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Kp9MHH9B~X MOHOKpHCT4nnax p-THUB 34Kn~~89TCH B O~H0Bp9M9HHOM H3MepeHHR rpaHHU 

aneKTpouuo-~~po~uoro nepexo~a R o6nacTH oTpKu&TenhHoro npocTp4HCT&eHHoro aapa~a B 

~Hq,¢y3HOKHOM p- n -nepexo~e B ~BYX o6p43uBX C p43nR~OI H4~4nhHOA UpOBO~RMOCTb~. 

Ill 
JlnR Bbl~CneHHH K09ci>ci>RUH9HT8 ~Hq,¢y3HR npHM9HH9TCH ci>opMyna <t>ynnepa t O~H4KO 9KC-

U9pHM9HT4nbH~e ~4HH~e nony~eHbl COB9pW9HHO HH~M CUOC060M - C UOMOlllblO aneKTpo-

<!x>Torpa<!>HH. 

EcnH B nonynposo~HHK p-nposo~KMOCTH c ~touueHTpauaeA aKuenTopos N. BBO~HTCH 

~OHOpH4R npHM9Cb nyTeM ~Hci>ci>Y3HOHHOrO OT>KHra H3 TOHKOrO CnOR ~Hq,¢yK~HpylOIUBrO se­

IU9CTB8 (nBHeceHHoro ua o~uy H3 nosepxuocTeA 'nony6earpBKH~oro' o6paaua), TO pacnpe-

~eneHRe KOKU9HTpBURH ~OKOpOB OUHCblB49TCH yp4B H9HH9M! 

N .0. (x,t) = N0 erfc( x_), 
2 v' Dt 

( 1) 

r~e N 0 -KoHueHTpauua ~ouopos ua nosepxHocTH, a erf c z = 1 -
2 J e -A 

0 

dA 

v' " 0 

npa N ~ N. H3 ypasHBHHR (1) (eM. puc. 1) nony~aeM: 

(2) 

r~e z = 
2 v'Dt 

EcnH a nByx o6paanax c p43H~MH KouaeHTpanHHMH aKnenTopoB - N: 

N': ) N'a ) BBe~eHa ~OHOpHBH npHM9Cb0 TO H3 ypBBH9HHR (2) H9Tpy~HO COCT8BHTb cne­

~Yl0lll99 COOTHOlll9HH9! 

(3) 

r.oe z' = ~ , z c:: ~ 
2y'Dt' 2v' U t" 

UOB9pXHOCTH ~0 9U9KTpOHHO-~ b!pO~OrO 

• a x'o H x'~ -paCCTORHHH OT rp&HH~OA 

nepexo~a B nepBOM H BTOpOM o6paaue COOTB9TCT-

BeHHO . 
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nonb3yl1Cb 9 KCnepHMBHTiiJlbHbiMH AliHHbiMH AJlll rny611Hbl aaneraHBll .tlBlPlPY3HOHHOrO 

p -· n ·-nepexo.aa B .tlBYX o6pli3llliX ( 

Ha .tlBlPlPY3HJI t' B t"' ( 06bi'IHO 

x'0 H 

t" ·= t" 

x'O N" 
.QJill napaMeTpa b = ~ 11 3Hiill apeMe-

N' 
J, Mbl . Bbi'IJICJIBJIB H3 OTHOWeH'frll ( 3) K09lPlPII-

UHBHT .tlHlPlPY3HH 0 ( UpB 9TOM npe.QnonaraJIOCb, 'ITO OH OAHHaKOII .QJill .tliiYX o6p43UOB). 

YpaBHeHJie (3) peweao HliMII rpa<tJH'IBCKH. rpa<tJH'IBCKOe peweHHe npeACTiiiiJIBHO Hl!l 
, X , 

pHCo 2, r.Qe UO OCH op,nHHI!lT OTUO)t(8HO OTHOWBHHB --;,._ = __ O_ , a no OCII a6CllHCC -
~ z ~ 

B 8 J'IH'IHH4 z' 0 
• OT.nenbHble KpHBble nocTpoeHbl npx paaHbiX a Ha'leHKllx napaMeT-

pa b = N": 
N: 

2v'Dt 

II. Onxcauxe xoaoro MBTOlla 

HoBblil aKcnepaMeHTanbHblil MBTO.tl .!lUll onpe.QeneHHll Koa<P<PxuxexTa .tlBlPlPY3HB niiTHll 

B KpBMHHH C UOMOUlb!O 3UBKTPOlPOTOT'pa<tJHH MO)t(HO p1!13ABUIITb Hl!l .QBii 9 Tana : a) onpe.Qe-

nexxe rny6BH aaneraHHll p- n - nep eXOAOB 
N" 

KOHUBHTpa!UII aKuenTopoB ( b = -.!!.. ). N: 
X~ H x;; ) H 6) onpB.tl8JlBHII8 OTHOWBHHll 

l. Onpeaeneaae rny6aa aaneraHHll aneKTpOHHO-.tlbiDO'DibiX nepexoAOB xn H x; 
rny6xxa aaneraHHH aneKTpOHHo-Ablpo'IHoro nepexoaa onpe.QenRnacb nyTeM BbiHBneHHll 

rpaHHUbl nepeXO.tll!l 9U8KTp0lPOTOrpa<tJII'I8CKHMII llpOliBIITBUHMH 
12•

31 
• p- D -nepeXOA 6bln 

npOHB UBH UOCUBAOBI!lTBUbHO C llOMOUlb!O cyxoro ll03HTHBH OrO aneKTpO<tJOTOrpa<tJK 'IBCKOrO 

n pOHBHTBUH (pHC. 3), C llOMOUlb!O cyxoro HeraTBBHOrO U pOHBHTBUH (pKCo 4) H C UOMOUlbiO 

)t(H.QKOro U03HTHBHOro npOHBHTBUH (pH C. 5) • nony'lBHHble no TpeM CUOC068M pea yJibTllTbl 

.tlJlH pliCC TOHHHH OT rpaHH'liiOI UOBBpXHOCTH .QO .tlHlPlPY3HOHHOrO p- D -nepeXO.tll!l ( X0 

ycpeAHRJIHCb H cpaBHHBaaR<.:b C peaynbTaTiiMH, DOUY'IBHHbiMU r. UOMOUlbiO 3UB11Tp0 XHMII'l8C­

KOrO OTU0)t(8HHll MBAH/
4 ' • 0 um6KH li<!MBDtHIIfH no MBTOAY 9JIBKTpOmoTorpa<tJHII H DO Me­

TO.tly 9UB11TpOXIIMH'l8CKOrO OTn,_,.~.,HBll MB.QH O.QHHaKOBOrO nopliAKii H MBHbillB 10 MKM; 

2. Onpe.QBJIBHHB OTHOWBHHll KOHUBHToauxl liKllBUTOpOB b = N~ / N'a 

0THOUlBHHB KOHUBHTpauHll aKUBUTOpOB B ABYll o6paa uax ( CMo ypl!lBKBiii(B (3)) onpe­

.tlBUHUOCb nyTBM n pOBBUBHHH o6nliCTII OTpHUiiTBUbHOrO npocTpliHCTBBHHOrO 31ipB.Qa B p-n -

nepeXO.tl B C llOMOUlbiO )t(HAKOrO a neKTPOlPOTOrpa<tJH'lBCKOT'O npOliBIITBllll/
3/ • 

06paaeu aa)t(HMancB B onpase MB)t(AY TaHTanoBbiMH aneKTpoaaMB Tl!lKIIM o6paaoM, 

' ' TO TO;:>IIBB8R IlOBBpXHOCTb H8XOl!llll8Cb B B8pTHK8UioHOM UOU OlKB HHH, II p-o -nepBXOI! npoBCXOl!HD 

nna JKe K eepxueMy aneKTpol!y. K o6paauy npKKnanhrBanocb onpe11eneaaoe o6paTaoe aanpBJKe 

HHB U B TB'lBHJIB 5 MHHyT. He Bbi KUIO'lliB HanpBlKBHHB, ua aapauee TmaTenbllo o T-

WJIHd:JOB8HHV!O TOpUBIW!O JTOBBpXHOCTb o6pli3llli HliHOCHUliCb J<. .... Ull Cllllb>! 'l p43 pB)t(BHHOrO 

100 Mr. n -l ) )t( HAKOro aneKTpo<tJoTorpa.paqecKoro n poHBIITB nH. KonnOH><rtbiB ~d'-'•·Hnbl npo­

llBHTenH, HBCylUHB ll OUO)t(HTBJlbHbl.li 38pBA 1 OCBA8UH B o6naCTH OTp11UliTBUbHOrO npocTpaH­

CTB 8 HHOrO 3llpBJla JllllPlPY3HOHHOf'O p- D -nepi)X OJlli . nony'IBHHaB JlllH .Q liHHOrO o6paTHOrO 
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, 

uanp!VK&Bilt& nonoca OTPIIIX&T enblloro npocTpaucneuuoro aapt~Ila uawepsnacb NHJtpoc~:onow. 

nocne STOrO OTUOlKHBtuHIICSI aneJtTPOcPOTOrpacPH'I9CUI npOt&BHTeflb YABUSIUCSI C TOpJXeBOII no­

aepXHOCTH B8TOI, CWO'IeHHOI CllHpTOW) H npou ecc UpOS!Bfl8HHII UOBTOp.llflCII npi IlpyrON 3Ha­

'leHHJl aanps>KeHJlll, .Llnll KB>KilOro o6paaua o6nacTb OTpauaTenDHoro npocTpaBCTB&H&oro 

38p!1Il8 npOliBfl!lfl8Cb B HHTepsane H81Xpli>K8HHI OT 1,3 IlO 80 B (puc. 6). 

Tonwxua /) -o6nacTH oTpuuaTenDHoro npocTpall.CT seuuoro aapaila Il&<P<t>Yaaouuoro 

p- n -nepexoila B cny'lae. xorila nepexoil aanera eT ue O'lellb rny6oKo OT noaepxHocTB 

/5/ 
38BHCHNOCTbiO ; KpHcTanna

1 
cawaaua c npHno>KeiiBbiW uanpsr>KeHBew u 

277e• N a • 
/) .. (4 ) 

rile Uk -noT8BI(H8flbBhll 6apbep B p- 0 -nepeXOilB , f -IlH3fl8KTpH'I9Cit811 UpOBHJX88 MOCTh 

nonynposOilHHxa, a e -aap!IIl aneKTpoua, 

2 
nony'leHH8!1 3KCUepHNeBT8UbH8SI 38BHCHMOCTb U = U(l) ) 

acex o6paanos (puc, 7) . nocTpOHB rpa¢a'lecKH STY a &BKCHNOCT L IlflH IlBYX o6paauos c 

p83 HbiMII KOBIXBHTp8ll11!1WH altJXBUTOpOB N: H N':' NO>KHO nerKO HaiTH C UOMOlllbiO y pas­

HeHHH ( 4) napaweTp b • 

3H8'1BHH!I napaweTpa b , n ony'leHKble nyTeN a neKT p o¢oTorpa<PH'Iecxoro npo-

HBU8KHSI o6n&CTH OTpHU8T8nhHOrO UpOCTpaBCTBBHHOrO ~8pHil&1 6biUH Cp8BB9Hbl CO 3HB'IB-

KHSIMH, nony'IBHHbiMH H3 H3 M8peHDII CDeUHcPH'IQCKOrO CODpOTHBflBHHII ( H3 Bhlp8>K8HHSI 

b = .!i: = L , BbiB&Il&HHoro np11 n peilnono>KeHBH, 'ITO see aKnenTOpHble npawecu nou-
N' p" / 5 1 

HOCTb~ HOHB3BpOB8Bbl), H 83 H3We p eHHII 8MKOCTJl IlHcPcPY3HOHHOro p- n -nepeXOil8 , 

PeaynLT&Tbl cpaaHeHHll npK!leileHbi s Ta6nune 1 . BllilHO, 'ITO no TpeM MeTOilttM nony'IBIOT-

CH 6nR3KHe 3B8qeHHK. 

Owa6xa Kawepeuas TOUUlHH bl o6nac1'H OTpanaTenDHoro npocTpaucTaeuu oro aap!IIl& /) 

C DOMOlllbiO 9fl9XTpOcPOTOrpa<t>H 'I9CKOrO MBTOilll COC TilBKII8 5 M!lM, 

Ill 8hi'IHCfl9HH6l ll09 dldlKUH9HTB IlHdldlY3HH 

Koa<P<PanaeHT IlH<t><l>yaaa nHTHH s x pewuaa p-THna 6hln Bhi'IHCneu H3 rpaq,uqecKoro 

p9lli9HHH ypaBHBHHII (3) (cM,p HC, 2) nyTeM HCDOUI>30BBHHSI 3KCD9pHM9HT8UbHblX A8HHbi X 1\USl rny-

6HH a aneraBHH IlHcPcPY3HOHHbiX p- 0 -nepRXOilOB ( 

llonyqe&HbiX aneKTpo<!>oTorpa<jlaqecKHM cnocofioM. 

H x'0' ) H Jlnsr napaweTpa b = ~ 
N:' 

l-1 a wepeHHsr npoBOilRUHCb ua nerRposaHHOM GopoM MOHOKpHCTanne p-~tpeMH II H c YilBnh­

HbiM CODpOTKBU8HH8M 50!:10000M.CM B C Bp9MBK8M lKH3KJO OCHOBHbiX HOCHTeneil 5 0;. 300 MKCBK, 

06paaubl npeilcTaamma co6ot1 nnacTHHKH TOniUHHOA 1 "-; 6 MM H IlH8MGTpmd 10 i- 30MM, 

OTp838HHb19 OT CflHT!l8 nepU&HilHKYUHpHO HAUp8BJI9HHIO ( 111 ). 
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nocne wna!jlosx11 a TpasneHHH s CP - 4 ua OllHY H3 nosepxHocTell o6p83na 

uauoc·anc~ TOHXKA cnoA nKTHB nyTeM acnapeHHH s saxyywe. )laqxpy3KH nHTBB nposoaanacb 

s aTMoc<jlepe aproHa npH TeMneparypax 180 - 560" C s Te'leHae 3 - 30 MHH. 3aTeM 

TOpllbl o6paaua TpBBRllHCb CHOB£' H Ha o6e CTOpoHbl HBDblllSIJIHCb BniOMKHIIeBble 3118KTpOlU , 

PeaynbTI!lTbl, nonyqeHHble ,umt J:oa¢c:pauaeHTa aa¢¢yaaa nKTBB s xpeMHHH · p-1·ana, 

npeacTasn&Hbl ua pRe, 8. B uccneayewow TewnepaTypHOM HHTepsane Koa¢¢auaeHT .oa¢­

<jlyaua MOlKHO np&JlCTQSHTb Cl18JlY10lll8l! 3MDHpH'18CJCOil <jlopMynol!: 

D = 21. 10-4 exp '( - 1ll00 ) cM
2

/cex 
RT 

rae R • 1,98 xan/rpaa - yaaaepcanbH&B raaosa~ xoHcTBHT&, 

Jln~ cpasHeHH~ nplllleJ:IeM peaynbTI!lTbl <l>ynepa 11 CesepuKca, nony'I&RHble &MH nyTeu 

B3M8p8HKB llOllBH)I(HOCTB lfOHOB llBTBH B 1Cp8MllHB p-TKlll!l; 

-4 14700 2 161 
D = 19.10 exp(---ICM leeK 

RT ' 

-4 2 17 I 
D ~ 23· 10 exp (- 15a)Q.) CM I cex. 

RT 

no M8T0llY anaJ<Tpo"¢0TOrpa<lJKK nony'IBIOTCH peaynbTBTbl, 6nH31CH8 K peaynbTBTI!lU 

<l>ynepa H CesepKKC &, 

IV.Bb!SOllb! 

B oTnH'IKe oT cywecTByiOWHX MeTOllOB anH oupeaeneHHH IoaqxpHuBeHTa llH¢q,y3HB 

npHueceA s nonynpoaoaHKKax
181 

anexTpo¢oTorpa¢aqecxKA MeTOll o6naaaeT Kcll:niO'IKTenb-

ROll llpoCTOTOII H H8CllO>KHOO'J'J,JO T8XHHKH .3KCllepHM8HTQ, 3TOT M8TO.!l, S DpHHJlllll8 0 MO"" 

)1(8T 6b1Tb DpHM8H8H llllSI HCCll8.!l088HBH .QH¢q,y3RK npRMeceA 8 .!lpyrHX nonynpOBOllHHKBX 

B Cny'I&SIX0 KOrlll!l SBOllHMBH npHM8Cb o6paayeT llB<!J¢y3HOHHb1Jl p-n -nepOXOJl, 

0THOW8HH8 1COHIX8HTp8nHA 

HoMep napbl 

o6paauos no anexTpo¢oTo-
rpa¢HH 

2 1,79 

3 2,06 

5 3,03 

3,64 

4 4,56 

Ta6naua 
N" 

axuenTopoa b = .........._ 
N' 

o6p83UOB KpeMHH~ 

B H8CKOllbKHX Dl!lp&X 

b 

no Cll8IXH<lJH'I8CKOMy flo H3M8peHH10 
COllpOTHS:X8HHIO 8MKOCTH 

1,64 2,25 

2,18 1,88 

4,02 

2,08 2,64 

3,42 
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N (x) 

fN. 

2 

' 
Na 

- x 

Puc. 1. Pacnpeaeneuue xoHueHTpauuu axuenTopos (xpusaH 1) H nouopos 
(xpu sasr 2) nocne nu¢¢yaHH JIHTHll B xpeMHHll p-Tuna. 
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I 

I 

0 ... 
. 

6·:r=ci i I I I ! I I ~ I ! I 
Z/z· 

5, ~ 

I 5,6 "-

5, 4 

5, 2 1 I ! I I I \ ll lti ~HH--+ 

3,8 ' ' ' ... 
3, 6 

3,4 

3,2 

3 

2. ~ 

2, 6 

2, 4 

( 2,2 
1--t- ~ : 1\ l--\J-----\t-\t-\4-\\[\\1{'~~,';6 1,7 1,8 (9 2 2,1 2,2 2) 2,~ 2,5 2,6 2,7 2,8 2,9 3 

-- z' 

a• as Q5 0.7 ae o,9 t ~,, 1,2 '.3 ~, , (5 (6 

-2' 

Puc. 2. rpa<jluqecKoe peweHH e yp3BH9HHll _!_ = erfc z' • KpH8ble nocTpoeHbi 
b erfc z" 

n pu au aqeHHIIX napaM eTpa b s HHTepsane OT 1,5 .oo 10 qepea 0,5. 
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--..; x. ~ 

PRe. 3. Kap-rRHa .aH4><P'Y3BOHBoro p- n -nepexo.aa 8 ltpeMHBll p-TRna, nony­

'19HH4H eyXHN n03HTB8HhiM aneltTpo<Po-rorpa¢lR'IecltBN npOil8HTenew. 

1'l 

l 
p 

l 

' I 
I I . ._ x. -

PRe. 4. KapTBHa .auqxpyaBOHBoro p- n -nepexo.aa 8 IpeNBIIII p-TJma, nony­

'19HHa!l_ eyXHM H9I'8TB8HhiN ane1tTpOcpOTOI'p4¢lB'19eZ:BM npOllBRTeneM. 

10 

n 

j 
p 

J 

~ x.~ 
I 

Pac.S. KapTHHa .nuqxpy-a.OJo;Boro p- n - nepexo.aa B Ipet.tBBl p-nna, no­

ny'leHHall >KH.IIUN 1700BTB8B WW 3JI91CWp0<PoTOI'p4¢lR'Ieeow npoliBR­
TeneM. 

a. 5 

o.!MM 
>-------1 

& 

Puc. 6. 05nac Tb OTpiiU4TenbBoro npocTp!I.HeTaeasoro aap11.11a p- n -nepexo.na 

a 1Cp9MHRll p-rima, llp0l1Bn9HH4ll >Kll.lllt.IIM noaBTiiBHhiM aneiTpo¢loTo­
I'pa¢lJI'I9eJCJIM npOHBilT9neM npR H4np!l)l(eHJIIIX 06p4TIIOI'O CM&lU&HIIlC 
a) U a 2 1 6 a; 6) U • 39 a; a) U • 76 a. 

11 
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3 
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PHc, 7. 3asHCHMOCTb HanpR>KeHHII o6paTHoro CN&IU&HHII U OT xsa,llpaTa 

TOnlUHHbl o6nacTH OTpHU8TenbHOrO n pOCTp8HCTB8HHOr O 3 8pll,ll8 lJ ~ 
.llnll .llBYX Xpet.<HH8BbiX 00p83l(OB, 
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Pac. 8. 3Kc nepaueHT8nbHaH aaBHCHIIIOCTb KoaqxpHuHeHTa naqxpyaHH nHTRH 

B 1<p9111HHH p-THU8 OT T9111U9p8TYphl. 


