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ABSIRACT

An analytical procedure 1o extract the surtace recumbina-
tivu velocity of the SiOy/n type silicon interface, &, from
PCD mansuraments of emitter recombination currents is de-
scribed. The analysis shows that the extracted values of §,
are significantly affected by the assumed material parame-
1ers for highly duped silicon, i, up and 4 527, Updated val-
uoe for these parametars are used to obtain the depen-
dence of S, on the phosphoruy cuncentration, Ap, using
both previous and new experimental data. Tha new evi-
dence supports the finding that &, increasss strungly with
Ny,

INTRODUCTION

The knowledye uf the surface recombination velecity,
S, ac a function of the surtara dapant density is essential
10 mode! and design the emilter regivns commonly used in
high efficienoy silicon eslar cells, The purposenf the prasant
investigation is to reexamine previous experimental data (1],
report new measurementa and desoribo 3 new theeretical
model to discriminate surface and bulk recombination in
nenuniformly doped emitters, As in |1}, our approach is to
analyze savara!l phosphorus diffusions having difterent sure
face dopant cuncentrations but similar surface passivation
conditions. The dnpant profilas are measured by SIMS and
thetotal recombination i the eniitters, that is, the saturation
cUrrents, Je, are measured by the PCD (photocandiintance
decay) technique {21, This approach closely replicales lhe
actual conditions found in silicon eolar coll procossing.

The extraction ot S, from the measuied Jpg and Np(a}is
not straightforward, since it can be signiticantly affeciad by
the remaining material parameters that characlerice highly
doped silicon:rp, #p, nand 4 £, 8%, the minority—carrier life.
time and mobility. the intrinsic carrier denshy, and the appar»

This work was supnorted by the United

States Department of Energy under
Contruct DE-ACN4-94ALR5000,

DISTRIBUTION OF THIS DOCUMENT 1S UNLIMITED

eni energy bandgap narrowing, respectively. Accordingly,
wo have critically reviewed the published data for these pa-
rameters, and collected thom in Appendix 1. The new
n=1.0x101% cm—> messured recently at 300 K [3] and the
updated values for 455*PP and wp(Np) in [A] have been
adaptad in this work, together with the Auger recombination
cusllicient in [5].

THEORETICAL MODEL

The analysis of an emitter region requires sophisticatad
modeling 10 account for the position dependence of the ma-
terial paramatars. Fxtracting S with a general purpose
computer prograrn: would réquire atrial and error procedura.
Approximats analytical modala with the necessary degree
of sophistication, conbined with a reasonable degree of
mathemalical simplicity [6] allowfor S, to ba axplicitly written
as a function of Jg,, Which makes an iteralive procedure un-
neceaznry and showe the tunctional dependences of S
The following expressions describe athird order approxima-
lionfor Spthat guarantees sufficient accuracy for alithe ditfy
sions to be analyzad hare. The surface is situated at x=W
and the pn junclion st x=0.
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As equation (1) shows, the magniwde lhat can be ex-
tracted from moacuroments of J,, is g {W)S,, whera py is
the equilibrium minority carrier density, which includes the
energy bandgep narrowing:

” AE(x)
Polx} = ',qj',g expl—7—) ®

To obtain &, it ia, thorofore, nocessary to know p, —or,
equivalently. 4£,%% n. and Np= accurately. In the PCD
technique, the measured magnitude ic J,e/n? [1], that al-

lows for the determination of S,exp(d £, %#/k7) only, pro-

vided Npg. the concentration of doners at the surface, ic
known Tha rarent changes in the accepted vaiues tor 7
and 4 £,9°P miake d re~uxliation of 5 necessary,

SURFACE RECOMRINATION VELOCITY

We have extracted S, again trom the measurements of
Jperty? made at Stanford [7] using the updated parametors
mentioned intha Intraduction. The results have been plotted
InFig. 1, In addilion, lie elfect uf the uncertainties inthe en-
orgy bandgap narrowing and the hola Jifstima nn the extrac-
tion is examined in the next section,
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‘Figure 1. Surface recombination velocity of oxidized n-typé
silicon aa a function of phosphorus econcontration,

Additlonal samples have bean prepared at Sandia Labs
and ANU, following slightly ditferent proceee sequences.
POCIa was used at Sandia as the dopant source, and a siii-

This report was prepared as an account
Government. Neither the United States

employees, makes any warranty,
bility for the accuracy, completeness,

tarms of nuality control.

| or usefulness of any information,
process dl'SClOSOd, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by
manufacturer, or otherwise does not necessarily
mendation, or favoring by the United States Government or any agency thereof. The views

anq opinions of authors expressed herein do not necessarily state or reflect those of the |
United States Government or any agency thereof. ’ :

of work sponsored by an agency of the United States
Goyernment nor any agency thereof, nor any of their l
express or implied, or assumes any legal liability or responsi- i

434 P4 NOU 16 '94 12:44

con dioxide layer was giuwn in the same thermal step, at
876°C and 900°C, respactivaly, for the two emitters consid-
ered here, At ANU the phosphorus diffusiun was performed
at 830 °C ueing a solid sourca, followsd by a dry axidation H
at 1000 ¥C and a forming gas anneal a1 400 °C. The oxida-
tion and diffucion furnaces were routinely getteted with TCA
prior 16 their use. whereas the actual oxidation was per-
formed inthe absence of TCA. The oxidation etep wae termi-
natad with 2 ramp down ofthe temparature in & atrogen am-
bienl, These oxidation conditions are essentially identicalte
these used at Stantord [1]. Phatoconduciance decay mea-
surements of all the samples were petionned at Sandia us-
ing a microwave—detaction apparatus [2]. The phosphorug
concentration as a function of position was measured by
SIMS, for the ANU samplee, attho Lab. Phys. Mat., CNRS,
Lyon. Forthe modsling. the measured dopant profiles were
fitted using a polynomial expreasion.

Al Stanford, and also at Sandia, high resislivity n=type
waterc wore used to determine the recombination currents
ot the n* eminters. A possibly significant difference whh pre-
vious experiments has been the use at ANU of 50 Qiem p—
type walers. The two depletion regions thus tormed be-
tween the diffused layers and the substrats might introduce
additional recnmbination and distort the interpratation of the
PCD data, We have veriflisd that the effect of the depletion
rogions is negligible. excapt at low earriar concantrations.
As an additional confirmalion, we liave also used some 12
Qem n-typo wafers, and found thatthe corresponding J, are
within one standard deviatlon of the p=lype wafer resuils.
Some of the aomples have remarkably low emitter recom-
bination currents and high bulk litetimes, which indicates
that the processing conditions have been satiafactory in

|
As can be cbaerved in Fig. 1,tho now data points agree :
reasonably well with those trom {1]. 1he o/d values of Sp, b
originally sxtracted in [1] using del Alamo’s data [8] for the P
enargy bandgap narrowing and hole lifetime..are not very .I
different from those in Fig. 1 because we have Used a higher |
4 E,;3P and lowar 7,. Tha axparimantal restilts indicate that
Sy Is linearly propontional 1o Np for dopant dsirsities higher
than 7x1017 em=3, approximately. This supports the conclu-
sions in(1}. The data points in Fig.1 can be fitted with the fal-
lowing expressions:

&= So, for Nuk‘Nm

&= so('ﬁvﬂ). for NyzNegr (©)
»n

with So=70 /s und Ngs=7x1017 cm=3. Althoigli Fig.1 urad
squation (8) indicate that &, is nearly constant for low phos-
photus concentrations, k should be noted thét surface re-'
combination velocities smaller than 70 em/s have been
measured for dopant densities below 1x10%7 em~2[1, 7). At
auch low dopant densities the surface recombination veloc .
ity has been found to be dependent on the injection level in
the substrate [7],
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UNCERTAINTY ANALYSIS

The photoconductance decay measureiivnis were per-
formed five times on each of tho two sides of avery sampla
Sama of the measurements were rejecied due 1o puot siye
nal-to—noise ratio and the rast aveoraged. The standard
daviatinn of the extracted J, is typically less than 20%: this
iy simitat to the measured uncertainty in[1]. Thopoceible er-
ror in tha SIMS measuremaents of the phosphorus con-
centraton iy luss than £15%, Ditferences in ahect rosic-
tance between tha twa sidas of the wafer are also less than
+15%. Ingeneral, the shecliesistances calculated fromthe
SIMS profiles agroe walt with the mansuted values. The ac-
tugl dopant concentralion at the surface alfects the results
critically, for soma camples. This is compounded with tha
fact that the hirst gata points obtained by SIMS have 1o be
discarded, and tho surface concontration can only be ova-
luated by extrapolation. We have considered three possidie
different models for the energy bandgap narrowing, as de-
scribed in the Appendix, The dependence 0! 4k, with Npp
proposed by Klaassen [4] has been adopted hero beoause
it taprasents a moderate. intermediate assumption. Usl Ala-
mu's model [8] gives lower d Ly at moderate dopant denai-
tiog (—27%) and nearly the =ama valuas at high doping lev-
els (-2%). The additional correction introduced by the new
n=1x10'0 em= implies a 17% to 10% higher 4, than
Klaassen's model. Additionally, the three models are at-
fected by an exparimental uncertainty of about £9 moV {8].
Three ditferent Auger recombination coetficients have been
considered, a3 described inthe Appendix; they represantan
uncertainty in the hols lifetime between -18% and +27%.
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lainty now being 4 E,‘W’. Consldering thoce uncertainties,
which alas affact the previous getermination of S, [1], the
agreement belween the difierent sets of date canbe coneid-
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ered acceptable.

Paramoter uncertalnty
sample [~ “ aE,
' (£15%) | (high, low) | (liigh, Tow) -
Uncertainty +21%, +5.5%, ~40%, l
inS, -21% -8.5% +103% i

Parametar uncertainty
&
(£26%) | (igh, tow) | (nigh, Tow
Uncerlainly +270%, +1009%, ~207%,
inS, -370% -146% +243%

Table 1. Uncenainly inthe surface recomdination veioc-
ity extracted for sample A1. Nyg-7x1019 em=3, x<1.6um.,

Wa have found thattha exiracied values of S, are signiti-
cantly affected by the aceumod bulk material parameters,
especially by the energy bandgap nariowing and the minor-
ity carrier lifetime. This is particularly noticoablo for highly
doped, refatively deep ditfusions. 1able 1 shows the uncer-
lainty in 3p extracted for a relatively heavily doped sample
as a consanquenca of tha uneartainties in the measured J,
andin the lifelime and eneigy bandgap shrinkage. Negative
values of the surface recomhination valncity ars nhtained for
some combinations of the Auger recumbination wellivivnt
and bandgap narrowing. This points out that, for some ot the
most heavlly doped samples, the uncenaintles In 45,47,
lifetime and J, make itdifficult io extract S, with aroasonable
degree of confidence.

As Table 2 ehows, the uncertainties are significantly low-
er1or moderately doped sampies, the matn source of uncer-

Table 2. Uncertainty in the surface recombination veloc-
ily extracted for sample AS. Npg=5x10"R cm=, x,-0.96um.

it is convenient. especially for the most highly doped
samples, to calculats an upper bound on Sp assuming anin-
finit fifatima (transparent approximation):

J1 {10).
- —3—' A;(W)

The values of the upper bound on Sp have been piotted
in Fig.2. The spread of points is much fess thanin Fig. 1, as
a result of a reduced uncertainty, and the agreement be-
tweon the different sets of data is better.
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Figure 2. Ugper limit of the surface recombination velodq'{

for the samples in Fig.1.
CONCLUSIONS

The extraction of S, from diffused emitters is subject to
suveral sources of uncertainty. This includes notonly the er-
ror in the measuraments of .J, andtha dapant prefila but alean
the assumed energy bandgap narrowing snd minvrily carri
orlifetime, ospecially for deeply diftused samples. Underthe
assumption of intermediate values for these parameters,
trom [4] and {8], respectively, we conclude that the surtace
recombination velocity of the S’SIO, interface increaseslin-
early with the phosphoruc concontration at the esurface, for
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Np=7x10'7 em=3, §, is a procass dapandent parameter:
the previous concluston applies lv diy oxidations performed
inthe absenco of TCAinthe range 875°C.L T 1000°C, fol- |
fowsd by a 40U ¥C anneal in forming gas.

APPENDIX: Parametors of highly dapad silicon

The spparent energy bandgap shrinkaga, 4 E,*¥.has
pean extracted by several authors ftui steady—state mea-
auremonte of p, 0, and L, combined with an additional tran-
sient measurementof the iifetime, togwities witlithe assump-
tion of a contain n. If values for i or y, differant fram those
assumed in the original work are 1o be used, 4 £ %P must
be corrected 50 that @, 0, remains unattered. The exper.
Imental data can bs fitted with the 1ollowing expression:

N
LEP(Ny) = A ln(ﬁ) (1

far Np > Ny, and 45, ¥Paltor Np < Nyy. 12ble 4 gives the
valuey uf the coefficients A and Ny for a-type silicon corre
sponding to thran diffarant lavels of correction. These three
dependences dre based un the same set of experimental
data reported in [8], which wara affartad hy an uncertainty
of about =9 meV a1 a dopant densily uf 5x10*° cin-, Del
Alamo'e model, in tho first row of Table 3, assumasr
n=1.456x10'0 cm~ at 300 K (8]. Kiaasyen o1 al. [4] have
corrocted it 10 account for a different minority hole mability,
as weil as n=1,19x10"° crv®, The additional correction
shown in the third row of Tablo 3 ie congistent with the new
n=1.0x10'% cm=3 at 300 K (based on 1.0/6x101% cm~2 pro-
posed in [9], 1.01x10'® om~? reported in [3] and 9.7x109
em~3$measured in[10]). The use of this fully updated 4 £, ¥
inthe extraction of G, gives negative values of & for several
samplas. Raraiira of this, and considering the 9 meV un-
cenainty in the original dala (v 4 £, %P, we have decided 1o
adopt the model in [4], desaribed by the cosffiriants in tha
middie row of Table 3.

AE*P 1A (meV) | Nyt tem™) Raference
low 18.7 740V del Alamo. 1985 (8}
mid. 139 1 3.0V Kiaassan, 1992 {4}
high 13.9 7.4010 updated n and

Table 3. Frergy bandgap narmwing in n-type silicon.

The hole lfctime is frequently givon by an oxproeeion of
the torm:

) = BN, + C0 N (12)

In thia work we have used Coam2.2x10-3! cm=6s-1 (5]
and Ba2x10™'3 cm~3s-1, to it available experimental data.
Transient decay measurements of the lifetime are not de-
pandant on ;, 8a a carraction for the lifetime is not neces-
sary. The literature exhibits a rangu of values for Cqa, the Au-
gér recombination coefficient, from Cpae1.8x1 0-31 pm-8¢-1
[Bl10 Cpa=2.8x 10 ¥ em s *[10].
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ForNp 2 1x10'9cm 3thereis gowd agresment between
dol Alamo'c[8] and Wang's [S] measursmants attha minarity
carner mobility ang Kiaassen's recent theoretivsl study (4],
all of them indicating that si,>p.ep The latter predicts
slightly higher u,1nan det Alamo’s fit 8tihe heaviest dopings.
With respect to the lower doping rango. Np=1x10'7 -
2x1018 cm3, Klaassan et al. {4] contend that the data ot
Dzlewlor and Sitber [12}, whivh were used by del Alamo, are
too high and oo scattered. Kiaassen's mordal pradicts that
the minority carrler mobility should egual the awsjority cartier
mobility for Np<1x1017 em-3. Rocent measuramants af the
minority=carrier dfftusivity by Sproul [13] have confitmed
thet g =~uma; for Np<3x 1018 em=3. The following expres-
sion for dyyminy Nas been usad In this work, 1t describes
approximately both Klaasen’s modol, the experimental date
in the moderate doping range |14} and in the heavy doping
range {5.0], and the majority~carrier mobility [15] for
Npetxinl em=3, i

~ 156 + —316___ (13)

#D(mm)
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