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AesrRACT 

An 111nalytical procedure to extract the surtace recur11lii11a­
li1.111 v111locity of the SiO,/n typo ::ilioon interfacQ, Sp, from 
PCO mAl'l!lLJrements of emitter recombination currents Is de· 
sc..-riu!d'J. Th~ analy$i~ show3 thct tho cxtr;i.cted valves of~ 
arg signific~r,tly :1tfer:tad by the assumed material p-arame­
ters for highly l.lo1,11o1J llliliC:On. 'P•"'P and~ f:g 11~. Updotod val­
uoe for thesg param..-t,m~ l'rA 11AAd to obtain the depen­
dence ol ~ on the phosphoru~ wnc*ntration, Nu, using 
both p,..viouc 3nd new ;xperimental dat;. ThA new evi­
dence suppcrts the finding that Sr, lncreast11j i:H1u11~ly with 
Nu, 

INTRODUCTION 

The knowlt11.l1jc1 vi thr, &urface recombination velocity, 
Sp, as a function of th.., ~url;.r:ci rlnp;int density is essential 
to model and design the emilltir rid?liv11s commonly used in 
high efficiency cilicon colar cells. Thg purpose of thi;l rm~~ant 
investigation is to reexamine previous experimental data [1}, 
report new measurement3 end do~oribo 3 new theoretical 
rnon11I tn discriminate surface and bulk recombination In 
1K,11u11ilormly doped emitters, Aa in (1], our ~pproach is to 
analyz.., s11varl'II phoi.phorus diffusions having d!TTerent sur• 
face dopanl i_v111;~11tra.tions but 15imilar surface po:iah1Qtion 
co!'lditions. Th• dopant r,rnfilaii 11rA measured by SIMS and 
the total reoomblnation in lhtt tt111ill1il$, tllat is, the Hturation 
currontc, Joe, 3ro measured by the PCD {photo1X1nri11r.tiinr.A 
decay) technique Ill. Tills approach closely repli(.;c1l1o1li 11i111 
a.ct1Jal conditiol'l3 found in ::ilic:on eolar cell prOCQs:s:ing. 

The extraction of Sp from tht111h:1c1::iu1wcJ Joe am1 No(;,.')is 
not otroightforward, since it can N signHiC<ll'ltly 11ff P.r:TP.d by 
the rema1n1na material parameter$ tl'lat chara\:l1;1114w highly 
doped silicon: Tp, l'p, fir and A~•~ the minority-ermier !if.;.. 
time and mobility. the 1ntrinsiccarrlerdensll.y, and the apiJctl• 

This work wa~ supr,orted by the United 
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ent ener9y bandgop narrowing, re>spc,etlvely. Accorl'llngly, 
we have critically reviewed the published data for lh11111111 f-16• 
rameters, and collected thorn in Appendix 1. The n1,1w 
n,-.1.ox10,o cm-3 measured recently al 300 K [3] and lhe 
1Jpdated val1Jes for J.E1/PD end Pp(No) in [-1] havo bHn 
l'rlnrtP.d in this work. together with the AuQer recombination 
cuttrfl(.;ivnt in (5]. 

THEORETICAL MODEL 

ThA analysis of an emitter reg10n requires sophisticated 
muc.Jt1li1111 to aocount for the position dependence of tho m~­
terial p.w;im111,11·!'. Fxtracfog ~ with a general purpose 
computer pr(,)ijrilrn would r•quire a trial. and error pr00edure. 
Approximat• analytic.al rnnria!~ wl1h the necQSSary degree 
o! sophistication, comui11t1u with a rc,asonable degree of 
m3thematical 1.impUcity [61 allowfor ~ to b4!I 11ir~~t:itly written 
as a function Of Jo,, which mak.es an ihm1livt1 prucwdur• un­
necnaory ond chowc tho functional d;pgnci~nees of ~­
The following expressions describe a third order approx1ma­
Liv11 !or Sp that guarantees sufficient accurGyfor cllthri diffu 
sions to b.., an;1ly111ri h,:irA. The surface is situated at x .. w 
and the pn jun~liu11 •l A•O. 
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AS eQUation (1) shows, the rriag11itu1,h:1 lhat can be ex• 
tra<;ted from moocuroments of J,,.. is A,(W)~. whi;mi f'lo ii; 
the eQuilibrium minority carrier density, which lnclude:s Lhtt 
t1nergy bandgap narrowing: 

,~ ~e,o,>(x} 
Po(A} -= N~x) exp(.~) (8) 

To obtain ~ it l::i, thoroforo, nocessary to know A, -or, 
equivalently, tH:/4JfJ, n,. and Nn- accurately. ln the PCO 
technique, the meaaurad magnitude ic Joeln,2 [1 J, that al­
lnwi; for the determination of SpB,w(LI t:gaJJIJ/1(/") only, pro• 
\'idid No,, the c;oncentration of donora at the :,urfaoc, ic 
known Tha rAr.P.nt changes in the accepted values tor n, 
andL1Eg"PPrnc1ktl o F1;HjAl1.s1..1ion of~ nece&sary, 

SURFACE RFCClMRINATION VELOCITY 

We have extracted Sp again from the measurements of 
Jo9m/i made at $tanford [7] using the updated poromotorc 
mention,;,d in the. lntrnch1c:tion. The results have been plotted 
In Fig. I. In addilion, lh1;11;1!f1:11..1 ufth,; unce,'taintie$ inth• en· 
orgy bandgap narrowing and the holi? lif.:>timQ nn tM P.xtrac­

tton is examined in the next section. 
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'Figure 1. Surface recombination velocity of oxidized n-ryp9 
silicon o3 o. function of pho:,phow:, oonaontr:Jtion. 

Addltlonal samples have been prepared at Sandia Labs 
:ind ANU, following ~lightly ditforont proetae 89<!Uenees. 
POCb was used at !::iand1a as the dopant source, and a s11i-
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con d!Oxlde layer wa:s \11uw11 In the ume thermal atep, st 
976oC and GOO oC, respectiv,;ily. for th• two emitters consid• 
ered here. At ANU the phosphoru11 diflu111iun wu performed 
ut 830 °c uein9 a solid source, followed by a dry nxidation 
at 1 000 uc and a forming gas anneal at 400 oC. Th• oxida­
tion nnd diffucion furnaces wero routinely gettered with TCA 
prior to their use. whereas the actual oxidation was per• 
form•d in the absence of TCA. Th• oxid;nion etep waa termi­
n11t11rl with a ramp down of the temperature 1n a nitrogen am• 
bi1ml, Tl•--• oxidation condition$ ere essentially idenUenl to 
thou uted at Stanford (1]. Phnlocondudanee decay mea­
surements of all the samples w1m1 1,111rkmn*CI at Sandia U$• 

ing :a mierowav&-dotection apparatus [2]. The phosph1:1rus 
concentration as a function ot position was measured by 
SIMS, for the ANU ::cmplot, :it tho Lab, Phys. Mat., CNRS. 
Lyon. For the modeling. the measured dopant profiles were 
fitted usin9 a polynomi&I expre::i::ilon. 

At Stanford, and also at Sandia, high r11~i1;livily 11-tyl){I 

waferc woro usod to determine the recombination curren11 
ot the n• eminer$. A pessibly signHlcant dltrerence with pre• 
vious experlrnent3 hn3 bean the u::c :it J\NU of 60 0cm ?­
type wafers. The two depletion regions thus tormed be­
twH11 tht1 diffused layer$ and the substrate might introduce 
addition:;11 r~mhiMtinn Md distort the interpretation of the 
PCD dii~. Wt111.svw vwrlfii;d that the effect of the depletion 
rggion, is negli~iblE1. ~x,::,;ipt lit ll'lw t:iirriAr mncRntrations. 
As an additional confirmoliun, w1;1 h.-v.,, .sl:iio uMod $Ome 12 
Oem n-type wafers, and found thatthe corresponding..(, ,.'Ir$ 

within one standard deviation of the p-type wafer results. 
Some of the 30mple::i hovo rcm.lrkably low emitter rocom­
bination currents and high bulk li1etImes, which indicaies 
that the processing conditions have been astl3foetory in 
t1;1_rms of l'JIIAlity control. 

As can be obaerved in Fig. 1, tho now d:it:i points agree 
reasonably well with those from l 1J. ·1 he old values of Sp. 
originally extracted in [1] using del Alamo's dcto [8] for tho 
9nergy bandgap narrowing and hole lifetime., are not very 
(liffer&nt from those in Fig. 1 becauH we have used a higher 
..:I~ aw and low1;1r 1'p. Tha 11-x.~c.rim11 nt,11 r111i;ult!i ind ir-.:tte that 
Sp Is linearly proportional to No fur duµ,ml u1111i;ili1;1i hi\jtntr 
th3n 7x1017 em-3, approximately, This supports the conclu­
sions in [1}. The data points in Fig., can befitted with thelcl· 
towing expressions: 

S = S0, for Nu.:N,., 

N 
S '"' S0(if). for Nu;,Hn,, ,., (9) 

witl1 S0=70 ~11l~ 1111J N,et=7x1o17 cm~. Althoi,ylt Fl9.1111a.l 
equation (9) indieate that S,, is nearly eonstant for low phos­
phorus concentrations, It should be noted that surface rt• .. 
combination velocities smaller than 70 em/s have been 
measured for dopant densities below 1:i:1017 cm-o r1, 71. At 
aueh low dopant dan::iitieo the ourfaca r~ombln~tion veloe 
ity has been found to be dependent on the injection level in 
the $UbWate [7}. 
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UNCERTAINTY ANALYSIS 

Toe photoconductance decay mec1sure11u;1nts were per· 
formed five times on eaoh of tho two s.ido, of overy ,;.1mrl11 
~nm11 of the measurements were rejected due to poor i;iy• 
mi.1-to-noiH ratio and the ro!;t :lVor39ed. Tho standard 
d1:1vl,itinn nf tha extracted J., is typically tesi than 20%: this 
i~ i;h11ih:s.1 1\1 the meaaured uneertainty in [1]. Tho poccible er­
ror in thA ~IMS msasurements of the phosphorus con• 
eantra1iur1 illl lw:s:s than ±1G'Yo. Ditleren<.ee in :ihoct rocic• 
tanco between th1:1 twn ~idei:; ot the wafer are also less than 
±15%. In general, the :.l11:1wl I w::sistances ~a1culated from the 
SIMS profiles agroo well with th,;i m1;u,i~11rAd v:ilues. The ac• 
tual dopant concentration at the surf at..~ aff1:1.:llli thw rilsults 
critically, for oomo c:lmples. This is compounded with thA 
fact that the t1rst data p0ints obtained by SIMS nave to bl;! 

discarded, end tho ourf:ioc oori~ontration can only bQ ova. 
luaH1d by extraPOlation. We have considered three p0sslble 
diff&rent models for the energy b11nd9op norrowirig, 31: do• 
scribed in the .Appendix. The dependence Ol .d!:i, with Nn 
propoHd by Klaassen [4] ha& been edopted hero booou:;o 
it r11r,resants a moderate. intermediate assumption. ue1 Ala• 
rnu·~ ,node! [8] gives lower d r:9 at moderate doparit den3i• 
ties (-27%) and M.irly tt,1;1 ""'ma v~1UP.!'i ~, hioh doping lev• 
els (-2%). The additional com1cliurt ir1ln.1Jui;l:!1.l liy tile new 
n, .. 1x1O10 em-3 implies a 17o/. to 10% higher .d~i, than 
Klaassen·s model. Additionally, the three models are af• 
feoted by en experimontol unoortointy of about ±:0 moV {8]. 
Three different Auger recomb1nat1on coefficients have been 
r;onsidered, as described in the Appendix; they reproocnt on 
uncertainty in the hole lifetime between -18% and +27%. 

Para meter uncertainty 
$ample Jo T1,. AF Al 

(±2ti'Yo) (high, low) (high, 'ow} 
Uneerlillnly +2i0%, +100%, -20i''Yo, 

ln Sp -970% -146% +243% 

Table,. Uncenaimy in the surface recomfJlnsr/on veloc­
ity extracted for sample A 1. NLJs- 7x 1 O 1 fl em-3, JS'"' 1. 6 µ m. 

we have found that the extracted values of Sp are sign It I• 
oently affected by tho ;iccurnod bulk ms.teria.l parameters, 
especially by the energy 0andgap narrowing and the minor• 
ity carrier lifetime. Thi:, i:, portioul:irly notioo3blo for highly 
doped. relatively deep diffusions. I able 1 shows the uncer­
ll:linty iii Sp extracted for a relatively heavily doped 3,imple 
ai. a con~i:a1111•nl".A nf ThA uncAr1ainties in the measured J0 

and in 1h111i/~lirm, c111d 1;1111;11~y ba11d9 ... p :;hrinkage. Negative 
valuQs: of tho surface rli\oombination vAlr,r:ity ,n,. nh1;:iinP.d for 
some combinations of the Auger recombinatkm w1;11fic.:i1;111t 

a.nd bondg;ip n3rrowin9. This points out that, for some of the 
most heavuy doped samples, the uncertainties In LI Eli •PP, 
lifetime and Jo m&ke itdit!icuntocxtroot Sp with :i ro3tonable 
degree of confidence. 

At Table 2 shows, the uricQrtainties are significantly low, 
er tor moderately doped samples, the main source of uncer-

d3d P0S NOl.l 16 '9d 12:dS 

li1i11ly now being A Cg •flfl, Conildering those uncertainties, 
which :iii"" 11ffac:t the previous oetermination 01 ~ [11, the 
agreement IJ1;1lwlil•n the different sets o1 dat• can beoor.eid­
ered acceptable. 

Param•t.r uncel'Ullnty 
Sample -- .. 

Jo ~A -6.E-A.'. 
(±15%) (high, low} (hiyh,l,w) 

uncertainlY +21%, +~-~%, -40'6, 
In Sp -21% -R5o/.. ... 103% 

Tabla 2. Uncertainty in rhe surface recombination vstoc­
ily 1;11cl1ac:1,;d (,Jr sampl• AG. Nos=5x1 O 1• cm-1, Kj-0.!JS µm. 

It is convenient. especially for the most i,1gn1y doped 
samples, to calculate an upper bound on Sp c~:auming :in in• 
fln~,:i lifAtimA (transparent approximation); 

si,- _ Jo, ···-····•--,-1..._ __ 
p q Po( 1,11) 1 - •'o-q A,(W) 

(10). 

The values ol the upper bound on Sp have been plotted 
in Fio. 2. The spread of points is much less than in Fig. 1, as 
• 1w,sult of a r&duced uncert~inty, end the agreement be­
twoon the different sets of data is b~tt':lr. 
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figure 2. Uppt,r limit of thft avrfsce recombinatioh veloclt' · 
for the samples in FiQ. 1. · 

CONCLUSION!; 

The extraction of Sp from diffused emitters is subject to 
swvwta.l &ource& of uncertainty. Thi5 in<;ludH not only the er• 
ror in the m~ai.ttrl:lm1:1nt,; of,,. Mrlth~ rlnruint /\rnfila hut :il.qn 
the assumed energy bandgc:tp m.muwi11y ilrtd rni11v1ily c.:.srri• 
or lifotimQ, Qspoci:atly for doop!y diffused samples. Unt!9rthe 
assumption ot Intermediate values for these parameters, 
from [4] and [6], respectively, we conclude that the surface 
recombination velocity of the Si/Sl"2 Interlace Increases lln• 
esrly with the pho::;phoruc oonoontration at the sul'lace, for 

I 
l 
' 
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N1>2::7xio17 cm-3, $j_i is a proei;1$~ t!P.r,Andent parameter: 
the previous conc1U$lon applies lu \lry oxidation, performed 
in the ab::onco ot TCA il'I the 11!.ngP. 875 °r.~T s;:1000 °C. fol-. 
lowed by a 400 ,;,C anneal In 10,min~ !,lcJti. 

APPENDIX: Parameter• of highly doi,-d silicon 

The app;mmt gnergy b~odg::1ri llhrink-RQe. A Eg lffJ. has 
been extracted by several authors lru111 ~1111ady-&tate mu­
iiuromol'ltc of A,q, a!'ld I,, combined with M At!tiilional tran­
sient measurementotthe Ufetlme, IUQ"lt.1111 wi1li 1hi;, a!>&ump· 
tion of a oort3in 'l- If values for fir or fp ciiff P.ri;ont fmm thn!le 
assumed in the original work. are to be used, £I G:lopp 1nu&t 

be corrected oo th:it ,0oDp remains unaltered. The ,e,xpo;,r. 
!mental data can be fitted with tne ro110w1ng expression; 

No 
Li~(N0) • A ln(-N) (11) ,., 

for No>~,. and .d f/1PPaOfor No!:. NrQt- I able~ gives the 
valuei; ul lliv coefficient& A and Nr91 for n-type silicon corre 
cponding to thrA,;, tiiffarcini !flw1ls of correction. These three 
dependenc1:1s c11e ucui111I.I un !11• same set of experimental 
data roported in [8), which were aff1:1r::t~rl hy Rn unr:Artiiinty 
of abOut ±9 meV at a dopant dem,ily uf 51t1010 \;,u-3• D"'I 
/1"3mo's modol, in tho first row of Tabl1;1 3. ::i!'l~11m11!'I 

IJ/=1.4S6x1010 cm--' at 300 K [SJ. Kl,lin;~1,111 111 iii. [4) hl!lvo 
c:orroc:ted it to account ior a different minority ht:'lc;, mr.ihility, 
as well as fl;=1.19x1010 cm·.;,, The additional correctio11 
&hown in the third row of T::iblo 3 it consistent with tha ni.w 
flia1.0x10 I0 crn-J al 300 K {based on 1.0ttixl u10 cm-:i pro­
poHd in (9), 1.O1x1O1n orn-1 reported in [3) .2nd 9.7xio9 
r.m-:l measured in [1 OJ). The use of this fully updatod..1 c:g«w 
i,1 tho extraction of Sp give$ negative values of Sp for ~everal 
!.ampl1;1~. R&1rAwru:1 nf !hii;, i:ind r..onsidering the ±9 maV un­
certainty in the original \Ji:ilill (ur ~ fo •PP, Wld I rove decided to 
adopt tho model in [.4), de-1.cribP.d by th,;, m"ffir::i1;1nt!':. in the 
middle row o1 Table 3. 

Al::.9
1PP A (meV) N,~1 (cm-~) Reference 

low 18.7 7-10 1 del Alamo. 1985181 
mid. 1~ ~ , .1.,n11 KIAA!'ISAn, , 99? (41 

high 1~.o 7.10 updated ~ and Jip 

T11bl• ~. ~"'"rrJY h11t1rlORf> n;mriwino in n-ty~ silicon. 

Tho hole lifetime io frequently givon by :in oxproccion of 
the torm: 

-r; 1 e B N0 • C,IA "It; (12) 

In tni3 work wo hove uoed Cn,a.•:!.2x1O-31 cm-¢1:-1 [6] 
and B•2X10-' 3 cm-3s-1• to fit available exper'1mental data. 
Transient dec;ay meA~urements of the lifetime are not de­
pr;inriAnf nn n;. !In :i mmir:tinn for the lifetime is not neces­
sary. The literature exhiuitl:i itli:ill~-.iuf v;,.lu1;1~ lur CnA, ll1~Au· 
ger recombination coGfficlent, from CnA•,.Px1 (1-31 em-<li;-1 
(81 to CnA•2.8x 10 31 cm 's 1 [10]. 
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For Nn;a 1x101icm 3 there i~~uw agrHmentbetween 
dot Alamo•~ (8} and Wang's [51 measur1:trn,;intJ: nt ,ha minority 
earner mobilitV and Klaassan's recent lheur111li1.;¥I $ludy {4J, 
all of them indio:iting that l'mit•~""'i' The latter pri;odir::ts 
slightly higher µp tnan del Alamo's Tit at the heavlelt c:lopings. 
With re:speet to the lower doping r.ingo. N0-1x1ot1 -
2x101s em-:l, KllllA!l!-\en at al. [41 contend that the data ot 
Dzlewlor and Silber [ 12}, wlri,.;h W(lrti u~ed by del Alamo, are 
too high and too scattored. Klaanen's rnod~I prcirlir.t5 thilt 
the minority carrier mobility should equ•l lh11 niajoth)' carrier 
mobility for No<1x1017 cn,-3. Recent mea,;urqrnqnt* nf the 
m1norlty~arrier dlffusMty by Sproul (13] have wnlirmw 
thatµ.m,n-J'm,J for N0 <3x1016 cm-3. The following expro,. 
sion tor µp(mJnJ has b.een used In this work, It describes 
approximately both Kla~n'G modol, the experimental data 
in the moderate dcping range l 14J and in the neavv doping 
range (!i,C}, and the majority-earrier mobility (15] for 
No,.1x101 ' r::m-:l. · 

(13) 
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