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AHHOTaIII/Iﬂ. B ,HaHHOﬁ pa60Te paccMaTpuBaCTCA aHAJIMTUYCCKAsA MCTOAMKA aHAaJIN3a

N aHaJlIn3 MOoJACiIn q)OpMI/IpOBaHI/I}I IIOJICBOI'0 I€TCPOTPAH3HUCTOPA. I[aHHa}I METOJUKaA
IMO3BOJBICT IIPOBOJAUTDH aHaJM3 HEJIWHEWHBIX Macco- H  TCIUIOIICPCHOCA B
MHOT'OCJIOWHBIX CTPYKTypax ¢ MepeMEHHBIMU BO BPEMEHHU MapameTpaMu 0e3 CIITMBKHU
pPELIEHNI Ha TPaHULAX pa3/iesia MEXIy CIOSIMU MHOTOCIOWHBIX CTPYKTYp. [laHHBIN
METOJl MPOWUIIOCTPUPOBAH Ha TMpUMeEpe aHaiau3a (QOpPMHUPOBAHUS IOJEBOTO
reTepoTpaH3uCTOpA.

KuaroueBble cjaoBa. Macco- U TennonepeHoc; AHAJIUTHYCCKAasd MCETOAWKA aHalin3a,
OIITUMHU3AINA PAAUOIJICKTPOHHBIX yCTpoﬁCTB.

Abstract. In this paper we consider an analytical approach dnalysis and
optimization of formation of a field-effect heteransistors. The approach gives a
possibility to analyse nonlinear mass and heaspart in a multilayer structure with
time-varying parameters without crosslinking of udimns on interfaces between
layers of the multilayer structure. The approach heen illustrated by analysis of
manufacturing of a field-effect heterotransistor.

Keywords: mass and heat transport; analytical approachrfalysis; optimization of

radio-electronic devices.

BBenenue

Pa3BuTHe TBEpIOTENBHOM ANEKTPOHUKHU MPUBOJUT K HEOOXOIUMOCTH YMEHbBIIICHUS
pa3MepoB 3JEMEHTOB MHTErpaibHbIX cxeM. K HacTosmieMy BpeMeHU pa3padoTaHbI
HECKOJIbKO METOJOB YMEHBUICHUS Pa3MEPOB NAHHBIX 3J1€MEHTOB. OQHUM H3 ITUX
METOJIOB SIBIISIETCS BBIpAlIMBaHWE TOHKOIUIEHOYHBIX ycTpoucTB [1-4]. BropbMm

METOJOM ABJIACTCA I[I/I(b(bYSI/IOHHOC HNJIIM HNOHHOC JICTUPOBAHHC HCO6XOI[I/IMI>IX
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YY4aCTKOB OOpa3loOB WM TETEPOCTPYKTYp C JAIBHEHIINM J1a3epHBIM  HJIH
MUKPOBOJIHOBBIM OT)KHTOM TIPUMECH W/WIM paIualfoHHBIX JedexToB [5-7].
Hcnonp30BaHWe JaHHBIX METOIOB OTXKUTAa TPUBOAUT K  (HOPMHPOBAHUIO
HEOJHOPOJHOTO TEMIEPATYpPHOTO TIOJII W, KaK CIEACTBUS, K (HOPMHPOBAHHIO
HEOJHOPOJHOCTH JIETUPYEMOW CTPYKTYPHl W YMEHBIICHHIO DPa3MEPOB AJIEMEHTOB
MHTETPAbHBIX CcXeM. Eme oaHuM crnocoOOM HM3MEHEHHsI CBOWCTB JIETUPYEMOTO
MaTepHaa sIBISICTCS ero paauaimonHas oopadotka [8,9].

B nmanmHOM pabote paccmarpuBaeTrcs Crmocod  (HOPMHPOBaHUS — IMOJEBOTO
reTepOTPaH3UCTOPa C HEOIHOPOTHO JIETMPOBAHHBIM KaHaoM. HeomHopomHoe
JETUPOBAHNE KaHala WPU M3TOTOBICHHH TIOJEBBIX TPAH3UCTOPOB IO3BOJISET
M3MEHUTh CKOPOCTh TiepeHoca Hocutener 3apsna [10] u, yMeHbIINB UTHHY KaHaua,
npenoTBpatuth 3(pdekr cmbikaHus HCTOKa co crokoM [11]. [Jlns wmmmocTpamuu
MpeajgaraeMoro  MeTo/Ja ONTHMHU3AIMK  JISTUPOBAaHMS KaHaja  PacCMOTPUM

reTEPOCTPYKTYPY, MPEACTABICHHYIO Ha puc. 1.

— e —

Drain Channel Source

Puc. 1.PaccmaTpuBaemasi CTpyKTypa MOJIEBOTO T€TEPOTPAH3UCTOPA

bynem cuurtath, uyto mocie GOpMHpOBAaHUA KaHala OJWMH W3 €ro KOHIIOB
Jerupyercs ¢ moMOImbl0 AuGQPy3ur WIM HMOHHOW WMIUIAHTAIlMH C B0
dbopMupoBaHUsT HEOMHOPOIHOTO mpoduis nerupoBanus. Jlamee paccMmarpuBaeTcs
MHUKPOBOJIHOBBIN OT)KUT MPUMECH W/MIM paJuallMOHHBIX JIe(PeKToB. J[aHHBIA THII
OT)KUTA TIO3BOJISIET TPOTPEBaTh TOJBKO TPUIIOBEPXHOCTHYIO O00JACTh  JUIA

orpannueHuss AuQdy3un BriyOb reTepocTpykTyphl. [locne 3aBepiieHHs OTKHUTA
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IMPOBOAMTCS 3apallliBaHue KaHaia U ¢GopMupoBaHue 3aTBopa. OCHOBHOW IIEIBIO
JaHHOW paboOThl SBISIETCS ONTUMHU3ALUA JIUTENIBHOCTH OTXKHIAa C  IIEJIbI0

JETrUpOBaAHUA HCO6XO,Z[PIMOI>1 JaCTH KaHalia.

MeToauKka aHAJIU3a

JUIss  TOCTMXKEHUs TIIOCTaBJIEHHBIX LEJed ONpeneauM IPOCTPAHCTBEHHO-
BPEMEHHBIE paCIpPEENICeHUs] KOHUEHTpauui mnpumMecer. Vckomsle pacnpeneneHus
HaiiieM ImyTeM peleHus Broporo 3akona duka [10,12-14]

2C(x,y,zt)
ot

0 {Dco"c(x,y,z,t)}r J {DCdC(x,y,z,t)}r J {

_ b 9 Clxy.zt) 1)
Jd X d X ay ay Jz

c Jz

C 'PaHUYHBIMU U HA4YaJIbHBIM YCJIOBHUAIMU
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0z
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B coornomenusx (1) u (2) BBemennl cieayromue oOo3HaueHus: C(Xy,zt) -
MIPOCTPAHCTBEHHO- BPEMEHHOE paclpeelieHue KOHIICHTpAlUU TpUMEcH, | —
temneparypa omkura, De - koapdunment mauddysum npumecu. BenuunHa
kodppunmnenta auddy3uu onpenensercs CBOMCTBAMM MAaTEPHATIOB B CIIOSX
IeTepOCTPYKTYPHI, CKOPOCTH TMPOTpeBa W OXJAKIACHHUS TeTePOCTPYKTYphl (B
COOTBETCTBUU C 3aKOHOM AppeHuyca). 3aBUCUMOCTH Koddduimenta auddysun ot

napaMeTPOB MOTYT OBITH alMPOKCHMHUPOBAHBI CIIEIYIOMUM cooTHomeHneM [9,15,16]

D. =D, (%, z,T){1+ gM}{“ 1V(x, Y, zt) rc Vi(xy,zt)

PV(X’ Y, Z,T) 2 (V )2 , (3)

rne D (X,y,z,T) —npoctpancTBeHHas (32 CUET MHOTOCIOHHOCTH T€TEPOCTPYKTYPHI) U

TemnepaTypHas (o 3akoHy AppeHmyca) 3aBHcUMOCTH Kod(dummenta muddysum;
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P (xy,zT) - mnpemen pacTBOPHUMOCTH TIPUMECH; OIPEACISIEMbI CBOWCTBaAMU
Marepualia rnapaMmerp ) MOKeT MPUHHMATh Iielibie 3HaueHus B uHTepBase )L1[1,3]
[15]; V (XY, zt) - mpocTpaHCTBEHHO-BPEMEHHOE pacIpe/eiCcHHe KOHIIEHTPAIUU
pamMALMOHHBIX  BakaHcuil; V - paBHOBECHOE pAacCIpeieieHHe BAKAHCHIL.
Konnentpanmonnas  3aBUCUMOCTh  Ko3ddunmenta  auddy3un  moapoOHO
obcyxnaercs B [15]. Cnemyer 3amMeTuTh, 4To B cirydae 1udGy3MOHHOTO JETHPOBAHUS
panuanoHHble ToBpexaeHus oTcyTctByloT U {= (= 0. IlpoctpaHcTBEHHO-
BPEMEHHBIE paclpeAesieHUs] KOHIIEHTPAllUi paJnalliOHHBIX Ae(PEKTOB ONMpPEAEIsIINCh
IyTeM peIIeHUs CIeAYIoel CHCTEMbI ypaBHeHu# [9,16]

ol (xa?[/ z,t) :%{Dl (xy. Z’T)al (xa i z,t)} s aay{Dl (xy, Z’T)al (); i// z,t)} s

+1{D| (X, Y, Z,T)M} —k (x, Y, z,T)I (X, Y, Z,t)V(X, Y, Z,t)—

0z 0z
-k, (% y,zT)1%(x y,2t) (4)
6V(x,y,z,t):i{D (xy Z_I_)aV(x,y,z,t)}+ 0 {D (xy Z_I_)aV(x,y,z,t)}+
ot ax| V7T 0 x oyl 7 oy
0a 6V(x,y,z,t) _ _
+ ; Z{D\, (x,y, z,T)—a . } kv (%Y, 2T)I(xy,zt)V(xy,zt)

~k,y (%Y, ZTIV?(x, v, 2t)

C HaYaJIbHBIMHU

P(xy,z,0)=f,(xy,2) (®)

" T'PpaHUYIHBbIMHU YCJIOBUSMU

3 o(xy,zt) ~0 3 o(xy,zt) -0 d,0(x,y,zt) “o 3 o(xy,zt) ~0
a X ‘XZO a X ‘x:Lx a y y=0 a y ‘y:Ly
3 o(xy,z1t) ~0 dp(x y,zt) ~0 )
0oz |, oz |,
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B cucreme ypaBHenwuit (4) u ycioBusax (5) UCHONB3YIOTCS CleAyIONe 0003HAYCHMS:
p =1V, | (Xy,zt) - npocTpaHCTBEHHO-BPEMEHHOE pachpese/icHue KOHIICHTPAIUH
MEeXJ0Y3elbHBIX aTOMOB; D,(X,y,Z,T) — koadunuentsr auddy3nn Mexa0y3enbHbIX
aTOMOB ¥ BakaHcuii; cnaraemsie VA(X,Y,zt) i 1%(X,y,Zt) COOTBETCTBYIOT 0Gpa30BaAHHIO
JTMBAaKaHCUH ¥ aHAJOTHYHBIX KOMIUIEKCOB MEXIO0Y3elbHBIX aTtomoB; K v(XY,zT),
K (xy,2zT) u kyv(Xy,ZT) - COOTBETCTBEHHO, MapaMeTpbl PEKOMOMHAIIMU TOYCUHBIX
neheKToB 1 00pa30BaHUs KOMILIEKCOB.

[TpocTpaHCTBEHHO-BPEMEHHBIC pacIipeieCHIs KOHIICHTPAIUi JuBaKkaHcui @ (X,
Y,Z) 1 aHAJIOTUYHBIX KOMIUIEKCOB MEXI0Y3eIbHBIX aTOMOB @ (X,Y,Zt) onpenenum c
MTOMOIIIBIO CIICTYIOIIeH CUCTEMBI ypaBHeHuH [9,16]

0P (X vy,zt 74 oD X Y,zt 0 2P X Y,zt
I (dty ) :5|:D¢Dl (X, Y, Z,T) | (0~;Xy ):| + 0~,y|:DtDI (X, Y, Z,T) | (dyy )} +

J

+E{D¢I (x,, z,T)dq)' (xy.2.1)

0z

} +k (% y,zT)1%(x v, 2t) -k (% y,2T)l (x y,2t) (6)

oP,\x y,zt) 2 2D, (X Yy,zt 74 2D,(XYy,zt
Der2 -2 o, fuy2m)72ESED | 2oy, am) 22N

)dCDV (x,y,zt)

0
+—|D_ (XV,2T
dZ|: GJV( y dZ

}kw(x, Y, 2TV(% v, 28) =k, (% v, 2TV (x v, 2.)

C 'paHUYHBIMH U HAYAJIbHBIMHU YCJIOBUAMU

0P, (xy,z1) “o 0P, (xy,z1) “o 0P, (xy,z1)

=0, = =0,
a X x=0 a X x=Ly a y ‘y=0
a¢p(x,y,z,t)| 0 GCDp(x,y,z,t)| 0 OCDp(x,y,z,t)| 0
a y ‘y:Ly ’ a z z=0 ’ a z z=L, ’
q (X,y,Z,O)= fGJI (X,y,Z), (R/(X,y,Z,O)ZfW(X,y,Z). (7)

B mociemHux COOTHOIICHHSIX BBEICHBI clieayromue obo3naueHus: Dy (X,y,2,T) u

Dov(Xy,2T) - xodddunmentsr mupdy3ur KOMIUIEKCOB TOYEUHBIX PaJIHAIMOHHBIX
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nedexroB; K(Xy,zT) u ky (X,y,zT) - mapameTpbl pacnaja KOMIUIEKCOB TOYEYHBIX
ne(heKTOB.

Jlns  ompeneneHusi MPOCTPAHCTBEHHO-BPEMEHHBIX PACHpPEIEICHU TOYEUHBIX
paIManuoOHHBIX JAePeKTOB, ciemys padoram [17-19], mpeactaBum Ko3)PHUIIHMECHTHI
muddy3un TOYEYHBIX nedeKToB B CIIeIYIOIIeM BUJIE.
D XY,z T)=Do1+£,0,Xy,2T)], rne Do, - cpennue 3HaueHus ko3(dduIreHToB
audpdysun, 0<£,<1, |g4x,y,zT)[<1, ©=1,V. B ananornunoii hopme mpencTaBuM u
napaMeTpsl PEeKOMOWHAIIMU TOYEYHBIX Ne(EeKTOB M TeHEepallid HX KOMILUIEKCOB:
kiv(X%y,z T)=Ko V[1+& v 9 v(XY,ZT)], Kii(xy.z, T)=Ko [1+&,91(XY,.ZT)] u kvv(Xy,zT)
=kovv[1+&vOvv(XY,ZT)], rne Kop 2 — cooTBETCTBYIOIINE cpeqHue 3HaYeHus, 0§ \<
1, 0=g,< 1, &G&n< 1, |gvxy.zT)L, [9,(xy,zDIs1, Bvv(X ¥,z T)[<1l. Beenem
cienyroiue 0e3pa3MepHbIe BETUYHHBI: I~(X, Y, Z,t) = (X, Y, Z,t)/ 1", x=X/L, n=ylL,,

¢ =2, V(xy,zt)=V(xy,zt)V', §=DyDy t/L?, w=L%,,//D,D, ,

Q =%k, / D, D,, . Takas 3amena usmeHnser ¢opmy 3anucu ypaBHeHuil (4) u

ycnoBuit (5)

oLlnaf). Ou 9 lareg(enan]? IO Do

09 JDOI D,, 0X ox /Do Doy

X%{[lw.g.(X,n,aT)]ar(X’”"”’ﬂ)}+ 2o a{[1+f.g.()(,f7,<o,T)]><

on Dy Dy 09

xa%wﬂ)}_w[wl,vgl,v(x,q,m)]ru,n,w)vu,n,w)—

0

-0, (xn.@9)1+e 9, (x.7.0T)| (8)

oV (x.7.9.9)_ D, {[1 gvgv(anT)]aV(X,n,mﬂ)}+ Dy

07 \/Dm Dy, 90X 0x /Do Doy
X%{[lﬂ.g. (X,n,w,T)]aV(X’”’W)} Do 9 {1+,0,(x1.0.T)]

on \/DOI D,, 0@
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X

6\7()3’(70,@19)} _w[1+ EvOy (X,q,ga,T)]r(,Y,ﬂ,Cﬂ,ﬁ)v(Xsﬂs(”’ﬁ)_

—Q,V2(x.n, @91+ (rn.eT)

6,5(,\/,/7,(0,19)| -0 5,5(XJ7,(”’Z9)| =0 6'5(/Y”7’¢’Z9) =0
0x ‘X:O ox ‘X=1 o 70

0pxn.09) _o 0An.e8) _ 0Aln.ed) _
6/7 ‘,7=1 a¢ ‘40:0 a¢ =1

- f (x.n.0.9
p&mmﬂ=puq¢).

(9)

Pemenne ypasuenuii (8) ¢ yciosusmu (9) Oynem mckarb, cienys [17-19], B Bune

CTCIICHHEBIX PAIO0B

00

plrngd)=1e, L0 X000, (x11.0.5). (10)
[Toxcranoeka psaa (10) B ypaBuenus (8) u ycmoBus (9) mo3BoJseT MOJYYUTh

YpaBHEHUS ISl HMCXOJHBIX TMPHOIMKCHUN KOHICHTPALUI TOUYCYHBIX JE(PEKTOB
I~OOO(X,/7,¢,z9) u \Z)OO(,Y,/],Q&’) U TOMPAaBOYHBIX (YHKIUH K HUM Ejk(,v,ﬂ,@z?) "
\ij(,Y,ﬂ,Qﬂ), 121, =1, k>1. /lanHble ypaBHCHHUS U YCIOBHSI K HUM TPUBEICHBI B

[Mpunoxenun. WX pemieHWs TMOJyYeHbl CTaHIAPTHBIM MeTogoM Dypbe (cMm.,
Hanpumep, [20,21]).ITonydennbie pelieHus npuBeaeHbl B [IpunoxeHun.

Jlanee ompeaenuM MPOCTPAHCTBEHHO-BPEMEHHBIE pacrpeiecHus KOHIICHTPaIHii
KOMILICKCOB TOYCYHBIX paJuallMoOHHBIX JaedekroB. [lisg 3TOoro mpeacTaBuM
cooTBeTCTByOmue  koddpduumuentsr  aupdysun B cuenywoomeid  dopme:
D oAX.Y,ZT)=Doad1+ EoQa(X.y.ZT)], rie Dogyp - cpennue 3HaueHus koddpdunnenton

mud¢y3un. Torna ypaBaeHus (6) mpeoOpasyrores K clieayromeit popme
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2D, (xYy,zt J J0.(xy 2t
| (d ty ) = Docpl 5{[1+ gcm 9¢| (X’ Y, Z,T)] | (dxy )} + DOCDI y

1% 2D (XY, zt %
oo beyemh 22 o, e, g, oyt

2% (;( Y. Z’t)}+ k (% y,2zT)12(x,y,zt) =k (x v,z T)1 (x,y,21)
5 ,
2d,(xy,zt 0 2d,(xy,zt
. (d'[y ) = Doq>v E{[l*' ‘Sqav Jov (X’ Y, Z’T)] . (de )} + Doq>v X

% 2D, (XY, zt %
T B L AT &

xdrbv(x, y,z,t)
0z

} Fiy (%3 2TV A0y 2t)— k(0 y 2TV (v 21
Bynem nckarth pelieHre TaHHBIX YPaBHEHHUM B BUJI€ CTETICHHOTO psijia
CDp(x, Y, z,t)=§0£;,pq3pi (x, Y, z,t). (11)

[ToxcranoBka psga (11) B ypaBHeHus (6) M COOTBETCTBYIOIINE UM T'paHUIHBIC U
HayaJIbHBIC YCIIOBHSI IMO3BOJISACT MOJIYUYUTh YPABHEHUS IS UCXOHBIX MPHUOIMIKESHHIMA
pacrpeneseHuii KOHLIEHTPAUH KOMIIEKCOB pafiualuoOHHbIX AeeKToB Pp(XY,Z1) u
nonpaBo4HbIX (GyHKIUA kK HUM @,;(XY,Zt), | 21, a Taxke IpaHUYHBIX M HAYaJIbHBIX
yCcJAOBUM K HUM. JlaHHBIC YpaBHEHHS U YCIIOBUS TpHBEIcHBbI B [IpuiiokeHuu.
PerieHrie 1aHHBIX ypaBHEHHH IMOJYyYeHO CTaHAApTHBIM MeTogoMm Dypee [20,21] u
npuBeneHo B [Ipunoxennu.

[TpocTpaHCTBEHHO-BPEMEHHOE  pacrpesiejicHue  KOHICHTpAalMd  MPUMECH
ONpENeIUM  aHAJOTUYHO  IMPOCTPAHCTBEHHO-BPEMEHHOMY  PacHpeCIICHUIO
KOHIICHTPAIIUU PaIuallMOHHbIX Je(ekToB. B paMkax JaHHON METOIMKH MPEICTaBUM
anmnpokcuMaiio kodddunmenta nuddys3un npumecu B BUAEC CYMMBbI TIOCTOSIHHOW H
nepeMeHHo# cocTaBisomux, T.¢. D (X,Y,2,T)=Do [1+&.0.(X,Y,2T)], rae Do, - cpeanee
3HaueHue koddduimenta auddysun npumecu, 05 <1, |g.(X,y,z T)|<1. anee Oynem

UCKaTh pelieHne ypaBHeHus (1) B BUIe CTEIIEHHOTO psijia
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C(xy.zt)=3 & $E/C (x y.21).
j=1

i=0 j=

[ToncranoBka maHHOTO psifa B ypaBHeHue (1) u ycioBus (2) mo3BoJsSEeT MOJTYYHUTh
yYpaBHEHHUS Ui HMCXOJHOTO TNPHOIMKEeHUsT KoHIeHTparuu npumecd Coo(X,Y,zt),
nonpaBounblx (ynknuit k HUM Cjj(X, y,zt) (i 21, ] 21), rpanuuHble U HavalbHbIE
yCJIOBUS K HUM. J[aHHBIC YpaBHEHUS M YCJIOBUS K HMM IpHUBEIcHBI B [IpuioxeHuu.
WX permieHust mojaydeHsl cTaHaapTHeIM Metonom Dypwe (cm., Hanpumep, [20,21]).
Pewmenus nanHbIX ypaBHEHUM NIpuBeneHsl B [Ipriioxennn.

AHaJn3 MpOCTPaHCTBEHHO-BPEMEHHBIX PACIIPE/ICIICHUI KOHIICHTPAIMA TPUMECH U
paaualMOHHBIX JEe(EKTOB MPOBOIUIICS AHAJTUTUYCCKU BO BTOPOM MPHUOIMKCHUU T10
napameTpaM, HCIHOJb3YEeMbIM B COOTBETCTBYIOIIEM psife. J[aHHOTO MpUOIMKEHUsI
OOBIYHO JIOCTATOYHO JUJISi TPOBEJCHHMS KAYSCTBEHHOTO aHajlu3a M IOJYYCHHS
HEKOTOPBIX KOJMUYECTBEHHBIX PE3yJbTaTOB. Pe3yibTaThl aHAIMTHUYSCKHX PacUYeTOB
NPOBEPSJINCH  MyTeM WX  COMOCTABICHHS C  pe3yJbTaTaMd  YHUCJICHHOTO

MOJCIUPOBAHMA.

PesyabTarhl anaausa

B nmaHHOM pasnene ¢ NMOMOILBIO PaHee MOJYyYEHHBIX COOTHOLIEHHWH MpPOBEAEH
aHaJIU3 JWHAMHUKHU [E€pPEPACHPEECICHUSI MPUMECH C YYETOM IepepacrpeesIeHHs
paauanMoHHbIX  nedexToB. J[aHHBIE  COOTHOIIEHHWS  MO3BOJIMJIM  MOJYYHTh
IIPOCTPAHCTBEHHBIE  PACHPENECICHUS  KOHUEHTpaluu  NpUMECH.  [WIHUYHBIE
pacrpeneneHrs KOHLIEHTpAalui NPUMECH B HANpPaBJICHUH, NEPHEHIUKYJIIPHOM
HAIpPAaBIICHUIO KaHaja, MpuBeAeHbl Ha puc. 2. Kpusas 1 naHHOTO puCyHKa SIBISETCS
TUNAYHBIM PacHpeieIeHUEM KOHUEHTPALMK MPUMECH BAOJb KaHana. M3 gaHHOro
PUCYHKa CJIEAyeT, YTO HAJIMYKME TPAHULIBI pa3Jeia MEXIY CIOSIMU I'€TePOCTPYKTYPbI
MO3BOJIAECT MOJY4YUTHh Oojiee KOMIAKTHOE W 0Oojiee paBHOMEPHOE pacIpeaesicHue
KOHILICHTPAIIMM TPUMECH B HANPABJIECHUH, MEPIECHANKYISIPHOM JaHHOM TpaHULE.
OpnHako B JaHHOM Cily4ae HEOOXOJIMM BBIOOP JUIUTEIBHOCTH OTHKUTA, T.K. IPU MaJIbIX
JUIMTEJIBHOCTSIX OT)KWUTa MPUMECh HE JOCTUTAeT IPAHMIBI pa3/iesia MEXIY CIOSAMH
reTePOCTPYKTYPhl, a TPHU OOJBIIMX AJUTEIBHOCTSIX OTXKHUIA MPUMECH CIUIIKOM

ri1y0OKO MPOHHUKAET B coceqHue ciior. OnpeaenauM KOMIPOMHUCCHYIO JIUTEIbHOCTD
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OTXKHra B paMKax BBEeIIEHHOTO paHee kputepus [17-19]. B pamkax qaHHOTO KpUTEpUs
ANIpPOKCUMUPYEM DPEATIBHOE paCIpENesIeHHe KOHUEHTPAMU MPUMECU C MOMOILBIO
UCaTbHOTO MPSIMOYTOJBHOTO pacmpenenenus (¢ (X\y,z2). [amee wuckomyro
JUINTEIBHOCTh OTXKUIA ONPENEIMM M3 YCIOBHUS MUHHMYyMa CpPEIHEKBAJIPaTHUYECKOU

OIINOKH

1 bk
“LLL H{)[C(X y,2,0)-¢(xy,z)] dzd ydx. (12)

X~y =z

3aBUCHMOCTH ONTUMAJIBHOW JUIMTEIHHOCTH OT)KHIa TPHUBEACHHI HA pHC. 3.
OnTuManpHas JJIUTENBHOCTh OTKUIa HMIUIAHTUPOBAHHOW MpUMECH NPUHUMAET
MEHBIIIME 3HAYEHHUS, YEM ONTUMAJIbHAS JIJIMTEILHOCTh OTKUra MPUMECU B CiIyyae
muddy3ronHoro gerupoBanud. [I[puunHON TakoW pa3HUILIbI SBISETCS HEOOXOIUMOCTD

OTKUTa paJuallMOHHBIX I[e(l)eKTOB.

154 1L
1.0 1
@
\>-</ -
O
0.5+
n-area of p-area of
epitaxial layer epitaxial layer
0.0 . . :

T |
0 L/4 L/2 3L/4 L

Puc.2a. Pactnipenenenust KOHIIEHTpAIIMU BBEACHHON NU(PPY3MOHHO IPUMECH B
NPEICTaBICHHON Ha pUC. 1 TeTepoCTpyKType B HANPABICHUH, IEPIICHAUKYIISIPHOM
rpaHuIle pasjena MeXAY MOIJI0XKKON 1 STUTAKCHATbHBIMU CIIOSIMU. Y BETUUCHUE
HOMEpa KPUBOM COOTBETCTBYET YBEIMUCHHUIO PA3HUIBI MEXKIY 3HAUCHHUSIMU
kodppunnenta nuddy3uu mpuMecH B CIOSX MPH YCIOBUH, YTO KOIPOUITUEHT

g ¢y3un IpuMecH B JIESTUPOBAHHOM 00J1aCTH OOJIbIIE, YEM B COCEAHEH

10
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2.0 1

1.5+

Epitaxial layer Substrate

0.5

0.0

0 L/4 L)ZZ /4 L

Puc. 26. IlpocTpancTBeHHOE pacnpe/iesieHle HMIUTaHTUPOBAaHHOM MTPUMECH TOCIIe
OTXKUTA JUTUTEIHHOCTHIO @20,0048(_X2+Ly2+L22)/ Do (xpuesie 1 u 3) u ©=0,0057(
+Ly2+L22)/ Do (kpuBsie 2 u 4). Kpussie 1 1 2 —pacyeTHbIe pacipeeineHus B
OJHOPOJHOM CTPYKTYype; KpHBble 3 U 4 - pacyeTHbIC pacIpe/ieeHus] IPUMECH B
JBYXCIOWHOM CTPYKTYpE MPH YCIOBUH, UTO KO3PPuiueHT nuddy3uu npumecu
JIETUPOBAHHOM CJIO€ OOJIBIIIE, YEM B COCETHEM

057 ,

0.4 1

0.3 1

] 3
0.2
] 1

0.1

eD,L’

0.0 T I T I T I T I T 1

0.0 0.1 0.2 0.3 0.4 0.5
alL, &, g,y

Puc.3a. 3aBucumocTu 6€3pa3MepHOTO ONTUMAIEHOTO BPEMEHH OT)KHUTa BBEICHHON
G Gy3nOHHO IPUMECH, TIOTYYEHHOTO U3 YCIIOBUS MUHUMYMA
CpeIHEKBaIpaTHUECKOM OMIMOKH, OT Pa3TUYHBIX TAPAMETPOB I€TEPOCTPYKTYPHI.
Kpusast 1 —3aBUCHMOCTh BpeMeHH OTxHra ot oTHOomeHus a/L u = =0 npu
nonapHoM paBeHCTBe KoddduinentoB nuddys3uu. Kpupas 2 - 3aBUCUMOCTh BpEMEHH
omxkura ot nmapametpa € npu a/L=1/2u = y=0. Kpuas 3 - 3aBHCHMOCTb BpEMEHHU
omxkura ot mapamertpa & npu a/L=1/2u £= y=0. Kpuas 4 - 3aBUCHMOCTh BPEMCHHU

omkura ot nmapametpa Y npu a/lL=1/2u £=£=0

11
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0.124

0.08

oD,L”

-
0.04 —\<3

000 F——F—F—T——T—
0.0 0.1 0.2 0.3 0.4 0.5
alL,& ey

Puc.36. 3aBucumocTtu 6€3pa3MepHOTO ONTUMAIBHOTO BPEMEHH OTKUT'a BBEACHHOM C

MTOMOIIIbI0 HOHHOW UMIUTAHTAIINH MPUMECH, TTOTYIEHHOTO U3 YCIOBUS MUHIMYMa

CPEMHEKBAIPATHUCCKOM OMIMOKH, OT PA3IMYHBIX MMAPAMETPOB T€TEPOCTPYKTYPHI.

Kpusast 1 —3aBUCHMOCTh BpeMeHH OTxkHra ot oTHomeHus a/L u &= =0 npu

nonapHoM paBeHCTBe KoddduinentoB nuddy3uu. Kpupas 2 - 3aBUCUMOCTh BpEMEHH

omxkura ot nmapametpa € npu a/L=1/2u = y=0. Kpuas 3 - 3aBHCHMOCTb BpEMEHHU

omxkura ot mapamertpa & npu a/L=1/2u £= )=0. Kpusas 4 - 3aBUCHMOCTh BPEMCHU

omxwura ot mapamerpa Y npu a/L=1/2u £=£=0

3ak/JIoueHue

B nmanHo# paboTe paccMaTpuBaeTCs aHATUTUYECKAs METOJMKA aHAIN3a U aHAJIH3
Moien (POpMUPOBaHUS MOJIEBOTO TeTepoTpaH3ucTopa. JlaHHas MEeTOAMKa MO3BOJISET
OPOBOJMTh AHAJM3 HEJIMHEWHBIX MAaccOo- M TEIUIONEPEHOCa B MHOTOCIOWHBIX
CTPYKTypax ¢ MEepPEMEHHBIMU BO BPEMEHHU TapameTpamu 0e3 CIIWBKU PEIICHWA Ha
IrpaHULAX pa3delia MEXKIy CIOSAMH MHOTOCIOWHBIX CTPYKTyp. JlaHHBI MeTon
MPOWLITIOCTPUPOBAH Ha MIpUMEpPE aHaiIu3a (POpMUPOBAHUS MOJIEBOTO TPAH3UCTOPA C
HEOJHOPOJIHO JIETUPOBAaHHBIM KaHajioM. Ha oOCHOBE NPOBEAEHHOIO aHalM3a
chopMyIUPOBaHbl PEKOMEHIAIMKA MO0 ONTHUMHU3ALUUA TEXHOJIOTUYECKOTO MpoIecca ¢
1ebio (hopmMupoBaHus 60ee KOMIAKTHOTO PacpeieTICHUs TPUMECH.
baarogapuocTu

Pabota nonneprkana crunenaneit npasutenbctsa PO.

12
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Ipuioxenue
VYpaBuenus nist GyHKIUI rijk(,Y,ﬂ,(o,ﬁ) 51 \ij(X,ﬂ,qaﬁ), 120, ] =0, k=0 u ycnoBus

K HUM

a i~;JOO()(7,77<07Z9) — DOI azrooo()(’”’ (0’7'9) + DOI azi:JOO(/Yv,LmZ?) + DOI azrooo(/Yﬂ, (0’7'9)
B Dy dx° Dy an? Dy oy
NooolX7.89) _ Doy Voo X7.89) | [Doy VoodX7.889) , [Doy 0VeooX:17.429).
09 Dy 0X° Dy O Dy 0

aiToo(/‘(’l?): /Bm azﬂoo(XJ?,@ﬂ)Jr Dy, 0 |:g|(X’”,QT)aE—loo(XvU’mﬂ)}_k
ov

09 0 x° Dy, 0 X ox
+ /D0| azi:oo()(ﬂ’@ﬂ)_l_ D, 0 {Qh()(’? ¢T)ai:-1oo(/Ys’7s(0”9)}+
Doy on’ Dy, 077 07

+ /D0| azﬂoo(Xﬂ,(ﬂ,ﬂ)Jr /D0| i|:g| ()(’,7,(0’1-)6]:—100()(”7’(”’19)}
Dov 6(02 Dov 0 0@

a\ZOO(X’ﬁ): Dov az\Zoo(/Y’”’@ﬂ)_'_ Doy 0 g (X”(o-l-)a\?i——loo(/vv”’@ﬂ) +
09 Dy, 3 x° Dy Ox| 7T o x
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+ /Bov 62\200()(”7’@29)_{_ Doy aa {gv(,Y,ﬂ,(ﬂ,T)a\Z'loo(X’q’w’ﬁ)}+
7
ol

on’ D,, on

+ /Dov aZ\Zoo(Xﬂimﬂ)_'_ [Dov 0 |:gv(/Y,l7,¢,T)a\Z_100(X’,7’¢’Z9)]iZl;
D0| a(”Z D0| a(” 6(0

010y(X,1,89) _ [Dy 0loueXi1.08) , [Dy loslXi,09) ,
0 Dov a/\/2 Dov 6’72

D, 9%l,,.(x.7.09 T /
" /D°' 010(5;27 ? )—[1+€.,V9.,V(XJ7,¢,T)]Iooo(x,n,qo,z?)vooo()m’@ﬂ)
ov

Voo X2.08) _ [Doy VeoXi1.08) , [Doy VpuoXi2.608) ,
DOI DOI

09 0 x° on’

[Dy, Vo X108 " i
+ DOV 010(5\;02/7¢ )_[1+€|,vg|,v(X1’71§0aT)]Iooo()(1’7a§0a19)vooo()(a/71¢ﬂ9);
ol

0l gos(X2.839) _ [y 1o Xi1,89) . [Dy lensX,2.89) . [Dy
0 Dov a/Y ’ Dov 6’7 ’ Dov

%o, X7, 09) [~ = T /
x °2°(5Y¢;7 i )-['010()(,/7,40,19)V000()(,f7,<az9)+Iooo()(,n,coﬁ)vom()(,n,mﬂ)]x

x|i+ 9, (X.7.4.T)

OVoooXo11,28) _ [Dor 0NepsXi2.89) . [Dy 0¥poX.7,09) . Dy |,
0 Dov a)( ’ Dov 6’7 ’ Dov

Vo X, 09) [~ i T Vi
x °2°(;(¢2'7¢ ) [ 1. 0N 1.05) * Tot1. 0 N1, 05)]

x |.1+ EvOy (X’/71¢sT)J;

0o (X.7.039) _ [Dy 0°ToesX2,8) , Dy 0%1oXi2.008) ,
0 Dov a/Y2 Dov 6’72
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) ~
+ Dy 9 IOOl(X’,?’mﬂ) _[1+£| 19 |(/Y1’7’¢’T)] IO%O(X’”’mﬂ)
\ Dy, o¢ o

NooiXo11.0.9) _ [Doy NosXo1.8.9) , [Doy 9¥Neo:X.17.008) ,
DOI DOI

09 0 x° on’

+ | Bov az\/om(a/\;g’(”ﬂ?) - [l+ .9, ()(,/7,¢1T)]\7£0(X1,7,¢,19);

arno()(ﬂs@ﬁ): /Bm azizlo(/Y’”’mﬂ)_,_ Dy 0 |:g|(/Y,/7,¢,T)ar010(X’,7’¢’z9)}+
ov

09 0 x° Dy, 0 X 0 x

+ /Dm OZEIO()(,H,(U,ﬁ)+ D0| 0 {Eh(/\”? qa-l-)arom(/vﬂ’(”’ﬂ)}_'_ /D0| x
Dov a’7 ? Dov 6’7 a’7 Dov

XGZEm(X’”a(”sZ?)_i_\/?i{gl (X,l],(ﬂ,T)ai;lO(X,”’w’ﬁ)}_[l'* £,9, (X’”,qg’T)]x

¢’ 0p 0p

x |,|~100(X1’71 @, 19)\7;00(/“’7’ @, 19) + i:)oo(/Ya’% @, ’9)\7100()(1’71 &, Z9)J

6\7;10()(”7’40’19): /Bov 62\7;10()(”7’4219)_'_ Dy 0 |:gv()(’,7’¢,'|')a\7;10(/v’,7’¢’19):|+
ol

09 dx° D, X dx

+ Doy 62\7;10(/“27’(”’19)4_ Doy 0 {gv()(’”’m-r)a\-/;no()(ﬂ’@ﬂ)}_'_ /Dov x
\ Do 0n Do 077 0 Dy,

oA/, N,0,9 D, 0 a\Z)lO 1.9,
« OVusoX.7.09) | o —{gv(/v,n,m) ben.g )}[1+£V,V9v,v(/v,/7,m)]x

o¢ 0@ g

X I,\Zoo(/Y’”’ @, 19) rooo()(ﬂ’ &, Z9) +\7;>00(/Y”71 @, ?9) rloo()(a/71 @, Z9)J;

0o X,2,08) _ [Do 0%ToesXi2.09) , [Doy 0TooXu1.09) . [Dor
07 Dov ox° Dov on’ Doy

il 002(;;27 9) e, (10,0 T oo, 0) T1,29)

16



XYPHAN PAOVNOINEKTPOHUKWN, N9, 2015

Voo Xo17,08) _ [Doy 0Nees(X,2.89) | [Doy 0¥oeoX:7,09) . Doy
0 D0| a)(z D0| 6’72 D0|

0N, (X1, 0.9 7 /
X 002(/\/ 7.9 ) - [1+ & vOvy ()(1’7’¢1E)]V001(X1’7140’19)\/000()(’,7’(0’19);
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6E01(/6Y;;7v¢’19): Bm 62E01(a)(”27’¢’19)+ 0 |:g|()(,/7,¢,T)ar;01(X’,7’¢’19)}x
\ Dov X X ox

y JDO. . \/Dm 0°T,(X.1.09) , [Dy 0 {gl(Xﬂ,m)GRM(X,n,mﬁ)}

Doy Dov on’ Do, 97 oy

+ /Dm 62E01(X”7’§419)+ /D0| i|:gl()(’,7’@-'-)6[;)01(/\/”7’(”’19)}_
Dov 6¢2 Dov 0p 0@

~[1+ &9, (07,27 Lol Xo17. 0 Nooo X 17.09)

Wolin09)._ Do Ninlin09), 2 {gv()(,,,,m)a\%m(x,fmﬁ)}x
0l

09 0 x° 0 x 0 x
><\/Dov +\/Dov 62\7;01()(”27’@19)4_ Dov 0 |:gv ()(’,7’(0,-'-)6\7;)01&”7’(0’19)}_*
D0| D0| 6/7 D0| 6/7 a’7

+ [P 9N (X.2.09), [Dy 8 {gv()(ﬂ,m)a\%m()(,n,cﬂ,ﬂ)}
Dy, o¢ D, 09 0p

- [1+ & O (/Y1’7a ¢1T)] rooo()(ﬂ’ ¢119)\7100(X1’71 @, 19) ;

0o, (X,7,08) _ [Dy 1o (X,12,08) , [Dy 0% 10X.1,09) , [Dy
0 Dov a/Y ’ Dov a’7 ’ Dov

%1, (x.n. 0.9 T )
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N1, 89) _ [Doy Vo (Xi12,08) , [Doy Vo X12.08) , [Dyy
0 D0| a/\/2 D0| 6’72 D0|

o>V, .(x.n.09 7 /
X 011((;;2,7 4 ) _[1+ &vOvy (X”71QT)]VOOO(XJL(0119)\/010()(1’71(0’19) -

- [1+ Evyy ()(,/7,(0,t)] rooo()(ﬂs(”’ﬂ) 101()(,/7,%29);

aﬁijk(X’/?’(”,ﬂM =0 aﬁijk(/\/’”’mﬂn -0 aﬁijk(/\/ﬂ’(”ﬂ?»
o | 0 x ’

x=1 6,7 ‘/7:0
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BoosX:11.00)= 1, (x.0.0)/ 0", B, (x.1,¢.0)=0 (i=1,j=1,k=1).

Pemenus JaHHBIX ypaBHeHI/Iﬁ C Y4YCTOM COOTBCTCTBYIOIIUX TI'PAHUYHBIX H

HaYyaJIbHBIX YCJIOBHUI MpeCTaBUMBI B cieaytoien hpopme

Probr.0:8)= |+ EFelr)eln)elg)e,, (9).

n,

e, () =exp(- mn*9./D,, /D, ), e, ) =exp(- 7°n?8./D,, /D, );

rne F,, =%icos(ﬂnu)icos(ﬂnv)icos(ﬂnw)fnp(u,v,w)d wdvdu, c,(x) = cos (7n y),
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><lfenl (- r)}cn (u)}sq(v)}cn (U)g, (u,v, W,T)a r“loogj\’/v’ W) dwdvdudr —277\/? x
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0 0 0 0 \/

<3 ney (3)f e (-l 0)fe, (] 0)g, (o.vowT) Masslvewr)

0 0 0 0 W

dwdvdudr x

J 1 1

x 6, (X)e.,7)en(@) - 22 ¢, (x)e,(n)e, (@) &, (9)f ey (-7)fc, (W)}

& W)l Mot vwi7) x

x \Z)oo(u’v’ W, T) + rooo(u’V’ W, T)\ZLOO(U’V’ W, T)J[1+ EivOiy (U’V’ W’T)]Cn (V)d wdvdudr;

Tulrn.09)=-2m [0S 06 () o) ol (9)fe, () s ) o, )

g ()2 UV D gwavguar -2 %2 S, (e o) (@, (9
ov "

X fem (- T)}Cn(u)}%(V)TCn (w)g, (u.v, W,T)a IOOl(l;’\Y’W’ T)d wdvdudr -2 /% X
ov

0 0 0 0
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<3 ne, (9)fe, (-1)fc, e, M s, (W, (avowr)2leler)

0 0 0 0 W

dwdvdudr x

J

6, (1), (n)e,0) - 25 e, (e, n)e (e, ()], () [+ 61,01 (v T )]

0
xC () To(U, v, W, 7V, (U, v, W, 7)d wd vd ud 7

4 1 1 1

Jew (=7)s,(u)lc,(v) c,(w) x

0 0 0 0

Torn.09)=-2m [0 5 6, (1), o) () (9

<0, (v T) 2BV v auar - 2 2 S (e, () (@ ()
o "=

xJew (- r)}cn(u)}sn(v)}cn(w)gv(u,v,w,T)N"‘”(S’V’W’T)dded“dH”@ "

0 0 0 0 Vv

x z ne, (9)]e, (~7)c. (uic. ()]s W)g, (v, W,T)avom(u,v, w,7)

0 0 0 0 W

dwdvdudr x

4 1

6, (1), (n)e, (0~ 25 ¢, (¥)e, (7)c, (@ew (9)] & (- () 0, (V)] Tl

0 0 0

xc,(WL+e g, UV, w,T)NV,(u,v,w,7)dwdvdudr;

Tou(r1.0.9) = =25, (1), n)e, (e (9)] &, ()], (W), (V)] (w)

X {[1+ gl,l gl,l (U,V,W,T)] rOOO(u’V’W’ T)~010(U’V’W’ T)+[1+ gl A gI,V (U,V,W,T)] X

X Tooa(U,V, W, T) Vogo(U,v, W, 7) d wd vd ud 7

Vo, 0:8)= 25 c,(x)c,(0)c, (P ()] (1), ()], (W), (W) x

X {[1+ Ev,v gv,v (U,V,W,T)]%OO(U,V, W, T)\7010(U’V’ W, T)+ [1+ & \Y; g, \Y; (U’V’ W’T)] X
% Tooo(Us Vo W, T Vo (u, v, W, 7)}d wd vd ud 7 .
VYpaBHeHHsI AJI1 MCXOJIHBIX TNPHUOIMKEHHUH paclpeneieHnii KOHUEHTpalui
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KOMIIJIEKCOB PaANallOHHBIX JehekToB Pp(X,Y,Zt) 1 nonpaBoyHbIX (QyHKIUI K HUM

@,4(Xy, zt), 121, a Taxxe rpaHUYHbIEC ¥ HAYaJIbHbIEC YCIOBUS K HUM UMEIOT BU]

ID,(x,y,2t) _ D 72 ®,4(x y,2t)

270, (x,y,zt
ET =~ Yoo NG + Dy IO( Y )+

ay*

2
+ Dy, J dDI(;,()Z(;y, 2t) +k (% y,ZT)I12(x y, zt) -k (%, y,2T)I (x,y, 2 t)

I D%y, 2t) D 72 Dyo(x.y, 2t)

2° D, (X Y, 2zt
gt D g Do bz,

ay*

2
+ Dy 2 q)V;(:; v.2t), k(%Y. Z2TIV?(x v, 2t) =K, (% ¥, 2TV (x, v, 2,t);

2®,,(xy,zt) %0, ,(x,y,zt) o0, (x,y,zt)
It = Doo I * Dool

+ o0, ,(x,y,zt) +
ay? oet 07

0 qui_ X,y’Z,t 0 o‘)cDi_ X,y,Z,t
* Doa R{g‘m ey, 2T)— 10(-»)( )} * Do d_y|:g¢l (x,y,zT)— 1oEy )} +

J dD, ,XY,zt
+ Doq>| E|:g¢| (X’ Y; Z’T) I 10£Z ):|

2D, (xy,zt) *®,.(x,y,z1t) *®,,(x,y,z1t)
0—,t = DOCDV dx2 + oV

oo Zoukyzt)
ay? ooV ¥a

d dq) i— X,y’z’t d dq) - X,y,Z,t
*+ Doa ﬁ{gmv (X’ Y Z'T) - 102X )]F Doov d_y|:gmv (X, \Z Z,T) v 10£y )} +

174 a0, ,(xyzt)| .
+ DO¢VE|:9<DV(X’ Y, Z,T) A ;'(Z )}, 1>1;

6¢pi(x,y,z,t)| 0 a¢pi(x,y,z,t)| 0 acbpi(x,y,z,t)|

0 X o d X
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0D, (x,y,2t) 0 0D, (x,y,21t) 0 0D, (x,y,2t)

oy ‘y=L B 0z 0z

y

=0, i=0;

z=0 z=L,

Do(X.Y,2,0)=f s (Xy,2), @,(Xy,z0)=0,i=1.

Pemenne naHHbIX ypaBHEHUHN IPEACTABUMO B CIEAYIOLIEM BUIE

D)y 2t) =+ SR 6,00 (Y)e (De, 1)+ Enc, (e, (y)
xc(2)e,, (t)ie%n (- r)Lj;cn (u)Lj;cn (v)Lj;cn (w)[kI uv,w, T2 (u,v, w7 ) -

=k, (u,v,w, 7)1 (u,v,w,7)]dwdvdudr,

X Ly 4
e Fy, = chn (u)fc, (V)chn (w) fo, (u,v,w)dwdvdu, c,(X)=cos(7mxiL,),
0 0 0

o, (1) = expl= 77n?Dyg 112+ L7 + L7

n

chi (Xa y1 Z1t) == Lz LITL én Cn (X) Cn (y) Cn (Z) eCDpn (t).[ eCDpn (_ z-).[Xsn (U) .[ycn (V) .[ch (W) X
<Ly L, 0 0 0 0
dcb i 1 Vy VY, ©
X g (U,V,W,T) ""_;'(l:v 7 T)d wdvdudr -—=2 $nc, (X)c,(v)e.(2)e, 4 (t) x
x=y -z n=1
t X L, L, dq) ; , V, W
el (e ) T e (0)gn (vamnT) 22D g gy - 27
o’ 0 0 0 g ov Ly
o t N 4 I (TRYATYY
x5 206, (X)c,(¥)c,(2)e, o (0 &, (= 7)T ¢, () [, (V)] 5, (w)—— x
, =l 0 0 0 0 w

x o (Uv,w,T)dwdvdudr, iz,

rae S(X)=sin(7/mx/L,).
VYpaBHEHUS JUII HMCXOJHOTO MNPHOIMKEHUS KOHIEeHTpauuu mnpumecud Cog(X,t),
nonpaBounblx Qyskuuii k HUM Cj(Xy,zt) (i =21, ] 1), rpaHuuHBIe U HaydalbHbIC

YCJIOBHSI K HUIM UMEIOT CJICAYIOIINI BU/T
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aCoo(x, Y, Z1t) GZCOO(X, Y, Z1t) + GZCOO(X, Y, th) + GZCOO(X, Y, Z1t).

ot DT g o5 2 P52
0C,(xy.2t) _ , 9°Coxy.2t) 0°Co(x. ¥, Z,t) 0°Co(x. ¥, Z,t)
ot =P Py Y M

0 o0C. VY, Z,t 0 aC._ vzt
+D0La{gL(X’y’Z’T) l_logxxyz )}+D0La_y|:gL(X,ysZ,T) .10§nyz )}+

aCi—lo(xs Y, Z’t)} i>1-

0
+DOLE|:9L(X’ Y, Z,T) 97

0 C01(X’ Y, Z’t) _

D 0°C,,(x,y,z,t) 0°C,,(x,y, 2t
at oL

NG * Do, 0 y?

0°Coy(x, ¥, 2) ,
07°

0 |:Cc}>/o(x’ Y, Z’t) aCoo(x’ Y, Z,t)}_'_ D 0 |:Cc}>/o(x’ Y, Z’t) GCOO(X, Y, Z,t)}_'_
0 X

D _
* Do P'(x,y,2T) 9 X “ay| P(xy,zT) oy

oD 9 Colxy.2.t) 9C,(x y.2t) .
“az| P(xy,zT) 0z ’
6C02(x,y,z,t):D azcoz(x,y,z,t)+D 02C,,(x,y zt)+D 02C,,(x,y,zt)
ot o 0x2 o 0y? o 02

) CLMx,y,2t) 0C,(x, y,2t)| . @ ClY(x,y, zt)
D. 2 t)—00 00 t)—00
" OLGX{CM(X’y’Z’)Py(x,y,z,T) ax | ay COl(X’y’Z’)Py(X,y,z,T)

CL'(x,y,2t)aC,(x v, 2t)

9Cu(xy,2t)
P"(x,y,zT) 0z

ay

0
} DOL + DOL E|: C01(Xv Y, Z’t) :| + DOL X

0| Cr(x y,zt)aC,(xy,zt) 0 | CL(x,y,zt)0C,(x,y,z1t)
X + Dy, +
x| P(x,y,zT)  dx oy| P'(x,y,zT) dy

.o 9| Colxy.zt)9C,(x y.21)].
“az| P'(xy,zT) 0z ’
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62C11(X’ Y, Z’t) +
9 X

0°Cyy(x.y, 2.t) +
oy’

0°Cy(x y,2t) ,
072°

DOL

DOL

0 ClY(x,y,2t)0C,(x. y,zt) |, 0 ClY(x,y,zt)
D. 2|c (xy zt) = 00 C..(x y, z,t)=

0C..(x,y,zt 0 CrHx,y,z1t)0C (X, Y, zt
x oo( y )} DOL + DOL_|:C10(X’ Y, Z,t) Po}?()((’ y?/Z,T)) oo(a Zy )}4_ D. x

0 | Cr(x y,zt) aC,(x y,zt) 0 | CL(x,y,zt) 9C,(x y, z1t)
X0 + Dy, +
x| P(x,y,zT)  ax oy| P'(x,y,zT)  dy

0 | Cr(x,y,zt)aC,(x y,zt) 0
D — 00 10 D. — ,
o GZ{PV(X, y,zT) 0z *Do g ol

)aCm(X’ Ys Z’t)

oy

0 0C..lXV,zt
+D0La—y{gL(x,y,z,T ) Ol(azy )}

0
} + Dy, E{QL (X’ y,Z,T

9C;(xy,z1) 0 9C, (%, y,zt) o IC,(xy.z1t)
X X ’ ay

x=0 x=L, ‘ y=0

aC,(xy.zt) 0 oC,(xy,zt) 0 9C,(x y.z1t)

= =0,i20,j=0;
0z 0z

z=L,

z=0
Coo(X,y,Z,0)=fc(Xy,2), Cjj(x,y,z,0)=0,i =1, =1.

Pemenus JaHHBIX ypaBHCHI/Iﬁ C Y4UYCTOM COOTBETCTBYIOIIUX TI'PaHUYHBIX H

HaYaJIbHBIX YCIOBUHM MIPEICTaBUMBI B CIIEAYIONIEeH Gopme

_ 2 »
COO(Xl Y, Z’t) - I—x I—y I—Z + I—x I—y I—Z nz::anCCn (X)Cn (y)cn (Z)enC (t)’
L, Ly L,
e ect)=expl- Dt (P + L2+ L), F = fe,(u)fe, (V)] fouv,w)x
0 0 0

x ¢ (w)dwdvdu;
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Colx ¥, 2)= =2 £ 06, (X, (y)e, (e (e (1), (), (e, )

)GCi_lo(u,v,w,r)
ou

xg, (u,v,w,T dwdvdudr -

SR (e, )e (e ()

y

(7)o, 0) (s 0)fe, (g, vwT) 2T g g yaudr 27 x
0 0 0 0 ov LXLyLZ
o t Lo\ dC._o(u,v,w,7)
xnz=1n I:nCCn (X)Cn (y)cn (Z)enC (t).([enc (_ T).(';Cn(u) .Lcn (V)J;)gL (U,V,W,T) W X
xs (v)Jdwdvdudr,i>1;
COl(X1 y’ Z’t) - 2 4 ni.::ln I:nCCn (X)Cn (y)cn (Z)enC (t)jenC (_ z-).[Xsn (U) .[ycn (V) .[ch (W) X
X =y =z 0 0 0 0

><Cg’o(u,v,w,r)aCOO(u,v,W,r)ddedudT_

SNF.c6, (x)c, (Y)en (2)ee (1) x

P (u,v,w,T) au L |_2y|_
to e bk Cl(u,v, W T) 9 Cog (U, v, W, T) _om
x{)enc( r){)cn(U){)sn(v)Iocn(W)PV(U’V,W,T) S dwdvdudz L

% g‘ln |:rlCCn (X) Gy (y) G (Z) € (t)j(; €c (_ T)ch (U)I];Cn (V)I]:(;{O((I:J 1\\//,\:,\/\/1'3 0 C00(:3J ’V\V/1 W, T) %

xs (w)dwdvdudr;
t L, L, L,
COZ(X! y1 Z’t)z_LzL L a Z nFnCC ( ) ( )Cn(z)enC(t).[enC(_ T)ISn(U)ICn(V)ICn(W) X
x—y'=z 0 0 0 0
e (U vwr)Cgél(u’V’W’T)aCOO(u’V’W’T)devdudr—ii E c (X)C (y) N
T P (u,v,wT) ou LL2L, s
t LY G CrMu,v,w,7) dCyy(u,v,w, 7)
e, D (1) (0)fs (] Culuvnr) S vt 0Clbrana),

26



XYPHAN PAOVNOINEKTPOHUKWN, N9, 2015

t Lx Ly

" 5 6, (4e,(v)e,(2) g )] @ (- 1) (u) fo, ()

0 0

x ¢ (w)dwdvdudr -

xyz

Coo(u,v,w,7) 0 Coo(u, v, T)d wdvdudr - Z nc,(x) x
P’ (u,v,w,T) ow oL, L, =t

x[5,(W)Co(uv,w,7)

t L, )Ly L, Cl (U, W, 7) dCyo U, v, Wi 7)

0 0 {)C”(V)IOCM(U’V’W’ 7 P’ (u,v,w,T) du

(W)aCOO(u’V’W’T)deVdudr— 2722 incn(x)cn(y)cn(z)enc(t)}enc(—r)><

u LL2L, o= 0

nC™n

L

x I:n(: .[Cn (U)

0

L crHu,v,w,7) dC,(u,v,w,7)

5,(V)[ €, (W)Cos(uv, Wi 7)

dwdvdudr -
0 P (u,v,w,T) ov

o *—;<'_

2;T = t L, L, L,

Tr e e babla e ool fo s )G )

X —y'=z

xC{o‘l(u,v,w,r)aCOO(u,v,w,r)devdudT_

> nc, (x)c,(v)e,(2)ec (t) x

P’ (u,v,w,T) ow oL, L, m=t
t Lo\ e CE(u,v,w,T) C,, (u,v, W, T) 21T
F — ) ~00 01 _
x nC{)enc( r){)sq(u){)cn(v)jocn(w, o (v, w,T) o dwdvdudr X 3><
1e Co Vbbb CE(u,v,w,T) 9C, (U, v, W T)
L5 e Ofen e 075 0)Te (L 0 0) gy
2 o t IUAY.
X nFnCCn(X)Cn(y)Cn(Z) L L L2 Z nF ( ) (Y)Cn(z)%c(t).[%c(_ T)jcn(u)jcn(v)x
X~y —z n=1 0 0 0
, y
xLjsn(w)l(::)oyo((u’v’w’r)acOl(u’V’W’r)dwdvdudr;
0 u,v,w,T) ow
2 00 t Ly Ly L,
k3,202~ 2§07, (0, (1), e e 1), o ) )
x =y =z

27



XYPHAN PAOVNOINEKTPOHUKWN, N9, 2015

)6C01(u,v, w,7)

o 2 SnFee, (e, b)aDec)

y

x g, (u,v,w,T dwdvdudr -

t Lo\ ke 0C,,(u,v,w,7) 21

xgenc(— r){)cn(u) {)sn(v)jocn(w)gL(u,v,w,T) oy dwdvdudr - BNER

X—y*=z

t Lo\ L 0Cy(u VW)

x 2nF06, (e, (V)en (D ) e (- 7)fe, () e, ()] g, (uvw.T)

0 0 0 0 ow

2300, (6, (v)c, (et g (- 7)fs (1) 6, (1)

x §,(w)dwdvdudz -—

X =y =z

foZC (W)Cgo(u’V’W’T)aClO(u’V’W’T)dwdvdudT—
: n Py(U,V,W,T) ou L L2L

y

YNF.cc, (x)c, (v)e, (2)%

e elab GG

devdudr—Lgx

X

) L, Ly L Clolu,v,w,7) 9C o(u,v, W, 7) X

* 2000, (x)c,(¥)c,(2)ec 1) & (-7)f e ) o, ()]

0 0 0 oPV(U,V,W,T) ow

LHLZ LZ?—HL inFncC( )e )Cn(z)enc(t)i%(— r)Lfsn(u)x

y =z X~y =z 0

x s (w)dwdvdudr

’ L CtMu,v,w,7)aC,.(u,v,w,7) 2m
\ “~o00 00 —
xgcn(v)gc( w)C,o(u,v,w,7) P v T) o dwdvdudr e

X~y =z

X

¢ L, Ly L COV(;l(u,v, W, T) 0 COO(U,V, W, T) X

x 3 nc,(x) ¢, (Y)e,(2)ec ) e (- 7)fc,(u) [5,(v)]

n=1 0 0 0 0 Py(U,V,W,T) ov

x ¢, (w) Cyy(u,v,w,7)dwdvdudrF . - 27

0P, (e, (), Daclt)

x—y =z

‘ (VP (\F ChHu,v,w,7) 0Cy,(u,v,w, 7
xgenc(— r){)cn(u) {)cn(v)josn(w)cm(u,v,w,r) Poﬁ(l(J y wT)) OO(aw Jdwdvdudr.
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