITOJIb30BAHUH MACOYHOTO
METoa JIOJKHO BBITIOJIHATHCS COOTHOIIIEHHE Bax/ @< 10,
obecrieunBaroriee TpeOyeMyro )KeCTKOCTh MaCKH.

13



[lpuBeneHHBIE pacyeTHbIE COOTHOIICHMS HE YYHUTBHIBAIOT, YTO B
pe3nucTopax THIAa «MEaHAp» IUIOTHOCTh TOKa B M3rnOax HEpaBHOMEpHA.
HepaBHoMepHOe pacupe/eneHre INIOTHOCTH TOKa HabJIloaeTcs B peaenax
TpeX KBaApaToB obmacTu u3ruda (puc. 3).

b b b

b
7 b
7R 7
.‘-;'.',-'. SRR 7727

a 0
Puc. 3. KoHcTpykimu u3ru0oB pe3ucTOpoB THIA «MeaHap»: a — [ -
o6pasHusIit n3rub; 6 — [1-o6pasueiii u3rud [1]

Conporusnenne I1-06pasubix usru6os R, = 4 - pg 5 [-00pasubix -
R, =255p, . Jns yTOYHEHHOTO pacyera C YYETOM HU3rMOOB
KOHCTPYKIIMIO PE3UCTOpa TMPEICTAaBIIOT B BHAC IOCIEIOBATEIHHO
COCTUHCHHBIX  MPSIMOJNMHEHHBIX  y4acTKOB W m3ruOoB.  OOmiee

COIMPOTUBJICHUE 6yZ[€T OIIPEACIATHCS KaK

R; =R,m+ l"Tnps, (29)

rae R, — comporuBieHure u3rubOB; M — KOJMYECTBO M3ruboB; |, — miuHa
MPSIMOJIMHENHBIX YYaCTKOB; N — YKCIIO 3BEHHEB MEaH Ipa.
JnrHa npsIMOIMHEMHOTO y4acTKa OJJHOTO 3B€Ha MEaHIpa

Ri—m'Ry,

psn

l,= (30)

ITocne aToro koppekTupyloT pasMepsl L n B ¢ mensio obecrnieueHus
3aJaHHOTO HOMMHAJIa PE3UCTOPa U IPOBOST IPOBEPKY.
7. PaccunThiBaeTCs CyMMapHas IUIONIAlb BCEX PE3UCTOPOB.

14



2. IMocnenoBaTebHOCTD BbIMOJHEHHS PA0OTHI

1. 3yunte TeOpETHIECKYIO YacTh PaOOTHI.

2. Ilomyunre 3amaHWe B BHUAC TNPUHIOUNHAIBHON CXEMBI Yy
MIPEroAaBaTeIs.

3. CormacHO  TPUWHIUNHAAIGHOM  CXeMe  TPOBEOUTE  PACUETHI
MOIIIHOCTEH, BBIJENIAEMBIX Ha PE3UCTOPAX.

4. Beibepute MaTepuan pE3UCTHBHOW IUIGHKM W KOHTaKTHBIX
IUIOIAO0K.

5. PaccunraiiTe KOHCTPYKIUU BCEX PE3UCTOPOB.

6. Cnenaiite IpoBepKy pacueToB.

7. Ompenenure  CyMMapHyIO  IUIOHIA[b, 3aHAMAcMyld  BCEMH
pe3uCTOpaMH.

3. Copep:xanue oTyera

1. Lems paboTHI.

2. Pe3ynbpTaThl pacyeToB.

3. UepTexu TOHKOIUIEHOYHBIX PE3UCTOPOB B MAacCIITade C yKazaHHEM
pa3Mepos.

4. BBIBOJIBI IO MOJYYEHHBIM PE3YJIbTaTaM.

KoHTpoabHbIe BONpPOCHI

1. Yro Takoe ruOpuHast MHTETpaJIbHAs cxema?

2. HazoBure  TpeOoBaHWs,  MNpeabsBIIEMble K  MaTepHaiam
PE3UCTHBHBIX IUICHOK.

3. Ha3zoBure ocHOBHBIE MaTepHalibl pe3UCTUBHBIX TuIeHOK [ UMC.

4. HazoBute TpeOoBaHMs, IpeIbIBIsEMbIe K MaTepHalaM KOHTAaKTHBIX
IUIOIIAJIOK.

5. HazoBuTe OCHOBHBIE MaTepraIbl KOHTAKTHBIX momanok [ MTMC.

6. Kakne KOHCTPYKIIH OBIBAIOT Y TOHKOIUIEHOYHBIX PE3UCTOPOB?

7. Yto Takoe k03¢ HUIHEHT POPMBI TOHKOIUIEHOYHOTO pe3nucTopa?

8. [Topsimok pacuera pesucropa ¢ kosdpduirentom Gopmsl ot 1 o 10.

9. INopsimox pacyera pe3uctopa ¢ ko3pduuuentom opmst ot 0,1 1o 1.

10. ITopsimok pacdera pesucropa ¢ KodpQuIeHToM (HOpMEI OoJbIIe
10.

11. PacckaxuTe 0 MOACTPaUBAEMBIX PE3UCTOPAX.

15



12. Cioco0ObI MOATOHKY HOMHHAJA PE3UCTOPA.

Bub6aunorpaguyeckuii cnucox

1. Konenos JI.A. KoHCTpyHpOBaHNE W TEXHOJIOTHS MHKpPOCXeM: ydeO.
mmocobue st By30B. M.: Bricmas mkona, 1984. 232 c.

2. MepkynoB A.M., MepkymoB B.A. OCHOBBHI KOHCTPYHpPOBAHUS
HHTerpanbHbIX MuKkpocxeM. Camapa: M3ngarenscto CI'AY, 2013. 270 c.
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JlaGopatopnas paGora Nel
U3YYEHUE 3JIEMEHTHOU BA3bI U TOITOJIOTUH
MNHOJYIMPOBOJHUKOBBIX UHTET'PAJIBHBIX MUKPOCXEM

Heab padoTsl
N3yuuts Tononoruto nosaynpoBoaHukoBoir UMC 1o 3ajaHHOMY BapuaHTy, MPO-
M3BECTH U3MEPEHUS TOMIOJOTMYECKAX PAa3MEPOB JJIEMEHTOB U 3aPUCOBATH ICKU3BI dJIe-
MEHTOB NOJIynpoBogHUKOBOM MMC.

1. KpaTkue TeopeTnyecKkue cBeIeHUs

Humeepanvnas mukpocxema — KOHCTPYKTUBHO 3aKOHYEHHOE MUKPOAJICKTPOHHOE
U3JIeNue, BHIIOIHSIONIEE ONpeIesIeHHYI0 G yHKIIMOHATBHYI0 00pa00OTKy CUTHAJIOB, CO-
JIeprKallee COBOKYITHOCTh DJICKTPUUYECKHU CBSA3AHHBIX MEXK]Ty COOOM JIEMEHTOB U (MJIH)
KOMITOHEHTOB, U3TOTOBJICHHBIX B €IMHOM TEXHOJIOTMYECKOM ITHKIIE.

llonynposoonurxoeas unmezpanvruas mukpocxema (IIMMC) — Mukpocxema, Bce
AIIEMEHTBI U MEXKDJIEMECHTHBIE COCTUMHEHUS KOTOPOU BBHITIOJIHEHBI B 00BEME M Ha TI0-
BEPXHOCTH ITOJTYITPOBOTHUKA.

Kpucmann unmezpanvnou Mukpocxemvl — 9acTh OTYTIPOBOJHUKOBOM TUIACTUHBI,
B 00b€ME€ 1 Ha MOBEPXHOCTH KOTOPOU C(HOPMHUPOBAHBI DJIEMEHTHI TIOTYIIPOBOIHUKO-
BOH MHUKPOCXEMBI, MEXKAJIEMEHTHBIC COSMHEHUS M KOHTAKTHBIC TUIOMIAIKA (puc.
1.1).

Onemenm uHmMe2panrbHOU MUKPOCXeMbl — YacTh MHUKPOCXEMbI, PEaTU3yIOIIast
(GYHKIHIO KaKOTO-JTHO0 3IEKTPOPAINOITIEMEHTA, KOTOPast BBITIOJHEHA HEPa3IeIbHO OT
KpHUCTaJUIa U HE MOKET OBITh BbIJIEJIEHA KaK CAMOCTOSTEIILHOE H3ICIIHE.

Kopnyc unmeepanvroti mukpocxemot — 9actb KoHCTpyKinu UMC, npegHazHaueH-
Hasl JUTsl 3aIIUThl OT BHEITHUX BO3JICUCTBUM U JIJIsl COSTMHEHUS C BHEITHUMU JJICKTPH-
YECKUMH LIETISIMU C TIOMOIIIBIO BHIBOJIOB.

Koumaxmnas niowadka — METaITU3UPOBAHHBIN yJacTOK Ha IJiaTe, CIIy)KaIllui
JUTSI COSIMHEHUST BBIBOJIOB AJIEMEHTOB, a TaK)Ke JUIT KOHTPOJIS AJICKTPUICCKUX Tapa-
METPOB M PEKUMOB (YHKITHOHUPOBAHHUSI.

DaproboyHan CHECE

Coedunumensuee
npoebodnuNy

Apucmann

Leawamens
— KPUCTIING

4 >

N

Boibodnas
para -~

Puc. 1.1. Kpucramt UMC B m1acTMaccoBOM IIJIOCKOM KOPITYCE C ABYXPSAHBIM
PacnoJIOKEHUEM BBIBOJIOB
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ITox Tonosorueit UMC noHnMaeTcs B3auMHOE pacIioyIOKEHUE U COETUHEHUE dJIe-
MEHTOB MHUKpocxeMmbl (puc. 1.2). OCHOBHBIMH AJIEMEHTAMH IOJYIPOBOJHHUKOBBIX
NMC sBastoTCS: pe3uCcTOp, KOHACHCATOP, U0, OUTIONIAPHBIA TPAH3UCTOP, MOJIEBOU
Tpauzuctop, MIII-Tpan3ucTop u BcioMoraTellbHbIe 3JeMEHThI: Tudy3uoHHbIE TIe-
PEMBIYKH, KOHTAKTHBIE TUIOIAKN U (GUTYPHI COBMEIIICHHS.

e

~ | WEED

It i )
1 UE 5 T/ E @/‘V‘Tz,
) /5 L ! M

3 4 2 7 8
Puc. 1.2. ®parMeHT TOMOJIOTUN MUKPOCXEMbBI C OUTIOJIIPHBIMH TPAH3UCTOPAMU
Mmajioit momHocTH: VD1 — nuox (TpaH3ucTop B AMOAHOM BKIoueHun); V11, VT2 —
Tpau3uctopsl; R1, R2 — nuddy3nonnsie pesuctopsr; 1 — koHTaKTHOE OKHO K U dy-
3MOHHBIM pe3ucTopam; 2 — pP-obmacte pazaenutenbHoi nuddysum; 3...5 — KOHTYpHI
KOHTaKTHBIX OKOH K COOTBETCTBEHHO KOJUICKTOpPY, Oase, sMutTTepy; 6 ... 8 — obmactu
KOJIJIEKTOpa, 0a3bl, SMUTTEpA

N

.

1.1. Pe3ucropsl
Ha puc. 1.3 npuBeaeHsl TUIIMYHBIE KOHCTPYKLIUH pe3rcTopoB. Hanbonee pacmpo-
CTpaHEHbl PE3UCTOPHI MPAMOYTOIbHON (POPMBI KaK caMble IPOCThIE B U3TOTOBJICHUH.

e ¥ SECEREey R

a 0 B
Puc. 1.3. KOHCTpYKIIM ¥ TOMOJIOTHH HHTETPAIBHBIX PE3UCTOPOB: a — nuddy3u-
OHHBIN B 0a30BOM cJi10¢; 6 — M Py3nOHHBIN B SMUTTEPHOM CJIOE; B — ITMHY-PEZUCTOP
B 0a30BOM CJI0€

Pesucropsr nonynpoBoauukoBeix UMC GopMupyroTcs Ha OCHOBE CIIOEB: SIMUT-
TEepHOT0, 6a30BOr0 M 0230BOTO MO/ SMUTTEPHBIM (MTMHY-pe3ucTOphl). Eciiu 6a30Bblii 1
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AMUTTEPHBIN CJIOW MOJydaroT Iuddy3uei, To U pe3ucTOpbl HA3BIBAIOT Nupdy3uoH-
HBIMU.

Huddysuonnsie pezuctopsl B UMC hopMupyrOTCs B €AMHOM TEXHOJIOTHYECKOM
IIUKJIE OJJHOBPEMEHHO ¢ 0a30BBIMU U SMUTTEPHBIMU 00JIACTAMU OUMOJISIPHBIX TPAH3H-
CTOPOB. DTO yMPOIAET TEXHOJIOTHUYECKH Tpoliecc. Teno pe3ncropa pa3MenaeTcs B
KapMaHe N-TUIa MPOBOJUMOCTH, KOTOPBIHM pa3MelaeTcs B IulacTuHe P-tumna. s Hop-
MaJbHOUM paboTHI pe3ncTopa P-N-mepexo/l KapMaH — IJIACTHHA JTOJDKEH OBITh 3aKpPBHIT
(cMmereH B 00paTHOM HaIpaBJIEHUH ). DTO IOCTUTAETCA MOJjaueii Ha IJIACTUHY CaMOTo
HU3KOr0 MOTEHIMala MUKpocxeMbl. [lofikiouenre pe3nctopa K ApyruM dJIeMEeHTaM
CXEMBbI OCYIIECTBIISIETCS Uepe3 KOHTAKTHBIE OKHA C TTIOMOIIBIO TPOBOJIHUKOB METAJIIH-
3alluu.

Juddy3noHHBIE pe3UCTOPBI HA SMUTTEPHOM N*-CJI0€ U3-3a CUIIBHOTO JISTHPOBAHUS
MOJIy4arOTCs HU3KOOMHBIMH, UX MPUMEHEHUE OTPAaHUYUBACTCS HU3KUM MPOOHUBHBIM
HarnpsbkeHueM (5-7 B) p-n-nepexona smuttep-6a3a. st mosrydeHus BHICOKOOMHBIX
PE3UCTOPOB MPUMEHSIIOT NUHY-pe3UCmopsbl (3a CUET YMEHBIICHHS TUIOMAAN ToTepey-
HOTO cedyeHus). TonmHa 6a30BOTO CJI0S YMEHBIIICHA 33 CYET IMUTTEPHOTO cios1. Tpe-
Th€ KOHTAKTHOE OKHO Ha MHHY-PE3UCTOPE HEOOXOIUMO /ISl MOAKIIOYCHUS IMUTTEP-
HOTO CJIOSl K BBICOKOTIOTEHIIMAIBHON YacTH JUIA 3alupaHus P-N*-mepexojia Ha pe3u-
cTope.

KoHcTpyKiiis MOHHO-TIETHPOBAHHOTO PE3UCTOPA MPAKTUIECKH HE OTIMYACTCS OT
KOHCTPYKIMH, pacCMOTPEHHBIX BbImie. OIHAKO TEXHOJIOTUS WOHHOTO JIETUPOBAHUS
MO3BOJISIET MOJIYYUTh TOHKHE CJIOU C BBHICOKUM 3HAYEHUEM YJEIHHOTO MOBEPXHOCT-
HOT'O COIIPOTHUBJICHHUS.

B Tab6n. 1.1 npuBeneHbl TUMUYHBIE 3HAYEHUS TOJIIMH CJIOEB M MOBEPXHOCTHBIX
YAEIBbHBIX CONMPOTUBIEHUI pe3UCTOPOB NOIYITPpOBOAHUKOBBIX UMC.

Tao0mn. 1.1
XapaKTEPUCTUKHA HHTCTPAIBHBIX PE3UCTOPOB

VY nenpHOE TOBEPXHOCT-
TonmuHa cios
Tumn pesucropa q HOE€ COTPOTHBIICHHUE ps,
, MKM
Owm/O
Jnddy3nonnblil Ha 6a30BOM clioe 2,5-3,5 100 — 300
Jlnbdy3noHHBIN HA SMUTTEPHOM CJIOE 1,2-25 1-10
[TuHu-pesucTop 0,5-1,0 1000 — 3000

1.2. KonaeHcaropbl
B nonynpoBoaunkoBeix UMC paznuyaroT 1Be pa3HOBUIHOCTHA KOHJAEHCATOPOB:
M/I1-xonaencatop u nuddy3nonHslii konaencarop. Huwxuss o6knaaka MATT-kon-
AeHcaTopa oOpa3oBaHa N*-3MUTTEPHBIM CJIOEM, & BEPXHSIS OOKJIaJIKa METaINYeCKast
(puc. 1.4).



a
Puc. 1.4. Konctpykuus (a) u tononorus (60) MAII-konnencaropa

st popmupoBanust 1udy3MOHHBIX KOHICHCATOPOB HCIOIL3YIOTCS OaphepHbIC
€MKOCTH 00paTHO CMEIIEHHBIX P-N-TIEPEX0/I0B: SMUTTEP-0a3a, 6a3a-KOIEKTOP U KOJI-
JICKTOp-TUTaCTUHA.

B nacTosiiiee BpeMsi BMECTO peasIbHBIX EMKOCTHBIX MJIM UHTYKTUBHBIX AJIEMEHTOB
(60BIION €MKOCTH) MCIOJIB3YIOT UX DJIEKTPOHHBIE aHAJIOTH — TMPATOPHBIE CXEMBI,
MMUTHPYIOIINE CBOMCTBA MHAYKTUBHOCTEH U €MKOCTEH.

1.3. bunoJisspHbIe TPAH3UCTOPHI
B nonynpoBognukoBeix UMC Ounomnsipasiii N-p-N-TpaH3UCTOP SIBISETCS OCHOB-
HBIM CXEMHBIM 3JIeMeHTOM (puc. 1.5). ¥V n-p-n-TpaH3ucTopoB OBICTPOACHCTBUE TIPH
MIPOYMX PABHBIX YCIOBUSX JIYUIIIE, UeM Y P-N-P-TPaH3UCTOPOB. DTO OOBICHAETCS TEM,
YTO MOABUKHOCTB 3JIEKTPOHOB BBIIIIE, YEM JBIPOK.

BN BSRNanans

A A A A

a 0
Puc. 1.5. Koncrpykuus (a) 1 Tonosiorus (6) OUMOJISIpPHOTO TpaH3UCTOpa:
1- smutTep; 2 — 6aza; 3 — KOJJIEKTOP; 4 — CKPBITHIN CIIOH;
5 — MPUKOHTAKTHAs 00JaCTh KOJIJIEKTOpa

OMHUTTEp TPAH3UCTOPA CHIBHO JIETUPYIOT JJIS TOJYYCHHS] MAaKCUMAIBLHOTO KOd(]-
¢unuenta umxkeknuu. ba3dy nemaror TOHKOW (HamMHOTO MeHbIne audQy3noHHON
JUTMHBI MTHKEKTUPYEMBIX B 0a3y 3JIEKTPOHOB) /ISl TIOBBIIIEHUs KOdhdUIreHTa nepe-
HOCA U HU3KOJIETHPOBaHHOM. [10IKOIIICKTOPHBIN CKPBITHIN N*-CII0M HYKEH JIJIs YMEHbB-
IIICHUS] COMPOTUBIICHUS KOJUIEKTOPA B PeKUME HachIeHUs1. O0J1acTh KOJIJIEKTOPHOTO
KOHTAKTa JICTUPYIOT 10 N* I IPEe0TBpaIleHUs] 00pa30BaHMs Mapa3sUTHOTO P-CIIOS B
cinyyae nuddysun |1-BareHTHOTO aTFOMUHMSL.
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B ananoroseix UMC HaxoAsT npruMeHEeHNe TOpU30HTaIbHBIE P-N-P-TPaH3UCTOPHI,
COBMECTUMBIE C IUIAHAPHO-IUTAKCHAIBHOW TEXHOJOTUEH W3rOTOBJICHUS N-p-N-
Tpan3uctopos (puc. 1.6).

|

S ©

R <

[ K w
elelele!

=

o

a 0
Puc. 1.6. Konctpykuus (a) u Tonosorus (6) OUMOISIPHOTO TOPU30HTAIBHOTO
TPaH3UCTOPA
1.4, Inoabl

Juonsl nosnynpoBoaHUKoBbIX UMC MoxHO copmupoBaTh Ha JitoOOM U3 P-N-
NEPEX0/I0B TUIaHAPHO-3MUTAKCHAILHOTO TpaH3uctopa (puc.l.7). Haubonee ynoOHBI
IUI 3TUX 1IeJiel epexoibl IMUTTEp-0a3a u 6a3a-kouiekTop. Ilpu cooTBeTCTBYIOIIEM
BbIOOpE BapHaHTa JUOJHOTO BKJIIOUEHHUS TPaH3UCTOpa BO3MOXKHO IM0J00paTh ONTH-
MaJibHbI€ MapaMETPhl O OBICTPOJAEHCTBUIO, TPOOMBHOMY HAIPSKEHUIO, 0OpPaTHOMY
TOKy (Tabm. 1.2).

6

e ———

2 a

Puc. 1.7. KoHcTpyKIIuM UHTETPAJIbHBIX AUOJIOB: @ — Ha OCHOBE Tiepexo 1a 0a3a-
AMUTTEP C KOJIEKTOPOM, 3aKkopodeHHbIM Ha 0a3y (BK-03); 6 — Ha ocHOBe mepexo/ia
KOJUIEKTOp-0a3a ¢ IMUTTEPOM, 3akopodeHHbIM Ha 0a3y (bO3—K); 6 — ¢ ucmonr3oBa-
HUEM SMUTTEPHOTO M KOJIJIEKTOPHOTO MEPEX0/I0B, KOT/Ia YMUTTEPHBIC U KOJUICKTOP-

Hble oonactu coequHensl (b—2K); 2 — Ha ocHOBe mepexoja 6a3a-3MUTTEpP C pa3o-

MKHYTOMH 11enbio KoJuiekTopa (b—3), 0 — Ha ocHOBe mepexoia 6a3a-KoJIEKTOp ¢ Pa3o-
MKHYTOH 1ensro amurrepa (b—K)



Tabmn. 1.2
ITapaMeTpsl MHTErPAIBHBIX JUOJIOB
Bapuant nquonnoro | IlpoGuBHoe O6paTHbiii ToK beicTponenicTBue, Bpems
BKJIFOUEHUS HaIpsHKEHUE e, HA BOCCTaHOBJIEHUSI OOPaTHOTrO
TPaH3UCTOPA Unp, B P TOKA Tgocr, HC
bK-3 /7 —8 1,0 10
bE9-K 40-70 30,0 50
b-K3 7-8 40,0 100
b-0 7—-8 1,0 50
b—K 40-70 3,0 75

1.5. ITos1eBbIE TPAH3UCTOPBI
Ha puc. 1.8 npuBeneHa KOHCTPYKIIUS MOJEBOI0 TPAH3UCTOPa C KaHAJIOM N-TUIA
npoBoauMocTu. Kanan oOpasyercst Mekly CTOKOM U UCTOKOM. ToJilMHa KaHaia pe-
T'YJIUPYETCS IBYMsI OOpaTHOCMEIIICHHBIMH P-N-TIePEX0JIaMH: 3aTBOP-IITUTAKCUATIbHBIN
CJIOM ¥ 3IIMTAKCHUAJIbHBIN CJION-TIOIJIOKKA.

Focclssl 7
7
e
” ? o
7. 7
m 3 C
a 0

Puc. 1.8. Konctpykuus (a) u Tonosnorus (0) moseBoro TpaH3ucTopa

1.6. Bcmomorareabnbie 3jieMenTbl IMMC

OnemenThl [TMMC 3aekTpuuecKky COeAMHEHBI MEXAY COO0M ¢ TOMOIIBIO METAJI-
JUYECKUX TUICHOYHBIX MPOBOJHUKOB, PACIOJIOAKEHHBIX HAa MOBEPXHOCTU U30JIUPYIO-
LIETr0 OKUCIIA WIM MEXKCIOMHOM n30sauuu. KoHTakTupoBaHue npoBOAHUKA CO BCEMU
00JacTsIMU KpHCTAJIJIa OCYIIECTBISICTCA Yepe3 KOHTAKTHOE OKHO B OKHUCJIE, TPUYEM
JUISL TIOJTYYEHHUSI HAJEKHOTO KOHTAaKTa OKHO 3aKpbIBAETCS MPOBOJHUKOM C MEPEKPHI-
THEM.

Jlsist Toro uToOBI 00ECTIeYUTh HEOOXOANUMYIO H3OJISIIIUI0 MEXKIY TBYMS Pa3HBIMU
TpaccamMy METAJUIN3ALMH, B BAPUAHTE TOIOJIOTUH C OJHOCIOMHON METaJUTU3alUEN UC-
MOJIB3YIOT BCIIOMOTATENIbHBINA JIEMEHT — Ouhpysuonuyro nepemviuxy. B Takoi nepe-
MBIYKE OJIMH ITPOBOJIHUK PACTIONIOKEH Ha TOBEPXHOCTH U30JUPYIOLIETO OKUCIIA, a APY-
roi mpoJjieraer moj HUM B BUJE ydacTka P*- win n*-cios (puc. 1.9). JuddysuonHas
NepeMbIYKa 0 CYIIECTBY SBISETCS HU3KOOMHBIM AUG(PY3UOHHBIM PE3UCTOPOM, HA
TEJIOM KOTOPOTO MPOJI0KEH MEPECEKAIOIINICA MPOBOIHUK.



a
Puc. 1.9. IIpoknaaka mvH MeTaJUIM3AIMY HAJl KAHAJIIOM pe3ucTopa (a) u uepes n*-
nepemMbIuKy (0)

Bropeim BcnomorarensabiM dsemeHToM [IMMC saBnsieTcst BHEIIHASA KOHmMaKmHast
nrowaoka. OHa IpeIHa3HAYeHa JUIsl SJIEKTPUUECKOr0 COEAMHEHUS KpUCTAILIa C BHEI-
HUMH BBIBOJAMHU KOpITyCa C MOMOUIbIO TMOKUX MPOBOJHUKOB. OT KpHCTaia IUIO-
[a/IKa U30JUPYETCS OKUCIIOM, a OT BHEIIHEH Cpe/ibl MaCCUBUPYIONMIUM (3aIlIUTHBIM)
CJIOEM, B KOTOPOM JIEJIa0T OKHO JIJIsl IPUBAPKU BHEITHETO THOKOTO BHIBOJIA.

[Tocneaaum BecrioMoraTenbHbIM 35ieMeHTOM [TMMC sBasitoTcst ghueypul cosmeuye-
Hus. OHU UMEIOT MPSIMOYTOJIBHYIO WJIH KPECTOOOPa3Hy0 (pOpMY WIIH BBITIOTHSIOTCS B
BUJIe HAOOpa PUCOK pa3HoM TommuHbl. Kaxnas ¢urypa cocTOUT U3 IBYX KBaJpaToOB!
OCHOBHOTO (BHEIIIHETO) U BCTPOEHHOTO (BHYTpeHHEr0). KauecTBo coBMeIIeHUs onpe-
JEJSI0T IO B3aUMHOMY TTOJIO’KEHHIO OCHOBHOT'O U BCTPOEHHOTO KBaipatoB. CoBmerie-
HUe OyJIeT uacalbHbIM, €Clii BCe (PUTYphl KOHIIEHTPUYHBI. Yaille Bcero purypsl coB-
MEILIEHHS pacroJiaraloT Ha nepudepur KpUucTajijia MKy BHEUTHUMH KOHTAKTHBIMHU
TJIOIIAIKAMH.

1.7. MAII-TpaH3ucropsbl

M/II-Tpan3uctop umeer 4 BbIBOJIA: UCTOK, CTOK, 3aTBOP U NOAJI0KKA. OCHOBHBIMU
KOHCTPpYKTUBHbIMU mapamerpamu MJIII-Tpan3ucropa sBisitoTcs AJiMHA KaHana Lk u
mmpuHa Kanana b, (puc. 1.10). [ns oOecriedyeHus: HaJAEKHOTO HaBEJACHUS KaHaja C
Y4E€TOM BO3MOKHOTO HECOBMEIIEHUS OTACIBHBIX 00JIaCTel 3aTBOP JOJKEH pacioa-
raThCsl HaJl KAHAJIOM C HEKOTOPHIM (HEOOIBIIINM) TEPEKPHITHEM.

Ocobennocteio MJIIT UMC siBIsieTcst TO, YTO B KQUSCTBE MACCHBHBIX JIEMCHTOB
ncnosib3yroT M/III-tpan3uctopsl. [Ipu ucnons3oBanuun M/III-Tpan3ucropa B kaue-
CTBE pE3UCTOpa HEOOXOIMMO Ha €T0 3aTBOP M0J1aBaTh MOCTOSIHHOE HAIpsKEHUE, Be-
JUYUHA KOTOPOTro OYyJIeT ONpeieNiaTh HOMUHAJ CONPOTUBIICHUs. B KauecTBe KOHCH-
catopoB B M/IIT UMC ucrnonb3yroT eMKOCTb 3aTBOP-IIOJJIOKKA WIIM OaphEePHYIO eM-
KOCTb P-N-Tiepexo/ia CTOK (MCTOK)-TIOIJIOKKA.
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Puc. 1.10. Konctpykuust M/II1-tpan3ucropos: a — N-M/I1-Tpan3ucrop; 6 — p-
M/II-Tpan3uctop; B — koMImmuMeHTapHas napa tpan3uctopon: OKj, OK;, — oxpan-
HBIE KOJIbLIA

1.8. Cnnoco0bI H3011LMH DJIEMEHTOB
Mex 1y akTHBHBIMU U TaccuBHbIME diieMeHTamu [IMMC HeoOxommuMo obecrieunThb

HAJISKHYIO SJIEKTPUUYECKYIO U30JISIIHIO.
PaznuuaroT Tpu coco6a U30sIuu:
e 00paTHOCMEIICHHBIM P-N-TIepeXxo/10M (HEAOCTATOK — HAJTUYKE Tapa3uTHBIX eM-
KOCTEH U TOKOB YTEUKH);
® JMRJIEKTPUKOM (MEHbIIasi UHTETPAJIbHAS INIOTHOCTb, CJI0KHOCTh TEXHOJIOTHUN);

® KOMOMHHUPOBAHHBIN.
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1.9. IlapameTpbl MHTErPaJIbHBIX MUKPOCXEM
Cmenenv unmezpayuu unmezpaibHol mukpocxemovl K — 3T0 TokazaTesnb CTEICHU
cnoxknoctu MMC B 3aBUCUMOCTH OT YKCJIa B HEN 3JIEMEHTOB U (MJIM) KOMIIOHEHTOB
K=IgN, (1.1)
rae N — kondecTBO 21eMeHTOB U KoMmoHeHToB UMC.
Humeepanvhas niomHocms MUKpocxemsi M — YUACIO 3JIEMEHTOB M KOMIIOHEHTOB,
npuxonsimuxcs Ha eguauny mwiomanau UMC (¢ yuetom kopmyca, HO 0€3 BEIBOJOB)
m=N/S, (1.2)
r7e S — IIoIIab MUKPOCXEMBI C YIETOM KOpITyca.
s 6eckopnycHbix UMC BBOAUTCS MOHATHE MHTErpasibHAs MJIOTHOCTh HA MOJ-
JIOKKE (KpHUCTAILIE):
m'=N/S, (1.3)
rje S — miIomaab mouioxkku (kpucramia) UC.

2. Onucanue J1a0OPATOPHOI YCTAHOBKH

J171s1 BBITOSTHEHUSI paOOTHI UCTIOJIB3YETCS ClIeIyIONas arnaparypa: onTudeckas cu-
cTeMa BUACOHAOJIIOCHUS C BUACOKAMEPOH, MOHUTOP, KOMIIBIOTED C IJIATOM BHUI€03a-
XBaTa, KacCeThl C o0pasiamMu, JIyrna, MUKpOMETpUYECKas JIMHEHKA.

JI1st mostydeHust n300paKeHUsl TOMOJIOTUU UHTETPATbHON MUKPOCXEMBI HCTIOJIb3Y-
eTCSl CHCTeMa BHUCOHAOMI0IeHUS aTOMHO-cuioBoro Mukpockorna NTEGRA. Ona
obecrnieunBaeT MojiyueHue n300paxkeHuil ¢ yeenuuenuem B 85 — 1050 pa3. OcHoB-
HBIMU 3JIEMEHTaMH KOHCTPYKIUHA ONTUYECKOU CUCTEMBI SIBJISIOTCS: BUJIEOMHUKPOCKOIL,
MO3UIUOHUPYIOIMIUNA IITATUB, OJIOK OCBETUTEISI © MOHHUTOP. DJIEMEHT KOHCTPYKIIUU
ONTHYECKON cucTeMbl ipuBeACH Ha puc. 1.11.

3. IlopsigoK BBINOJIHEHHS PadOTHI

1. Ucnionb3ys MUKpOMETPUUYECKYIO JIMHENKY, onpeennTe KodPPUIUEHT ONTHYE-
CKOT'0 YBEJIMYECHHSI MUKPOCKOIIA U LIEHY AEJNECHUS LIKaJIbl OKyJsipa MUKpocKkoma. [{ns
ATOTO PACIIOJIOKATE MUKPOMETPUYECKYIO JINHENKY Ha MTPEAMETHOM CTOJIMKE, HAXOS-
niemMcs noJl 0Ob€KTUBOM BHIEOMUKpPOCKOMa. C MOMOUIBI0 FOCTUPOBOYHBIX BUHTOB IO-
3UIIMOHEPA BUICOMUKPOCKOIIA OTPETYIMPYHTE €ro NOJ0KEHHUE TaK, YTOObI LIEHTP 00b-
€KTHBA HaXOJWJICS HaJ NEHTPAIbHBIM «OKOIIKOM» JIMHENKU. Bpamnias perynsarop yse-
JUYeHUsI, 10OeUTeCh, YTOOBI N300paKEHUE MUKPOMETPUUYECKON JTMHEHKHU 3aHUMAJIO
BECh dKpaH MOHHUTOpA UEAUKOM. [Ipr HEOOXOIMMOCTH MPOBEAUTE TOUHYIO (HOKYCH-
POBKY. 3alIOMHHTE MOJI0KEHHSI PETYJIATOPOB YBEIMUEHHUS M TOUHOM HacTpoiiku. Ompe-
JeJINTe TOPU30HTANIBHBIN pa3Mep U300paKeHUsI Ha HSKpaHe MOHUTOPA, COCYUTAB KOJIH-
YECTBO JEJICHUM, NMEPEeKPhIBAIOIIMX dKpaH. LleHa neneHus MUKPOMETPUYECKOW JIH-
HEWKHU yKa3aHa Ha €€ KOpIIyce.

2. Paccmorpute moj MHUKPOCKONOM oOpa3el 3aroTOBKH MOJYIPOBOJHUKOBOI
NMC. [Ins1 3TOr0 NOJIOKHUTE UCCIAEAYEMYIO MUKPOCXEMY Ha ITPEAMETHBIN CTOJMUK. W3-
MEHsI HACTPOMKHU YBEIUYEHHUS, MOJYyUYnUTe YETKOE U300paKeHUE MOJHONW TOMOJOTUN
KpucTamia MUKpocxembl. COXpaHUTe MOJTYyYEHHOE U300paXKeHue, UCOb3Ys CIelH-
aJbHYIO MIPOTPaMMy BUIE03aXBaTa HA KOMIIBIOTEPE.
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Puc. 1.11. DnemeHTbI HACTPOUKHU U300paXkeHust: | — peryasTop yBeIHUUeHUs; 2 —
MOAYJb TpaHcokaTopa; 3 — pyuka MexaHu3ma rpyooi oKycupoBKu; 4 — KOJIBIO
TOYHON (DOKYCHUPOBKH; 5 — CBETOBOJIHASI CUCTEMA; 6 — FOCTUPOBOYHBIEC BUHTHI MO3H-
MOHEPa BUJIEOMHKPOCKOIA

Omnpenenute snemeHTHy0 6azy UMC. Haiiaute Ha MUKpOCXeMe MacCUBHBIC, aK-
TUBHBIE, TEXHOJIOTUYECKUE U KOHCTPYKTUBHBIE 3JIeMeHThI. KOHTYp 001aCTH U30ISI1IUN
TUAJIEKTPUKOM (KOHTYp «KapMmaHa») UMeeT BHUJ TEMHOW YTOJIIEHHOW JIMHUH, MPU
ATOM IPSIMBIE YTJIbl B KOHTYpE 00s13aTeIbHO 3aKpyIiieHbl. BHE KOHTYpa «kapMaHa» Ha
MOBEPXHOCTU KpHCTaJIa HAONIOJAI0TCS XapakTepHble KpanuHku. KoHTyp obOmactu
M30JISIIUN P-N-TIEPEX0A0M UMEET BT TOHKUX TEMHBIX JTUHUHN C MPSIMBIMH yTJIaMu 0e3
3aKpYyTIICHUMN.

3. Onpenenure macmtad uzoopaxkenus tonosoruu UMC, mist gero yctaHoBUTE
HAaCTPOMKH MUKPOCKOIIA B TTOJIOKEHUS, TPU KOTOPHIX Oonpeessuics KodhGUIMeHT yBe-
mudeHus. [Ipu HE0OX0UMOCTH U3MEHUTE MOJI0KEHUE MOy TpaHchoKkaTropa ¢ mo-
MOIIBIO FOCTUPOBOYHBIX BUHTOB. [10J1b3ysICh TEM, YTO TOPU30HTAIBHBIN pazMep MoJIy-
YEHHOTO M300paKeHNS HA MOHUTOPE U3BECTEH, ONPEACIIUTE pa3Mepbl 00acTel, yKa-
3aHHBIX MPETOIABATEIEM.

4. IMonyuurte n3o00paxeHust OTACIbHBIX JIEMEHTOB MUKPOCXEMBI B YBEJITUYECHHOM
Macirade. CoxpaHuTe BCe MOJTyYEHHbIE U300paKeHUs TOTIOJIOTHH, UCTIONB3YsI CTICITHU-
aJbHYIO MPOTPaMMy BHJI€03aXBaTa.

5. Onpenenure xonuuectBeHHble mapamerpsl MMC — crenenn unterpanuu K un
MHTErpaJIbHYIO IUIOTHOCTh Ha KpUcTayie m'.

6. 3anomHute Tabn. 1.3, ucnonb3ys COXpaHEHHbIE PE3YJIbTAThl BU3YaJIbHOTO
OCMOTpA U pe3yJIbTaThl OMPEAECICHUS PA3MEPOB JIEMEHTOB.
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Tabmn. 1.3
Xapakrepuctuku 1 napamerpsl [IMMC

O6o3HaucHHBIA No | Bermomasemas | KomxnuectBo Creniens | [moTHOCTH
3JIEMEHTA Ha byHKIHS KOHTAKTHBIX | WHTErpa- | YMaKOBKHU
MHUKPOCXEME SIIEMEHTA IUTOMIAI0K AU Ky, cm

7. Ilpou3Benure pacuyeT reOMETPUN KOHCTPYKTUBHBIX [1apaMETPOB 2JIEMEHTOB I10-
JYNPOBOJHUKOBOW MUKPOCXEMBI, YKa3aHHBIX IIpernogaBaTesieM: st AU(PPY3HOHHOTO
pesucropa — anuHsb | v mmapune! b; s MIT-xonaencaropa — mumHb lg 1 mupuHbT by
BEPXHEH 0O0KIAIKU; Ui OUTIOSIPHOTO TPaH3UCTOpa — AMHBI | 1 mupuHBL b 6a30Boit
obmactu; s MJII1-Tpan3ucropa — anuns! | 1 mmpuab b 3aTBOpa. Hanecute TH pas-
Mepbl B MUKPOMETPAX Ha 3CKU3 TOMOJIOTHH.

8. Ilo 3amanuio mpenoiaBaTesis HAYEPTUTE ICKU3bl KOHCTPYKIIUM YKAa3aHHBIX JJie-
meHToB IMC.

9. Ha o6mieii Tonmomornn UMC 3anaiite 0003HaUCHUS aKTHUBHBIX, TACCUBHBIX H
BCIIOMOT'aTeJIbHBIX AJIEMEHTOB. VccnenyiiTe KOHTaKTHYIO METAJIIM3ALMIO Ha TTOBEPX-
HOCTHM KpucTtajuia. I1o pe3ysbpraraM JaHHOTO aHAIM3a HNOCTPONTE NPUHLUIHAIBHYIO
ANEKTPUUECKYIO CXEMY, COOTBETCTBYIOIYIO pa3Bojike MeTaym3anuu B [IMMC.

4. CoaeprxkaHue oT4YeTA

1. Kpatkoe omnucanne KOHCTPYKIIMH 3JIEMEHTOB MOJTYNpoBOAHUKOBEIX MMC c
ACKM3aMU TIOTIEPEYHBIX ceueHuil nuddysuonHoro pesucropa, MIII-konaeHcaTopa,
IJIAHAPHO-3MUTAKCUAIBHOTO  TPAH3MUCTOPa, N-KaHAIBHOrO W p-kKaHanbHOTO M/III-
TPaH3UCTOPOB.

2. 3amosTHEeHHAs 0 pe3yabTaTaM padboTsr Tadd. 1.3.

3. Ockus Tononorun UMC B macmitabe ¢ ykazaHueM THIa MPOBOANMOCTH, Ha3Ba-
HUS ¥ pa3MepoB 001acTel B MUKPOMETPAX.

4. DCcKkn3bl KOHCTPYKLHI OTAEIbHBIX UHTETPAIBHBIX 3JIEMEHTOB.

5. [IpuHuunuaneHyto anekTpuueckyro cxemy UMC.

5. KoHTpO/ILHBIE BONIPOCHI

1. Kakumu napameTrpaMu XapakTepHU3yrTCsI MUKPOCXEMBI?

2. Kakuie KOHCTpYKIIUY UHTETPAIbHBIX PE3UCTOPOB, KOHICHCATOPOB BaM U3BECTHBI?

3. Uto Takoe TOmoJI0THs MHTErPATbHON MUKPOCXEMBI?

4. Yto Takoe aKTUBHbIE U MTacCUBHBIE AeMeHThl UM C?

5. Kakum 06pazom peanuzyercst U301 JIIEMEHTOB B MUKpPOCXeMax?

6. Uto Ha3biBaeTCs KOHTAaKTHOM mutomaakoit UMC? Jlnia yero ona npegHa3zHayeHa?

7. O1ieHUTEe OTHOIIICHUE COTIPOTUBJICHUHN ABYX UHTETPAbHBIX PE3UCTOPOB, YKa-
3aHHBIX MPENOaBaTeIeM Ha MUKPOCXEME.

8. Kak paccunrtarh yaesnbHOE TOBEPXHOCTHOE COMPOTUBIICHHE TU(DPY3MOHHOTO
pe3ucTopa 1o U3BECTHOW TOMOJOTUM U HOMUHATY COMPOTUBIICHUS?

9. Kak paccunrath yneabpHyI0 eMKOCTh KOHJICHCATOPA 110 U3BECTHOM TOTOJIOTHH
Y HOMUHAIIy EMKOCTH?
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JlaGopaTopHasi paéora Ne2
MOIEJHUPOBAHUE ITPOLNECCA MATHETPOHHOI'O PACIIBUUIEHUS
MATEPHAJIA UICIAPUTEJISI KOJBLEBOK ®OPMBbI

Heab padoTsl
N3yunth nponecchl MarHETPOHHOTO PACIBUICHUS MATEPUATIOB C MOCIIEIYIOIIUM
OCaXJICHUEM, MTPOU3BECTU PacyeT TOJIIMHBI HANBUISIEMON TJICHKH U €€ pacrpesene-
HUSI B 3aBUCUMOCTHU OT paJiyca MOJIJIOKKH U PACCTOSIHUS 10 UCTIAPUTEIIA.

1. KpaTkue TeopeTnyecKkue cBeAeHUs

Onnum 13 Haubosee 3 PEeKTUBHBIX METOI0B HAHECEHUS IIJICHOK B TNIAHAPHOM TeX-
HOJIOTUH SIBIIIETCSI METOJ] MATHETPOHHOT'O PACIBUICHHS] MAaTEPUATIOB. JTOT METO/I SIB-
JSI€TCSl PAa3HOBUIHOCTHIO MOHHO-TIJIA3MEHHOTO pacnbuUieHUs. PacibuieHne Marepuana
B OTHX CUCTEMaX MPOUCXOIUT 3a CYET OOMOAPAUPOBKH MTOBEPXHOCTU MUILIEHA HOHAMHU
pabouero raza. CKopocTh paclbUIeHHs B MarHeTpoHHo# cucteme B 50 — 100 pa3 Bbiie
[0 CPAaBHEHUIO C OOBIYHBIM MOHHO-TUIA3MEHHBIM pacibuieHHuEM. Bbhicokas CKOpOCTh
paclbUIeHUs MaTepuaia B MAarHETPOHHOM CUCTEME PACHbUICHUS OTIPEACIISIETCS. BBICO-
KOU TJIOTHOCTBIO MOHHOTO TOKA Ha MUIIIEHb. BBICOKAs MJIOTHOCTH MOHHOTO TOKA J10-
CTUTAETCA 3a CUET JIOKAJIU3aIH TJIa3Mbl Y IOBEPXHOCTU MUIIEHU C TTIOMOIIBIO CUJIb-
HOT'O MOINEePEYHOT0 MATHUTHOTO TIOJIS.

!
[ 4
| \6
A A 5
4 3
B
o] —1
i N S N \
™2
S N S

Puc. 2.1. CxeMa MarHeTpOHHOM CUCTEMBI paciblieHUs: 1 — MUIlIeHb; 2 — Mar-
HUTHAs CUCTEMa; 3 — 30HA paciblUIeHUs (3PO3KH); 4 — MATHUTHBIE CUIJIOBBIE JIMHUH;
5 — IOTOK pacHblIAEMOro BEIECTBA; 6 — MOUI0XKKA; 7 — MOJI0KKOIEpKATENb

CxeMa MarHeTpOHHOW CHUCTEMBbI paciblUIeHUs MoKa3aHa Ha puc. 2.1. OCHOBHBIMU
AJIEMEHTAMU CUCTEMBI SIBJISIFOTCS MUILIEHD | M1 MarHuTHas cuctema 2. MarHuTHbIE CH-
JIOBBIE JIMHUU 4 3aMKHYTBI MEX1Y IMOJ0CAMH MarHUTHOW CUCTEMBL. MEX 1y MUILIEHBIO
1 1 mojmoxKoaepkaTeneM 7 MPUKIAAbIBACTCS JIEKTPUUECKOE MOJIe U BO30YKIaeTcs
aHOMAaJIbHBIN TVICIOIIMI pa3psa. 3aMKHYTOE MArHUTHOE MOJI€ Y HOBEPXHOCTH MUILIEHU
JIOKaJIU3yeT pa3psia BOIM3H 3TOM MoBepxXHOCTU. [lonokuTenbHble HOHBI U3 IJIa3MBbI
aHOMAJILHOTO TJICIOUIETO pa3psifa YCKOPSIOTCS 3JIEKTPUUYECKUM IMOJeM u OomOapau-



15

pytoT MuiiieHb (katon). [loa nefictBueM nOHHOM OOMOAPAUPOBKH MTPOUCXOAUT PACTIBI-
JICHUE MUIICHU. DJIEKTPOHbI, SMUTUPOBAHHBIE C KaTOJ1a MO JEHCTBUEM HOHHON OOM-
OapAMPOBKH, MOMAAAIOT B 00JIACTh CKPEIIEHHBIX 3JIEKTPUYECKOTO U MAarHUTHOTO TIO-
Jed M OKa3bIBAKOTCSA B JIOBYIIKE. TPAaeKTOPHM IBUKEHUS JJIEKTPOHOB B JIOBYILKE
OJM3KH K IUKJIOUAATBHBIM. D()PPEKTUBHOCTh HOHU3AIMH U TUIOTHOCTH TUIa3Mbl B 3TOU
00JIaCTH 3HAYUTENBHO YBEIMUMUBAKOTCA. DTO NPUBOJUT K NOBBIILIEHNUIO KOHIICHTPALUN
MOHOB Yy MOBEPXHOCTU MHILIEHU, YBEJIMYEHUIO MHTEHCUBHOCTH HWOHHOM OoMOapau-
POBKH MHILIEHU U K 3HAYUTEILHOMY POCTY CKOPOCTH PACHbUICHUS] MUILICHH.
[Ipu MOCTPOEHUU MOJAENH CKOPOCTH OCAXKICHHUS IUIEHKU ITyTEM PACIIBIIIEHUS Ma-

Tepuralia U3 KOJbLEBOr0 UCHAPUTENS CHENAEM CIEAYIOIINE AOMYIECHHUS:

® pacHbUICHHBIC aTOMBI PACIIPEACIISIFOTCS B IPOCTPAHCTBE 110 3aKOHY KOCHHYCA;
® pacHbUICHHBIC aTOMBI HE CTAJIKMBAIOTCS JAPYT C IPYrOM U ¢ aTOMaMH pabodvero
rasa;
® pACIBUICHHBIC ATOMBI OCAXKIAOTCS B TOUYKE COYIAPCHHMS C TTOJITIOKKOH.
B o611em cirydae TONIIMHA IJICHKHA B IPOU3BOJILHOM TOUYKE MOIOKKH OIMMCHIBA-
€TCS BEIPAKCHHUEM:

hzizcosm:os;zﬁ-t, (2.1)
7
rae V — CKOpOCTh pacbUICHUS IO TOJIIUHE; ¢ — YTOJI MKy HOPMAaJIbIO K TTIOBEPXHO-
CTH PACTIBUJICHUSI U HAIPaBJICHUEM PACTBUICHUS; ¢ — YTOJ MEXIy HOPMAJbIO K TIO-
BEPXHOCTH MOJIJIOKKH M HAITPABJICHUEM OCAXKICHUS; I — paCCTOSIHHUE OT DJIEMEHTA pac-
MBUICHUS 10 TOYKH OCaXICHHUSI; | — BpeMs pacIblUICHUS.

Monens porecca HanbIICHHUs OyZeM CTPOUTH AJIs Clydasi, TOKa3aHHOTO Ha PHC.
2.1, Kor[a MHIIIEHb ¥ TTOJITIOKKA TTapaJuIeTIbHBI M COOCHBI. B 3TOM citydae yroi pacmsi-
JICHUSI paBeH yrily KOHJEHCAIUH, T.. ¢ = ¢. PaccMOTpUM reoMeTpruecKyro cXemy
MOJICJI MUIIIEHb-TIO/IJIOKKA, KOTOpas MPEICTaBIeHa Ha puC. 2.2.

Pacnipenenenne pactbUIEHHOTO MaTepuaia Mo MOJIOKKE SBISIETCS IIEHTPATbHO-
CUMMETPUYIHBIM M OTIMCHIBACTCS OJHON MIEpEMEHHOM — paccTosiHUuEeM OT 1eHTpa |. bec-
KOHEYHO TOHKHH KOJIBIIEBOW JIEMEHT IMOBEPXHOCTH MUIIICHU MOYKHO TPEJCTABUTH B
Buae dS=R-da-dR, rue o — yron mexxay | u mpoekiueit R Ha mimockocth momtoxkku X'Y',

YT01 ¢ MOKHO BBIPa3UTh Yepe3 paaNyc KOJbIa U PACCTOSHUE MEXTy MUIIIEHBIO U
noUT0KKoN — COSp=H/r. TloacTaBmsist 3TM COOTHOIIEHUS B ypaBHeHUE (2.1) U cymmu-
pys nuddepeHInanbHbIC 3JIEMEHTBI KOJIbIIa MUIIIEHU ITyTeM MHTCTPUPOBAHMS, TTOJTY-
qaeM:

2
h=7]~- " RdadRat. (2.2)
tRa7— I
Bripasum paccrostaue I yepes sieMeHTsl npusmel |, R, d, H, a:
r=\/H2+|2+R2—2|RCOSa, (2.3)

rae 1>+R%-2[Rcosa=d?. Tloncrasum BeIpaxkenue (2.3) B ypaBHenue (2.2):
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Puc. 2.2. FGOMGTpI/I‘-IeCKa}I cxXeMa MOJCJIM MUIICHB-ITIOAJIOXKKA

Vv H2R
{ T2 12 o2
Razr (H” +1°+R” —2IRcosa)
[IpouHTErpUpOBaB ATO BBIPAKEHHE IO BPEMEHM, MOJYYUM IOJHOE KOJWYECTBO

PaCbUICHHOI'O BEIICCTBA. B namem CiIy4dac nmojiaracM, 4To CKOpOCTb paCHbIIICHUS 110~
CTOsIHHA BO BpECMCHHU U HC 3aBHCUT OT paJuycCa KOJIbla PACIIbIJICHHA, TOT da:

h =

5 dadRdt (2.4)

_Vt H?R
7 RZ(H2 +12 + R? — 2IRcosa)

Jli1st uHTerpupoBanus BeIpaxenus (2.5) o yriy genaem 3ameny b=H>+I>+R? ¢
= -2IR, nony4aem:

h

5 dRdo (2.5)

Vit H2R
h=—1]] dRda (2.6)

T R(,C(b+c-<3030c)2

NurterpupoBanue npoBoguM ot 0 10 27, AemaemM 0OpaTHYIO TOJICTaHOBKY, TOJTY-
JaeM:

2
h=2Vt| H R dR 2.7)
RIHZ+R?—12)? +(2IR)? 1%
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MoXHO TpOBECTH JajbHEWIIee MHTETPUPOBAHUE, HO PE3YyJbTaT OYIET OYEHb
rpomo3nkuM. Ilostomy mpu  pacuete OyaeM  HCNONb30BaThb  YHMCIEHHOE
WHTETPUPOBaHUE BhIpaxeHus (2.7).

KosnmuecTBEHHON XapaKTEPUCTUKON IPOLiecca HOHHOTO PaCIbUICHUS MAaTEPHUAIOB
SABJISIETCA CKOPOCTh PACIIBIIIEHUS, KOTOPAs ONPEAEIAETCS KaK:

v=" (2.8)
t
rine h — TonmuHa pacnpuieHHOTO MaTepuana; t — BpeMst paciblUICHHS.

JIns pacuera CKOPOCTH PACHbUICHUS MaTEPUATIOB IPU HOPMAJIBHOM NAJACHUU

MOHOB MOYHO TI0JIb30BaThCS BEIPAKECHUEM:

v=l My (2.9)
q-N AP
TJie J1 — IUIOTHOCTh MOHHOTO TOKA B CEYCHUH, MEPICHIUKYISIPHOM K HANpPaBJICHUIO
nageHus HoHoB, A/cM?; Y — K03 (ULHMEHT paclblIeHHs MaTepuaia, aToM/uoH; My —
aTOMHasi Macca aTOMOB MHMILIEHM, I/MOIb; ( — 3apsy snextpona (1.6-10°° Kir); Na —
uucio Aporaapo (6,023-10% atom/MoIIB); p — IIIOTHOCTE MaTepHana, r/cM>,
Koadpdumment pacnbuienuss Y xapakrepusyeT 3(()EKTUBHOCTh pacHbUICHUS U
OTIPE/IETISIETCS KaK CPeIHEE YMCIO aTOMOB, YAAISIEMBIX C IIOBEPXHOCTH TBEPAOTO Tela
OJTHOM MaJaroIel YacTHIICH:

FZ
Y =%, (2.10)
Q
rie /> — TIOTOK aTOMOB, BBIOMTBIX C TIOBEPXHOCTH MwuIIeHH, Q1 — TOTOK

OoomOapaupyromux HoHOB. [t ko3¢ duIMeHTa pacbUICHUS TUITMYHBI 3HaYeHHUS 1-5,
XOTs1 OH MOkKeT u3MeHAThes oT 0 10 100. DTO 3aBUCUT OT SHEPTUU U MACChI TIEPBUYHBIX
4acTUL] M YIVIa MX IMaJeHUs Ha I[IOBEPXHOCTh, MAacChl aTOMOB MHUILIEHH,
KPUCTaJUIMYECKOTO COCTOSIHMSI TBEpPAOrO Tela W OpPUEHTAlUMu KpHUCTallia, OT
ITOBEPXHOCTHOM 3HEPIUH CBSA3H ATOMOB MULIEHMU.

Jlig peanu3anuu paciblIeHUs] aTOMaM MUIIEHU J0KHA ObITh COOOIIEHA YHEPI U,
MPEBBILIAIONIASL SHEPTUIO UX CBSA3HM B TBEPAOM Tejie. DTa SHEprusi 0003HaUaeTCsl Kak
IIOpOroBasi YHEprust pacnblieHus £,,,. Bennuumna ee konebnercs B mpepenax 10 —
40 »5B. Ilpu >Heprusix MeHbllle MOPOroBOM pachblieHne oTcyTcTBYET. [Ipn 6ombImx
SHEPrusxX Kod((PUIIMEHT paclbUIeHHUs] PACTET C YBEJIMYEHHEM SHEPIHM MEPBHUYHBIX
YacTHI], JOCTUTAET MAaKCUMyMa, a 3aTEM OMATh NMajaceT. Y MeHblIeHue kordduiirenTa
pacnbplUieHUs mpu 0Oojiee BBICOKMX DSHEPrUsiX CBA3aHO C OOJNBIIONW TITyOUMHOM
MPOHUKHOBEHHUSI YAaCTUI[ B TBEPAOE TEJIO M MEHBUIMM BBIJCICHUEM JHEPTrUU B
ITOBEPXHOCTHOM CJIO€.

CornacHo Teopun 3urMyHia i aMOppHBIX U MOJUKPUCTAILITUYECKUX
MaTepUajoB Il HU3KUX JHEpruil MOHOB 10 1 k3B Ko3duimenT pacnblieHHs
ONPENENSAETCS CIEIYIOIUM BEIPAKEHUEM:

Y:%(X MM, = E, : (2.11)
~ (M, +M,)" 2E,
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rne My u M, — aTOMHBIE Macchl HOHOB M aTOMOB MHIICHH, I/MOJb;, E1 — dHEprHs
HajaloMX HOHOB, 3B; E. — sHeprus cyOnuManuy aTOMOB MUILEHHU (SHEPTUs CBS3U
aToMa C TIOBEPXHOCTHIO), 3B; o — Oe3pa3MepHbIil mapaMeTp, 3aBUCIIIUN 0T M1/Mo.

3aBHCHUMOCTh TMapameTpa a OT OTHOIIeHus Mi/M, Tnpu HOpPMaTbHOM MaJACHUU
My4YKa HOHOB MOKa3aHa Ha puc. 2.3.

27y

1,0

0,5 /

7

0,01 01 1.0 > M,/M,

Puc. 2.3. 3aBucumMocTtb k03¢ duIeHTa oo OT OTHOIICHHS MacChl aToMa
pacnbeuieMoro Mmarepuana Mr k macce nona M

Jlst ynporieHusi pacueToB Kod(duimenta pacnblUieHUs 3aBUCUMOCTh puc. 2.3
MOJKHO anmpoKcuMupoBath. J{ist a(Ma/M;) ncnonbs3yercs BeipakeHue MaityHamu:

— T
oM, /M, _o.1o+o.16(|\/|2/|\/|1)O . (2.12)

[TockonbKy 3HEprus MOHOB MpPHU PACHbUICHUM B MAarHeTPOHHOW CHUCTEME MpHU
pabote Ha aprone nexut B auanazone 350 — 450 »B, To npu pacuere korduiueHTa
pacnblUieHUs Oyner ucnolib3oBaThesi BbIpakeHue (2.11). CnpaBouHble AaHHBIE MO
XapaKTepUCTHKaM PacIbUIIEMbIX MaTepUaIoOB MIPUBEACHHI B Ta0I. 2.1.

Pacuetsl mpoBoasTCs B clenyrouieM Tnopsaake. BHavane paccuuTbhiBaeTcs
KO3 PUIIMEHT pacnbUIeHUs] U CKOPOCTh pACHbUICHHUS MaTepuaja MUIIEHU. 3aTeM
MPOBOJIUTCS NOCTPOCHUE KOHTYPHOT'O N300paKEeHUS TOJIIIMHBI HATBUIIEMOM MJIEHKH B
BHJIE pacpeeleHusl 0 BCE MOBEPXHOCTH, OTPAHUYEHHON PaJnyCcOM MOJJIOKKH U
pacctosinus 10 ucnapurens. KoHTypHsblii rpaduk Takoro pacrpeieieHus IpeIcTaBiIeH
Ha puc. 2.4. ITocie 3Toro pacCYUTHIBAETCS paclpeIeNIEHUE TOJIIMHBI HANIBIIIEHHON TUIEHKU
IO ITOJUI0’KKE M HEPAaBHOMEPHOCTH 3TOr0 pacipeencHus. C y4eToM BBIIAHHOTO 33aHuUs
MIPOBOJUTCS ONITUMH3ALINS OJI0KEHUS TIOUTOKKOIEPKATENS C IMOII0KKONM OTHOCUTEITBHO
MUILICHH.

2. lTopsiioK BHINOJIHEHUSI PA0OTHI
OnTuMHU3UpOBaTh MPOLIECC HANBIJICHHUSI MaTEpUajia B MArHETPOHHOU CUCTEME pac-
NBUICHUS: ONPENEIIUTh PACCTOSIHUE OT HOBEPXHOCTH MUILIEHU, HA KOTOPOM MOKHO I10-
JYYUTh 33JIAaHHYIO TOJIIIMHY HAIbUISIEMON MJIEHKU ¢ TpeOyemMoil HepaBHOMEPHOCTHIO

IPY MaKCUMAaJIbHO BO3MOYKHOW CKOPOCTH HaIbLJICHUSA. BapraHThI 3aaHUI TPUBEICHBI
B Ta0I. 2.2.
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Taomn. 2.1
XapaKTepI/ICTI/IKI/I HGKOTOpLIX MaTepI/IaJIOB, HCO6XOI[I/IMI)I€ JJIL pacqua
. AToMmHas DHeprus
Marepuan ATOMHBIH macca Mo, cyOIuMaIum HJIOTHOC3TB Py
HOMeEp Z; /oM
I/MOJIb E., 5B
Be 4 9 3,48 1,85
Mg 12 24,3 1,59 176
Al 13 27 3,26 2.7
Si 14 28 3.01 242
Ti 22 47,9 4,34 452
v 23 51 3,7 6.11
Cr 24 52 368 719
Mn 25 54,9 3,15 744
Fe 26 55,9 4,15 787
Ni 28 58,7 4,41 89
Cu 29 63,5 3,56 8.96
Ge 32 72,6 3,77 532
Nb 41 92,9 75 8.57
it 42 96 6,9 102
Ag 47 107,8 2.7 105
Ta 73 181 8.7 16.6
W 74 183 8,76 19,3
Pt 78 195 5,56 215
Au 79 197 3,92 19,32
H.cm

0

0.5‘/_/’/—\_\
>rf/

f
0 2

T
4

Puc. 2.4. KonTypHslii rpaduk pacrpeaesieHus TONMUHBI HAMbIIIEMON TUICHKU
B 3aBUCHMOCTH OT PaJuyca INIACTUHBI U PACCTOSIHUS 10 HCTIAPUTEIIA
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Tabun. 2.2
No Tonmuua | [umamerp | HepaBHo- Pagnyc
BapI/Ie_lﬂTa Matepuan | 1uieHKH h, | IJIaCTUHBI | MEPHOCTH | pacIiblIe-
MKM d, cMm A+ % Hust Ry, cMm
1 Al 1,0 10 9) 9,9
2 Si 0,5 7,6 9) 9)
3 Cr 0,1 10 9) 9,5
4 Cu 0,3 10 3 6,5
9) Ti 0,1 7,6 2 9)
6 Mo 0,2 7,6 3 4,5

Ilpumeuanue: 1. Pabounii raz — Ar.
2. llupuHa xoinbia pacusiieHust R,—R1=0,5 cm

1. 3anyctuts nporpammy MathCAD. Otkpeith daiin «JlabopaTopHas paboTa
No2y.

2. BeiOpate u3 Tabn. 2.1 HeoOxoaumbie Uisi pacyeTa mnapaMmerpel. Bmectu
BBIOpAaHHBIE TAPAMETPhI B COOTBETCTBYIOIINE SUYECHKH BXOIHBIX JAHHBIX.

3. Onpenenuth KOAQOUIIMEHT ¢ 110 ANMPOKCUMHUPYIOIEMY BBIPAKEHUIO.

4. TTony4uTh KOHTYpPHOE H300pakeHHe MPOQPUIsl pacrpenesieHus HaIbUIIeMOn
IJICHKA B 3aBUCHMOCTH OT PaJnyca MOJIOKKN U PACCTOSHUS 10 NCTIAPUTEIIA.

5. 3ajaTh 3HAUYCHHE PACCTOSIHUS TTOJIOKKH OT ucmapuress H.

6. OnpenenuTs CPEAHIO, MAKCUMAJIbHYIHO W MUHUMAJIBHYIO  TOJIIUHY
HAIBUICHHOW TUICHKH TI0 JBYMEPHOMY TpaduKy paclpeaeicHHs TONIIUHBI TICHKA
rpaduyeckuM crocooom. s 3Toro MoKHO UCIO0JIb30BaTh PYHKIHIO « TpaccupoBkay
n3 MeHto «Dopmary.

/. BBecTu monyuyeHHbIE JaHHBIE B COOTBETCTBYIOIIME SUYCUKH U TOJYYHTh
3HAUYEHUE HEPAaBHOMEPHOCTHU TOJIIUHBI TUICHKH T10 TITACTHHE.

8. HoOutbcs TpeOyeMol HEPaBHOMEPHOCTH TOJIIMHBI TUICHKH, MEHSA
paccrosiaue 10 ucnapurens (H).

9. JloGuthcs TpeOyemol cpeaHed TOJNIIMHBI HAMBUICHHOW TJIEHKU C TTOMOIIBIO
napameTpa «BpeMs HAITbUICHUSD.

10. 3aHecTu B OTYET BCE BXOJHBIE JAHHBIC, TIOJYyUYCHHBIE PE3YIbTAThl U TpaduK
pacnpenesieHus MPUMECH.

4. KoHTpOJIbHbIE BONPOCHI

1. Kakoii appekT 1eXUT B OCHOBE MarHETPOHHOTO PACTbIJIEHUS MaTEpUAIOB?

2. 13 KakuX OCHOBHBIX 3JIEMEHTOB COCTOUT MarHeTPOHHAs CHCTEMa PaCIIbUICHUS ?

3.0T d4ero 3aBUCUT CKOpPOCTh pacHbUICHHUS MaTepuasa NpU HOHHOMU
OoomOapupoBKe?

4. Ot KaKuxX mapamMeTpoB 3aBUCUT KOADOUIIMEHT PaCTbUICHUS?

5. Kakue pomymenuss JaenaroTcs NpH  HOCTPOEHUM MOJENH  KOJIBLIEBOIO
UCIIapUTEIS?
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JlabGopaTopHas padora Ne3
HAKJJIOHHASA JIOKAJIBHAA NTOHHASA UMIIVIAHTALIUA

Heab padoTsI

N3yunts mponecchl HAKIIOHHOW JIOKAIbHOM MOHHOM MMIUIAHTALMU C YYETOM pac-
MpeAesIeHNs IPUMECH TMOJ Kpasl 3allUTHOW MAacKH, MCCIIEJ0BAaTh 3aBHCUMOCTH IPO-
¢bus pacrpeaeneHus KOHIEHTPALUU IPUMECH OT MMapaMeTPOB HOHHON UMILJIAaHTAIIUH.

1. KpaTkue TeopeTnyecKkue CBeAeHUS
1.1. XapakTepucTHKHU NMpoLecca HOHHOW MMILIAHTAIMHU

CyTb mporecca MOHHOTO BHEAPEHUS 3aKJIIOYaeTcs B (OPMUPOBAHUU ITyYKOB
HMOHOB C OJMHAKOBOW Maccoil M 3apsaoM, 00Jalaiux HeoOX0JUMOW 3HeprueH, u
BHEJIPEHUU HUX B MOJIOKKY (MULIEHB) B 3aJJaHHOM KOJIMYECTBE, HA3bIBAEMOM JI030M.
Taxum 006pa3oM, OCHOBHBIMU XapaKTEPUCTUKAMU MPOLIECCa BISIIOTCS dHepeUsl U 003d
UOHO8.

HeoOxonumas sHeprus Eo npuoOpeTaercs HOHOM IMOA AEMCTBUEM PAa3HOCTH IO-
TeHuuanoB U:

EO :neU, (31)

r7e N — KpaTHOCTh MOHM3aIuuU, N = 1, 2, 3; e — 3aps]l AIEeKTPOHA.
[IpumeHeHre MOHHOTO JIETUPOBAHHUS 110 CPaBHEHUIO C MU (HYy3MOHHBIM MO3BOJISET
00€eCIeynTh:

® CTpOTro€ 3aJaHhe KOJIMYECTBA MPUMECH, OMPEAETIEMOTr0 TOKOM MOHOB B IPO-
1[ecce BHEIIPCHMS;

® BOCHPOU3BOJAUMOCTb U OJTHOPOAHOCTh pacIpeiejeHHsI IPUMECH;

® BO3MOYKHOCTh MCIOJIb30BaHMS B KAUECTBE MACKH U JierupoBanuu cioes Si0;
" S|3N4,

® BHEIpPEHHUE Yepe3 TOHKHUE CIOU AUDIIEKTPUKOB M PE3UCTUBHBIX MaTepHAJOB,

e (oJiee HU3KYIO IO CpaBHEHMIO ¢ TP dy3ueit TeMiepaTypy npouecca.

BwMmecte ¢ TeM npoiiecc HOHHOTO BHEAPEHUS COMPOBOKIACTCS PAIOM SIBJICHUM, IS
yCTpaHEHUS! KOTOPhIX HEOOXOJUMO UCIOIb30BAaHUE CIIEHUATbHBIX TEXHOJIOTMUECKUX
npueMoB. B pe3ynbpTaTe B3aMMOCHCTBHS C HOHAMH B PELIETKY MOJIYIIPOBOJHIKA BHO-
CSITCSl paJluallMOHHbIE TTOBPEXKACHUS, KOTOPbIE TPU MOCIEIYIOIMIUX ONEePAUsIX MOTYT
HCKaxkaTh poduiu pactpeaenenus npuMmecH. JleekTol criocoOCTBYIOT TaKKe YBEIH-
YCHHUIO TOKOB YTEUKH M M3MEHECHUIO JAPYTUX XapaKTEPUCTHK MPUOOPOB. Y CTpaHEHHE
nedeKkToB TpeOyeT MOCTUMILIAHTAIIMOHHON BBICOKOTEMIIEPATYpHON 00pabOTKU — OT-
KHTa.

1.2. IlpoGer nonon
[Ipu nBW>XEHUU B TBEPAOM Tesie OBICTPBIN MOH B PE3YyIbTATEe CTOIKHOBEHHIA C SII-
pamH U 3JIEKTPOHAMHU TePSIET CBOIO SHEPTHUIO U ocTaHaBnuBaeTcs. [lonHas qiuna myTH,
MPONJCHHOTO MOHOM, U €€ MPOEKIUS Ha HAIMPaBJICHUE MEPBOHAYATIBLHOTO JBUKCHHUS
MOHA HA3bIBAIOTCS COOTBETCTBEHHO Mpoberom R u mpoekiueit R, mpobera (puc. 3.1,
a). Ilo Bceit nuue mpoOera oopa3yroTes aedekTasie obmactu (puc. 3.1, 0).
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[/ AR

a 0
Puc. 3.1. Cxema 1BrnkeHUs BHEAPSAEMOro HOHA: a — poder R, mpoeknus mpodera
Rp 1 paccessnue mpoderos ARp u 4R; 6 — o0pa3oBanue nqeeKTHBIX 00IacTel B IOA-
JIOKKE Ha IMyTH MOHa: | — Toueunble nedekTol; 2 — aMopQHbIe 00IacTh

BcenencrBue TOro, 4To YMCI0 CTONKHOBEHUH U DHEPTHS, IIepelaBacMast IIPH CTOJIK-
HOBEHMH, SIBILIIOTCA NEPEMEHHBIMH BEIMYMHAMH, XAPAKTEPU3YIOIIMMH CIIy4aiHBIN
npoiiecc, MpoOer HOHOB AAHHOTO THUIIA C OTHOM U TOM e HadyaJbHOM 3Heprueil He Oy-
JET OAVMHAKOBBIM. /[pyrumMu ciioBaMu, ABMKYIIUECS MOHBI IIOCIIE TOPMOKEHHSI OCTa-
HABJIMBAIOTCS B TOUKAX, pa30pOCaHHBIX M0 BCEMY 00bEMY TBEPJIOTO TeJla, UTO MPUBO-
IUT K pacipeielIeHuIo MPoOeroB U UX MPOEKIUH, JIJIsl ONMCAaHUS KOTOPBIX TPEOyIOTCs
TaKHe XapaKTepUCTUKU (QYHKIUU paclpeieseHus], KaKk CpeAHUN MpoOer HOHOB, CPe-
HEKBaJIpaTUYHOE OTKJIOHEHHE IPpoOera HOHOB U OOKOBOE OTKJIOHEHNE HOHOB IOJ1 Kpai
MacKH (UM TIPOEKIINI MpoOeToB).

BokoBoe OTKJIOHEHNE UMIUIAHTUPYEMBIX HOHOB O0YCIOBJIEHO X OTKJIOHEHHEM 32
CYET B3aUMOJICUCTBUS C KpaeM 3allUTHON Macku (Jucriepcus MIOHOB MO Kpail MacKu).
WM 00bIYHO MpeHeOperaroT, MOCKOIbKY OHO 3HAYUTEIBHO MEHbILIE CPEAHEro mpodera
MOHOB U CPEAHEKBAIPATUYHOrO OTKJIOHEHHUs mpobera nonos. Onnako mansa CBUC c
MUKPOHHBIMU ¥ CYOMUKpPOHHBIMHU pa3MepamMH 3JIEMEHTOB OOKOBOE OTKJIIOHEHUE CTa-
HOBUTCS OYEHb BaXXHBIM, IMOCKOJbKY JBYMepHble 3(@eKTbl BOIM3H Kpas MaCKH
CUWJIBHO BJIMSIFOT Ha BBIXOJIHbIE XapaKTepucTuku npubdopos. Kak u pazdpoc npoberos,
OOKOBOE OTKJIOHEHHE SIBIISIETCS PE3YJIbTATOM PACCESIHUS MOHOB, U MO3TOMY 00a 3TH
s¢dekTa 0OJMHAKOBBI IO MOPAAKY BeTUUYUHbI. CyIIECTBEHHON CTAaHOBUTCS U T€OMET-
pus Kpas Macku, KOTOpasi BHOCUT CBOU BKJIaJ B paclpeesIeHHE IPUMECH.

Pacrnipenenenue npumecu 1noja MacKy mpsiMOyroJIbHON (OpMBbI ¢ yu€ToM OOKOBOTO
paccestHisI MOKHO PacCYUTaTh M0 CleAyIoLel popmyie:

N (Yy-R,)? X+a X—a
C(X,y)=——exp| ————2— || erf —erf , 3.2
) J2z R, Pl TR ? J2-AR, V2. AR (3:2)

p X

rae N — nmo3a ummantanus, 4Ry — oTKIIOHeHHE TTpodera MOHOB IO Kpaii MacKH, a —
MOJIYIIIMPUHA MACKH, Y — KOOpJIMHATA BrIIyObh 00pasiia B HaMpaBJIeHUU MaCHUS NOH-
HOTO Iy4YKa, X — KOOpAMHATA BJOJb HAMpaBICHUs MOBEPXHOCTH oOpasua, R, — HOp-
MasbHbIN npooer, AR, — pa3dpoc WM CTaHIapPTHOE OTKJIOHEHUE MPOESKTHUBHOTO MPO-
Oera.
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Taxke oHUM U3 OCHOBHBIX ITApaMETPOB IMPOIecca MOHHOW MMITJIAHTAIUN SIBIISI-
eTcsl Y20l nadexusi Iy4Ka HOHOB OTHOCUTEIBHO HOPMAJIM K MOBEPXHOCTH MUIIICHH.
[Ipu 5TOM y KpaeB Macku HaOIIOAAIOTCS Ba A deKTa:

1) obpa3oBaHKE TEHEBOTO y4yacTKa:

C(x,y)—&erf (y alj

J2AR’ (3.3)
2) UIMIUTaHTAIMS TIOJT Kpai 3aIlllUTHOM MaCKH:
C(x,y) = C(X) rfc — y
f AR (3.4)
\\\\\\ \.\)\ 3;-_'1”_'[“']‘[—[3]] MACKA
KX XXX XXAK h X XX /\,<'<}<\4
TeneBoii yuacTok i . . H"m"al':'Tau”ﬂ
D, "—’* Mo KpaHd MackH
— el i
2a
v Clxy)
Puc. 3.2. ®opmupoBanue 60KOBBIX Tpoduiieit pacipeneaeHus
HaKJIOHHOMMILUIAHTUPOBAHHBIX TIpUMeEcei
W3 reoMeTprueckux coOoOpaxeHU CIe1yeT:
a =x-tg g,
=(x+d)-tgé,
_ (3.5)
R'=AR-siné.

2. Ilopsinok BBINOJIHEHHST PadOTHI
Pacuér npoBoautcs B nporpamme MathCad. CornacHo BapuaHTy 3a1aHusI 3a1aiiTe
UCXO/HbIe naHHble (Tabn. 3.1). PaccuumTaiite oTKIIOHEHUE TpoOera MOHOB IMOJ Kpaii
Macku ARy. [Ins pacuéra ucnonbs3yiTe 3HaueHHs] KOA(G(OUIIMEHTOB, NPUBEAEHHBIE B
Tabm. 3.2. Jlajiee pacuer OCyIIECTBISETCS MO CIASAYIONIEH MOCIeI0BATEIbHOCTHU:
f(E) := z+ s(E)-E
ARx := f(E)-10™  cem
1. Jlo3a uMnianTanuu, [Mon/cm?]:
N = NO-D
2. Pacuér mapamerpoB a;(X) u ax(X):
al(x) := a—[d + (Rp + ARp)-cos(0)]-tan(6)
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a2(x) := a + [(Rp + ARp)-cos(0)]-tan(0)
3. Pacuer SKBHKOHIICHTPAIIMOHHOW 3aBUCHUMOCTH PACTPEICICHHUS MPUMECH B
KPEMHUMU:

— Bococ _ cos(OM)2In N Cer x-al(x)
f(x,NO) := Rp-cos(D) + jl (ARp-cos(0)) "k LND'&RP'CGS(B)'ﬁ[I f[ &Rx-shl(B)JJJ

— Rocos(B) — |, -cos(ONZ-In N e XA
f1(x,NO) := Rp-cos(6) jZ (ARp-cos(0))"It LNG-&R]J-COS(B)-\ET[I f[&Rx-sin(E')JJJ

ITocTpoenue kpast MacKu:
L(X) =

0 if x>a

-1 otherwise
J11st 3TOr0 HEOOXOAMMO MCII0JIb30BaTh coueTanue kinaBui «Ctrl + ] », a as co-
snanus yeaoswuit If u otherwise «Shift + » u «Ctrl + Shift + ]».

8x10” ° \
f1(x, NO)

6x10" °
£(x,NO)
L(x) ax10 °
I

2x10" ° /

I}}‘
0 —5 —5 —5 I — —5 —5 —5 —5 —4
0 1x10° % 2x107° 3x107° 4x107° sx107% ex107° 7x10 ° 8x10 °  9x10 1x10

X

4. PacrnipeniesieHne HOHHO-UMILIAHTUPOBAHHOM MPUMECH:
AR := ARp-cos(0) + ARx-sm(0)

N —(x— ]SE'LI:JI--::-:rra(lflj)2
T(x) := 5 -exp 5
T cos
‘]:-&R- 1 + erf| Rp- ©) 2-AR
2 W2 AR
4><1020 T T T T
102k ' i
T(X)  2x10°F 1"1._‘._ i
1x10°%F ;,,-- .
| | | 1
0 2x10 ° 4x10 ° 6x10 ° 8x10 °

X
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5. Pacuet npoduis pacnpenenenus npumecu ¢ ya€tom 3¢ dexra o0opa3oBaHuUs Te-
HEBOT'O y4acTKa M UMIUTAHTAIIMN TIOJ] Kpail MacKH:

Clx.y) = N -exp{—l-[? — Rp-cos(ﬂjj2:|_[1 ~ erf[— x — al(x) Jj
77 ARp-cos(0) /27 2 aREI-:os(e) ARx-sin(0)
x=Rp+ P

x— Rp-cos(0 2 )
C(x) := ND'EXP|:[— E&R( )] ;

a) pacmpe/esieHne PUMecH 0] Kpail MacKH:
C(x) (v —al(x)) +[2-a—2-[d+ (Rp + ARp)-cos(0)]-tan(0)]
C2(x,y) := —-erfc| — _
2 /2-(ARx-sin(0))
0) pacnpesneneHue MPUMECH ¢ 00pa30BaHUEM TEHEBOI'O y4acTKa:
C 2(x) -
C3(x,y) := (x) -erfe| ——— ) _?
2 +/2-(ARx-sin(0))
C(x,y) = |C3(x,y) If 0<y<?2a
C2(x,y) if —2a<y <0

2x10™

-~ ,

C(x,y) 1x10"

0 i N
—5x10 ° 0 5x10 °

y
6. PacueT TpéxMepHOro pacrpeesieHus MPUMECH:

Clx,y) i= N . {_1_[?—Rp-cus(ﬂ)jz}[l_ﬂf[ x — al(x) D
o ARp-cos(6) /2 P72\ ARp-cos(0) ARx-sin(0)

xlow := 0 xhigh := 0.6-10 A ene
vlow := 0 yhigh := 10 4 en
xn = 60 yn = 60
i=0.x1-1
_ . Xhigh— xlow
xind; := xlow + |-g—
xn—1

j=0.yn-1
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high — ylo
yind; = ylow + j- 2o Y20

yn -1
Mjj = C(xindi,yindj).

eml

8-10%

Puc 3.3. TpexmepHoe pacrpefeneHue UMILIAHTUPOBAHHON TPUMECH

7. MakcumanbHbIi yX0J P-N-Tiepexo/ia 3a Kpaidl MacKu:

Cl(x) : ol [1 ~f[ x—all) ﬂ 1
®: NO-ARp-cos(@) 2w | \ARxsin(6)
X.=a
x1 = root(CL1(x),X)
Axl:=xl-a
Borauciuts C(X1,Rp).
8. TTonoxeHwue p-N-mepexo/ia Mo MacKoii:

1 N (1 _ o 22®—x |
C2() = 1 {&Rp-cus(ﬂ)-m [1 f[m.sin(e)]ﬂ 1

X:=a
x2 := root(C2(x) ,x)
Ax2 :=x2-a

Beraucnuts C(X2,0).
9. BriBecTu 3HaueHUs IiTyOuHBI p-N-niepexo/a B ieHTpe okHa f(0, N0), Makcumaib-

HYIO KOHIICHTpAIMIO mpuMmecH B yerupoBanHoit obmactu C(0,Rp), mMakcumallbHBI
yX0J p-N-Tiepexo/ia 3a Kpail Macku, yXo/a p-N-Tiepexojia 3a Kpail MacKH.
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Tabm. 3.1
Ne | IIpumecs | Eo, 2B | Rp,am | 4Rp, M | @, HM MKKEJ)'I’/CMZ d,mm | 6,° | No, em?
1 P 100 123 35 400 100 2 6 10%°
2 P 120 149 41 500 150 3 7 10t°
3 P 140 175 47 400 200 2 8 10Y7
4 P 160 201 52 500 100 3 9 10%°
9) P 180 228 S7 400 150 2 10 10%°
6 B 100 398 94 500 200 3 6 10Y7
7 B 120 469 102 400 100 2 7 10%°
8 B 140 537 110 500 150 3 8 10%°
9 B 160 603 121 400 200 2 9 10Y7
10 B 180 665 126 500 100 3 10 10%°
11 As 100 58 12.5 400 150 2 6 10%°
12 As 120 68 14.5 500 200 3 7 10Y7
13 As 140 79 16 400 100 2 8 10%°
14 As 160 89 18 500 150 3 9 10%°
15 As 180 99 20 400 200 2 10 10Y7
16 Sh 100 46 7.4 500 100 3 6 10%°
17 Sh 120 53 8.4 400 150 2 7 10%°
18 Sh 140 60 9.5 500 200 3 8 10Y7
19 Sb 160 67 10.5 400 100 2 9 10°
20 Sb 180 74 11.5 500 150 3 10 10t°
Tabmn. 3.2
3naveHus kodphunreHToB A1t pacuéra ARy
Sh As B
z 1.07 -0.25 2.09
s(E) 0.124 0.186 0.48 1.48 -2.72-103E

3. KoHTpOJIbHBIE BONIPOCHI

1. Onumre npouecc NPOHUKHOBEHUSI HOHOB B BEILIECTBO.
2. Yto Takoe 103a o0aydeHue, 4eM OHa OrpeneseTcs?
3. Kak 3aBucuT jymmHa HOpMaAIBHOTO MPoOera U OTKIOHEHHE HOPMAJIBHOTO TpPO-
Oera OT SHEPTUH UMILUIAHTUPYEMBIX HOHOB, MOCTPOUTE TpauKK U OOBICHUTE.
4. Yem 00yCIIOBICHO MPOHUKHOBEHHE MPUMECH MOJ] 3aIIMTHYIO MacKy B Ipoliecce
VOHHOW UMILTIAHTAUN?
5. Kak m3menutcs mpoduiab pacnpeneneHus HOHHO-UMIUIAHTUPYEMOU TTpUMecH
npu HaTMYuu 3¢ (deKTa KaHATUPOBAHUS?
6. OnummuTe Qu3nyueckue sBJICHHS, 00YCIOBIMBAIOIINE OOpa30BaHHE TEHEBOTO
ydacTKa B IIPOLecce HAKIIOHHOM JIOKaJIbHOW HOHHON UMIUTaHTAI|H.
/. J151s1 yero npuMeHsieTcs JoKaabHasi HAaKJIOHHAs MOHHASI UMILIAHTalUs?
8. OnuimTe OCHOBHBIC AJIEMEHTHI YCTAHOBKH JJISI HOHHON UMIUTAHTAIIHAH.
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JlaGopaTopHasi padora Ned

TEPMOJUHAMMNYECKHAI AHAJIN3 U ONPEJIEJIEHUE MAK-
CUMAJIBHOTI'O BBIXOJIA KPEMHUA ITPU XJIOPUTHOM METO/IE
JIIUTAKCUHN

Heab padoTsl
N3yunuth mpoliecc XJIOPUAHOTO METOMA SMHUTAKCHH, MPOBECTH TEPMOJIUHAMUYE-
CKHUIl aHallu3 CUCTEMbl «TETPAXJIOPUJ KPEMHUS — BOJOPOI» U ONPEICIUTH BBIXO]]
KPEMHHUS MPH 33JJaHHBIX [TapaMeTpax IMpoiiecca.

1. KpaTkue TeopeTnyecKkue cBeIeHHs

OcHoBOMOJIATalONMM  3JIEMEHTOM JII000M MOJYNPOBOJAHUKOBON OUIOISIPHON
CTPYKTYPBI SIBJISIETCS p-N-1iepexoi. TexXHOoIOrnuecKuii mpoiecc ero GopMUpOBaAHUS BO
MHOT'OM OTIpeJIesisieT ero cBoiicTBa. Tak B nponecce auddys3uu dbopmupoBanue p-n-
MEPEXOJ0B MPOUCXOIUT TOIBKO BCJIEACTBUE KOMIIEHCAIMNA UMEIOIINXCSA B UCXOIHOM
Matepuaie npumeceid. B OOJIBIIMHCTBE ClIydaeB 3TO HEXKEIATEIbHO, TaK KaK BO
BpEMSsI KaXKJI0r0 MOCJIEYIOIEro ukiia Auddy3uu 4ucao aToOMOB MPUMECH, HE0OXO/T1 -
MO€ JIJIs1 KOMIIEHCAlMU paHee BBEJEHHBIX aTOMOB JIETUPYIOLIEH 100aBKH, yBEINYNBA-
eTCsl IKCIOHEHIManbHO. [Ipenensl pacTBOPUMOCTH UCIIONB3YeMbIX TIpu 1udPy3uu B
KpEMHHUH MpUMeCced TaKOBBI, YTO BBIMOJHUTH 00Jiee TpeX MOCIeq0BATEIbHbBIX TU(-
(y3MOHHBIX TMPOIIECCOB MPAKTUYECKH HEBO3MOXKHO. [loaToMy meromom nuddysuu
TPYJIHO CO3/1aBaTh BHICOKOOMHBIE CJIOU (C HU3KOW KOHIIEHTpAI[Me mpuMecei) U KOH-
TpoaupoBaTh xoa AudPy3un B HUX. HemanmoBaXHBIM SBISIETCS TakKXKe M TO, YTO T1O-
JIBUKHOCTH HOCHUTENIEH 3apsifia OOpaTHOMPOIOPIIMOHATIFHA TTOJIHOMY KOJIMYECTBY MPH-
MecCeH, cosiepKaIeMycs B IOIYIpoOBOAHUKE. B MaTepuaie ¢ 00bIIoi KOHIIEHTpaIuen
JOHOPOB M aKLENTOPOB MOABUKHOCTh YMEHBIIAECTCS, YTO YXYIIAET JIEKTPUUECKUE
napameTpbl MpruOOPOB.

Pemenune paznuuHbIX TEXHUKO-KOHCTPYKTOPCKUX 3a/1a4, B TOM YHUCJI€ U BhIIIE-
IIEPEYUCIIEHHBIX, BO3MOXHO C IPUMEHEHUEM 3NUMAKCUATbHBIX NPOYECCcO8 B TEX-
HOJIOTUH MUKPOSJIEKTPOHUKHU. OTHUM U3 BaKHEUITUX MPUMEHEHUN SMUTAKCUU SIB-
JsgeTcsl mpoiecce (popMUPOBAHUS CKPBITOTO CJOS B TMOJYINPOBOJHUKOBBIX HHTE-
rpajJbHBIX MUKpOcXeMax. Hamuuue CKpBITOTO CJI0S MO3BOJISIET MOBBICUTh OBICTPO-
NecTBUE OUTIOJAPHBIX TPAH3UCTOPOB U BCEM MUKPOCXEMBI B I[€JIOM.

[lon snumakcueu MOHUMAETCA MPOLIECC OPUEHTUPOBAHHOTO BhIPAILIMBAHUS MO-
HOKPHUCTAJJIMYECKOTO CJI0Sl HAa MOBEPXHOCTH MOHOKPUCTAIMYECKOUN MOIITOKKHU. B
MpoIlecCe AMUTAKCUAIBHOTO BBIpaMMBaHUs oOpa3zyromascs (aza 3aKOHOMEPHO
MPOJOJDKAET KPUCTALIMYECKYIO PEIIeTKY IMOJJIOXKKH ¢ 00pa3oBaHUEM IEPeXOo/l-
HOTO JMUTAKCHATBHOTO cyios. llepexomaHbiii cioit CrocOOCTBYET KOTEPEHTHOMY
CpPacTaHMIO JIByX PEUIETOK MO IMJIOCKOCTSIM U HampaBJICHUSIM CO CXOJHOU MIOTHO-
CThIO YITAaKOBKH aTOMOB, Y€pe3 HEro IMepeaacTcss OCHOBHAs WHGOpPMAIUS O KpH-
CTAUIMYECKON CTPYKTYPE MOJIOKKHU B SIUTAKCUATIBHBIN CIIOMN.

B coBpeMEHHOU TEXHOJIOTHHM MPOLECCHl IMUTAKCUHM 3aHUMAIOT OJTHO U3 BEAy-
IIMX MECT B IMPOU3BOACTBE MOJYINPOBOJHUKOBBIX HHTETPAIBHBIX MUKPOCXEM H
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OOJIBIIIMHCTBA TUIIOB JUCKPETHBIX MOIYPOBOAHUKOBBIX TPUOOPOB. DMUTAK CUAIIb-
HbIE CJIOW B HACTOSIIEE BPEMsSI MOTYT OBITh MOJYYEHBI B CTPYKTYPHOM OTHOIIECHUU
0oJiee COBEpIICHHBIMH, YeM 00bEeMHBIC MOHOKpUCTALIBI. OHHM 00Ja7af0T TPaKTH-
YECKH UJI€aTbHON OJHOPOJIHOCTBIO paclpeaeseHus Jerupyromux npumeceid. Co-
JIep>KaHUE HEKOHTPOJIHUPYEMBIX PUMECEN B HUX 3HAYUTEIIBHO HUXKE, YEM B MOHO-
KpUCTaJJIax, MOJYYEHHBIX METOAoM YoXpalbCKOro MU OECTUTeNbHOW 30HHOM
TLIAaBKOM.

[Ipu snuTakcuy aTOMBI MPUMECHU BHEAPSIOTCS U3 BHEIIHEN CPEAbI B KPUCTAIIIIU-
YECKYIO PELIETKY 3MUTAKCHAIIBHOTO CJIOS HEMOCPEICTBEHHO B Iporiecce pocta. OTHO-
[IEHUE YKCJIa aTOMOB KPEMHUS K YUCILYy aTOMOB IIPUMECH JIETKO PETYJIUPYETCS, a DJEK-
Tpou3nYeCcKre mapaMeTpbl AMUTAKCHAIBHOTO CJIOS MOT'YT U3MEHSTHCS B OYEHB ITUPO-
KHX Tpe/ieliax, MPUYeM MOJTHOCThIO UCKITI0YAETCs HEOOXOIUMOCTh KOMIIEHCAIH TPH-
Mecen.

[To mpupoae B3auMOJEHCTBUS «IOJJIOKKA — pacTyllas KpucTtayuindeckas daza»
pa3IYyaloT TP BUJA SMUTAKCUAIBHBIX MPOIECCOB: TOMOAMUTAKCUS (aBTOAMUTAK-
cust — ADC), TeTepOodNMUTAKCUS U XeMOINUTAKCUsl. [ omoanumaxcus — 3TO MPoIecc
BBIPAIIMBAHUS MOHOKPHUCTAJUIMYECKOTO CJIOSI BEIIECTBA, OJHOTUIIHOTO MO CTPYK-
TYp€ C MOJJIOXKKOW U OTIMYAIOLIETOCS OT HEE TOJBKO CONEPHKAHUEM JIETUPYIOUIUX
npumecen. [ emeposnumakcus — 3TO MPOLECC BBIPAUIMBAHUSA MOHOKPHCTAJIJIAYE-
CKOTO CJIOSl BEHIECTBA, OTIIMYAIOIIETOCS MO XMMHYECKOMY COCTaBy OT BEIIECTBA
MOJIJIOKKH, HO OJIU3KOMY €My IO KpucTaaorpadguyeckoi cTpykrype. Xemoosnu-
maxcusi — 3TO MPOLECC BhIPALIMBAHUSA MOHOKPUCTAJUIMYECKOTO CJIOSI BEUIECTBA, B
pe3ylibTaTe KOTOpPOTo oOpa3oBaHWE HOBOW (ha3bl MPOUCXOAUT MPU XHUMUUECKOM
B3aMMOJICCTBUYU BELIECTBA MOAJI0XKKHU C BELIECTBOM, IOCTYNAOIIUM U3 BHEIIHEN
cpeapl. [1oydeHHBIN XEeMO3MUTAKCHAIIBHBIN CJIOM OTJIMYAETCS IO COCTaBy KakK OT
BEILIECTBA IMOAJO0XKKH, TaK U OT BELIECTBA, NOCTYINAIOLIEr0 HAa €€ MOBEPXHOCTh
W3BHE.

1.1. T'a3o¢a3nasi SNUTAKCUS KPEMHHUSA

DnuTakCUalbHbIE CIIOU MOXKHO MOJIYYUTh U3 ra3000pa3Hoi (a3bl UK U3 KOHJICH-
cupoBaHHOM (a3bl (KUIKOU U TBepAoi). M HacTosIee BpeMs MOYTH BCE MPAKTUUECKU
BA)KHBIC METO/IbI TIOJIYYEHUSI aBTO- U TETEPOINMUTAKCUAIBHBIX CIIO€B OTHOCSITCS K Mep-
BOW T'pyIIIIE.

Hawunbonee mmpokoe npakTuueckoe MPUMEHEHUE HaXOSAT METO bl BhIpAIIUBAHUS
MJICHOK TPU B3aMMOJICHCTBUM HATrPETOW MOJJIOKKH C PAa3THMYHBIMU TApOTa30BBIMU
CMECSIMU B OTKPBITOM MpoIEecce. DTUMU METOAaMHU MOIY4Yar0T aBTO3NMUTAKCHAIbHBIC
CJIOW TIOJTYTIPOBOJHUKOB (KPEMHUM, TepMaHui, apCEHU/] TAJUTHSI U Jp.), UCTIOIb3YS B
KaueCTBE aKTUBHOIO ra3a-HOCUTENS BOAOPO/I.

[TpoMbITiIeHHAST TEXHOJIOTHSI H3TOTOBJICHHUSI aBTOAMUTAKCHAILHBIX CJI0€B KPEMHHUS
B OCHOBHOM 0a3upyeTCs Ha UCTIOIH30BAHUH TPYTIITHl XUMUYECKUX TUCCOIMATUBHBIX Ta-
30(a3HbIx MeTo10B. K HUM Ipex]ie BCEro OTHOCSTCS «XJIOPUAHBIA METO]» — BOCCTa-
HOBJICHHE KpeMHHMs U3 mapora3oBoii cmecu [SiCls + Hy] 1 «cumaHoBbIN» METO, OCHO-
BaHHBIN Ha muposin3e MoHocwiaaHa [SiHs + Hp]. B mMenbieit crenenu pacnpoctpa-
HeHBbI MeTo/1bl BoccTaHoBaeHUs kpemHuus u3 SiHCI3 u SixClg
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VYcenex texHonoruu rasogazHoro xummuueckoro ocaxaeHus (I'’XO) oObsicHaeTcs
CJICAYIOLIMMHU €€ IOCTOMHCTBAMHU.

Bo-nepBbix, 10001 MaTepuan MOKET OBITh MOJY4YeH MpH TeMIleparype, 3Hauu-
TEJIbHO MEHbILIEH, YEM MPU KPUCTAJUIM3ALMK U3 paciuiaBa. biarogapst atomy, a Takxke
VCKIIFOUECHUIO IOPOTUX IJIAaBUIIBHBIX NI€YEH U BaHH, MOKET OBITh 0OecrieueHa 0oJibIas
YUCTOTA MPU MEHBIIHX 3aTPaTaX.

Bo-BTOpPBIX, MOTOK OCaXAAIOUIErOCs BEUIECTBA HAMPABICH B CTOPOHY HArpeToi
MOBEPXHOCTH, KOTOpPasi MOKET UMETh CKOJIb YTOJHO CIOXHYIO KOH(UTYypaluio, a He
TOJIBKO IIJIOCKYIO, KaK IpY BaKyyMHOM HalbUICHUU.

B-Tpetpux, 6narogapsi OrpoMHOMY BBIOOPY UCXOHBIX PEAr€HTOB U TUIIOB XUMUYE-
CKHX peaklMil (BOCCTAHOBIICHHE, NMHUPOJIU3, IUCIPONOPLHUOHUPOBAHUE, THIPOJIU3,
OKHUCJICHHE) METOJ IPUMEHUM JIJIsl TTOTY4YEHUs OOJBIIOTO YKCia CIUIAaBOB U XMMUYE-
CKHUX COECIMHEHUM.

B psze ciydaeB ucnonab3yroTcs METOIbl KOHACHCAUN KPEMHUS U3 MOJIEKYJISIPHBIX
Iy4KOB B CBEPXBLICOKOM BakyyMe (10 107 I1a), koTopsle HaxomsT Bee GOIbIIEEe PH-
MEHEHHE B CBSI3M C CO3JaHMEM MOOMIIBHBIX YCTAHOBOK M MOILIHBIX O€3MaCIsSHBIX
CPEIICTB OTKAYKH, MO3BOJISIOIIUX CHU3UTh TEMIIEPATypy aBTOIMUTAKCUH KPEMHUS 10
700 —900 K.

[Ipu razodazHoi SNUTAKCUH aTOMBI TOJTYTIPOBOJHUKA EPEHOCATCS K MOII0KKE
B COCTaBE XMMHYECKOIO0 COECIUWHEHMS. {71 KpeMHUsI 3TO MOTYT OBITh, HalpuUMeED,
tetpaxiopua kpemuusi SiCl, wnu cunan SiHs. Beck nporecc MoxHO pa3OuTh HA Psijt
CTaJNil: MePEHOC PeareHTOB K MOBEPXHOCTHU MOJJIOKKH; aJCOPOIUs U XUMUYECKas
peakiysl peareHTOB Ha MOBEPXHOCTH MOMJIOKKHU; J1€COpOIUs NMPOAYKTOB PEAKIUU;
IIEPEHOC MPOAYKTOB PEAKLUMU OT MOBEPXHOCTU IOJJIOKKH K OCHOBHOMY IIOTOKY;
yHOpsAI0YeHUE aJACOPOMPOBAHHBIX aTOMOB B KPUCTAJNIMYECKYIO peleTKy. Pe3yib-
THUPYIOLIAsi CKOPOCTh POCTA SMUTAKCUAIBHOIO CJIOS ONPENEIeTCs] CaMOl MEJICH-
HOM CTaJIMEN U3 NMPUBEIECHHBIX BBIIIE.

Ecnu ckopocTh peakuuy JUMUTHPYETCS MacCOMEPEHOCOM, TO OCHOBHBIM (haKToO-
POM, ONPENEIIAIONIMM CKOPOCTh OCAXKACHUS, MOKHO CUMTATh OTPAaHUYHBIN ciion. Ta-
KOW peXHM Ha3bIBaloT MU((Y3MOHHBIM, TaK KaK peareHThl U MPOIYKTHl PEAKIHH
JOJDKHBI MPEOJI0JIeBaTh JAMHAMUYECKHM MOTPAHWYHBIA CIOM MNPEUMYIIECTBEHHO
nudoysueit. CkopocTs peakiuu B 1 Py3MOHHOM PEKUME MOKHO PETYIMPOBATH U3-
MEHEHHUEM TOJIIMHBI TOTPAHUYHOTO CJI0S, CYILIECTBOBAHNE KOTOPOTO 00YCIIOBIICHO a/I-
COpPOIIMOHHBIMU CHJIAMU CaMOU MOBEPXHOCTH, a TI0 MEpe yAAJIEHUS OT Hee — BHYTpPEH-
HUM TpeHHEM (BS3KOCTHIO) raza. Yem Ooibllle €ro TONIIMHA, TEM TPYAHEE HAET JI0-
CTaBKa K MOBEPXHOCTU PEareHTOB U3 Apa MOTOKA.

B npotiecce BbIpanuBaHus SMUTAKCHATIBHBIX CIOEB MOYKHO OCYILIECTBIISATh UX Jie-
rupoBaHue. [Ipu 3ToM aTomMbl MPUMECH BHEIAPSIIOTCS B KPUCTAJUIMUECKYIO PELIETKY
pactymei ieHkd. COOTHOIEHUE aTOMOB IIPUMECH M aTOMOB KPEMHUS B T'a30BOM
(haze perymmpyroT TaKuM 00pa3oM, 9TOOBI BRIPAIIIEHHBIHN CIIOU COEepKall 3a1aHHOE KO-
JMYECTBO NpUMecH. MOXKHO MOJTy4aTh CJIOU € JHOOBIM OTIMYHBIM OT MOAJIOKKH YPOB-
HEM JIETUPOBAHUS. DTO MO3BOJISIET M10Jy4aTh BHICOKOOMHBIE CJI0M Ha HU3KOOMHOM MO/~
JIOYKKE WUJIM CO3/1aBaTh PE3KUE P-N-1Iepexo/ibl, He puderasi, HalpuMep, K TBepaodazHoi
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upPy3un. Bo3MOKHO Takke HENMPEPHIBHOE U3MEHEHUE CTENEHU JIETUPOBAHUS SIIH-
TaKCUAJIBHOTO CJIOSl B IIPOLIECCE €r0 BBIPALUBAHMSA, YTO MPUBOJUT K IIOCTEIIEHHOMY
M3MEHEHHMIO YPOBHS JIETUPOBAHUA IO TOJIIUHE CJIOSl. DTOT METOJ MCHOJB3YyEeTCs, B
YaCTHOCTH, B IPOU3BOJICTBE MOJIYNPOBOJIHUKOBBIX COJIHEYHBIX OaTapeil C yJIydIleH-
HBIMHU pa0OYUMU XaPAKTEPUCTUKAMHU.

1.2. X;10puIHbIH METO/X SMUTAKCUHA

XJOpUIHBII METOJI — UCTOPUYECKH MEPBBIA M HanOoJee pacnpoCTpaHEHHbBIN Mpo-
MBIIIJICHHBIA METO/I MOJYYeHHS] aBTOAMUTAKCUAIBHBIX CJI0€B KpeMHus. Ero mmpokoe
NPUMEHEHHE CBSI3aHO C JOCTYIMHOCTHIO BEICOKOUMCTOTO TETPAXJIOPHIa KPEMHHUS U BO-
J0poJa B MPOMBIIIIEHHBIX MacliTabax, 0CBOEHUEM IPOLECCA BOCCTAHOBIIEHUS KPEM-
HUS U3 TETPAXJIOPHUIa, CPABHUTEILHO HU3KUMHU 3aTpaTaMu, OTHOCUTEILHOM Oe3omac-
HOCTBIO IIPOLIECCA U BO3MOKHOCTBIO YIIPaBJICHUS €0 OCHOBHBIMHU ITapaMeTpamH.

IIpouecce anuTakCuM MPOTEKAET B cucreMax rnporovnoro tuna. Poct ADC u3 napo-
razoBoii cmecu [SiCis+H;] mponcxoauT Ha TOBEPXHOCTH KPEMHHEBOM MOJUIOKKH, pa3o-
rperoii 1o Temneparyp 1200 — 1400 K. ITaporazosyro cmecs (I1I'C) [SiCl, + Hz] mouy-
YaloT MYTEM HAChIIIEHUS BOAOPOAA NapaMu TETPAXJOopHUAa KPEMHHUS IIPHU IPOITyCKa-
HUH BOJOPOJIa Yyepe3 ucrnaputeb ¢ KuakuM SiCly.

B3aumoneiicTBue TeTpaxiopuaa KpEMHHUS C BOJOPOJIOM ONHUCHIBAETCS XHUMUYE-
CKOM peakiuei:

SiCly + 2H; — Si + 4HCI. 4.1)
JIeCTBUTEIBHBIN X0 9TOW PEaKIMi MHOTOCTAJIMEH M MOKET OBITh MPEACTaBJICH B
BUJIC TIOCITIEAOBATENIbHBIX U MApaUICIbHBIX PEaKIUid, KOTOPhIE OYIyT PacCMOTPEHBI
MpU TEPMOJMHAMUYECKOM aHAJIH3E.

Peakimuto ocymectsistoT npu temneparypax 1000 — 1250 °C. PeanbHo peakuus
MPOUCXOAUT B HECKOJIIBKO CTaguil ¢ 0Opa30BaHMEM MPOMEKYTOUHBIX HPOIYKTOB
SiHCI; u SiCl,. CkopocTh pocTa 3MUTAKCHAIBLHOTO CJI0S 3aBUCUT OT TEMIIEPaTyphl
npouecca 1 psjaa Ipyrux TEXHOJOTHYECKUX (PAaKTOPOB U OOBIYHO HAXOAUTCA B Ua-
nazone ot 0,5 7o 1,5 MkM/MuH. YKa3aHHas BBIIIE peakius (TOUHEE, BCE €€ COCTaB-
JsoIIKe) oopaTuMa. ITO O3HAYAET, YTO MIPU ONPENENECHHBIX YCIOBUAX, HAIPUMED,
KOrJa TemIeparypa peakldd BBIXOJMT 3a Mpeaebl HEKOTOPOro pabouero MHTEp-
BaJia, CKOPOCTh POCTa CTAHOBUTCS OTPULATEIBbHOM, TO €CTh BMECTO pOCTa AIIUTAKCHU-
anpHOro cios muer ero tpabienue mapamu HCl. Mnu ecnm konuentpanus SiCly
CJIMIIKOM BBICOKA, TpaBjieHue OyneT mpoucxoautb u B orcyrctBue HCl B Hecymem
rase (puc. 4.1). Tak, npu tremneparype 1170 °C u momnspHoit konuenTpamuu SiCly,
paBuoii 0,27 — 0,28, HaunHaeTcs TpaBieHue Si.

HenocpeacTBeHHO nepes MpoueccoM 3MUTAKCHH MOJIOKKH MMOABEPTAKOTCS Tep-
M000paboTKe B BOJIOPOIe WK BakyyMme Tipu Temmneparypax 1150 — 1300°C u BeicOKO-
temnepatypaomy tpasieHuio B [II'C [HC1 + Hj]. IlpemsnurakcuansHas o0paboTka
MOJII0KEK MPOBOAUTCS C LENbIO UX OYUCTKU U 00ECTIeUeHUsI TEOMETPUUYECKOTO COBEP-
[IEHCTBA TOBEPXHOCTH.



32

JlernpoBaHue SMUTAKCUATIBHBIX CJIOEB OCYIIECTBIIACTCS MTyTEM KOHTPOJIUPYEMOTO
BBEJICHMS MTapOB JICTKOJICTYUUX coequHeHui anemenToB Il u V rpynm nepuoauye-
CKOM crcTeMbI B rapora3oByio cMmech [SiCls + Hp]. CriocoOb! ierupoBaHust MOTYT OBITH
pa3IMYHBIMH:

L KA SiCl; + H,, P=1at™m v, MKM/MI/IH‘

1600
1500

1400
1300 | OcaxxaeHne

TpaBnenue

0 . . Konnenrparus SiCly,
0,1 02 \0.3 "~ mom. %
1200

1100

0 005 01 015 02 025 Pays10°, arm

a 0
Puc. 4.1. I'panuna ob6yacteit pocta u TpapiieHus kpemuus B cucreme SiCl,—H; B
3aBHCHMOCTH OT TEMIIEPATYPhI M MapIUaIbHOIO JaBicHUs Psicis (2) ¥ 3aBUCHMOCTb
cKOopocTH pocTa snurakcuansHoro cios SiCly (7= 1170 °C) (6)

1)nerupoBaHue U3 pacTBopa (s MOTy4eHHUs TuIeHoK N-tuma ¢ p > 0,1 Om-cm). C
aTOM 1eNbI0 K xkuakomy SiCly nodasnsror neryune npumecu PCls, BCl; u BBr3, koTo-
poie ucnapsirorest BMecte ¢ SiCl, u moctynaror B peakrop. Hemocrarkom 3toro Metosa
ABIISIETCS HEOOXOIMMOCTh MPUTOTOBJICHHS CIIEIIMATLHOTO PAacTBOpa sl KaXKI0H cTe-
TIEHU JISTUPOBAHUS;

2)ra3oBoe JITUPOBaHUE, SBIISIONIEECS 00jee MpaKTUYHbIM. [Ipu 3TOM mpumech
BBOJIMTCSI B PEAKTOP OTAETHHBIM T'a30BBIM MIOTOKOM. B KauecTBe TOHOPHBIX TpUMecen
ucnonb3yercs pochun (PHz) nnm apcun (AsH3), a B kauecTBe akENTOPHON IPUMECH
nuoopad (B2Hg). OTH rasel pa3doaBisitoT BOJOPOIOM U BBOJAT B PEAKIIMOHHYIO KaMeEpYy.
Hcnonb3ys Takol METOJI, y/1aeTCs BhIPANTUBATH SMUTAKCHAIBHBIC CIIOM N- U P-TUIIA C
KOHIeHTpanueil npuMecn 5-10% — 102 em,

K nocromHcTBam XJIOpHIHOTO METO/A CIEIYET OTHECTH BOZMOXKHOCTD MOTYUYESHHUS
JOCTATOYHO COBEPILEHHBIX CI0OEB U OTHOCUTENBbHYIO IPOCTOTY 00opyaoBanus. Hemo-
CTaTKH — 3HauUuTeNIbHas Tuddy3us npuMecend U3 MOJI0KKU B CIION U T0BOJIBHO BBICO-
Kas cTeneHb apTojerupoBanus. uddysus oOycrmoBieHa BBICOKOW TeMIEpaTypou
MIPOLIECCOB; AJIsl €€ YMEHBIICHUS B KaYECTBE JIETUPYIOUICH MpUMeCH B MOJI0KKE BbI-
OMpAIOT PJIEMEHT C HAMMEHbIIUM Kodd puririeHToOM Auddy3un (B cirydyae moioxek N-
TUma He Gocdop, a MBIIIBIK WIK cypbMy). OrpaHHUYeHUEM METOJa B pAJie CIy4yacB
SIBIISICTCS TPYAHOCTD MOJYYCHHS JOCTATOYHO YnucTOro SiCly.

MoskHO HCIOJIb30BaTh BoccTaHoBieHue Tpuxiopcunana (SiHCI3) Bogopomom —
MeTo1, OJM3KUH K XJI0puaHoMy MeToay. Hanbosee BeposiTHO pOTEKaHUE peakiuu 1o

ypaBHEHUIO:
SiHCls(ra3) + Ha(ras) — Si (t8) | +3HCl(ra3)?. (4.2)
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Hcnonp30BaHue TpuxJioOpcuiaaHa MpU BOJOPOJHOM BOCCTAHOBJIEHUU HMEET Pl
nperMylIecTB o cpaBHeHHo ¢ SiCls. DT0 jerkas IUCTWUISIUOHHASA OYMCTKA U3-32
OTCYTCTBUS a3€0TPOIIOB € MPUMECIMU U 00JIbIIas CKOPOCTh ocaxkaeHus. [lepeuncnen-
HbIE IPEUMYLIECTBA MMO3BOJISIOT CYIIECTBEHHO MOBBICUTH TPOU3BOJUTENBHOCTD YCTa-
HOBOK IIPH ITPOU3BOCTBE MOJIYNPOBOJHUKOBOTO KPEMHUS. XJIOPCUIIAHBI TAKXKE MPE-
MIOYTHUTEIIbHEE HCIIOJIb30BAaTh BMECTO CHJIaHA U JAMCHIIAHA MPU OCAXKJIECHUU METOAOM
I'XO, Tak Kak TOMOT€HHOE 3apO/bIIIC00pa30BaHUE MEIKUX (TOHKOAMCIEPCHBIX) Ya-
CTHI] C XJIOPCUIIAHAMH MEHEE BEPOSATHO.

Taxum 006pa3oM, TpUXJIOpCUIIaH ABJISAETCS MPAKTUUECKHU Hauboiee BaXKHbIM Belle-
CTBOM JUJIsl IPOM3BO/ICTBA KPEMHUS, @ TETPAXJIOPU] KPEMHHSI — OCHOBHBIM TOOOYHBIM
IIPOJIYKTOM 3TOTO IPOU3BOJCTBA.

1.3. Tepmogunamuveckuii anaan3 cucrembl SiCl + Hp

TepMmouHaMUYECKUii aHATTU3 TTO3BOJISIET ONPEACIUTD MPUHITUTTHATIBLHYIO BO3MOXK-
HOCTh OCYIIECTBJICHUSI PEAKIIUM, CMEIIIEHUE PABHOBECUS B Ty WM MHYIO CTOPOHY B
WHTEPECYIONIEM MPOIIECCE M MAKCUMATLHO BO3MOYKHBIN BBIXO/T 2JIEMEHTAPHOTO KPEM-
HUsI B 3aBUCUMOCTH OT TeMmriepatypsl u cocrasa 11I'C.

Cucrema Si-Cl-H sBisercss ximaccMYeckuMM HpPHUMEPOM CIIOXKHOTO, HEOIHO3HAY-
HOTO B3aMMOJICHCTBUS PEAarcHTOB NMPHU IOBHIIICHHBIX TEMIIEpaTypax. BBISICHUIOCH,
YTO MPOCTAasi 3alUCh OCHOBHOM peakiuu (4.1) BoBce HE paCKPHIBAET €€ UCTUHHBINA Me-
XaHW3M, KOTOPBIH BKJIIOYACT MHOXKECTBO IMPOMEKYTOUHBIX CTaaAUd M TPOTYKTOB.
CrieKTpajabHBIN aHAIM3 MMOKa3aJl HaJM4KMe B pearupyiomiei cmecu momumo Hz, HCI,
SiCl, rakux coemunennii, kak SIHCI3, SiH,Cl,, SiH3Cl, u eme psma apyrux (Bcero
6omnee 20 KOMITIOHEHTOB).

B o01eM Bujie X011 peakiiii MOXKHO TPEICTaBUTh CIEAYIOIUM 00pa3oM: UCXO/-
HBIE peareHThl — MEePEXOAHbIC COCTOSTHUS — MPOAYKTHI peakiuu. ToIbKO UCXOTHBIC
peareHThl U MPOIYKTHI PEAKIUU SBJSIOTCS CTAOMIBHBIMA XUMUUECKUMU COEIMHEHU-
SIMH, CBOWCTBA KOTOPBIX MOKHO U3YYHTh SKCIIEPUMEHTAIBHBIM ITyTEM.

Xoporee IKCIEPUMEHTATLHOES TOATBEPKACHUE HAXOIUT MEXaHHU3M IIpoliecca
B3aMMOJICCTBHS TETPAXJIOPUAA KPEMHHUS C BOJOPOJOM, KOTOPBI MOXKHO IpECTa-
BHUTH COCTOSIIIMM M3 YETHIPEX IIEMEHTAPHBIX CTaIUN:

SiCls + H <> SiHCIs + HCI; (4.3)
SiHCI; <> SiCl, + HCI: (4.4)
SiCl, > 1/2Si + 1/2SiCly; (4.5)
SiCl, + Hz <> Si + 2HCI. (4.6)

J11s1 pacueTa BbIXOJ1a IPOAYKTOB PEAKIIMI UCIIOJIB3YIOTCSI KOHCTAHTBI PABHOBECHS
peaknuii K),. 3HaU€HUsI ’TUX KOHCTAHT JUTs peakiwmii (4.3) — (4.6) npu pa3IudHbIX TEM-
nepaTypax npeacTaBieHsl B Ta0m. 4.1.

Tabm. 4.1
3HaueHUs] KOHCTAHThI paBHOBeCHs [Tl peakiuii (4.3) — (4.6)
Temmnepatypa, K (4.3) (4.4) (4.5) (4.6)
1173 0,200 0,00115 71 1,74
1373 0,457 0,025 10 1,2
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1473 0,63 0,12 3,8 1,0
1573 0,78 0,48 1,66 0,84
1673 1,0 1,67 0,657 0,72

Ecnu KOHLIEHTpanusl KaXXJoro BEIIECTBA B MOMEHT PaBHOBECHUS YIOBJIETBOPSET
BCEM YPaBHEHUSM PAaBHOBECHS JUIS pEAaKIMi, BO3MOKHBIX B JAaHHOM IIpoIiecCe, TO, pe-
I1asi COCTaBJICHHYIO0 TaKUM 00pa3oM CUCTEMY YPaBHEHUN OTHOCUTEJIBHO BCEX HEU3-
BECTHBIX, II0Jy4arOT 3HaYEHUSI PABHOBECHBIX KOHLIEHTPALUI ITPOIYKTOB JTaHHOTO IIPO-
necca. [Ipu pacuere HEOOXOAUMO YUUTHIBATh TOJIBKO HE3aBUCHUMBIE PEAKIIMU, TOJIBKO
B 3TOM CJIy4ae 4UCJIO YPaBHEHUM OyJIeT paBHO YHCIY HEU3BECTHBIX.

O0603HaYMM KOJIMYECTBO MOJIE KOMIIOHEHTOB B MOMEHT PaBHOBECHSL:

NsiHciz — M1, NHel — M2, Nsicla — M3; Nsiciz — M4, NH2 — Ms; Nsj — Me.
YpaBHEHUSI KOHCTaHT PABHOBECHS PEAKLHM, MPOTEKAIOIINUX IPH B3aUMOACHCTBHUU
SiCly ¢ Hz, MOXHO 3amucath ClIeIyrOIUM 00pa3oMm:

K o mm, _ m,m, _
p(4.3 ' N p(4.4) ’
m,mg m, (m, +m, +m3+m4+m5)
12 2
_(m3(m1+m2+m3+m4+m5)) . ~ m2
K pas)™ K pwe) T mom
: m, : m.m,
[TockosbKy
K K2 =K

K p(4.3) "p(4.4) " p(4.5) p(4.6)’
TO MBI pacriojaraeM TOJIbKO TpeMs YpaBHEHUSIMH C IIECThIO0 HeM3BeCTHRIMU. HemocTa-
IOIIME TPH YPABHEHUS MTOJTy9aeM, COCTaBIIsAs ypaBHEHUS OallaHca 11k KpEMHMS, BOJIO-
pona u xjopa (KoarmdecTBa MOJICH JT0 JOCTHIKEHHUS PAaBHOBECHUS M B MOMEHT PaBHOBE-
CHSl PaBHBI).

J171s1 TOBBIIIICHUS TTPOIICHTA U3BJICUCHUS KPEMHHUS MPH BOJOPOIHOM BOCCTaHOBIIC-
HUHU XJIOPUJIOB TpeOyeTcs O0JbI0I N30BITOK BOAOPOA, YTO MOKHO MPEICTABUTH MO-
JISPHBIM OTHOIIICHUEM:

[Hz: SiCls] =N :1.

VYpaBuenus 6anaHca IMEIOT BU/I;

1) mo xpemamio: 1 = m; + my + Mz + Mg;

2) no Bomopoay: N = 0,5m; + 0,5m; + ms;

3) 10 XJI0pYy: 2=15m;+ 0,5m; + 2m3 + ma.

Takum 00pa3oM, COBMECTHOE PEIICHNE CUCTEMBI U3 IIECTH YPABHCHHH C IICCTHIO
HEW3BECTHBIMH ITO3BOJISCT OTPE/ICTUTH PABHOBECHBIC KOHIICHTPAIIUN BCEX TPOIYKTOB
TIpoIIecca U BBIXOT DJIECMEHTAPHOTO KPEMHHUSI.

1.4. Bausinue TemMnepaTypbl HA CKOPOCTh U MEXaHM3M XJIOPUAHOI0 MpoLecca

Xapakrep TeMIlepaTypHOl 3aBUCHMOCTH CKOpPOCTH Iporecca (puc. 4.2) cBuje-
TEIbCTBYET O TOM, UTO T€TEPOreHHAs peaKlrsl B3aUMOJICHCTBUS TETPAXJIOPUIA KPEM-
HUS C BOAOPOJIOM MPOTEKACT KaK B KWHETUYECKOM, TaK U B TP Hy3NOHHON 00IaCTH.
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B Hu3KoTeMmepaTypHO# 00J1aCTH 3aKOHOMEPHOCTH MTPOIIECcCca SIMUTAKCHU OTIpe/ie-
JSIFOTCSI KHHETUYECKOM cTajuel mpoiiecca TUCCOIMATUBHOM acopOIuu TPUXIIOPCHU-
nana. [lpu mepexoae B BBICOKOTEMIIEPATYPHYIO 00JIACTh SHEPTUSl aKTHBAIIMH PE3KO
YMEHBIIIACTCS, U BO3pacTacT BIHSHHE TU(D(PY3HOHHBIX MTPOIIECCOB Pearupyromux Be-
IIIECTB Ha TpaHUILy pazaena das.

AV, MkM/MuH

10,0
5,0

2,0
1,0

0,5

0,2¢

% 7 8 5 1077, K*

Puc. 4.2. TemnepaTypHas 3aBUCUMOCTb CKOPOCTH XJIOPUJIHOTO MpoIiecca

1.5. Oco0eHHOCTH TEXHOJIOTHHU XJIOPUTHOT0 METOAa IMUTAKCHHU

[IpeumymectBa ['XO mocturarorcs IEHOM OTPOMHOTO pacxojia Ta3000pa3HBIX
cMeceil, Tak KaK uX IUIOTHOCTh mpuMepHO B 1000 pa3 MeHblle, 4eM y TBEPABIX TEN.
[ToaToMy CylIecCTBEHHOE KOJIMYECTBO OCaZKa MOXKET ObITh MOJIYYEHO TOJBKO B MPO-
TO4YHOU cucteme. OrpomMHbIe 00BEMBI MPOTEKAIOIIETO Yepe3 peakTop Ho, BbIONHSIO-
1Iero GyHKIHUIO HE TOIbKO BOCCTAHOBUTEIS, HO U pa30aBUTENS, TUKTYIOT OCOOBIE Tpe-
O0oBaHMs UMEHHO K ero uucrote (mpexae Bcero no H,O + Oy), npuueM punHMIIHAS
ouuncTka (aacopouus, tuddysus yepes Pd) ocyiecTBiaseTcss HEMOCPEACTBEHHO B IIEXe
snuTakcuu. Yucrora Hy olieHHBaeTCs 10 TOYKE POCHI, KOTOPasi HEe AOKHA OBITh BBIIIIE
-75°C, 4TO COOTBETCTBYET KOHIIEHTPALIMM OCHOBHOIO BeuiecTBa 99,9999% wnu npu-
Mmecu He 6onee 1,0 mua™.

IToToK ra3a TOJBKO Ha MEPBBIM B3I KAKETCA MPOCTBIM, JIETKO YNPABISIEMbIM U
u3MepsieMbiM. Ha camom fiesie nake B mpsiMOi TpyOe OH MMEET CIIOKHYIO U HE BIIOJTHE
KOHTPOJIMPYEMYIO CTPYKTYPY: HEPABHOMEPHOCTh PACHPEAEIEHHUSI CKOPOCTH IO ceve-
HUIO U BO3MOKHYIO TYpOYJIEHTHOCTb.

KoHcTpyK1Ius peakIMOHHBIX KaMep U MOAJI0KKOAEPKATENEN ONPEAESIET YCIOBUS
00TeKaHus MOJI0KEK ra30BOi CMEChIO0, a BCIEACTBHE ATOTO — OTHOPOAHOCTH CBOWCTB
CJIOEB U BOCIIPOU3BOAUMOCTb PE3YJIbTaTOB.

B pe3ynbTare nomcka onTUMManbHOM KOHCTPYKIIMU ONMPOOOBAHBI U B TOM WJIM MHOU
MEpe MCMOJb3YIOTCSI MHOTHE TUIIBI PEAKTOPOB, KOTOPbhIE MOXKHO KJIACCU(PUIIUPOBATH
0 CTENEeHW OJIM30CTH K OAHOW M3 JBYX HMJICATM3UPOBAHHBIX MOJIEIECH: BHITECHEHMUS
WK cMmelleHus. B peakrope cMmelieHus mpeaycMaTpuBaeTCsl TypOyJu3aius cMecu
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KPEMHHUUCOAEPKAIIETO KOMIIOHEHTAa C BOJOPOJAOM U JIETUPYIOIIMMU Ta3aMu JUIsl J10-
CTHKEHHS] pABHOMEPHOMN KOHIIEHTPAIIMU CMECH BO BCEM PEakIIMOHHOM oO0beMe. Peak-
TOP BBITECHEHUSI KOHCTPYKTHUBHO PEAIU3YETCsl B BUJE TPYObl IJIMHHOW TOpa3io mpe-
BBIIIAIONICH €€ CEeYEHUE U HE COepKallleil ICTOUHUKA TypOyIu3aluu.

B coBpeMeHHBIX yCTaHOBKAxX peanu3yrorcsa ode mojenu. Ilocne nocrynienus ra-
30BOT0 IMMOTOKAa B PEAKIIMOHHYIO KaMepy HEOOXOIMMO 00eCIeunTh pPaBHOMEPHBIN
HarpeB napora3zoBoi cmecu. JIjist 3Toro opraHusyercs mojay3aMKHYThIN 00BEM € yCII0-
BHUSIMH MaKCUMaJIbHO () ()HEKTUBHOTO MIEPEMEIINBAHIS KPEMHHUICOIEPIKAIIETO KOMITO-
HeHTa. [lanee ucnonwp3yercss MoAenb BeiTecHeHus, koraa I1I'C nmpoxoaut B y3koM H
JUITMHHOM 3a30p€ MEXKIy MOI0KKOAepKaTeIeM U BHYyTPEHHUMHU CTEHKaMH peaKkTopa.

OcHoOBaHHasl HA TEPMUYECKN aKTUBUPOBAHHOM I'€TEPOr€HHOM IPEBPAIIEHUN SITH-
TaKCHsl JOJKHA OCYIIECTBIISTHCS B PEaKTOPaX C «XOJIOAHBIMIUY CTEHKaMU (Ha YpOBHE
500 — 600°C), uToObI N30ekKaTh OCAKIACHUS KPEMHHUS U TOJUXJIOPUAOB Ha HUX. Oc-
HOBHBIM METOJIOM HarpeBa rpauToBOTO MOJJI0KKOAEPKATENS SABISIETCS UHTYKIIUOH-
HBI HarpeB HU3KOYACTOTHBIM TOKOM, T0JIE KOTOPOTO MPOHUKAET TTy0ke B rpadut u
pa3orpeB OKa3bIBaeTCs 00Jee MATKUM, YTO MPOAJIEBAET CPOK CITYKOBI MOII0KKOAEP-
KaTels.

DTOMY KOMIUIEKCY TpeOOBaHUN BO MHOIOM COOTBETCTBYET BEPTUKAILHBIN peak-
TOP HOBOTO MTOKOJICHUS C IMOJIOKKO IepKaTeIeM-upamMuioi (puc. 4.3).

1
1
4
1
a
i
1

[ B A,

MEELELEE

Puc. 4.3. Cxema COBpEMEHHOT0O MPOMBIIIEHHOTO PEAKTOpA JIJIs SIMUTAKCHATb-
HOT'O HapalllMBaHUs KpeMHUs: 1 — peakTop, 2 — UHAYKTOP, 3 — MOAJIOKKOIEPKATEb,
4 — MoJJI0KKa

2. BapuaHThl 3a1aHuii
JI1s1 3alaHHOM TeMIepaTyphl Mpoliecca SMUTAKCHU U MOJIBHOTO KOJIMYECTBA BOJIO-
pona (BapuaHThI 3a/laHW TIPUBEIEHBI B TabOn. 4.2) paccuMTarh KOJUYECTBO MOJIEH
komroHeHToB [1I'C, onpeaenuts BbIXOJ KPEMHHUS, TOCTPOUTH rpaduyecKyIo 3aBUCH-

MOCTb BBIX0/1a KOMIIOHEHTa XUMHYECKOTO B3aUMOICHCTBHS (110 BApUAHTY 3aaHUs) OT
cootHomeHus [Hy : SiCly].
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Tabn. 4.2
No Temneparypa, | N — Mmonsipaoe konudectBo Hy | Kommnonent II'C
BapHaHTa K
1 1173 100 HCI
2 1373 200 SiCl,
3 1373 100 SiHCl;
4 1473 200 HCI
5 1473 100 SiCl,
6 1573 200 SiHCl;
7 1573 100 SiCl,
8 1673 200 HCI

3. IlopsAIOK BBINOJHEHUS PA0OTHI

1. lMonyuuTs 3a1aHKe y PENOAABATENS.

2. 3ammyctuts niporpammy MathCAD.

3. OTkpoeITh daitn «JIaboparopHas padoTta Nody.

4. BoiOpatb u3 1abn. 4.1 u 4.2 HeoOXoAMMBIE MJisi pacyeTa HapameTpbl U
KOHCTaHTbI pAaBHOBECHUS PEaKLUid, COOTBETCTBYIOIIME 3aJaHHOI TeMrneparype. Beectu
BbIOpaHHbIE TAPAMETPHI B COOTBETCTBYIOIINE STUEHKH BXOAHBIX TAHHBIX.

5. OnpenenuTh MOJIbHBIE KOHIIEHTpaIu kommnoHeHTos [11°C.

6. OnpenenuTh BBIXOJ KPEMHUS B OTHOCUTEIbHBIX €TMHULIAX.

7. Ilo TOukaM TMOCTPOUTH 3aBUCUMOCTb BBIXOJa KOMIIOHEHTa XHMHUYECKOIO
B3aUMOJEHCTBUA OT cooTHOIIeHus [N : 1].

8. 3aHecTH B OTUET BCE BXOJIHbIE M BBIXOJIHBIE JaHHBIC, OJIYYCHHbIE PE3YIbTaThl
U TpaduK MOCTPOCHHOM 3aBUCHUMOCTH.

4. KoHTpOJIbHbIE BONPOCHI

1. Yto Takoe 3MHUTAKCHUS, KAKUE BUBI SIMTUTAKCHAIBHBIX IPOIICCCOB PAa3IMYAlOT
M0 MPUPOJIC B3aUMOACHCTBHS «IOAJIOKKA — pacTylias KpucTauimaeckas dazan?

2. UTo Takoe KOHCTaHTa PaBHOBECHS PEAKIINH, KaK OHA OMPEAeIseTCs?

3. OnummTe JOCTOMHCTBA U HEJOCTATKU XJIOPUTHOTO METO/Ia SITUTAKCHH.

4. OnumuTe JOCTOMHCTBA U HEJIOCTATKU MUTAKCUU TP Ta30(pa3HOM XHUMHUYE-
CKOM OCaXJICHUHU.

5. YUem omnpeaensrorcst AU y3MOHHBIN U KHHETUYSCKUN PEXKUMBI Ta30(ha3HOoN
XUMHUYECKOMN peakiuu?

6. Kakumu crioco6amu OCyIecTBISIETCS JIETUPOBAHNUE SITUTAKCHATILHOTO CIIOSI B
XJIOPUTHOM METOJIE SITUTAKCUU?
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Jlaboparopnasi pa6ora Ne 5
IJEKTPOXUMHUYECKOE TPABJIEHHUE IMTPOBOJIOKU BOJIb®PAMA
JJIsA UBrOTOBJIEHUS 30OHIJA CKAHUPYIOIEI'O 30HAOBOI'O

MUKPOCKOIIA

Heab padoTsl
N3yuuTs mporecc 3IEKTPOXUMHUYECKOTO TPaBIEHUS BOJb(paMa M TEXHOJIOTHIO
MOJITOTOBKU 30HI0B JJIsI CKAaHUPYIOIIETO 30HA0BOTO MUKpockoma. MccnenoBars Biu-
STHAE BPEMCHH JJICKTPOXMMHUYECKOTO TPABICHUS Ha Ka4eCTBO 30H/1A.

1. KpaTkue TeopeTHyeckue cBeleHUs

BpicOKO€ NPOCTPaHCTBEHHOE pPa3pELICHUE CKAaHUPYIOLIEro 30HA0BOIO MHUKpPO-
ckona (C3M) onpenensieTcst 5KCIOHEHIIUATbHON 3aBUCUMOCTbBIO TYHHEIBHOIO TOKA OT
pacCTOsIHKA 1O IOBEPXHOCTU. Pa3pellienre B HanpaBiIeHUU 110 HOPMAJIXA K IIOBEPXHO-
CTH JIOCTUIaeT J0JIeH aHrcTpema. JlarepaibHOe K€ pa3pelieHue 3aBUCUT OT KayecTBa
30H/1a U OTIPENEIISIETCS B OCHOBHOM HE MAaKpPOCKOITMYECKUM PaInyCOM KPUBHU3HBI KOH-
YuKa OCTPHS, a €ro aTOMapHOM CTpyKTypoil. [Ipy npaBuiIpHON MOATOTOBKE 30HJa HA
€ro KOHYMKE C OOJIBIION BEPOSTHOCTHIO HAXOAUTCS JTMOO0 OJJMHOYHBIN BHICTYHAIOIINAMA
aToMm, JHMOO HEOOJBIION KJacTep aTOMOB, KOTOPBIM JIOKAIM3YET €ro Ha pa3Mepax,
MHOI'0 MEHBIIINX, YEM XapAKTEPHBIA PAINyC KpI/IBI/ISHBI OCTpI/ISI (pI/IC 5.1).

N

Puc. 5.1. CxemarnuHoe n300paykKeHHE OCTPHUS 30H1a C OJJHUM aTOMOM Ha KOHIIS

C noMoIIBIO TAKUX 30HJI0B YAAETCS MOJy4aTh aTOMapHOE IPOCTPAHCTBEHHOE pas3-
pelIeHre Ha 00pa3iax U3 pa3InyHbIX MaTEpUAIIOB.

[Tpodunb KoHYMKA 30H]1a SIBISIETCS BAXKHOM XapaKTepUCTUKOM, Tak kKak C3M u300-
pa)KEeHHUs SIBIISIFOTCS] CBEPTKOW (POPMBI MIOBEPXHOCTH HCClIeayeMoro o0pasia 1 30H7a,
KOTOPBIA MCHOJBb3yeTCA I OTOOpaxeHust noBepxHocTu. dopma 30HAA sBiseTCA
OTIpeEISAIONIEH MPU MOJYyYEHUN KaueCTBEHHOTo M3o0pakeHus. Eciu ams aToMapHO
IJIAJKUX TOBEPXHOCTEN KPUTUYHBIM SBJIIETCS TOJIBKO PaInyC KOHUMKA, TO JIJIs1 OTOO-
paXeHUs CTYIIEHEK, CKIIOHOB, SIM U IIPOYMUX PE3KUX IIEPEnaoB IO BLICOTE, KPUTHYE-
CKUM SIBIIETCSA YrOJI 3aTOYKU 30H/A.
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1.1. 3oHabI ISl TYHHEJIbHBIX MUKPOCKOIIOB

B ckaHuMpyromux TyHHEIbHBIX MUKPOCKOIAX MCIHOJIB3YIOTCS 30HIbl HECKOJIBKUX
tunos. [llupokoe pacrpocTpaHeHUE NOJTYYHIIN 30Hbl, TPUTOTOBJICHHbBIE U3 BOJIb(pa-
MOBOI MPOBOJIOKU METOJIOM AJIEKTPOXUMHUYECKOTO TpaBiieHUs. BonbppaMoBbie 30HIbI
ABJISIFOTCS. OJTHUMH M3 HAaWTYUIIMX BAPUAHTOB TP HCHOIb30BaHuK B C3M.

B ckanupyromeit TyHHenpHoM Mukpockonuu (CTM) 30HA UrpaeT posib NpoBOA-
HUKa U MOXET UMETh JII00OYI0 GopMy, HO JUIS UCKITIOUEHUS BIUSHUS T€OMETPUU 30H1a
BAKHO MPUMEHATh KaK MOYKHO 00Jiee OCTpbIM M TOHKHM 30HA. B cimydae ¢ aTOMHO-
cuioBoit Mukpockormeil (ACM) mpu BbIOOpE HCHONB3YEeMOTO 30HIA MPUXOAUTCS
UATH Ha KOMIIPOMUCC MEX]Ty Kau€CTBOM U Ha/IEKHOCTBIO, TOCKOJIBKY ISl HAJIE)KHOTO
3axBaTa M OTCIIEKHUBAHUS B3aUMOJIEHCTBUS HEOOXOAUMBI ONpEesICHHbIE TPO(UIbL U
¢dopma 30H1a. TBEpAOCTH HcciaenyeMoro o0pasia TakKe OKa3bIBaeT BIUSIHHUE HA BEJIH-
YUHY CHJIOBOT'O B3aMMOJICHCTBHSI.

1.2. MeToabl co31aHNsI 30HI0B

MeTob1 co31aHKs 30H10B MOAPA3ICSIOTCS HA MEXaHUYECKUE U PUBUKO-XUMUYe-
ckHe (IEKTpOXUMHYECKOe). MexaHUuuecKue METOJIbl, KaK MPaBWIO, MPeayCcMaTpu-
BAIOT MPOCThIE MEXaHUYECKHUE OTEpaIluu, TAKUE KaK Cpe3 METAJUTMYECKON MPOBOJIOKHU
3 W, Pt-Ir, Pt-Rh, MO, npu koTOpoM HEMOCPEACTBEHHO 00ECIIEYMBAETCSI OCTPHIi
KOHUYUK. TeopeTuyeckn Ha KOHUMKE 00pa3yeTcs HECKOJIbKO MOHOATOMHBIX IIETHHOK,
caMasl INIMHHAs U3 KOTOPBIX U UCIOJIb3YETCS B KAYECTBE 30H/A.

DJIEKTPOXUMHYECKOE TPABJICHUE ABJISETCS METOJOM, MCIOJb3yEMbIM JIJIs MpU/JIa-
HUSI METAUTMYECKUM 30HJaM (DOPMBI KOHYCa C OCTPOM BEPIIMHON. DTOT METO TPO-
JIOJKAET MIUPOKO UCTIOIB30BAThCS B CBOEU MpocTeiiel hopMe MmyTeM MOrpyKeHUs
MeTtamnueckon nmpoBoioku (W, Au, Ta, Fe, Pt, Ir, Pt-Ir) B cooTBeTCTBYIOIINI AIICK-
TPOJIUT U PUIIOKCHHS HATPSDKEHUS K dJIeKTpoaam (puc. 5.2).

Karon

DIEKTPOJIUT

Puc. 5.2. Dnexkrpoxumuyeckas 3aTouka 30H71a

Taxke BO3MOXKHO U3IOTOBJIEHHE 30HJ0B C IIOMOIIBIO MOHHOM 3aTOYKU. B 3TOM
clly4yae CO3JIaHHBII B BAaKyyMe TIOTOK HOHOB AI'" HampaBJieH 10 KacaTelIbHON K 30H]1Y.
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B ciIy4dac BOJ'H)(i)paMOBOFO 30H4a 9Ta oIcpanusa yaajaiacT I/ISOJIHHI/IOHHHﬁ clioun OKCHaa
" CO31acT 30HA C PaINyCOM KOHYHMKA HCCKOJIBKO HM.

1.3. OcoGeHHOCTH AaHOHOT0 PACTBOPEHHA BOJIb(ppama
B mienouHsIx pacTBopax MPOMCXOIMUT pa3iokKeHHE BOJAbI C 0Opa30BaHUEM HOHA

2
WO, . IIpouecc Boinenenus Bogopoaa Ha W 3asucut ot PH pactBopa, riioTHOCTH TOKa

¥ BHJIa TOBEpXHOCTH. OOBIUHO MPOIECC aHOIHOTO PACTBOPEHHUSI BEAYT MPH IJIOTHOCTU
toka i=0,1-0,5 A/cm? u Temneparype 25-30°C. KatoaHas IIIOTHOCTH IIPU 3TOM COCTAB-
nser 0,05-0,1 A/cm?. PactBopenre W B IEI0UH CBSA3aHO ¢ 00Pa30BaHUEM HA €ro MOo-
BEPXHOCTH OKCHJIHBIX IIJIEHOK, IPH 3TOM B IIEHKE HaOJr01aeTcsa 00beMHasi IPOBOIU-
MOCTB CaMOT'0 OKHMCJIAa U €ro OBICTPOE paCTBOPEHUE.
YpaBHEHUS 3IEKTPOJIA3A:
Ks, :2H,0+2e > H,+OH"
A":20H™ - 2H,0+0+2e
Oxkucnenue Boab(ppama:

W+20 WO, (MpeuMyIIeCTBEHHO)

2W +50 > W,0; (Bo3MOkHO okuciieHre 10 WOs3 ¢ ociIe1yomuM pacTBOPECHUEM )

WO, +40H —>WO? +2H,0+2e
W,0, +60H ™~ — 2WO?~ +3H,0 +2e
W +2KOH +2H,0 - KWO, +3H,

ITopsinok peaxiuu pactBopenus W no nonam OH™ paBen 1. B orcyrctBun Toka W
OKpbIT WO3.
B mienounoit cpene BO3MOKEH MEXaHU3M:
WO, +OH~ -»WO, + H* +2e
WO, +OH™ — HWO; +H*

1.4. TexHos0rust 3JeKTPOXUMHYECKOI0 TPaBJICHHUS BOJIb(PPaAMOBOro 30H1a

Texnonorust npurotoBiaeHuss CTM 30HA0B METOIOM 3IEKTPOXUMUYECKOTO TPaB-
JICHUS] COCTOUT W3 CIEAYIOIIMX 3TamoB. 3aroTOBKAa M3 BOJb(PaMOBOM MPOBOJIOKH
YKpEIUIsieTCsl TaK, YTOObI OJAMH U3 €€ KOHIIOB MPOXOAWJ CKBO3b MPOBOJSIIEE KOIBIIO
(K) 1 morpy»kasicst B BoJiHbIN pacTBop menoun (puc. 5.3). KoHTakT MeXly KOIBIIOM U
BOJIL()PAMOBOI TPOBOJIOKOM OCYIIECTBIISETCSA NOCPEACTBOM KaIUIH HIEJI0YH, PACTIOJIO-
’KEHHOH B OTBEPCTHH KoJiblia. [Ipy mpoTekaHum 3IEKTPUYECKOTO TOKA MEXKIY PACTBO-
POM IIEJIOYH U TOMEIIEHHBIM B HE€ METAJJIOM MPOUCXOAUT JIEKTPOXUMHAYECKUI TIPO-
LIeCC TPABJICHUS MEeTajula, IPU KOTOPOM aTOMBI METajula NEPEXOIAT B pacTBOP.

ITo Mepe TpaBieHUs TONIIKMHA IEPETPABIMBAEMOM 00JIaCTH CTAHOBUTCS HACTOJIBKO
MaJIOW, 4TO MPOUCXOJUT Pa3pblB 3arOTOBKHU 3a CUET Beca HWKHEW yacTu. [Ipu sTom
ABTOMATUYECKH PA3phIBACTCS DJIEKTPUYECKAS LIENb U OCTAHABIIMBAETCS IIPOLIECC TPAB-
JICHUS.
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.

KOH

Puc. 5.3. Cxema nzrorosnenus CTM 30H10B U3 BOIb(PPaMOBOI TPOBOJIOKH
C TIOMOUIBIO 3JIEKTPOXUMUYECKOTO TPABICHUS

1.5. YcrpoiicTBO U1 TPaBJIeHHUS MIJI
B pabote ucnomnb3yercst ycTpoicTBO A TpasieHus uri (Y TU). Ono npeanasHa-
YEHO J1JIs1 U3TOTOBJIEHUS U BOCCTAHOBJIEHUS 30HIOB ISl 30HJOBBIX MHUKPOCKOIIOB Mé-
TOAOM 3JIEKTPOXMMHYECKOro TpaBiieHus. Ha puc. 5.4 npencraBieHa cxemaTuiecKkas
KOHCTpyKums Y THU.
/3

“ N[V

\

A\

Puc. 5.4. Konctpykuus yctpoiicTBa it TpaBieHus UrIL: 1 — oTpe3ok Bosibdhpamo-
BOM IIPOBOJIOKH; 2 — KOJIbLO; 3 — BUHT NEPEMEILECHHUS 110 BEPTUKAIH; 4 — NOABUKHBIN
CBETOJIMOJIHBIM OCBETUTENb; 5 — OCHOBAHUE; 6 — NCTOUHUK [IEPEMEHHOIO AJIEKTpUYE-

CKOT'O HaIpsKEHMsI; 7 — BUIEOMUKPOCKOI; 8 — iepKaTeib
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YTH pabotaet caeayromum obpazoM. OTpe3ok BoJibppaMoBoit nmpoBosioku 1 3a-
KpEIUICH Ha JepKaTene 8, KOTOPbIN MEPEMEIIAETCS BBEPX U BHU3 110 BEPTUKAIH BPYY-
HYIO0 € MOMOIIbIO BUHTA 3. OcBelieHre 00ecneuynBaeTcs MOABUKHBIM CBETOHOIHBIM
ocBeTuTeneM 4. Bece aneMeHThl KOHCTPYKIIMM 3aKPEIUIEHbl Ha OCHOBaHUM 5. Bpammas
BUHT 3, IPOBOJIOKY OITyCKAaIOT B KOJIBLO 2 10 HY>KHOH ri1yOuHbI. KoJIblIo H3roTOBIEHO
13 HUXPOMOBOU MPOBOJOKU. [IpeaBapurensHO Ha KOJIBLO 2 BemaeTcs Kamil S-1po-
rienTHoro pactBopa KOH umu NaOH. Tlocne 3Toro BKItOYaeTCss HCTOYHHK MTePEMEH-
HOTO 3JIEKTPUYECKOT0 HAPSLKEHUSI 6 U IPOUCXOIUT MPOLECC EPETPABIMBAHUS BOJIb-
(dbpamMoBOil TPOBOJIOKU ¢ 0Opa3oBaHUEM OCTpO uribl. OnepaTop HAOIIOJAET 3a MPO-
LECCOM TPaBJIEHUA HA DKPaHE KOMIIBIOTEPA MMOCPEACTBOM BHUIeOMUKpockona 7. [Tocie
OKOHYAHHMsI TPABJICHUS ULy | BMeCTe ¢ JepKaTesieM 8 MOJHUMAIOT B BEPXHEE MOJIO-
KEHHUE W BBIHUMAIOT.

Texnuueckue xapakmepucmuxu YTH:

TunuuHbIl paanyc 3aKpyrJieHUs KOHUYUKa Uribl: 0.2 MKM;

Martepuain 3aroToBKH UIJIbl BOIb(pamMoBasi IpoBojoka auameTpom: 0,1 mm;
Jlnana3oH nepeMeeHus o BEPTUKAIU: 25 MM;

Uctounuk Hanpsixenus: 6- 9 B/ 0,5 A nepeMeHHOro TOKa;

YBenuuenne Buneomukpockorna: X 200;

Bpewms TpaBiieHus Uriibl: He OoJee 2 MUH.

2. ITopsAIOK BHINOJIHEHUSI PA0OTHI
NHcTpyMeHTHI U MaTEpHUAIIBL:
e Bonbsdpamosas nposonoka quamerpom 0,15 mm;
e VCTpOKNCTBO /IS M3rOTOBICHHUS ocTpus (puc. 5.5);
e HoxHuIbI.

A4

4

Puc. 5.5. YcTpoicTBO M1 U3rOTOBIEHMS OCTPUS 30HAOBOTO 1aTYMKA:
1 — mapkep, 2 — oTBepcTHUE, 3 — MEpHasi KaHaBKa, 4 — KanuJUIApbI
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1. BoImpsiMuTe IPOBOJIOKY HA JITMHY MPUOIU3UTEIBHO 3 CAHTUMETDA.

2. BcraBbTe IPOBOJIOKY /10 YIIOPA B METAUIMYECKUN KAITMJULSIP CO CTOPOHBI MEp-
HOM KaHaBKHU yCTPOMCTBA.

3. 3ar"uTe MpoOBOJIOKY Ha yros mpuonusurtenbHo 180 rpamycoB, mprkumas ee
MAJIBLEM K METAJUIMYECKOMY KaIUIUIIPY.

N

4. BplTanuTe NpoBOJIOKY U3 KamWLIsipa. BioxuTe NpoBONIOKY 3arHyThIM KOHLIOM
B MEPHYIO KaHaBKy J10 yIopa.
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5. IlpmxmuTe POBOJIOKY MABIEM K MEPHOM KaHABKE.

X

6. OTpexpTe MPOBOJOKY HOKHULIAMH, YIUPASICh PEXYLIEN MIIOCKOCTHEO HOKHHII
B TOopel Kanwuisapa. Baxuo obecneunts nnuny BC=18,5 + 0,3mm.

18.5 + 0.3 mm

>

7. Ans dbopmupoBanus yriia ABC BcTaBbTE MPOBOJIOKY CO CTOPOHBI TOUKU B B 0T-
BEpCTHUE, PACTIOIOKEHHOE B LIEHTPE MPUCITIOCOOTIEHUSI.
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8. Ilporamure NpoBOJIOKY CKBO3b OTBEPCTHE.

9. Co croponsl Touk C BcTaBbTE MPOBOJIOKY JI0 YIIOPa B KAWILISP, OTMEUEHHBIN
KpPacCHOW TOYKOM.

—= (\.L

10. 3arauTe MpoBOJIOKY MPUOIU3UTENBHO Ha 90 TpagycoB, MpUKUMas €€ MajbleM.

=
/ >
11. BeiabTe npoBosioky u3 kanuiuisipa. Yroa BDC nomxen Ob1Th B ipeaenax 90 +

5 rpaaycos. lllupuna 3a30pa nomkHa ObITh HEe MeHbIne 1,0+ 0,5 mMm. [Ipu caumnikom
Y3KOM 3a30pe padoTa JaT4uKa MOKET ObITh HECTaOMIIBHOM.

B

A ¢1D105MM

D T C

12. Co cTtopoHbl TOUkH B BcTaBbTE MPOBOJIOKY B TPYOKY JaTUHKA.
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13. YTonuTe npoBOJIOKY NaibleM A0 YIOpa.

JlaT4uk TOTOB JJIs MOCEYIONIEr0 U3TOTOBICHUS OCTPHUS ITyTEM AJIEKTPOXUMUYECKOTO
TpaBJICHUS.

14. TToBepHHTE KOJIBIIO 2 B CTOPOHY OT jAepxartens 8 (puc. 5.4).

15. BcraBbTe naTuuk B aepxkareis 8 (puc. 5.4).

16. IMoaxmrounte YTU K amantepy, BXOIANIEMY B KOMIUIEKT IMOCTAaBKH, MOIKITIO-
yuTE afantep K dneKkrpudeckoil cetu 220 B.

17. Y6eautech, 4TO peKUM TPABIICHUS BBIKIIOUCH (HE TOPUT KpacHas JamMIouKa
Ha BBIKJIFOYATEJIE).

18. IMoaxmounte g poBoit Mukpockon k USB-nopTy KoMIbroTepa corjaacHO UH-
CTPYKIIMH TOJIh30BaHUSI IIU(PPOBHIM MUKPOCKOIIOM.

19. YcraHoBuTe nepxareiib C JaTYUKOM B TAKOE TMOJIOKEHUE, YTOOBI MPOBOJIOKA-
3arotoBka | Obl1a BepTHKaibHA (pHC. 5.4).

20. [logHuMuUTE BUHTOM 3 JiepKaTeab 8 ¢ JaTYUKOM B BEpXHEE IMOJIOKEHHUE Tak,
9YTOOBI KOHEI] MPOBOJIOKH 1 ObLT BhIIIE KOJbIA 2.

21. [ToBepHUTE KOJIBIIO 2 TaK, YTOOBI OHO OKA3aJI0Ch IMO]T TPOBOJIOKOM 1.

22. OTperynupyiTe mojaoxxeHue udpoBOro MUKPOCKOIIa, U3rudas pyKkon ruOKuit
CTepKEHb-JIePIKaTENh TaK, YTOOBI KOJIBIIO 2 OBLIO B (DOKyCE BUACOMUKPOCKOIIA.
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23. HOBCpHI/ITG KOJbIO 2B IMPCIKHECC ITOJIOKCHUC U HABCCHTC HA HCI'O KaIllJItO 5-

npouentHoro pactBopa KOH (v NaOH) u3 vamku Iletpu, kak mokazaHo Ha pucC.
5.6.

IToBEpXHOCTD KUAKOCTH
Yamka [letpu_

KOH

Puc. 5.6. HaBemmBanue karmm Ha KOJIBIIO

24. TIpuKOCHUTECh TTOBEPXHOCTHIO JKUJIKOCTH K TIPOBOJOYHOMY KOJIBITY, TIOCIIE
ATOTO OMyCTHTE YaIKy BHH3. Ha Kombite oOpa3yeTcs karis pactBopa. Eciau kamst co-
pBajachk MpU MEPEMENMICHHUSIX KOJIbIA, TOBTOPHO MPUKOCHUTECH MMOBEPXHOCTHIO JKU/I-
KOCTH K IMPOBOJIOYHOMY KOJIBITY.

25. CHOBa MOBEPHUTE KOJIBIIO MO/ MPOBOJIOKY | ¥ OMyCTUTE MPOBOJIOKY B KaILIIoO,
Bpailas BUHT 3.

26. YcTaHOBUTE 3a30p MEXKIY KaIlJiel U HUKHEH MOBEPXHOCTHIO TaTUYMKa MPUOIIN-
sutenbHO 2 MM. [Ipu aTOoM mymrHa OyayIieit urisl OyAeT OKOJIo 5 MM.

27. BxurounTte mpoliecc TpaBJIeHUs BbIKIIOUareneM. [Ipu 3Tom 3aroputcs jam-
MOYKa Ha BBIKITIOYATEINE U KUIKOCTh HAUHET KKUIIETH.

28. Habmromas 3a mporieccoM TpaBlEHUS B MUKPOCKOT, IEPUOAMYECKU TPEPhI-
BaiiTe TpaBJICHUE U HAOIIOAANTE 32 YTOHBIIICHHEM BOJIL()PAMOBOM MPOBOJIOKA BHYTPH
KaruIy.

29. Ilocne mepeTpaBIMBaHKs MPOBOJIOKKM HIDKHHUIA KOHEII €€ MajIacT.

BHumMaTeIbHO cjlequTe 32 MPOIEcCOM TPaBJIeHHUs M HEMEIJIEHHO BbIKJIIOYHNTE
YTU nocie nageHus HUKHEH YaCTH 3aroToBKH 1!

30. [TogaMUTE ACpKATETh 8 C UTJION B TaKOE MOJIO0KEHUE, YTOOBI TOJBLKO CaMbIi
KOHYUK UTJIBI OB IOTPYXKEH B KUIKOCTb.

31. BrirounTe Ha KOpOTKOE BpeMs (He Oosiee 1 cek.) mpoiiecc TpaBieHHUs BBIKITIO-
yaTeneM. Brikimrounte TpaBieHueE.

32. Coxpanute nzo0paxkenrne chOpMUPOBAHHOTO 30H1a, UCTIONB3YS CPEICTBA 3a-
XBaTa U300paKeHUs dKpaHa.

33. I[logauMuTE IEepKaTelb ¢ JaTYUKOM C IIOMOIIBIO BHHTA 3.

34. BeiHbTE AATYMK C TOTOBBIM 30HIOM U3 J€pHKaTEJIs.

35. IIpomoiite 30H]1 B CTpye MPOTOUHOM BOBI, IeprKa ero uriioit BHU3. [Ipocyminre
30H/]] MO/ TEIUIBIMU CTPYAMH BO3ayXa. JlJisi mMpoCyIIKU 30HJa MOKHO HMCIOJIb30BAThH

(eH.
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3. KoHTpo/ibHBIE BONIPOCHI

1. Ha3oBuTe ocHOBHBIE MeTOABI M3TOTOBICHUI CMT-30H10B.

2. HazoBute ocHoBHBIE MaTepuaibl 11t C3M-30H70B ¥ TpEOOBaHUS K HUM.

3. KakoBbl otnnuus B TpeboBanusx k 3ou1am CTM u ACM?

4. PacckaxuTe 0 METOJI€ JIEKTPOXUMHUYECKOTO TPABICHUS C AaHOJIHBIM PacTBOpE-
HUEM MaTepuaa.

5. OnuImMTe TEXHOJIOTUIO U3TOTOBJICHUSI 30H/IOB METOJIOM SJIEKTPOXUMUUYECKOTO
TpaBJICHUS.

6. OnummmTe ycTporcTBO 1151 u3roroBiaeHus C3M 30H0B.
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