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Computational Aspects of Laser Radiometric Multiparameter Fit for
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A laser infrared photothermal radiometric (PTR) multiparameter-fit methodology has been developed to obtain uniqgue measure-
ments of the thermal and electronic parameters of industrial-type Si wafers. The influence of recombination lifetime, front, and
back surface recombination velocities, carrier electronic diffusion coefficient, thermal diffusiyitys(well as of the total plas-

ma and thermal contributions to the PTR signal as a function of frequency is examined computationally and experimestally in thi
paper. Silicon wafers with low and high resistivity were studied with the proposed methodology. A strong correlation between no
inal resistivity, front surface recombination velocity, and recombination lifetime was found: higher resistivity wafers ate likely
have lower surface recombination velocity and longer lifetimes. The first PTR lifetime scanned image of subsurface electronic
defects has also been produced.
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A computational multiparameter fitting methodology that uses aviously>¢ They contain the thermal and electronic transport para-
three-dimensional laser photothermal radiometric model for semimeters of the electronic solid: recombination lifetimp (inority
conductors is presented in this study. One- and three-dimensionghrrier diffusion coefficient(,,), front surface recombination veloc-
models of the free-carrier plasma-wave generation and response f§ (S)), back surface recombination velocigs), and thermal diffu-
laser photothermal (PT) excitation in a semiconductor have beesjvity («). In practice, for accurate measurements, both thermal-
reported in the literature? The amplitude of PT response in these wave and plasma-wave contributions must be considered in the
models has been used to measure carrier transport properties of el@gterpretation of PTR data (amplitude and phase) from semiconduc-
tronic materials. The total radiation emitted from a silicon sampletor samples, such as Si wafers. The electronic quality of industrial
illuminated with a modulated laser beam arises from two sourcessemiconductor wafers varies widely, and they frequently exhibit
emission of IR radiation from the photoexcited carrier plasma-wavestrong thermal behavior, especially at low modulation frequencies.
(injected excess carrier density) and from direct lattice photonThe PTR technique is an excellent candidate for nondestructive mul-
absorption and optical-to-thermal (nonradiative) power conversioniparameter measurements in electronic materials because it can
leading to temperature rise (a thermal wav&heard and co-work-  offer measurements of the foregoing important properties, which are
ers"? observed experimentally that under infrared photothermalcrycial for device fabrication control. The major problem, facing the
radiometric (PTR) detection, carrier emission dominates and thémplementation of the three-dimensional model by liearal® for
thermal-wave contribution can be neglected for some Si samplesise with experimental radiometric data, is the reliability of the meas-
This observation was addressed theoretically by Saleical®>  ured values of any and all of the aforementioned electronic transport
These authors generated a composite plasma- and thermal-waggrameters, in view of the intrinsic nonuniqueness of the theoretical
PTR model of semiconductors and showed that the plasma-wavig (maximum of five unknown material parameters plus the con-
signal component can dominate in high-quality materials virtually atstantsC, andC, in Eq. 1) to only two data channels (amplitude and
all modulation frequencies. However, in this model the radial spatiaphase) available to the experimenter.
variation of laser-generated excess carriers and of the temperature |n this paper we present a computational methodology developed
rise was not considered. Ikai al® have recently presented a gen- to address precisely the unique problem of the PTR signal interpre-
eral theoretical model for the laser-induced PTR signal from a semitation. The effects of the various transport parameters on the shape
conductor wafer of finite thickness using a three-dimensional geomof the frequency response curves (amplitude and phase) are studied
etry. In this model, carrier diffusion and recombination, as well astheoretically first. Then a robust computational best-fit algorithm is
heat conduction, along the radial and axial directions in the samplgescribed, based on the specifics of signal sensitivity dependence on
were taken into account using cylindrical coordinates. A pair of cong given transport parameter across particular regions of the modula-
ventional coupled plasma- and heat diffusion-wave equations wergon frequency spectrum. As a result, the conditions for unique fits
written and solved in Hankel space. In this theoretical frameworkand reliable parameter measurements are deduced and examples of
the plasma and thermal components can be written as follows  such measurements are given, including the first cerrier-lifetime
scanned images of deep subsurface damage in a wafer.

Srr(@) = % J‘O F(\, 0)J;(Aa)d\ + % J’O T\, w)J(\a)dn [1]

Theoretical Simulations

In Eq. 1,Ais the effective detector area:= ma2, wherea s the A pair of conventional coupled plasma and heat diffusion equa-
detector radiusd;(x) is the Bessel function of the First Kind and tons based on Eq. 1 can be written and solved in Hankel space. The
computational methodology is described in the Appendix. The three-

order one; an®F(\, o) andT(\, w) are the radial Hankel transforms *° ! X . . X :
of corresponding frequency-dependent solutions to the plasma-wadmensional (3D) PTR signal is finally obtained by taking a weight-
igd superposition of the plasma and thermal contribitions

and thermal-wave boundary-value problems under optical excitatio
by a Gaussian laser beam. These functions have been reported pre- S$1(©) = CoShasmd®) + CiSrhermal®) 2]

where parameteiSp andC, represent the weight of each component

Blectrochemical Society Active Member. . (plasma and thermal) contributing to the PTR signal, &ngd rep-
¢ On leave from: Centro de Investigacion en Ciencia Aplicada y Tecnologia Avanza- t tor in th faf fi ith | t
da del I.P.N, Unidad Queretaro, Queretaro, México. resents a vector in the sense of a function with a complex argument.

2 E-mail: mario@mie.utoronto.ca In Eq. 2, the plasma-wave componeRji{nJ is obtained from the
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Hankel transbrm N(z, \; ») of the thee-dimensional &e carier
densityN(r, w) by integrating over the thi&ness of the wafer, which
takes into account dedying Plank adigion emission fom phote
generted and difused cariers, accoding to Kirchhoff’s lav of de
tailed balancé The esult br the plasma corbution in Hanlel
spaceX) is

e O op et T

(Dol + S)by HA, — Ae 2ibF
[3]

FO\ o) = J:N(z,)\;m)dz =

The paametes in Eq. 3 a& defned as 6llows
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where d is the laser beam spot siandoj, = (1 + iwT,)/D,r,. The
other paametes ae as dehed ealier. The themal component is
calculaed in the same manner
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The paametes in the &ove equéion are defned as 6llows
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wher o2 = iw/a. This thee-dimensional PTR model &k into

account theifite siz of the &citing Ar™* ion laser beam and the Si

absoption deoth & the wavelength 514.5 nm; thefettive detector
size, and the sample tHioess® Before examining the PTR meas
urements within the &meavork of our 3D theoy, it is necessarto

undestand the iffience of all the input pametes in shaing the
frequenyg response accding to the model.

To examine the infience of these caer and themal transpot
parametes, a piocedue thd consists of arying eat of the abre-
mentioned pametes T, Dhp Si. S G G while keeping the
remaining paametes constantis presentedDepending on thealue
of the ecombindon lifetimg eah paameter has a ddrent influ-
ence on the PTR signairfthe &amined fequenyg range 10 Hz to
100 kHz,and this is aluable informaion towvard the uniqueness
aspects of our theptto expeimental déa.

Recombinton lifetime simlations—The carier lifetime in sit
icon can beafered to as minaty carier recombingion lifetime
(7o) only under ather restictive conditions:(i) very low injection
level; (i) the doping density in the sample is less thahréguired
for the onset of deneag ~10'° atom/cn? 7; and {ii) the deéct
centes lie far enough fim the bandedsgs’-8 In order to darify the
effect of the injection Mel in our expetimental esults,we caried
out two different expeiiments. Frst we examined the elaionship
between PTR amplitude and lasemgs for low frequeng values
using neutal filters. We found a linearelaion between them in the
range from 5 to 75 mW with nolange in the shpe of the fequen
cy curve. As a second sfea frequenyg scan vas caried out br three
laser intensities (5@,5,and 7 mW) on the sampl&fter the forego-
ing expelimental déa were fitted to the thegr, we found the same
electonic piopeties. Therfore, these measaments impt tha the
electonic transpot pamametes remained unicanged as pwer
increased and can be takas a dterion for an efective lov-level
injection. It is vell known tha T, reflects the popeties of the dedct
centes in a gven Si substte. It is usualy very difficult, however,
to identify the paticular impuity that contiols the lietime Some
examples a iron in boon-doped silicon (p-SHand in lav doped
n-silicon1112|ron @oms can beaversibly cycled betveen tvwo dif-
ferent electically active degct centes,and the combirtion of these
defect centes results in a uniqgueecombingion lifetime signgure.
Further studies shotha different ecombinéon centes ae respon
sible for the mgnitude of the @combindion lifetime in doped sHi
cor?!land in thin silicon pitaxial layers 10

Effective citeria for the uniqueness of thigting paametes stem
from the equirement thathey have to be easonhly close to the
reported \alues in the liteature for Si, Table I. These alues ag used
as“seeds”for the nultiparameter seahes. kgure 1 shavs a ecom
bination lifetime sinulation and the décts of blandng T on the PTR
signal amplitude (a) and phase @suming thedllowing paame
ters:S; = 130 cm/s S, = 1.6 X 10° cm/s,a = 0.116 cmd/s, D,, =
5 cn?/s, C, = 3 X 10 2°arbitrary units (a.u.)andC, = 1 a.u. The
chosen alues of the pametes (S;, S,, , D,;) are within the ange
of values eported in the liteature for p- and n-silicon; se@able I.
For these and all subsequent siations, a wafer thikness of
670um was usedin our sinulations,the \alue of the ecombinéion
lif etime T, was \aried between 10 and 5,00Qs. For ead T value
both amplitude and phas&hgbit a damcterstic bend (knee) tha
shifts to higher fequencies as the difime deceasesAn important
fedure of the amplitude cues is thawhen the lietime inceases,
the PTR signal amplitude also ieases and théharmacteistic knee
shifts paallel to the fequeng axis tavard lower frequenciesThe
amplitude leels of at low frequencieswith the s&uration level
cleally dependent on thealue ofr. This is due to theefct tha longer
recombingion lifetimes esult in higher fee-carier density conir
butions to the deth integrals, to which the PTR signal is ppor
tional. The main conlasions with espect to this simolation ae ()
that the \alue of the @combingon lifetime detemines the deature
of both amplitude and phasevdds from their lav-frequenyg saura-
tion, and thus detemines the position of the dmward “knees” in
Fig. 1. The frequeng position f., of the“knee” is also subject to the
simple mahemdical relationship® 2nfr ~ 1 relaed to the bamc
ternistic lifetimer. Therrefore, the lifetime \alues bund in the ifting
procedue have to be se to the alue dgven ty this relaionship;
and (i) the lav-frequenyg sduration-level of the amplitude cwe
increases in mpotion to inceasing lietime and eentually sau-
rates brt > 5 ms.The sensitiity of the PTR signal deeases Wwen
the lifetime inceases. In @rctice the available frequeng bandvidth
of PTR,1 Hz-100 kHzallows the measement of lietimes in the
range ~10 ms to~1 ps. This rmnge is \ery sdisfactory for tody’s
Si wafer tehnolagies.

Plasma-and-thenal coeficient simulations—Owing to the per
vasie influence of theecombingion lifetime acoss the modut&én
frequeng spectum, further simulations with espect to theemain
ing transpot paametes were sgarted into tvwo different goups of
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Table |. Reported literatur e values br thermal and electonic parameters of Si wafers.
Front surbice Badk surface

Type o (cn?s) Dy,(cnPis) S (cmis)  S,(cmis) T (us) stae stae Technique  Annealing Ref
p 0.80 30 100 105 Polished PTR 1-D  Themal 16
p 0.80 30 750 1-10 TW-PTR P implant 16
p 0.85 18.3 331.6 Polished Rough PAS 15
p 1.03 34.1 334.6 334.6 Rough Rough PAS 15
p 34.5 10 Polished 8
p 0.25 Polished Chemical 19,20
p 20 Polished themal 20
p <10t Polished Themal 21
p 3600 Polished Themal 21
p 35,5 70 Themal 17
p 35.5 2-310° As sliced 17
p 35.5 20 108 Chemical 17
p 33-36.4 1-106 1-10 Polished Polished PCD Themal 22
p 33-37 1 10 Polished Abraded PCD Themal 22
p 107 107 Abraded Abraded PCD Plasma etaing 22
p 407 110 Polished Themal 23,24
p 410 Infinite 17.7 PTR 1-D 1
p 410 17.7 PTR 3-D 1
p 33 10° 330 SPV 25
n 10%-10° Polished Themal 18
n 2:10°-3-10° Bare Bare PCD 18
n 10 320-830 1.6.10 320 Bare/Polished As sliced PTR 4
N 15.¢ Polished 8
N 0.96 10 328-830 110 Polished 3D-PTR 14
N 125 2-310° As sliced 17
N 125 3 10 PCD Chemical 17
N 12.5 15 Themal 17
N 12 10° 500 SPV 25
N 40 As sliced LMPC 27
N 10° Polished Polished LMPC Themal 27

aAssumed
PAS: photoacoustic spedscopy
TW: themal wave
3D-PTR:photothemal radiomety
1D-PTR:photothemal radiomety
PCD:photoconductance deca
SPV surface photwooltage
LMPC: laser/micowave photoconductance

p-type Si vafers: samples with long létime (LL),and samples with
shot lifetime (SL). Ealc group consisted of seral values of the
remaining paametes: D,, (p-Si), S;, S5, and \arious contibutions of
the plasma and thmal components. Siutations of the themal

tha, if the expelimental déa do not ghibit the darmacteistic low-
frequeng (amplitude and phase) n@m slope the signal is dori
naed entiely by the plasma componernggardless of the liétime
value which, in ary caseis shot compaed to the modutéon pei-

component conifoution to the PTR signal amplitude (a) and phaseod T = 1/f.. Corversel, the pesence of a noemo low-frequeny

(b) ae shaevn in Fg. 2 with the bllowing paametes: S, =
130cm/s,S, = 1.6 X 10° cm/s,a = 0.116 cmi/s, D, = 5 cn¥/s,
C, = 3% 10 % a.u. Both long-lietime (LL) and shdtlif etime (SL)
groups of cuves ae shavn in this fgure. When the PTR signal is
dominaed ly the themal coeficient (C; > 3 a.u.) &low frequencies
in silicon with long lietime Fig. 2a,thefe is a barmcteistic non-
zero slope (<100 Hz) in both phase {dovard trend) and amplitude
(upward trend).The efects ofC, are entiely conined to the lav fre-
queny region. The phasdag is lamgest br samples with long &
time, as &pected fom the slav themal conduction médwnism to
the front surfice following carier diffusion avay from the photoin
jection spotand ecombindon de@ inside the blk of the Si vafer.
This efect is nuch more diminished in SL silicorhecause mostde
cariers de-ecite dose to the sudce and ol a small phase tpis
possille. At valuesC, < 3 a.u. the phogenerted plasma-ave
emission domini@s the PTR signalven d the lavest fequencies.
Both amplitude and phase become essepntfdt, Fig. 2a,b The
phase is essentiglizero & f < 100 Hz,because theetaively fast
plasma-vave phot@eneetion rate modulées the PTR signaler
sponse in-phase with the laser beam mduhgaoptical vave-
form.213 The main conlasion of this computional sinulation is

slope is an indidar of stong themal response and can be used to

detemine the lolk themal diffusivity of the electonic mderial.

Minority carrier diffusion codfcient simulations—The PTR sig
nal amplitude and phaserfa Si sample with shoiifetime ¢ =
100us), with the minoity carier diffusion coeficient ©,,) as a pa
meter ae shovn in Hg. 3a and brespectiely. The difusion coefi-
cient measues the electmic diffusion of minoity cariers thiough
out the sampleaway from the photgenestion point under the laser
illuminated spotD, (Dp) represents an imptant quality &ctor or
device fabrication on a gven wafer as a means of deteining the
device-relevant electonic diffusion length.The fllowing relaion
between the liétime and the cder diffusion coeficient defnes the

diffusion lengthL
L =Dyt [7]

According to Eq. 7the carier diffusion lengthL, may be smaller
than the thikness of the wafer, in which case the difising minoity
carriers cannotead the opposite suate of the samplélso L may
be lager than the wafer thidkness,n which case the mindy cari-
ers can ead, and possity recombine noradidively at, the bak

Downloaded 21 Jul 2008 to 128.100.49.17. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electochemical Societyl47(2) 687-698 (2000)

S0013-4651(99)05-082-X CC®7.00 © The Electochemical Societyinc.

690
1E-17
] e . 1 (ps)
] M 10
—e— 100
’5 1000
© — 5000
S 1E-184
2 ]
a
£
<
1E-194 (@)
S ——
0.01 0.1 1 10 100
0 T (uS)
— -20-
(7]
3
o -40-
[
a
o 60
©
~
Q- g0
(b)
1 2 —
0.01 0.1 1 10 100
Frequency (kHz)

Figure 1.PTR signal amplitude (a) and phase ()lifetime sinulations in
Si samplesValues usesof these simlations were: D, = 5 cnf/s, S; =
130cmis,S, = 1 X 10* cm/s,a = 0.116 cni/s,C, = 3 X 100X a.u,C =
lau.
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Figure 2. PTR signal amplitude (a) and phase (@) plasma and theral

component simlations in p-Si samples with long défime (LL, open) and
shot lifetime (SL,full). Values useddr these simlations were (LL =

1500us, SL = 100us, D, = 5 cnf/s, S; = 130cm/s,S, = 1 X 10* cmis,
o =0.116 cni/s,C, = 3 X 107X a.u.

surface thus genegting an aditional themal wave souce The PTR
signal amplitude in i§. 3a inceases monotonicglwith deceasing
D, at low frequencies (<10 kHz). Similarfetts ae obseved with
long-lifetime Si vafers, Fig. 1a.A decrease of the difision coefi-
cient futher shifts the lsaacterstic knee to laver frequenciesThe
amplitude- and phaseefquenyg response cwes @entually saurate
at very high D,,. This trend occus because iwer diffusion coefi-
cients amount to higher @oability of camiers to emain within the
PTR signal detectionolume until thg recombine adidively or
nonmadidively. This wolume is centexd @out the laser spot €zhd
has an d&ctive aea ofr a2, and a thikness pproximately equal
to the optical bsomption depth, 371, at the ecitation wavelength or
the ac carier diffusion length,L(0) = (D,m)Y4(1 + iwT). Her,
anax 1S the IR detector equalent mdius (im@ed on the suece of
the wafer), or the lasebeam spot sig w, whichever is geaer. 3(\)
is the optical Bsoption coeficient of Si. De-gciting cariers in
traps within the bandap are “counted”by the PTR detector as the
decy locally, by emitting Plank radiaion which is catured by the
IR optics® Both the amplitude and phase silations shav tha the
effect of deceasingD,, is similar to inceasing lietime in the sense
that the free carier density inceases under thegire The efect of
diffusion coeficient value \aiiations on the PTR amplitud€ig. 3a,
is similar to \arying the lifetime The efect on the PTR phaseow-
ever, is different in the lav frequenyg region, Fig. 3h Thus,for a
simultaneous theetical it to both signal bannelsamplitude and
phasethe \arations of lifetime \alue and dfusion coeficient value
manifest themselys quite diferently, a fact which assues the
uniqueness of thétfwith respect to these anetes. HigherD,, val-
ues lead to higherequenyg bendsthe actual amplitude Vel and
slope of vhich eventualy sdurate @ove a cetain frequenyg. This
occus becausetdow frequencies and smdl,,, the rumber density
of cariers decging (counted) within the pbe egion of the IR
detector is contlled by the lifetime and so is the &queng posk
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Figure 3.PTR signal amplitude (a) and phase () darier diffusion coef
ficient simulations in Si samples with shdifetime ¢ = 100 ws).Values ér
the remaining sinlation paametes were D, = 5 cn¥/s, S; = 130 cm/s,
S, = 1x 10*cm/s,a = 0.76 cn¥/s,C, = 3 X 107X a.u andC, = 1 a.u.
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tion of the bengas in kg. 3. For large D,, values,however, the free
carier density is conalled by the elaive sizs of the IR detector
equivalent mdius,a, and ly the ac difusion lengthL(w). If L,(w) >
a, (low frequencies)the te of carier transer out of the detector
imaging ara inceases ak,, increases with higheD,,. This results
in deceasing the PTR signal amplitude due to uncountedecar
leaving the vieving region. The bend ppeas when thel,(w)
shiinks enough Bhigh frequencies to become smaller thatoward
a sauration value br |L,| << a. In this casgthe lifetime becomes,
once @ain,the detemining factor br the slope of the cue, because
it seves as a mémanism obr stoing optical enagy in the ecited
electonic stae. In the sinulation of Hg. 3a the slope $arates
because a commondiime has been assumex &ll the cuves. Of
course by virtue of the suicture of thel,(w) dgpendence oD, and
onw, the lager the alue ofD,, the higher the Bquencies Wwere the
condition|L(w)| ~ & holds.The infuence of the liétime \alue on
D,, simulations can be gpreciged in the lav frequeny region: the
amplitude leel and amplitude spad (betwen signals with lwest
and highesD,)) are found to be lager for longer lifetimes.

Front surfice ecombindon \elocity—PTR amplitude and phase
simulations for Si samples (150Q@s) with the font surfice ecombt
nation velocity (S;) as a pameter a& shovn in Hg. 4a and brespee
tively. This phenomenofgical paameter is a measurof the elee
tronic quality of the font surfce in tems of the sticture and densi
ty of traps and sutfce stees acting asecombingion sites. Br both
long- and shdrlifetime samplesthe amplitude xhibits a stong
dependence 06}, deceasing damadically with increasingS;. This is
due to the dicient themal coversion on the suate which depletes
the free-carier density thes. S; has a mch wealer efect, however,
on the PTR phaset aery low frequencies (<0.kHz) because the
themal-corversion souce is locéed d nearsurface deths too shdr
compaed to the shaest themal or carier diffusion length.The
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Figure 4.PTR signal amplitude (a) and phase ()ffont surbce ecombi
ndion velocity sinulations in Si samples with long éfime ¢ = 1500 u.s).
Values br the emaining siralation paametes were D, = 5 cn¥/s,S, = 1 X
10* cmi/s,a = 0.116 cndls, C, = 3 X 10"2%a.u,andC, = 1 a.u.

phase esponse is sensit toS; at high frequencies tlmugh a shift of
the centoid of the carier-density deth distibution doser to the sur
face (smaller ig) with increasingS,;. Baring recombin&on &, or
near the suréce the phase fis nomally contiolled by the speed of
the carier-density cenwid’s diffusion into the blk of the wafer. This
chamcterstic high-frequeng phase @sponse is used inuttiparame
ter fits to uniquey detemine the alue of this pameter

Badk-surface ecombingion \elocity—The efects of the alue
of the bak surface ecombingion velocity, S,, for a Si sample with
long lifetime ae shevn in Fg. 5. This paameter has a @ak infu-
ence on the amplitude and phase of the PTR signdlony in the
low frequeng range (<0.1 kHz) anddr very large \values ofS,
(>10° cm/s). Sub values a& nomally not encountesd with indus
trial quality Si-polished wafers. For samples with sholif etimesthe
effect of this paameter is not sigridant either This is epected
since the ac caer diffusion lengthL(w), is shot compaed to the
sample thikness or all values of the moduten frequeng. Fgure5
shaws thd the PTR signal amplitude ireaises with in@asingsS,.
This occus due to the inemase in the theral-wave component of
the signal (baracteized by the nonero slope),n the themally thin
méterial & low frequencies. & low values ofS, the phase sarates
to zero & low frequencies asxpected fom a dominant caier plas
ma wave. For values smaller than §@m/s the dkct is ngligible.
The phase pincreases as thealue ofS, increases. Corersion of
excited-stae, free-plasma-sted enegy to themal-wave & the bak
surface and difusion of heatoward the font surbce shifts the sig
nal-genestion centoid to inceasingy deger coodinae points in
side the hblk of the wafer.

A summay of the infuence of the arious paametes on the
amplitude and phase of the PTR signal of a typicalé@@mis shan
in Table 1l, which indudes a comment column on the sewmkitiof
the PTR telbnique to edt paameter Low frequeng (<1 kHz) and
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Figure 5.PTR signal amplitude (a) and phase r)adk surface ecombi
naion velocity in Si samples with long éfime ¢ = 1500p.5).Values br the
remaining sirlations paameter vere D, = 5 cn?/s, S; = 130 cm/sa =
0.116 cni/s,C, = 3 x 10" X a.u,andC, = 1 a.u.
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Table Il. General trends br PTR parameters as a function of moduléon fr equeng for p-Si samples with shot and long lifetime.

Effect on signal

Effect on signal

LowFrequenyg High Frequenyg
Parameter PTR Signal (= <1 kHz) (= <1 kHz) Ref. figures Comments on sensitty

T Amp. A1l, modeste A7T!, modeste Fig. laand b Sensitvity deceases with in@asing
Phase ¢l1, strong ¢! 1, strong carier lifetime

DM Amp., T Al1T, strong Atl, strong Fig. 3aand b High sensitiity for both LL and
Phaser ¢T!, weak ¢T!, strong SL samples
Amp., Tg. Al1, strong A1Tl, weak
Phasetg ¢!, weak ¢Tl, strong

St Amp., T Al1T, strong Al1, strong Fig. 4aand b High sensitiity for both LL and
Phaser ¢T!, (0.1~1kHz) modeite ¢T!, strong SL samples
Amp., Tq Al1, strong Al1, strong
Phaserg ¢l 1,(( 0.1kHz) modeate o1!, strong

St Amp. T, ATl, weak No efect Fig. 5aand b Very low sensitvity for LL samples
Phaser ¢!T, modeste No efect and no sensitity for SL samples
Amp. 75, ATl, weak No efect
Phaserg, @lT, weak No efect

(o Amp. 7, ATl, modeete No efect Fig. 2a and b
Phaser, @lt, strong No efect

(0.01~0.1kHz)
Amp. tg No efect
Phaserg, ATl, weak No efect
el 1, weak
Key to arow signs:
Amp. Phasep
T Increase  Less ngative
| Decrase More negative

7.,: long lifetime; g : shot lifetime

high frequeng (>1 kHz) egions ae shavn separmtely (columns 3
and 4 fom left-to-ight, respectiely). The 1 kHz fequeng is
(roughly) consideed as the &msition fom the themal-wave to the
plasma-veve dominéing medanism in typical indusil quality Si
samplessud as those westigated in this vork. Recombingon life-
time has sting infuence aarss the ente frequeng range. The
parmmetes C, andS,, have a weak-to-modeate (shot lifetime) and
modegte-to-stong (long lietime) efect on the PTR signat éow
frequencies owl The carier diffusion coeficient has a modete-to-
strong efect in the lav frequenyg range and a wak (amplitude) to
strong (phase) &kct d high frequenciesThe efect ofS; on the PTR
signal (amplitude and phase) isostg d high frequencies and @ak-
to-modeegte & low frequenciesThe paticular (charcterstic) influ-
ence of edt paameter on the PTR signal is a meamsabtaining a
unique set of pametes for a paticular Si sampleln order to esta-
lish a methodolgy for obtaining a unique uoitiparameter i, a fit-
ting procedue based on Eq. 2 tugh 6 is desdved belov as @-
plied to amplitude and phasetdabtained fom PTR measements
on thee industal Si wafers.

Experimental

The e&peiimental arangement of our PTR ingiment br Si
wafer dignostics is shen in FHg. 6.An amgon-ion (514.5 nm) laser
beam vas passed though an acousto-optic madul@OM) and a
beam gpander (10 times) pducing a 1 cm beam siZlhe &pand
ed beam s thendcused onto the sample saagé ly using a gadr
um glass lens of 12.4 crodal distanceThe spot sie of the bcused
laser Gaussian beanaw @proximately 48 um in diam. PTResults
using this spot s& require a thee-dimensional signal awais
owing to the adial dgrees of feedom 6r enegy and/or carer dif-
fusion#814The beam siz was estim&ed ly Gaussianifting of the
laser beam with a beamgfitometer (Spircon LBA-100A V3.03).
The optical pwer incident on the sampleaw typicaly between 20
and 50 mWthus sésfying efective low-injection conditionsas
discussed lzove. When the eflectivity of Si & 514.5 nm ér nor

mally incident beam+0.4) 28 is talen into accounit is seen thit
further einforces the la-injection limit conditions.The resulting
diffuse inflared Hackbody radigion emitted fom the semiconductor
surface vas collectedcollimated and bcused i two off-axis pae-
boloidal mirors. The signal vas detected yb a liquid-nitrogen-
cooled photoconduett mecury-cadmium-telluide (MCT) IR de
tector with specal response beteen 2 and 12m. The output sig
nal from the MCT vas peamplifed and &d to a lok-in amplifier,

é \ Mirror
~N
Ar-Ton Laser AJO Modulator
Mirror / /
d / Mirror

pander

~r—>Gradium lens

Off-Axis
| Paraboloidal
Mirror

Figure 6.Expeimental setupdr 3-D PTR semiconductor metogy.
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which demodulges the gneeted difusion-waeve signal.To obtain
the electonic paametes of a Si vafer, a frequeng scan typicall in
the mange between 10 Hz to 100 kHz isquird In the eported
measuements,data acquisitionand contol of the flequeng scan
were perbrmed using a psonal computerAll the expeiimental
measuements re nomalized by the instumental tanser function
obtained fom a potocol using tw reference samples zirconium
alloy (pure themal contibution), followed ly further nomalizaion
with the PTR signal &m a high-quality Si afer with puely elec
tronic behgior. The second nonalizaion was necessgiin order to
eliminae themal-wave noise fom the Zr eference &high frequen
cies,which tended to dgrade the sup@r signal-to-noiseatio of
the electonic response of typical Siaters.

Three themally oxidized samples 15 cm (6 in.) in diametef
p-type silicon vafers supplied § Mitel Semiconducta (Bromont,
Quebec),were examined using the PTR methdavo of these afers
(no. 5 and no. 6) had a cenfmint resistvity between 14 and 2£-
cm (“low resistvity” wafers). The other wafer (no. 30) had a center
point resistvity between 25 and 49-cm (“high resistvity” wafer).
These vafers contained centgroint akygen concengtion between
24 to 32 ppma and carbon concetion of 0.5X 10 atom/cn?.
These vafers were pat of a boader stug of as-eceved industial
Mitel wafers for PTR dignostics.

Themal diy isochronal annealing @s caried out using a hor
zontal funace BDF-200A side coss sectional vie of this fumace
is shavn in Ag. 7. The @s inlet vas locéed d the ba& of the fur
nace (“souce”) and the gs «it was locéed d the opposite end of
the fumace (“door”). Inside the tube tleewas a ngative stdic pres
sure of 0.3 psi to wcude the g@s.The system ws, nevertheless,
consideed to be under STP conditionsithout vacuum.The pot
ished side of the afers was ficing the dooiThus,the gas vas fow-
ing tovard the bak of the wafers. Eat tube could accommotia
four quatz bods and edt boa could hold 25 wafers. Wafers no. 5,
6, and 30 vere used dr front and bak surface meas@ments,as
well as br radial and sudce adiometic imaging scansWafers
no.5 and 30 wre locded in the irst quatz bod near the funace
door, Fig. 7.Wafer no. 6 vas loc&ed in the ifst quatz bod near the
furnace souwe Fig. 7. The spacing beteen tvo adjacent afers was
3 mm.The tube was surounded lp heding elementswhich provid-
ed unibrm tempeature distibution acpss its lengthAll wafers
were subjected to theoflowing themal gscle: they were first -
posed to 80T for 10 min.After reading themal equilibium, the
wafer tempegture was amped-up fom 800 to 1178 under lav
flows of O, and N, gases 6r 40 min,at a rate of 5C/min. The tem
perature was sthilized @ 1175C and dy oxidation was induced in
pure O, for 6 h,50 min.At the end of the xadation processthe fur
nace tempeture was amped-dan to 800C in pure N, at a rate of
5°C/min. The gown axide thidkness vas 45708, Both surhces of
the wafers used in this ek were exposed to the sameg fow and
tempeature conditionsunder the isderonal diy oxidation process.
Therefore, they were expected to ®hibit similar surbce ecombina
tion velocities,even if the font surfice had been polishetlemicat
ly and mebanicaly. PTR dignostics of both suates of seeral
wafers were perbrmed and theasults on thedregoing thiee wafers
are discussed in thelffowing section.

Mini-boat
Disk “Heat Reflector” Quartz Boats Mini-boat
Disk for “Gas Mixer”
To Door ~Y / e
. T‘ < 30 62, f ~\ Gas Inlet
B P—T—e J_L\ :
Disk 1-hole

A\
] Disk Multi-holes
Paddle

Figure 7. Schemdic representtion of the hoizontal fumace usedadr dry
isochronal oidation process.

Computational Methodology and Multipar ameter Fts

In order to obtain a p#cular set of paametes from PTR meas
urements of a Si afer, a multiparameter itting procedue based on
the sinulation trends &plored in the pevious sections as deeloped
The methodolgy was gplied to two samplesa high esistvity (wafer
no. 30) and a lw resistvity sample (vafer no. 5). Both afers were
themally annealed and had a polishedntr surbce and aaugh
(matte) bak surface The computaonal bestit procedue indudes
the Pllowing stes: (i) selection of initial alues within theange of
the plysical paametes reported in the litesture (se€Table I); (i) vaui-
ation of the themal and plasma cdéfients C; andCp), until a good
fit is obtained athe lav-frequenyg range of both &pelimental phase
and amplitude;iif) variation of the ecombingon lifetime \alug until
the damcteistic knee of the xpeimental cuve is bestifted and is
consistent with thewr ~ 1 ciiterion. These pocedues ae then 6l-
lowed ly readjusting the theral and plasma cdéfients to mé&h
phase and amplitude #ne lov frequeny range; (v) vaiation of D,
until the intemediae region of the phase and the amplitude signal
corverge to the gpelimental d&. Then phase and amplitudeear
adjusted wmile C; andC,, are also wried, as equirked; ) varation of
S;, until the signal phase smad betwen the tw frequeng range
extremes (10 Hz to 100 kHz) is mohed to the xpeimental spead
Since the amplitude is alsdf@dted ly this paameterthis procedue
is followed ly a readjustment of the amplitudelaw frequencies Y
varying C; and C,, as equired; (i) varation of the bak-surface
recombingion velocity, S,, for fine-tuning & low frequenciespnly
when the d& ae sensitie t0S,. This is Dllowed ly a radjustment
of both phase and amplitudelaw frequencies pvarying C; andC,,
if necessar; and yii) fine-tuning of theif by repeding stesiii to vi.

It is well known tha lif etime \alues wary acioss a silicon afer.!
This has also been obsed with the pesent PTRxpeiiments. Hav-
ever, this varation has a special sigigance in the case of PTR
amplitude measementsWhen nultipoint measuements aass the
surface of a single sampleeaperbrmed an etra channel of inbr-
mdion is available, that is the elaive positions of theldt (low-fre-
queng) region of the amplitude cues scale linedy with lifetime &
a gven pointFig. 1 and 11The elative values of the amplitude with
respect to other lotians futher rinforce the consistegcof the
foregoing computtonal procedue by cross-corelaion of the meas
ured lifetimes. Based onid: 11, amplitude scans can immetly
yield lifetime m@s upon calitation, as in the case ofi¢r 12 belav.

As discussed eber on,for a eliable and unique mitiparameter
fit it was bund \ery helpful to esthlish realistic initial “seed” val-
ues br the \arious electonic paemetes based on the litature sum
mary shavn in Table I. The themal diffusivity is a hulk propetty and
our sinulations indicaed tha it has a veak infuence in the PTR sig
nal (both amplitude and phas&he \alues tiosen ér these simla-
tions were 0.75 and 0.96 c#fs for low and high esistuity, respee
tively. These ®alues ae in dose greement with thosesported in the
literature.1>16 The rmnge of alues eported in the liteature for the
front surbce ecombingion velocity of n- and p-silicon is beten
0.25 cm/sfor a \ery passiated surice and 13 cm/s br highly
doped p-silicon (@le 1). A low value of the font surhce ecombi
naion velocity (.e.,, 100 cm/s) ér a p-silicon,which represents a
modeetely passiated surbce was thosen as our initialalue For
the Si wafers of this stug, the ba& surface vas subjected to the
same thenal piocess as thednt surice Therefore, the S, value of
100 cm/sthe same a§;, was dosen to initialie the itting proce
dure. Initial reldive values r C; andC, were 1 and 3x 1020 a.u,
respectiely. The eported \alues ér D, ;are in the ange betveen 8
and 36.4 crfis (Table 1, column. 3)We chose 7.5 cris (the lover
limit) as the initial alue Pr our itting procedue. Finally, to stat the
fitting procedue, a value of 1500 and 10@s were chosen ér minor
ity carmier lifetime of high and lo resistvity wafers, respectrely.
Once the initial glues vere chosenthe gclic fitting procedue with
the feedbak descibed dove was Dllowed, stgpsi to vii. This pro-
cedue was perbrmed mamally in an electnic sheet pgram.The
implementéion of an automt@d computer mgram for the sequen
tial cyclic multiparameter itting procedue is curently under vay.
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Figure 8.PTR signal amplitude (a) and phaeed Si sample with long-E&f
time wafer no. 30pefore (front 1 and bdc1) and after (font 2 and bdc?2)
damage, respectiely.

Multipar ameter Best-kt Results from Intact
and Damaged Wafers

Front- and bak-surice PTR measements—Frequeng scans
were perbrmed & the center point of the twest vafers, high resis
tivity wafer no. 30 and lw resistvity wafer no. 6,with the laser
beam impingng successely on the font surbice and on the cer
sponding spot of the blasurface Then,small spots on the bsur
face of the wfers were intentionaly scrtched and the fequeng
scan vas epeded Silicon carbide paer with an aerage paticle siz
of 22 wm was used to safch the surdce After roughening the b&c
surface effects due toltanges in the sugce ecombingon velock
ties were pected as indicad in Hg. 4 and 5.The epeimental
PTR signal ér a Si sample with long &time (sample na30) ob
tained fom these fqueng scans a shovn in Fg. 8. The solid
squaes and inerted tiangles epresent fequenyg scansdr both sur
faces pior to damaing the bak surface The epeimental amph
tude and phase owgs ae almost identical indi¢ag similar elee
tronic transpot patametes in both diections.The solid lines epre-
sent the bestté to the &pelimental déa following the abremen
tioned ppcedue. The measwed \alues of the arious paametes for
the front and bak surface bebre (front 1 and bdc1),and after (font

2 and bak 2), scratching the bak surface ae shavn inTable Ill. The
fitting values obtainedof S, (1000 cm/s) were in the nonsensite
region accoding to the simlations discussed pviously (see k. 4).
Therefore no contusions egarding this paameter could be made
The electonic pamametes obtained dr the font and bak surface
(before scetching) were similar e&cept tha S; was slighty higher
These esults indicte tha the di oxidation process didindeed have
the same ééct on both sudtes.The solid cicles and solid upght
triangles epresent the Equenyg scans after the damg@on the bdc
surface The PTR amplitudein the high fequeng range, of the
front-surfice signal (font 2) in the case with the dageal region is
similar to tha obtained fom the case with the intactafer surbce
(front 1). Havever, there ae signifcant danges egarding the PTR
signal obtained &m the bak surface (bak 1) and the danged
region case (bdc?2). In Table IIl, the \alue ofr for the scatched
bad surface epresents anwerage recombingion lifetime and could
not be meased with accuagy. The lav value bund br « is relaed
to the stée of the surdice and epresents the &ctive themal diffu-
sivity of the ough suréce and the jger immedigely below. This re-
sult shavs tha the PTR method isary sensitve to neassurface ther
moplysical popeties. The \alue bund br S; (bak 2) is as gpect
ed for damaed suréces; it is also ingreement with the theetical
predictions br bae surfces (k. 4, andTable I). After the meban
ical damage on the bdcsurface of the &fer, the ecombinéon life-
time deceased dimdically. This sugests thaithe carier recombi
naion lifetime is not onf affected ly the hulk lifetime but also ly
the recombingion on the font surfice of the samplexposed to the
laser beaniThis result is consistent with theewy shallav optical d-
somption deoth, B~ = 1074 cm & 514 nm?® Under font-surice
detection,the \ery-nearsurface photoinjected caer lifetime my
be afected ly the electonic stde of the suidce itself The efective
lif etime 744, is known to be gven by?’

—==+= ©

Teff b Ts

whete 7, is the lulk lifetimg andrg represents the suate lifetime
It is possile tha the PTR-meased lifetime under 514 nm laser
irradigtion is moe dosely relaed tor, rather than tor,. Measue-
ments &longer wavelengths and rgaer optical &soption deths
are likely to be moe representéive of ulk lifetime as shan in our
eatier work.28

Therefore, accoding to the esults fom the high-esistvity sam
ple (wafer no. 30)Fig. 8 andTable IlI, the st&e of the bak suriace
plays an impotant ole in detemining the ecombingon carier
lif etime22 Under high sugce passation, it is possilte to obtain the
bulk lifetime flom our meas@ments. Daicet al?’ measued the
effective hulk and suréce liletimes in CZ n-Si samples using the
photoconductance decgPCD) method befe and after thenal
oxidation as a function of tempature (20 to 25€C). These authar
found the dkctive lifetime Pr the bae samples to bebaut 40s
and 1000us bebre and after the theral processrespectiely. Ac-
cording to Eq. 8 the é&éctive lifetime in bae samples is maiyl
attributed to the susdce liletime since 14y, << lhgg, thusTeg ~ 7o
The theoetical bestif to the amplitude and phasetaaobtained
from the bak surface (after s@tching ) in Hg. 8 is not sasfactory
for frequencieslaove 1 kHz.The eason is mbébly the highy inho-
mogeneous rtarre of the damge inflicted on the sitewhich cannot

Table lll. Thermal and electonic transport parameters for long lifetime p-Si (sample no. 30)etermined by 3D PTR model and the
multipar ameter best it; intact sample (front 1, back 1); and scratched bad surface (front 2, back 2).

Amplitude (mV) a (cms) 7 (us) D, (c?/s) S, (cm/s) S, (cm/s) C, (a.u) C (a.u)
Front 1 56.652 0.96 950 3.2 90 — 45x% 10720 3.1
Bad 1 66.505 0.96 950 3.2 110 — 45x% 10720 3.0
Front 2 37.388 0.96 80 3.2 90 — 0.15%x 10720 2.0
Bad 2 12.776 0.12 12 3.2 3x 10° — 3.0x 10723 1x 1074
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Figure 9.PTR signal amplitude (a) and phased Si sample with shilife-
time wafer no. 6,before (front 1 and badc1) and after (font 2 and bdc 2)
damage, respectiely.

be ftted with an axia} homaeneous thegr Our ealier inhomea
geneous plasmaave theoetical gproac to this poblem mg be
appropiiate in this casé®

A low resistvity p-Si (sample no. 6) &s also subjected to a sim
ilar scrtching damae. The expeiimental PTR signal amplitude and
phase a shavn in FHg. 9. The solid squas and imerted tiangles
represent the xpelimental \alues befre scetching; the solid lines
represent the besttfed cures to the xpeimental déa. The pasa-
metes found br this wafer when pobed fom the font and bak
surface ae shovn in Table IV. The obsered tiends in theseesults
are similar to those obtainedofn the high-esistvity, long-lifetime
wafer. After the mebanical damge, a stong dang was bund in
the efective recombingion lifetime (20 times smaller ththe oigi-
nal lifetime).The efective themal diffusivity also shavs a dama-
ic change due to thelang in the stte of the sudice These esults
are consistent with theegegtion of mehanical surdce and near
surface deécts athe damge siteswhich act as both theral inter
faces/bounda&s impeding hedlow, as well as elecwnic recombt
naion centes trapping free photoinjected caers. The disgreement
between epetimental déa and theagtical its & the high fequenyg
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Figure 10.PTR signal amplitude (a) and phase () four positions along
the adial diections in Si sample with long-éifime wafer no. 30.The inset
in Fig. 10a shws eat radial coodinate locdion.

regarding the damged site is consistent with a highgtdee of deth
inhomaeneity of the dange profile.

Radial scans—Four positions along theadial diection were
measued pependicular to theldt for the high- (sample no. 30) and
low-resistvity (sample no. 5) p-Si afers: at the center point (A);ta
1.8 cm (B); &3.6 cm (C); andteb.4 cm fom center (D); see inset
in Fig. 10a. In kg. 10 the solid symbolspresent the xelimental
values vhile the solid linesapresent the besttfed theoetical cuve
for eat radial positionA summay of the themal and electnic
parametes detemined ly this poocedue for ead point on the high
resistiity wafer (no. 30) is iyen inTable V. These esults indicte
that ther is a diect elaion between PTR signal amplitudes and
lif etime \alues asxpected fom the sinalations of Fg.1. When the
PTR signal inceasesso does the Id@time A plot of this elaionship
is shavn in Ag. 11.This essentiajl linear elaionship can be used
as a apid wafer inspection methgar for the nondestictive evalu-
ation of industral silicon wafers thiough scanning ldétime imaing.
Based on this lineaelaionship,Fig. 12 shavs amplitude and phase
PTR imayes of the highesistvity Si wafer (no. 30) pobed fom the
front (intact) suidice and scanned@r the coadinaes of the bdc
surface egion with the mebanical damge. The frequeng chosen
was 5 kHz comresponding to an optimal phassolution of the de

Table IV. Thermal and electonic transport parameters for short lif etime p-Si (sample no. 6)determined by 3D PTR model and the
multipar ameter best it; intact sample (front 1, back 1); and scratched bad surface (front 2, back 2).

Amplitude (mV) a (cm¥s) 7 (us) D, (c?/s) S, (cm/s) S, (cm/s) C, (a.u) C (a.u)
Front 1 38.729 0.78 200 8.3 115 — 1.9x 1072 0.14
Bad 1 36.590 0.78 200 8.3 210 — 21x 10724 0.14
Front 2 33.010 0.78 87 8.3 110 — 1.8x 1072 1.10
Bak 2 8.636 0.15 4 — 7 X 10° — 1.0x 1072 3x 104
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Table V. Thermal and electionic transport parameters for high-resistvity p-Si (sample no. 30)determined by the 3D PTR model and the

best-it multipar ameter procedure.

Amplitude (mV) a (cré/s) T (us) D, (cr?/s) S, (cm/s) S, (cm/s) C, (a.u) C (a.u)
A 116.81 0.96 1400 3.1 185 — 7.3x 1072 0.40
B 120.92 0.96 1555 3.1 170 — 7.3x 1074 0.40
C 99.601 0.80 605 4.9 170 — 1.1x 1020 1.10
D 56.967 0.75 50 8.2 330 — 8.0x 10722 2.0

fect as indicted in the fequeng scans of Fg. 8. It is seen thahe
position of the undéying damae is well resolhed in both imges,
with the phase inge shaving the &pected higher sensitty in
tems of a geder etent of the danmge region compaed to the
amplitude imge. Based on the lineaelaionship of kg. 11,we ae
justified in sugesting thathe dange in carier lifetime is the major
contrast mebanism in kg. 12, which can thus be calisied and
labeled as a &e-carier recombindion lifetime imae. It is inteest
ing to note the longange efects of the bdesurface mebanical
damage thioughout the blk, reading the font surfice of the afer
where devices ae fabricated, as cptured ty the PTR dpth-profiling
phase imge.

Retuning to the adial scansthe lifetime and thenal diffusivity
values § or dose to,the center (AB) are lager than those (D)
closer to the edgof these Si afers (high esistvity, Table V). The
opposite tend is obsesed for the flont surace ecombinéon veloc
ity. This mgy be elaed diectly to the cystal gowth process along
the radial position of the lge siz industial Si wafers. Therefore,
PTR dignostics poves to be a suikde tool for investigating varia-
tions in the manfactuing quality of Si vafers and its impact on the
electonic and thenoptysical popeties of the sudce Both pop-
erties ae cental to contolling the electonic and thenal behaior
of devices to bedbricated on the \&fer. Similaly, a radial scan \&as
performed on the la-resistvity wafer (no. 6).The PTR signal
amplitude and phaseaashaevn in Fg. 13.A summay of the difer
ent paametes detemined ty the multiparameter itting procedue is
given inTable VI. The measwed \alues of these pametes & radi
al locdions (A-D), and the poximity of the frequeng cuives in
Fig. 13,indicate thd this wafer is moe homa@eneous than the high-
resistiity wafer of Table V. However, inspection ofC, andC; values
reveals thathis sample has arverall smaller plasma component
than the highesistvity wafer, with the exception of the center point.
As a eneal rule it was bund tha the lifetime \alues associad
with low-resistvity wafers in our gtended stugl of 40 wafers were
substantial} shoter tha those of the higheesistvity wafers. It was
also bund tha in geneal, ther is an inerse corelaion between
lifetime and sudgce ecombingion velocity, with low-resistvity
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Figure 11.Linear elaion between lietime meas@ments and PTR signal
amplitude br the high-esistvity p-Si wafer no. 30evaluaed 4 four differ
ent positions along thedial diection.

wafers exhibiting higher font surbice ecombingion velocities than
their high-esistizity counteats.

Points C and D of the higltesistvity wafer exhibited positve
PTR signal @nsients {6%) while the lav-resistvity wafer exhib-
ited neyative transients iasome locdons (—4.46%).An interesting
phenomenonizout this sample as tha not all pobed positions on
the suréce ehibited a tansient. Bsitive transient phenomenave
been peviously obseved with industial Si wafers. They have been
associted with laser annealing of Mo activation enegy surface
defects,and the concomitant imprement in sudce ecombinéon
velocity. M Negative transients @ curently under ivestigation and
the esults will be eported in a futue pubication.

Condusions

A reliable multiparameter it computdional piocedue has been
developed to measarpiimary transpot propeties of Si vafers from
frequeng-domain PTR signalsThe question of the uniqueness of
the it and of the dEcts of eals electonic transpot paameter on the
PTR frequenyg cuives was adressed in detail. Expienental déa
were geneeted from high- and le-resistvity 6 in. Si wafers, and
multiparameter its were caried out to test thatfing procedue. As
a result,up to seen diferent tanspot pamametes can be meased:
five of these arintinsic parmetes and ag related to the electm-

Phase (Degrees)

I -104.1 — -102.0
I -106.2 ~ -104.1
[ 1084 ~ -106.2
[N -110.5 ~ -108.4
B -1126 - -1105
1148 — 1128

-1169 — -114.8

-118.0 - 1169

Distance (mm)

Amplitude (mV)

[ 0.02575 - 0.02800
[ 0.02350 ~ 0.02575
[ 0.02125 - 0.02350
[ 0.01900 - 0.02125
I 0.01675 — 0.01900
[0 0.01450 ~ 0.01675

0.01225 - 0.01450

0.01000 - 0.01225

Distance (mm)

Distance (mm)

Figure 12.Amplitude (a) and phase (b) PTR iges of the long-liétime Si
wafer no. 30,probed fom the font (intact) sudice and scanned/er the
coodinates of the badcsurface mehanical deéct site
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Figure 13.PTR signal amplitude (a) and phase () four positions along
the radial dilections in a Si sample éfer no. 6) with sharlifetime

ic and themal transpot propeties of laser photoinjected caars in

semiconducta. The other tw, C;, andC,, are etrinsic (empiical)

parametes. For this paticular set of samplesowever, the lav badk

surface ecombinéion velocity could not be detetined since the
values obtained ém the itting procedue were belav the PTR sen
sitivity values.

The major conlaisions of PTR signal sinations and raltipara-
meter fts to the Sivafers used in this wk (and mag othes from
the same kah) dealy shav tha there is a stong corelaion be
tween nominalesistvity, front-surbce ecombinéon velocity, and
recombindon lifetime: higher esistvity wafers ae likely to hase
lower surfice ecombindéion velocity and longr lifetimes. Oerall,
over the entie set of 40 \afers tested in the cose of this inestig-
tion, the PTR liktime was bund to be a merconsistent and sensi
tive measws of the electinic quality of the afers than the suaice
recombin&ion velocity and the otheiitfed paametes. This is &-
pected since the drmer is a measarof subsudce quality due to
rapid carier diffusion bebre recombinéion, whereas the lder is
strongly affected ly surface pocessing and handling conditions.
Neverthelessgvidence of the PTR ltime d@endence on the $&a
of the wafer surfice has also been obgsdl with delibeately dam
aged samplesTherefore, PTR lifetimes meased under 514 nm

laser iradigion ae likely, to be neasurface ecombingéion values
of the efective lifetimg Eq. 8. Longr wavelengths will be needed
to probe the e hulk lifetime The monotonic elaionship of the
PTR amplitude to theecombin&on lifetime which was pedicted
ealier® and emeged flom our dé#a, Fig. 11 and 12offers a poten
tially valueble tool for remote noncontactpondestuctive, and epid
surface liletime mgping of pocess wafers. The latice themal con
tribution was bund to hae some infience & low frequencies <
1000 Hz.The carier plasma conipution, however, domindes the
signal thoughout the high moduian frequeng for both high- and
low-resistvity wafers.
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Appendix

The Hanlel intggral required in Eq. 1-6 is an impper intgral, i.e., its
upper limit is infnite. It is assumed thahe intgral exists and pproades a
finite value as the upper limit of irgestion gpproades infity. This as
sumption is based on the ysical quantity epresented ¥ the intgrand
Equaion 1 was calculted using the immper intgral routing qroma® with
midpnttaken flom Numeical Recipes in G° The outine soles br smooth
integrals with an upper limit to imity using Rombaeg integration in a semi
open inteval. In calculéing improper intgrals the cowergence citerion has
to be caefully met.A corvenient comergence aproad for this intgral is to
replace the irihite upper limit with aihite valueb and to galuae the inte
gral with increasing alues ofb until ary further incease inb results in a
negligible change in the intgral. The davnfall of this gproad is tha the
valueb is chosen accaling to the intgrand behwior, which in tun dgpends
on the input pammetes. If the intgrand is not testedf corvergence eace
time an input pameter is hangd an eror can occurTo avoid this igor-
ous pocedue the aditional routinemidinf,3° which maps an ininite range
of integration to a fnite one using the identity

Lbf(x)dx = Jf:tizfg%gﬁ

is usedAs a esult,the Hanlel integral is s@arted into two integrals

3 b 1/b 1 D]-
L f(x)dx :L f(x)dx+Lm030t—2fD?EBt

where the irst integral is calculéed using thenidpntroutine flom 0 tob and
the second ingal is calculéed using thenidinfroutine fomb to lage rum-
ber (1x 10%9). This type of methodolyy assues thathe conergence cite-
rion is readed &ery time, providedb is laige enough so thahe intgrand
begins to @proad its asymptotic deease

(A-1]

(A-2]
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