
.~~W~~ftt,a~~m.*'~*.~~-~.;M*~~~~RU~ 
*:~~~!%~*aA: ~~if..*T fi ~:iti§:.JI*E:;t~ N ~WJf!.laiE 10.61Jt.t*Jl!t:Ut$ 
JJ.;;(ijf{ 1it ~ ~ ft t, a, $1iJ 'it ~ CO2 *:~~ ~ iT p #f+,:Ut*1iE ~.~ ~if.W Jf!.1a ~ ft 

. t * .#:f Jt~/J\, ][ J1flt ~ jt '0tt' a~/J\1i1iLT ~ m. ~ 14 ~:iti§:. JI* Jl!t:Ut,.~. 
~Ilt ff- ~ , ~ -t ~ IJ\ it ~ 1iL:i tiiJ t ~if.. IJ\ ~.1i tiiJ $ #J 0 

§ rrr, q:t /J\:W$~=$(1t~~:J'G:$jdf~{9!JfJ fM" 1j!l'I'1I~JgW no fM":a: 10. 6 ~*Jd:~:J'tI1&1& 
ffR/J\; :a::2 4. q:t :;f WHw"f; ~ ~ '/1: ~~ 5fIl mAJJX 11 ~~t!!. It ffR%; mL.lIWl:J't ~ fM" }f ~ ~ 1ti ~ &M $ ~ jWj 

(4i-3'f.1ti~&M$Jg 36%), :;f~~.:II&}I$'UJ[;PIC{.Jg CO2 ~:J't:$~$?t~tf ~ ~tI:lW 

~:J't:$~Wn#.~~~:J't.*~.A*fi®*~Il&1&*., C{~.~~:J't:$~:W$~ 
ilio WfM"~:J'tI1&~*.~~m$~~*~o ~m~*~m$~fM"1j!~~~?~*,-~$~ 
7g~mili*nE~~mfM"ffR~o It~~~ffiJ:1f~~~, ~1fl~fM"~:J'tI1&1&*.E5~m$~** 
.T-®~~~M~o~~~fM"1j!A~:J'tI1&1&*.~~m$~**~~.5fIl~-® •• M* 
~*fiC{~~m~~~:J't:$~~a~~i~m~m$*~6a.·.*~~~N~fM"1j!A$ 

PIc{, iIi*nE~jWjmfM"1j!A*:;f:J!:!i~, :J't11&l/5t*.:!i/J\~J!~m$Jg 14IYC!&·.*~~~fM" 

:a:~~{Lfi:#.if' ~:J'tI1&1&~: (1) *nE 11& 1&, ~~:J't-T1i~. hv~Ea fIi.t(Eg Jg-¥~{Lfi:#.~ 

~~:m~, v Jg:J'tV!~$, h Jg1it.) 7.t~~~Ijf&*nEl1&1&; (2) A1*~ ijJ 11& 1&; (3) ~ 1m: 11& 1&; 
(4) § It~Vit -T~I1&1&; (5);¥tft!!)ffi ~~I jf&~ 11&1&0 ~~fM":a: 10. 6 ~71~~'Ifi5l, :J't-T~~. hv Jg 
1.19x 10-13 ~1*, re/J\~fM":a:1;Uli!"F~~~:m~ E g =0.66 ~-T{jC~~1.07xlO-12 1]\1*, fJi· 

J;J:a:10.6 .*~*nEl1&1&iiJ C{~~o fM"~A1*~ijJl1&1&~±~?t;fJ1:a:*~ 14 ~* ~ V!~, 
1:£ 10.6 ~*~~~~~F-TI1&1&,;¥tI1&!&*~MJJg 0.02 m*~\ 'E1lJHm.~5£1tffR'ItWJ3.E5~ 
Vit-T~~~*om~c~~:J't:$.n~fM"1j!A,It~~1m:ffR~,~1m:11&1&5fIl~ft!!I1&1&~~~, 

PI l;{/f~mo ~!lt, ±~~mfM"if' ~ § It~Vit-TI1&1&o 
:a:tt*g~¥~{Lfi:~~§It~Vit-T~:J't~1&~.~~A0~PIc{iliM~Jg 

. 33 • 



195::1:, /h:;lg ~ mt -f-IW 31#.$, a :;Ig J't;~o y 

m%fl:;(l) PI ~~lli, l£~-IMJEIW~*, 1!&.1&*~ a .Ej~mt-f-7t(~nltlElt, .Ej31#.$nltBt 
It 0 1£ ¥: ~ 1* q:r , - ~:I'f!! jI1J a>t ~ It -f- fit ~ 1C wg;flt ~ mt -f- , J!JT ~ % fl:; (1) ]I! 1ifD 11H!!!E'Z :¥3 :;Ig 

(2) 

fl:;r.p, Ne fit N" :$H1U:;lg1t -f-flt~1CIW~~, /he fit /h" :$HiIJ:;Ig1t -f-flt~1CIWJf#$, me fit m,,:$1-
~U :;Ig It -f- fit ~ 1C IW ~ ~;:1Vt:l: 0 1£ ~ m-r , It ~il..$ *"f 1 WC!(~·)][ * IW ~ "~ fl~' /he fit /h" ~:;Ig 1It 
~, me fit mIl 1W~1-till1IVJ\, f5lW%fl:;(2) RT*-zv~ nlt1X1X*~f~mt-f-~~IWPl§~ 

(3) 

e3 '),2 

8 e = 2'JOm; rw3 /he' ~:;Ig It -f-IW I!&. 1&.00 , 
e3 '),2 

8,,= 2'JOm~rw3 /h,,' ~:;Ig~1CIWI!&.1&.ooo 

f5l~,~~~.T.mt-f-IWI!&.1&.ooflt~~,.PI~*.~IWI!&.1&*~oW.~~lWltm 

$.Ej~mt-f-~~~-JElWmE'Z**,~w.PI~~.ltm$.EjI!&.1&*~IW~*o 
·'l£¥:~1*:f;tflq:r, It~il..$ P .Ejlt-f-~~ N g 5fn~1C7t(~ N" ;t.r'aJlWx*:;Ig 

l£~f/fj*IW¥:~1*q:r, Ne fit N" ;t.1'aJiW**~:ft/rflW~~%fl:;: 

N.N = N? = 3 10 X 1032T 3 exp( -0.785) e" •. . KT 

fl:;q:r N, :;Igl£m~ T a>t1W*tiE:f;tfllW.mtT~~() l£*tiE:f;tflq:r Ne=N,,=NiQ 

If~tfLjJ~fl:;(4) fit (5) ,1~~Ij*f N.lWjJ~A1k;!'tffl¥:;Ig 

N
e
= 1± v'1-4e2Nr /he/h)'p2 

2e/heP 

(4) 

(5) 

(6) 

(7) 

l£~mT, Itllli$*f11FX~')][*IW~ljira, /h.=3900 mi*2/ifC·~, /h,,=i900)][*2/ifC 
·~[1]o ~mrlW NI=2.6x 1013 ()][*-3) 0 ~~®~iR{~A%fl:; (7), ~;g~lli-flt~il.$ P 

lW~iR, .PI~>Jtlliwg-t N.lWiR (~iR*IW--tmE'Zf N ~:f;tt..}q:rIWIt-f-~~, !ij----'-tmE'Z 
T p ~:f;tt"}IWItT7t(~)o mN.Nh=Nr W>Jtlliwg-t Nh lW~iRo ~lli-ffi p lW~iR, )jfJtPI~ 

>JtllimElZIW-tJ3. N. fltN" {il (mE'Z N ~:f;tfl) fIt!ij-ffi N~ fit N~ iR (mE'Z P ~;fJ*,Do 1£ P 
~:f;tt..}q:r, Ne lWiR!l.lHltllli$.IW1J9lG/j\W)I*, N" lWiR!l.lHltm.$IW1J9lG/j\W1J9lG/J\, 1£ P ~:f;tflq:rJnu 
;f1J&o 

m~t..}[8, 9J lW~it*.flttlil~:l:J!JT1~¥IJIW~mrlW~1£ 10.6 ~*M:IW~1CI!&.!&.oo~:;Ig 
6.4x10-16 m*20 WIt-f-IWI!&.1&.oo~~rJL;fIt/FjI1JlW~iR: 3x10-17 )][:7I~2[81 .... 4x10-17 )][ 
*2(~mt-f-~~:;Ig 0.5,.....,5 X 1017/)£*3)[4] .... 4.3 X 10-17 J![*2(~mt-f-7t(~:;Ig 5 X 1017/)][*3)[7] .... 
6x 10-17 )][*2(~mt-f-~~:;Ig 7 X 1017/)][*3)[7] 0 m~®~iRPI~lli: It -f-I!&.!&.oo 8 e !l.lH~mt 

-f-7t(~jf/1JnW5t*, ~!i!:f5l:;lg~im>f~~)I1Jn~I~31#.$1J9lG/j\W1t 8 e )1*0 f1=:;Ig 002 ~J't;:B 
• 34 • 



W t=I ffl 1W~;{5t*l-rp IW It -=ft:&~-JlRm/J\"T 1 x 1016/)][*3 0 EJf J;,t, ~1nJ& Be 1W~{R:1g 3 X 10-17 

)][*2 fti:ttgt:1g~ll:o ~ flie=3900 )][*2/;fY • 17\,fli" = 1900 )][*2/;fY .17\, me=(O. 90±0. 04) ·mo 

frt m,,= (0.30±0.05)mo jHJIH-tA Be f!l B" 1W~1R:A;J:ft,1!!. PI J;,t1~~J B,,~20 Be, ~;W 1!!.~~ Iii 
B~1W B" 1W~{R>Jtili Be~3x10-17 )][*20 

:EJltE; ~1nJJ9[;1'iJ J;,tfUffl0:A;(3)#1-tA Be ;fI:I B" 1W{RJ;,tR:x-tEiZT~jJ'IJlt~iI.$IW~¥fIt-=ft:&~ 

Ne f!l N" 7IHt;M:*f!PIt~iI.$~J;{5t.t..}1W ~ 1ii~¥fIt-=f~!&*~o lii-J,t;M:1~~JIW_*m r 10'.6 ~* 
~IWN~;fl:lp~~lWltm$q~Iii~¥fIt-=f~!&*~IW~*~lRtEoolJ:fto 

Iii 00 1 I'iJ J;,t~ ili JlI! ittt;M: lib ~q'*m riJi!~ t IW ~!&* ~ q It ~iI.$1W ~* 1ib~[5l11tf!f:l&~ 
il'o ~~JlI!~tt;M:~lElijgIWo 

lii001&1'iJJ;,t~ili,~~;{5t*l-IW~!&*~tEEJf~lWltm$~{R~.~N.;{5t*l-~~~1ii 
T p: ~ ;tt J¥:..}* ~ 1\. t:&J3t ~ N ~ J:ft ~1\. t:&~ *1!!~, 
W ~ 1\.~!&~ 1Hf Jt ~ It -=f~!& ~ 1Hf * 20 1'€ftc. i:t 0 

Iii 00 1 ilim J;,tWili , :x-tTN~;{5t*l-,ili*~1W 
(lt~iI.$~:1g 40",50 W\:MJ:. )][*) ~,~dLIW~!&*~ 
#~~~/J\o fEI:1gili*~IW~IW~1\.t:&~qlt-=ft:& 

_ 0,. 

J3t~iliffi~, ~tflt~iI.$IW~1~, 1t-=ft:&J3t:L1fl:bn, ~ ",,' 
1Ct:&~~/J\, tE~1EIWIt~Jl$mOO I*J, )~J~;1t -=ft:&J3t ~ ,.0;1, 

'-' 0.08 
:L1fI:bn~~1\.t:&J3t~1~*1~~®, ·1f1.fEI~1CIW~!&~ ~ 

~ 0.06 
1Hf~l'i1-=fIW* 20 fff, EJf ~i&!&*~N.W1Vj\0 ~It -~, 

~'O:04 
m$~1~¥lJ 4 W\:m. )][*J;,trll>j', 1i~~ 1C ~ § 1!! 
~, mlt-=ft:&~~~.~, EJf~~!&*~X*~:L1fI 

*0 fElJ1ttE N ~~J:ft, ~!&*~IWIib~:ff--t-;flVj\ 
{R, ~ -t-1&/j\{R1W 1ftJiI'iJ J;,t Iii (3) :A;>Jttf:\ 0.01 ':----I----,l-_'-:----l..--L..---J 9} 0 I ~O 2,0 30: 40 50 6Q 

Oct ,0 [B N B NiJ 0 . oN = oN e e+ "F = , It!.~ll.$(~~. Jm*) 
e ' e e .,' 

(8) 00 1 ffJ'1:E 10. 6 ~*E9 @j EI3~tmTIJ&r& 
Ne~J ~: Ni~4.47 Ni . *~J=jlt!.m$E9:1t~(1i[NiD 

Il!l~ 1: 1.!!!.itit.I'J<JIl!l~ 
tEN ~~rp, tElt-=ft:&J3t~T*~It-=ft:&~1W 4.47 Il!l~ 2,3: W!iJ:i:I'J<JE!Il~[5J 

*1W~1W~!&*~:li/J\, tE*m r, ~.fJt!.-=ft:&~;f§~TIt~Jl${R:1g 14 W\:MJ:. )][*tc.i:to 
~111~:i1!, ~1W 10.6~*IW~!&*~~m~IW3t~Wi1!dt1t*, ~:x-tflfWIW15I!}fj~1!!* 

lW~ujRJ, fElW:llt-i17~i'1~jJ'IJ$JiI.$lW~tE 10.6 ~.i*IW~!&*~~m~IW1t{t ~1!! ~!16\ ~ 
lWo~~~~rp~f!P~¥fIt-=fIW~!&~1Hf~m~(~T~m~*~)IW1t{tffi:x-t~~¥fIt-=f~mJ3t 
1W~{t~tgt~lW, fElWili~IWI'iJ~~:1g~!&*~~m~~~{t~~~IiiT~¥fIt~~m~lW~ 
1t'3I~IWo 

;f!!M~Wr.rlWlt~iI.$q:x-t EiZIW Ne f!l N", I'iJ ~:llt-zv.tt;M:tgt~mJ3trlW Ne ;fI:IN" 1W~{Ro 

~T~~fij#IW~~1*;{5t.t..}, tE~1W:·it$ It ~ IW ,It t£ r, It -=f t:& J3t Ne Ej ~ 1C t:& J3t Nn Z ft 
Nr=Ne-N" ilif:~/G~o tE 140",5QQoK IWmJ3tmOOI*J, J(~J;,t III-IV Jm~1W:IW~:;C~~il' 

.t3:t'1tt£. NP~1W:~$It~~~J1fgf!lIK, N r ilif:~/F~, IZSlW:ff 
(9) 

• 35 • 



N;-NrNe-N~=O } 

N~+NrNII-N;=O 

Ne7' ~ N r (1+4NUN:;) 1/2+1J }. 

N,,= .~ Nt·[(1+4N~/N;)1/2-1 . 

(10) 

(11) 

;fUmI;tl:IWAT;fUl'lRJml~CFIW Nt lWiii, ~H}Utt~illtE 2900K .. Bl00K .. B500K .. B700K 

5fI:IB800K a1lWttllli$!5~mtT7:&1tIW~*, :lttW>1tQJJj TtEl'lRJm1tr~1W 10.6 ~* IW ~ i& 
*~!5ttllli$IW~*~~~~m2~0~m~mI;t~ill,~~m1tIW*~,~~~i&~~IW~ 
/j\JR {lIIrPl tt ~iI.$/j\lWjJrPJ ;§;/], f9tHmtE BoooK a1, ~lj.\ iii 1ft .:r.14 W\ ~ 'M * 1r.1i, W 1£ 
Bl00K a1fj;~J 10 W\~' M*1r.1io ~J!f5J:1gI!.if[~m1t*~, *tiEitt2t~1:.IW~mtT~§ IW~ 

1Jnjg (£IN,, + £JNe) , WJjj(*IW~/j\iii{lIIEJfxtElZIW ttT7:&l~tR:lf;t1Jn £JNe, tE~m r~M! (8) A 
" 1..._' 

~Md~,.~M:lf;t*Jjj(*EJfxtElZIW~IW~iii,QEJfxtElZIW~mrlWttllli$~~EJfI;tM!~ 

0.8 i&~~IW_~iii{lIIrPJttllli$~lWjJrPJfj; 

0.6 380
0

K;/]0 ),!!*tiElW~IW~i&*~l!.if[m1t5t1t1W 

0.4 . 370
0

K tt~r!I!~!57Ji!~.:I:~~-~~ ~tE 00 B ~ci 

0.2 

0.1 
0.8 

3500 K 

::;,,0.6 
1 * .. 0.04-
~ 
~ 

: 0.02 

~ 

0.01 
0.008 

0.-006 

0.004 

(j.OOJL---7~--:!:;::---::--:':--~so o. 

~ 2 ~{E 10.6 ~*:ld:jj{J-&;f!Itiffi\:~~ 

~m~~~~~*~~~m*jj{J** 

Iii m~ ill, 1.1 iett~Ejjlj!~ :l:1D1 ~ ~ *
.0m~tt~~~mrlW~i&~~~n. 

. 1If:f:lf!.N.~~~IW~*0 

0.6 

f' 
0.5 

~ 0.4 

~ \lIE 0.3 

~ 
~·0.2 

z 

. . ~ 3 JlI*fiE~{E 10. 6. ~*jj{J~t&*~~iffi\:~jj{J** 
(!!j~ l;m1.lB:H;IlI:i¥J(!!j~ . (!!j~2:. i!i!IJ:i!:(!!j~[6] 

(!!j~3: i!i!IJ:li(!!j~ 

l:1fijIW?HJT~~, ~J:ftE*m*#-PIfFa1,tt~iI.$tE 10",20 W\~' M*Ji:iJlW N ~~~ 
ltllt*tiElW N ~ift;M:1g1lfo 

'flG1tJ;fum:tJ\!1fIW~J:ffM(T:l1Ht$lWtuzj1j1j!~:l:o ~-Jt~:1g N~, f:@.~iI.,$jg 6",7 W\:/&'M 
*; m=Jt~Jtjg N~, rt!.~iI.$:1g 35 W\:/&' M*o 1±Igmlit.~m1tr,~PtJf!ftifJtIW~i&* 
~~*l::m lRJo 
'.36. ' 



~am.~~.*~.~oo-ro~oo.*.~,~mT~~~m~.~~~~oo~*~ 
~.~~~.n,.* •• ~~~#o~.*~.~a~,.~.m*~.,~~~f.~W 
~.~m~~a,.~~ax~.~*.~~~~&~~*~~.*.W~.~~~~.W 
~.~*ftg,;J\, F:i:oo~~.J't;~.7t~*,r1[1!bt~o 

~Z,~R~~.,.~*.~ •• M.m.~.*.~~a.~oo:O~.*.~ •• 
*~-~.~~*~~am.o -ft*m,~m.*f6~ •.• *~~~Nm •• m~~ 
ffl, W~ 14 ~.·m*~~~:liM- (~]lffi.Iif1~~m)o Wli1~~m.00.~~~.ilLl.ta~Jloo 

;ffj*o ;l:i**$ •• 11L~~~m~*~ooam.·!¥l~, ~~a~Jl.~~3Rt.t~H&£iH, ~~JJ)ilL1jjIj, 
-ft ~~ 1*) ilL~~~1:.(': ° W ~~Jl.t5t1~ ~ •• ~tt t5t~JJ)ilL1jjIJ, -ftoo.$~ 1*t.tJf-l-r ~~~~ 
ilLiffljo p m.1P·~--:-ftl.t N.~.,~~.~*, ~101~mo !ij7~, J2f~ •. ~~~, )!~~ltt~1* 
00*~~?:J'11:, 1PJ~11L-m~~~~Y, 1ZSI~11L-m~~~~.~~.t&*.~*o 

[ 1 ] ~~, W:i\Ht, ""*~#:~J1:I!" ~G}j(~4~1±lJl!Z*±(1959:¥) 0 

[2 J T. S. ~WT, ""*~#:J16~~lVJ:" J:1iiH4:!)t1±lJl!Zf± (1963:¥); 

[3J J. S. !WJ$lt~~~, "-*~#:#t-;,+~" J:1iiH4~tI:lJl!Z*± (1965:¥) 0 

[4 J J. I. Pankove, "Optical Processes in Semiconductors", p. 75 (1971). 

[5 J . E. D. Capron, O. L. Briili Appl. Opt., 3, 569 (1973) 

[6 J P. A. Young, AppZ. Opt:, 3, 638 (1971). 

[7] H. Y. Fan et al, Phys.Rev., 101, 566 (1956) 

[8 J W. Kaiser et al, Phys. Rev;,'91, 1380 (1953). . 

[9 J H. B. Briggs et al, Phys. Rev., 91, 1M2 (1953). 

[1 OJ A:~. Kahn, Phys.Rev., 97, 1647 (1955). 

.. 
(~~~ 40]it) 

,.. r .... _ 

;p ~ If ~. oom!t:tt1~, IZSI JIt, ~ 1jjIJ:!!f;P~1f ~ ~R mJjt ~ri fam~ JJ9t ItJjliHBJIt~3jI!~~1:.0 

m"M~rifa" 1f~ ~ ~oo;n. 

#, 1PJ~JJ.;ff ~:!!foo4:W'I1:, a1Jlm 
I1t.~Jg 10-10 :f; • ~ /~ oo~J.W:if 

~m1)(~milL1lf~Wm~, IZSIJIt, a 
1fliAJg;Jt:.tli4:Jl$1tJ ~ :t5 ~J ;J\f 
10-10 :f;. ~ /~ ° :J;!i!.14 00 it, ifF .I ~ 
m~Jg 280°0, Wli~f;n. Jf-l- fa ~ 
~~~1iJm~, :J;lj!.Jf-l-~~r~T5ff~ ml3tfiiJ~i:t:j~ ml3ll~fl':t:j~ 

W~PMn:I¥J%tfPo \ 1m 6 Mf&t-!Hitft1fH19~~~*ti;l!jl.*;pf&b 

~M~~m~.IZ, M~rifa.IZl.t.m ••• milLt5tfi,~~$l.tt5ta,§ftBmf~ 
1j:t~1jjIJ1:.(':o 1E!.;,I!, '=:~1t=m~fa~E($'fA1*~?ff.00, !I6'@!l±~~7#JI?lJ1?o .I~~!I6' •• 
n}J, *~im}.Xl~1I!I4:m~]£1-ro ~fa1I1.I~fM(~1&mfJ!, .milLq&~7t~, ji16.~~a~ 
~1tIT:bn.~:f~JEo . 

• 37 '. 


