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I. IITROOUCTIOli 

w'ba JIIIDspboru, arNDio, ant.1alol-,, or billllltb, all Grollp, •'-• 

are &clded to eUloon, four ot t.be va1eDOe eleotnu OClllPl,et,e IMlndl 

with nelglabor1ng eUloon atou. The Na1niDc ftlenoe eleot.l'Oft l• 

Ulen 1n t,bll CmalGlllb tleld ot t.bll Nllldn1Dg elaarp (recl1loed "1 the di• 

electn.o ooaatant. ot the aterS.al) and la eo loo•ll' bound U.t S.t. 11111' 

lie t.~ uoit.ed t,o t.be ooaduot.1oa band at teapen.t.vea wll below 

rooa tu.perat.UN. Tbu• .. -, _,, that t.beN iaplarit.1•• •ctaaate" an 

eleot.ron to tbl or.,at.al. ud tbue obdouaq atteot. ita eleot.rical prop,-

ert,1e1. TIie• doDol' nate• tall into two •tegon.ee, the •••P" donor 

atat.ea and then cloaor at.atea. The deep donor atate 1• one 1D 

wbleb t.tae ext.n eleotl'GD ie bouDd w17 tigbt.J.T {N o.s ff) t.o _ t.he lapar-

it.7 100 wld.l• 1n t.ba •MUow donor etat.e the exwa elect.rm 1• boar.acl 

rat.her loo•]¥ (0.01 to O.l ev). In the etteotift ••• tbeol7 Qi}, 

a allallow donor 1ap1r1t,7 1oa and lt,e looNJ, bound electron are tre&W 

aa a ~pm,o ayatea :1n a d1electri.o aecli•• TM or.,atal field 

ettect.a UJ10D the qat.ea an oonoealecl :la t.blt diel.8ot,1"1o oout.ant ot the 

c17at,al and 1D t.he etteotive ••• of tbe donor eleot,nn vi.thin the 

Cl'7atal. 

At. llquid belia tea.pel'atun Use donor eleotrona popal.&te the 

P'OUDd at.ate ot the e,11t• 1n auoh larger number• than t.he other eta.tee 

of \he ayat.ea. Ilatnnd radiation, for example, -,. then lie 'U.lecl to 

1Dduoe tnaait.1on• frm tbe ground nate to the noited atate• and 

OOllt.imaua and t.bia will, 1n t.\ll'D, Ji.•ld intonation about the ••1'11•• 
of the acit,ed lnel• nlatiw to the ground nate lnel, the leftl 



wicltJl•, and tJae nlat.ift t.ruait.ion probabllit.1••• 

Opt,ical etudiee that haft bNn ll&de oa lballow donoN ill ailleon 

now that \he ettect.ive ••• theory aooouDt.a ve17 wll tort.be uoiW 

ektea but. doe• not. tor the ll'O'IID(l et.ate (i, l, l, 1.2,). Thie ha• beea 

at.t.rillu.ted t.o the negl.eo\ of effect•..,. the donor ion. 

lobn aDII Lut.t.lnpr (J.:l) ban lbowrl t.b&t. t.be eix-fold cl41pnen.t.e 

&l'cnmd at.ate 1D nalit.7 apllt.a 11at.o •1nal1', doublT, and tn.,i,. cteaen-
en.t.e la leftla. 

Alt.hougb t.nna1t.1oaa fNll the upper la lnela t.o t.he excit.ed 

atatea haw bNn ob•rftd tor ... iapui.t.1•• ill ailiOOD (1), t.hS.• 

t.heei1 report.a NN&Nb wtd.ob 1nolu4ee the ft.rat. obeenation ot t.nn-

11t.1ona troa t.be lcMtat•l71n& la ln•l t.o the UJ>Pll" 1• leftla ill-, 

Ma100Dduet,orJ ill pu-Uoular, w bit.ft obNned t.rua1t.1ona tl"CII the 

lo•et.-J.71ng le level tot.be upper le l.eftle ill ltiaut.Mopecl 1ilioon. 



II. REVIEW OF LITfalATUftE 

SiDce Kolm baa giftD an eztea.ai ft tnat.Mnt ot lh&llov donor t,heol7 

CH), w 8ball preeent here ODl1' tboN JIOlnt• baeio to a IIClllftbat qal.-

it.at.lft Ullderetandlng ot the t.heor7. 

i..t ua oomd.de:r a donor a\ate a, a •utnl 1.lq:,urit.7 atoa, lnt.ro-

GON into the lattice of a perfect. Ol'J'etal., from vbS.ch one electron 

baa beea naoved l.earin& ltebiad a politiw, eingq charged ion. TIie 

ion w1ll polariae the NJl:loonduotor and at large di•taoce• traa the ion 

the elecvoatat.io poteat.1al 11111' be written 

V(r-) = e/Kr (1.1) 
where r la the dietaa• trm the ion to the eleot.ron and K ia the at.at.to 

dielectric eonatant, of t.be 11141.ua. TIie et.at.lo clieleotrto oonetant. ia 

UHd bee&UN the trequenq ot the iapllrit:r eleotron in its orbit 1• llloh 

lowr thu that of the ot.her eleotl'OU 111 the 0178\al who• polarl•~• 

cive• l"iee to K in a balopolar material (la.). When the el.Ht.l'OD 1• 

broqbt b&ak, t110 &1'1• tor the int.eraotlon between lt 

and the iapari.t7 ion. •·trat, it-.:, be enerptloall¥ favorable tor t.hl 

electron to apend moat ot it• timlt near the illpari'7 ion. Thi• de-

acri.bea the deep donor at.ate, a atat.e wboH structure la not ve17 wll 

11Dderatood. In cont.ran to thia, the eleot.roaio orbit a:, be ao large 

that., eftll in the ground au.t.e, (1.1) appll••• 

cloDor at.ate t..hat w an 1nterenecl. 

ID the tielcl ot the iapui.t7 loD, the potential enera, ot t.he 

eleotron 1• 

(1.2) 



Tnating \hie aa a pert.urbation OM can •bow t.bat the SchroecU.npr 

equation tor donor 

llote that tJd.• 1• iantical to the SobroecHnp,:- equat.loD tor tJae 

bJdropu at.om except. that, K baa be• 1ntrocluo4MI and the tree elecvon 

•••• a, ba• been replaced bJ' tm ettectift •s•, ati-, wld.oh 

1• general1" not, the .... •• tti. tree electron .... Act.uallT, the 

ettectift ••• on the ww nctor, 1c, bat tor aall waft 

ftotor cl1aplaoaent1 about. the bot.tea ot the oonduot.ion band it. _,, 

be oonaidered oonat.ut. Tbe elgenYalue• ot (1.3} an UM wll-lmovn 

Ecn) = - m"'°(e'-/K)l-
2 t;z. nz. 

n :::::. , , 2, 3J . _ ..... 

&Del the DOl'll&l.1.Nd gro&md atat.e e1gentmct.1on ia 
Fer)= (1ra-,11- 3T:l. el(p (-r/a.~J 

where 

(1.6) 
Ualng K=- 12.0 and the aoalar apyroxiaation -~0.2511 tor eilioon, tbl 

tiret, 8obr orMt. radiua 1• tOUDd t.o be a•a::20A.. Since siliCOD baa a 

lattice oonat.ant. ot 5.43 A, w Ne that. tile elaotron doea apaDcl •• ot 
it.a ti.1111 1n the re&1-on wtaen· (1.1) applies. 

TIie preoediA& anal1'•1•1 wbile 1111111nating, baa tailed to proYide 

:i detailed picture of donor etatea in eil1con. Specitical.17, it 

n•glaot.ed the ani10t.ropy ot tbe etfect1Ye maae ot tbe elect,,- 1n t.be 

eilioora lattioe and t.be detailed etruct.UN ot tbe ailicon oonductlon 



band. In ailloon there are e1x equivalent aoncluct:lon band mint• 

in k-•y:,aoe located at (kc,,O,o),. <-11:o,o,o), (0,kc,,0), ••••••• , (0,0,-kc,). 

leU" u, ODe ot tbeN ainSN t,he enera oft.he eleot.ron 111>7 be 

mt.t.ea 1D the tOftl OJ) 
z. J. z. 

E = 1L ( ki.- k)-z. + _n ( k; + k;) 
2m~ 2.mt (1.7) 

wheN .t.he long1t.ucUnal and t.ranaverN ettectiw ••• parwtera ban 

the valuea (A) 

rn : o. 98h1 
l 

• being tJMt free electl"Oll maaa. 

m.t:" 0.19m (1.8) 

U•ina t.be etrect.ive Halllltoaian correep:o:l1Dg to (1. ?) , F(r) 1• 

found t.o atiaf'y an equat.lan oft.be t.n,e 

[ - 11 -z. J1. _ 1i2. ( Ji. + i,.) - e2 ) F(r) ::: E F (rJ. 
2m,_Ji° 2f'l1t J~,_ Jy1. Kr 

(1.9) 

Thi• equat.ion baa been aolved (:\2, l:l) by variat.1onal •t.hode ualng 

t.rial t\mctiona •11111.ar to bydrogerd.o eigenfunction•• Jt'or exuaple, 

the ground et.at.e )vdro&eaie eipntunotion ie 

C [ ( 2 2. 2. ,. z 1. )'h j exp - x I a.. + y I a. + r /a (1.10) 

vb1lAt th!e ground at.ate trial function 1• 

C exp l-cx~/Al. + y2/Az. + l2./B 2->'11..] (1.11) 

vbare C 1• a oonat.ant and A and 8 are uNCl t.o ndmid• the enera. 

Alt.hough the aolut.iou are cli.fterent troa the iV'drogeDio one,, it. 1• 

ouet.cllu7 to label t.hell b7 the atomic notation ot the J\,dropalo 

f\1Dct1one int.o which the7 go wba •,_= Bit.• It 1• evident. that, bect&UN 

of the aix equiftlent IIS.nSM ot the conduction band 1n ailicoa, t,bfl 



aolutioaa abiblt. ai>folcl depnenq. 

ror st.ates baring large orbit.a and 111&11 near the 11l-

pari.t7 ion (lndS.cating orbit.a wld.cb do not penetrate the S..-.diate 

noinit.T of th• iapurit.7 ion) \he etteot.1Y• ••• t.beo17 and experialDt. 

agree ftl'J' wll. 1-'or etate• having ..U.er orbit.a and large aaplit.udea 

near tbe iaplarit.y ion, 1n partiCNlar t.he gJ"OWld •tat.ea 1n eillcon, 

upel"1alllt and theol7 agree poor]¥. By Jlllkin« C01Teotion• t.o t.b.e 

potential tor ..U diatance• troa the impurit,7 ion and. uatng .,_.t,17 

uguaent.a, lobn and Lut.tinger (lJ.) haw ahom that, tor eubst.1tut1onal 

!apui.U••• t.he ld.x•told degenerate ground et,at,e 1• apllt. lnt.o a non--

degenerate la lnel, which 1• the ground at.ate, and d.oubl;r and triply' 

depmrate l• lnela. 

Fl&un l iDdioatea a theoretical energy lcmtl diagna ot a 

p!loepboNa donor. Here the doublT and trip°l7 degeMrate la lewl• 

haft been laped lnt.o a tiw-told degenerate le level. TM etteett:n 

••• t.beor., prediota and experiaent. baa abown (1, 1, ll> that, the 

envli•• ot t.he aoit.ed atate• do aot depancl on wtd.ob 1apm-1.t.J' 1• 

pNNDt in the cr.,et.al.. Tb1e ia indicated in Flgun 2. Beoauee ot 

tbi1 tact, one MNld apeot, an ••ro lewl diagna ot a b1...t.h doaol-

t.o r.Nllble Figure l uoept, tor the groand etat.e, la(A1) • The 

e.xcit.ecl et.at.ea of biamth-doped s111oon ban beea irmlat1pted (Z) 

aDd t.nd to nbatutiat.e the theo17 but the tnnait,ione trca the 

nat.e la(A1 ) to the atate• le(E) aad la(T1 ) haw not, ben report.N.. 

A.ggaftlll,l (1) NoeAtq nponed NNU'Cb in which the l• atate 

apllt, •• obaened 1n ant.1.maD7-, &rNnic-, and phoepbofte-d.opld IUloon. 
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CONTINUUM 0 EV 

3P, M=O ( 6) -.OOS7 EV 

2P,M=:tl (12) -.OOS9 EV 

2S, M= 0 (5) -. 0093 EV 
2S,M=O (I) -.0106 EV 

2P,M=O (6) ------- -------- -.0113 EV 

IS(T)+ IS (E) ------- •--• ------ - . 032 EV 
I 

IS ( A ) -.044 EV 
I 

Figure l. F.nergy levels of bound states due to a phosphorus 
donor. Numbers in parentheses indic.:.te the number of approx-
imately degenerate states; spin degeneracy is not included. 
Theoretical predictions are due to Kohn and Luttinger (JJ). 



!bl exparlllent,a wn pertOJ'IIICI at. llqulcl nit.rogn t.eaperat.'11'9 vi\b 

tJae nnl.t t.hat. t.be le(I) and ll(T1) lnela WN popalat.ecl autt1o1eat.-

q '° Ua&t. t.naeit.ioaa tftll the• at.at.ea to t,bl higher ucit.ed nat.e1 

could be ob•rnd. The nllll.t.1 ot t.bat. 1nftet.1gat.1on will be diecuNd 

1A ••t.1on IV of t.ld.e tlt.eld.a. 

Udng •1llooa napl•• t.bat. ban Nen rather •~ doped vitb 

bl-tb, w WN ab:t. to ONel'ft trauit.1au trca tbl la(A1) 1mal 

t,o tbe lewla la(E) ucl la(T1)• 



ENERGY 
( I0-3 EV) 

0 

- 0.9 

- 1.6 

- 4.9 

- 5. 8 

-10. 8 

-13-

CONDUCTION BAND EDGE 

.~ 

1 

.......... I ~0001001 
+c ~1~! 

~1 q ~I ~I ~I ~I 
0) CD 11)1 •i CJ)I CO CO CO <D CO IO 

Bl (- 70.6) t 

,~ 

I 

... "' . . 
-H +I 
I') r- co 

;; i 

I 
I 
: 
I 

1 

t 
EX PERI MENTAL 

---------

--------
F.. 

t 

THEORETICAL 
Figuro 2. ~nergy level diagram for bismuth, arsenic, and phosphorus 
in silieon. Experimental bismuth levels are due to Hrostowski and 
Kaiser (1), experimental arsenic and phosphorus levels are due to 
Bichard and Ciles (J), and theoretical predictions are due to 
Fleiner (11). -
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III. EIPUDIDTAL UITAILS 

StlPJ.I Clian.offDt\lo1 
TIMI euapl•• uNCl :I.a t.ld.a lnftat.lgat.lon wen •pplied b7 Dr. a. H. 

laiNI' ot the BeU !elapballt Laboft.t.ol1.e1, Mvn., Hill, New Jenq. 

The iapmoU,7 tne of each ot the ,aap.1.ea •• detend.nld b7 t.he , • ...,.. 

eleot,rio probe •t.bod ot Dl1nlap (J). lttelat1Tit.J' .....,,..nt.a were 

made bJ' the fov probe •tJlocl •• Olltlinecl bJ' V.U.• (ll) uain& a Jll'ON 
epao1ng of 4.5 •• Thi• rea1at1v1t.J' MalNl'tlllln\a wr. \lied ill 

CODJunotion with the data ot Irvin (l) t.o cletel'lline u. oaaoeatrat.ion 

of billllltll at.cu :I.a t.he a1lioon ... p1e.. The blport.aat. data tor eacb 

Napl.e uaed 1n t.bia 1Dveet.1pt1on an llat.ecl 1n Table 1. 

§Milt PNIH!t.ion 

Tlllt IIIIIIPl• ltl&fen wn wt. fl"oll t.ha boula• on a OODffrt.ed. ..-faoe 

p-inder witb a die__, eav. Tbe wfen wre tbeD &ftNlld with ftl7inl 

lftde• of carbol'IIDdua and abmda abna.Yea on glue plat-ea to 

aold.en parallel avtaoea. Ut-er U. final 11'1,ncU.nc o:pent.ion with 

ll'tlllber 600 alllDlha abraaive, a ld.nor-lilat avface •• uld.necl l,J-

pollald.Dg with DUIINI" 600 almcha abnaift on Oual olo• 811ppol'Mcl 

bT a glaaa plate. wat-er •• u..a •• a l.ubriaant. clur1na all grind1q 

aDd pollebing operat.iona. The ewtaoe• renl.t.1ng tra t.bl• prooedun 

wn nob t,bat. one oovld diaUnpiah oert.ain object• ldJ8D Tlewcl tl'OII 

near DOl"Ml lnoictenoe. FS•U1', a flat, vae p'01lllCl 1nt.o t.be pel'ipbel"J' 

of eaob ...,i. BO \bat. a pl'll8D11111 re118'oanoe tJleftDGllllt.er could be 

at.taobed t.o t.be BUlple. 



Seap'i. Data 

no.. 
$apl• Crpt.al.TJJ» Tld.olmeM CoDo. 

<•> <•-'> 
IL-1 PIil.led traa•l\ ,.10 ~lOJ.6 

BWB Plllled traa •lt 6.00 rvJ.Cf'1 

11-18 Floatlna ... 3.,0 UDdo,-4 
Seapl• 



i!,prJ.apntt,\ fnaeclul'f 
Flgure·3 ahow• t.be detail• of aountlq the eaapl.e and tba111GMt.er 

1D t.he aount.lng ltlook. The -,unting block wae, 1D turn, bolted t,o 

the bot.tea of the copper liquid bellua cont.ainer of a c170.t.at. •• 

1nd1catecl, A t.b1D flla of eilloone greaae •• used to enhance 

t.bel'lllll contact bet.ween t.be TU'ioua iteu. With t.bie arrangement. 

IUll)le t.eaperat.una in t.be nels)aborhood ot 20° K wre routine. 

A Model ll2, Perkin-Elaar apeot.naet.er ldd.ch bad been OOllftrted 

to a grating 1Dat:raent. by Bell (!) waa uNCl 1n t.b1• 1nvelt.1pt1on. 

It.•• aalibrat.ed O'ftl" the wavelength range 28 to SS Id.crone uaing 

the wat..r npor abaorption lines determined by Randal et. al (W. 
The aaapl.ee were plaoed 1n the cr.,ost.at ao that the tac•• were 

eent.end 1n and perpendlcular t,o the infrared baa. Tbe ent.ire 

ap,,ctromet.er was purged dul1Ja& and t.wo hour• prior to tbe t.nnmaeion 

•aaurement.• with d17 nitrogen pa to ella1nat.e water vapor ab10rption 

line• troll t,be dat,a. 

Data Reduot.iog 

The lnt.enait.7 ot the apeotroater beu after U, bu paaaed through 

a uapl• ia &iftft by 

I= I [(1- R)~ exp (-at) ] 
0 I - R z e><p (- zat) 

when I 0 1• t.he initial beu 1ntena1t7, R 1• t.be ltUlple surface 

retleot.irit.7, a ia the Naple abeoz,:Uon coetticient, and t. la t.119 

IUlple thiakne••• Writing aueh an u.pnaaioa tor a cloy.,ed and an 

undopect IUlJ>].e and t-ben taki"I ratio•, w ban 

(2.1) 



GE RESISTANCE 
THERMOMETER 

-17-

CRYOSTAT BASE 

MOUNTING BLOCK 

RETAINING 
SPRING 

SAMPLE 

REMOVED 
SECTION 

Figure J. Assembly of Sample, Thermometer, 
Mounting Block, artd Cryostat Base. 



vbeN tbe aubaoript, • tot.be Wldoped lliliooa ltllJ)l.e aDd the 

eubeoript, d ntere to the doped Nlllpl.e. We 87 Wl'it.e tbe a'beorpt,1on 

ooettloiut. ot t.be doped Nllp18 •• the na ot the abeorpt.ion ooet-
ficient ot t.be ailloon and tut ot the added J.aparit,'. Thu 

a,/ ::- c'.l' + Q:' • (2.3) 
q .S L 

vbeN ~-1• the ablOl'pt,1oa eoettS.oieat, ot the laparit.7. Udq (2.:J), 

w-, nwrit. (2.2) 1n tbe following IOIII& 

In ( LI I.J + 0t_ t s 
"J 

ts - t.1 
f.J 

.L In{ I - 1i2• e.>tp (-'2tJt.1tJ)]• 
t.1 I - Rt exp (-·~ °"s t-s) 

Oftr t.be range in vld.ch ware int.er•at.ed the abaorpt.ion ooeftloient. 

Q!s ancl the ntleotln.'7 a an ••eent.1all.7 conetant. and baw the &PJlll"OX• 

laaw ftlue• ot 0.12 .-1 8Dd 0.3 napeot.i'N]T. The Noond tea in 

(2.4) la negliglble tor appTmd.llate)T equal tJd.okDe••• ot doped aD4 
-1 1llldo-ped aaaplea while tbe tb1rd ten oornct,e a, bJ' at. •9' -0.3 ca • 

Tbereton, the firet. t.era in (2.4) 11 the cmq om uecl int.be 

oalcnalat1oaa of t.hie ilmlnlpt.1m. 

A det.end.nat.ioa of the el'l"Or invol•ecl 1n Nkiq the oaloulationa 

would Na rat.ber tol'llldable 11Ddenakin, not onl1' ••11• t.bere wn 

IO ....,,. point• that. bad to N ual.pecl but aleo then WN - .,.._ 

length rupe .... the MalUNMDt.• ot Ia and/or Id WN OOllpl1'a'ble 

~o t.he 'GftCertaillt.7 of t.he 1Nt.ok£l"OUll(l aipal. Hftewr, the• 



u.oert.alntl•• in aalculatJJag the abaorpt.lon coefficient haft alaoat 

notbing \o do vlth t.hl placing ot t.be abaorption NIOD&fteea becaue 

oft.he critical. dependanoe oft.he reaounoe u,- t.be photon wa'ft~h. 



IV. DSlJLTS AID COIICLUSIONS 

Tbe data preNDtecl hen 1• 111 t.be tOl'II ot apeotn. 1n 

wtd.ola tbl abaorpt,ioa eoettiola\1 an due ODl1' t.o tbe iapllrit1•• Sa-

t.Jtoduced into the •Woon lattice dv1ng t.he doping Jll'OC•••. WbUe 

biaut.111• t.he dea1Nd dopaat, w lNft OJal tbe poaeibilit.7 t.bat 

other iapurlt.1••-, be pnHDt.. The iD.Hl'llllllftt.al band widt.h (.r.11 

width at ll&lt •ximml) 1• indicated tort.be ng1.on• 1D wbioh the 

abeorpt,ion• occur. 

Ia Figure 4 we Net.be abeorpt,ion apect.n oft.he blaath donor 

in We note 111 bot.h OVYea pNld.nent. abeol'J)t,1on peak• at. 

)16.5 •·1 and at. 215.3 •·1• The ~• expl.anat.1on ot the non-

.,_tric obaractAr of t.heH -pea.lea ia tbat. water Yapor naainecl 1n 

t.be in epit.e of t.hll tact. t.bat. the qat.ea was purged with dJ7 

Di tropn aa•. Thia 1• bT t.he tact. \hat. wt.er T&por 

abeorpt.iona clo oocv at. appJ'Oxiaately 279 ca•1 and 322 a -l. The 

rather weak peaks at. )42.S aa·1 and at, 348 •-l an alao 1n the 

region ot water vapor abaol"l"ion•J DO ~uaion can be reached at. 

t.1118 about. t.be relat.1velT weak peak at 294 aa·1• 

lal•r (!) obeernd t.he abaorpt,lon at. 316.S am·1 uad naaned 

that, es.nee it. ooincddea 111.t,b an ant.SaioDT abeOJ"J)t,1on, tt. Nlllp1e •• 

cont.allinatecl with aat.SaoD;r. In Yiev ot the tact that. then 1• another 

anUmoav" abeorpU.oa, alaoat. twioe •• int.en• a• the om at 316.5 a.·1, 

at, 294 •-lit HeU ffrT 1ml1keq that. ov aaapl.e conta1ned aig-

lliticut ant.Samv". 

AooordiDg to t.be dat.a ot Biohard and Gile• (l), t.mN an 
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phoaphorua abaol'p\ion• ocourr1ng at aJ)l)l'OX111at.eq t.be .... location• 

as the prm1nent. abaorpt.ione in Figure 4 l.ea41ng one to nepect t.bat 

:phoapnorua wq be preeent in the eaaple. Howwr, then an t.bne 

rather strong phosphorus abaorpt,ioa.1 occnuTi.Dg in the range 324 to 

.3SO .-1• Sinoe aone ot tbe• la pnNnt 1n our apactra, w can oni, 

coaolude tbat the uapl•• an not. oontamnat;ecl wit.la pboapbol"Ue. SlBott 

t.bere an DO arHll:1.c abeorpt.ion1 in the nnge under 1nve9'1gation (}J), 

ar•nlo contud.nat.ion would ban DO etteot, on our nnlte. Tat:.111 2 

8\IIIIIIU'ine t.bl toregoiD& Nlllll"k• b7 l11t.iq the l.ocat,iona of t.1111 

abaorpt,iona ot the au.apectecl oontuinant.a • 

We are tbu• led t,o the COIIOluiOD that the obeenecl abeorpt,ione 

aut, be due t.o th• bl .. tb 1n \be eaapl••• file uoit.ecl at.at.ea ot 

bl._t.Ji in llilioon ban bNn 1.nveniptect by Hroatowlld and W•r 

CZ, !) • The neult.• of their ilmtatiption are llet.ecl in Table 3. 

Coaparing their da\a with that obt.ainecl in t.hia ilrnat.1pt1CIQ1 118 

cODClude that the abeorpt.ion• in Fi&UN 4 repre-t, traneitiona tram 

the ground at.ate, le(A1), t,o the et.ate• la(E) ud la(T1 ). To 

turt.ber etrengt,ben thi• 1tateaent, one immediateq that. the 

energi•• ot theee agree quite wll with t.he theoretical 

apectrua ot phosphorua ebown in figure l. Figure S 

a ooaparieon ot Ule precU.ot.ecl pboa,borue apect:rua and the obNrnd 

biamt.h epectl"UID. 

Agpnral (!) baa reported ob•ning tbe la atate apl.it, 1n 

ant.1aoo7-, arNnie-, ud a111con. Hl• <lat.a are listed 

in Table 4. whil.8 wan unable to detend.ae the ol'del'ing ot tbe 



Tui. 2 

PrlDoipal AblOl"pt,:lon• ot 5eftnJ. Daaor• 1D SUS.oa 

Plllo.,_,..1 216 

316 
'24 
34) 

350 
.,..,a J22 

294 

Anerd.-2 341 

381 

408 

420 

l Dat,a .. t,o Blollal'd and OU.• U). 
2 oat.a -. to Pioua, Bunt.111, and RenYS.• (ll) • 



Table 3 

Data ot Broat.oweki and Kai.Hr on 81..tb Do,-d Silicon (l) 

Tnaaitim 

la to 2p, •-=-0 59.50 
le(l) t.o 2a(S) 62.19 
le to 2p, a;:±l 64.,1 
le t.o 3p, •=0 65.47 
le to 4p, a=O (?) 67.13 
la t.o Jp, a=:t:l 68.01 

l• to 4p, a::1;1, 69.12 ±0.12 
5p, a:O 

• Exoept. vbeN noted, upariatnt.al error i• le•• than 4 x 10•5 n. 
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IS (T) 

I 

IS (A ) 
I 
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CONTINUUM 

3P,M •0(6) 

2P,M•:t I 02) 

2 S, M=O (5) 

2 P, M =O (6) 

IS (E) l,~ 
1S(T)J 

I 

--- IS (A) I 
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* The ordering of these levels is uncertain. 
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- 31.4 
-36.5 

-70.6 

Figures. Comparison of theoretical phosphorus spectrum (!,l) 
and observed bismuth spectrum (1) • 



na\e• la(E) ulll la(T1 ) troa our data, w ue able t,o lboW that. u. 
AJllftltJ.oll of t.be t.w ata\81 1• 5.1 a 10•3 n wld.ch 1• ot tbl -

order ot Ngrdt.tade u t.be reault.a in Table 4. TIie •Jlll"&\lcn ot the 

l1'01IDd a\a\e, la(A1), fl'OII t.be loweet.-i,t.D& upper la lefll in ov 
cla\a 1• 34.1 x 10·3 ..,.. Tbat. t.td.1 1• larger t.bu t.be ftluea 1n Tabla 

4 1• to bt expected beoauN of tha lal"p 4aaor 1onlat.1oa emra, of 

t.1..t,la 1D a111oon. 

w. OOMlude t,hen Uaat. the l• na\e ot the biaut.b daDol" 1n ail-

loon doea eplit. into a noadepnen.t.e la'Nl, t.be grouad at.ate, la(A1), 

a t.w-tol.4 upnttn.te lawl, la(E), and a thrM-told daaemn.te lffel, 

le(T1), •• Jftdiot.ecl b7 t.be etteot-ift ••• t.heor,. '?be olNternd 

trauitiou tall ftl7' olo• t.o or oo:lnoide with ab•rptlon )'Nk• of 

other iapul'it.iea. BT CNllllJIIU'1nl t.b• epec\n or tho• 1aparU,l•• wit.b 

t.be apeowa obt.a1.md 1D t.b1• inwet.igat.1oll, w are a1,1a to abow t.bat 

no atptfS.oaat 11Ddea1Nd SJapan.tte, ure prwND\ 1D oar IIIIJle•• 



Table 4 

!Mrc, Rpacdn1• ot la Donor stat.ea 1n Sllioon 1n •V (1) 

la(T1) • 
le(A1) 

la(B) • 
la(T1) 

11.a, 
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ABSTRACT 

It, baa been known tor SOM tiM that the expen.mnt]¥ detel'lliaed 

energiee ot t.he excited et.at.•• ot donors 1n silicon agree favorably 

with t.he values predicted b7 t.he eftect.ive ••• the017 due to Kobn 

(J.). However, t.be experimentally det.end.ned energies 0£ the ground 

state• in silicon differ troa t,be predictecl value by at. leaat. 3.5 

•• (i)• Thia has been att.ributecl to the neglect, ot e.t'tecta near 

t.he impurity- ion. By aaking corrections to the potential for uiall 

distances trom the im:purit.7 ion and uling 8Jflllletry argument.a, it. 

been •bown (A) that the ground state in realit7 split.a into a non-

degenerate lnel, la(A1), which 1• the ground at.ate, and doublT and 

triply degenerate la levele, la(£) and le(T1) reepectiveq. Recent 

work in this area baa shown evidence ot the la etate epl.it. 1n 

an.t.imony-, arsenic-, and l)hoaphorue-doped •111con (!). 
At. liquid helium temperature the ground at.ate is the onl.7 state 

a1gn1t1cant.JT populated ao that, by uaina infrared radiation, tor 

example, traneitione aq be induced tr-ca the ground state to the excitell 

et.at.ea and contimma. Thu• the energies of t.he excited nl-

at.1ve to the ground stat.e _,. be det.end.necl. 

OUr data above evidence that t.he la etate split. occur• for 

aut.h-doped silicon wU;b the upper l• levels b&Ying energies or •31.4 

aev and - )6.5 •• relatift t.o the bottom ot the conduct.ion band. 

Thia that. the loweet.-i,,1ng upper la level 1• aepant.ed fl"Oll 

the ground etate b7 34.1 •v and the t.wo UJ'IP81" la lenl1 are aep-

arated by S.l MY. The latter very tavorabq with the data 

of Aggarwal(!), howver, we are unable to detend.ne the ordering ot 



the• stat.ea traa ov data. That the tol'Mr S.1 largel" Uan \be ftl-

ue• found by Agarwal 1• to be upeoted NO&UN of t.he l&r .. ._.. 

iold.uUon emra ot ld.aatll 1D ell1ooa. 
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