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NASA Research Grant, NGR-34-014-001 -

Final Technical Report

In order to more effectively contribuﬁe to the
research program of the Instrument Physics ResearchASection,'
NASA Langley Research Center,'work undef this grant was
directed toward the problem of’measuring diffusion para-
meters foF the beryllium impurity in silicon. The.ve:y
 large (~ 1072 cm? sec-l) diffusion coefficients encoﬁhteréd
in this study'réquired the determiﬁafidn of iﬁpurity‘pro—
files for thick samplés (~ 1 cm), due to the deep penetration
'of-the impurity ocpurring during reasonable diffusion timeS}
Since conductivity valﬁes are readily converted into con- |
‘centrations of electrically active impurities, the major
problem became that'of accﬁrately agtermining the conduc-
tivity profiles of beryllium diffused silicon samples.
-Details of thé problem.and.its solution are contained in

~the attached report.
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Foufepoint probé measureménts on sémples_having depth

| dependent conductivities are interprgted’infterms of the
conductivity profilés. An éxact solution of the problem of
exponentially depth dependent'conductivity éervés as a basis

'for this interpretation. Applications include Surface'conductivity
determination where the form of the éonductivity'profile is known,
and conductivity profile determihatioh from probe méasurements
taken as fhe sample surfacé is progressivély lapped away.

v Appliéation is limited to samples having cbnductivity monotonically

decreasing with depth fram the probed surface.



"INTRODUCTION

Electrical éﬁrface probes have proven useful in-geologiéél
exploration1 as well as in conductivity profiie determinations of-
semiconducting samples.z’3 Published methods of interpreting surface
prébe measurements‘in terms of a depthidependent conductivity are based
upon a lajeréd model with conducti&ity values constant within each layér.
These methods use solutions éf Laplage's_equatioﬁ withiﬁ each layer with
the implicit assumption that. charge accumﬁlations at the boundary are
excluded from the layer volume. This neglect qf the physical requirement
that the charge accumulation occupy a non-zero Eample folume gives rise
to'én error of undetermined magnitude.3 A second disadvantage of these_‘
methods is their complexity which makesiconsider;ﬂion of more than a

few layers prohibitively difficult.

i,y

The four-point probe as illustrated in Fig. 1 is often used in Jeted b

meaéurements of conductivity. Among its many advantages are ease.of
application and, for hombgeneous or}jéry thin samples, réady inter-
pretation'.b"5 The problem of a Slab:of finite thickness with an
exponentially’depth dependen£ conducﬁivity has been recently solved,6
and this exact -solution serves here aé a basis fér interpreting four-
point_brobe_measurements on sémples having other forms bf depth dependent
-cbﬁductivity. Applicatiqhs include surface conductivity determination
where the fbrm of the COnducti&ity profile is.known,'and conductivity
profile determination from four-point probe meaéurements taken as thé
sémple éurface is progressively lappedraway. 'In this péper we present
a simple method of.conductivity-profile analysié which appears to be

reasohabiy aécurate for sémples having a conductivity monotbnically



décreaéing with depth from the prdbéd éample surfaée.
In the following treatment, some of the more important assumptions
and stipulations are: |
- (1) The pfobe is made.up of four1coliinear contacts with point
spacing S. |
B (2)_ The two inner contacts are used'to determine the pqtential
difference, V (volts), due'£o the cﬁfrent, I,(ampereé); throﬁgh the
- outer pair of contacts. | '
(3) Samble conductivity, z(z) ohm—cna?J, is a function only
of depth below the probed surface. |
(L) The probe point spacing is smail compafed to the probe distance

from the nearest lateral boundafy;
EXPONENTiALLYIDEfTH-ﬁEPENDENT CONDUC?IVITY'
~ We have shown pre'viously'6 that for condgcfivities,:z,-of the form
o(s) = 2(0) exp(-aa) , )
" the probe poteﬁtial Aifference may bg expresse& as -
'v=[1/2nsz(oi| FaS(T). & | (2
Where z is:the_depth below the prdbed surface, T is'the samP1e’thick-

ness, and a is a constant characterizing a particular eprnential depth

dependence of the conductivity.j'Fas(T)vis an appropriate correction



factor given as
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The usefulness of the preceeding relationships is greatly enhanced

where the K. are Bessel functions of the zeroth order.

by a recently pseﬁdo-deriVed approximation to‘FaS(T) which is good to

within 0.1% error for all a20., Our approximation is

as inh
1-exp (-aT)

_ ~
- Fas(,T)"

+ exP[-"(ST—qfn)_Q - 1] S jﬂ?] Tar.h'( ( 1 S>_1 [;5350< jal T) '.'7]} , ‘ (ll-)
la) 8 frxpC1as -1 77 ok + exp(-ST Lnk) <

which for the case a=0 simplifies to

exn(:—ST'1 4nl) Tanh’(S"1T)-
ST™'nl + exp(-ST™ 2nly)

vFOS(T)’_‘.’STIJ ol + (5)

The restriction of theAapproximation to a?O ﬁay be appreciated by
verifying that the leading terms.pf Eqs..(hj'and (3) érevidenticai'so,
.that the second term of Eq..(h) serves as éh aﬁproiimation to the.
~summation tenn of Eq. (3). . The approximatéd‘second term deteriorétes'
as Ja| increases. However, for pbsitive f?-this deterioration is
éompensated by £he increasing dominance of the first term. Unfortunately, .
for negative a the appfoxiﬁated terﬁ beéomes_increaSingly dominant as

. |al increases.



The function FaS(T) decreasestowsrd a limitihgbvalue as the
thickness, T, increases. . This implies that the degree of involvement
of the samélé material in the‘condﬁction process decreases with in-
cféaéing depth frém the probed surface. For sample thicknesses smail
compared to the probe spacing, the effect of sample material'upon the
probe potential is ‘almost independent of dépth'below the probed surface
and thg leading term of FaS(T) dominates. In this-case Hq. (2) reduces -

5

to the expression
V= (fnz/n') (Tg) ,  - (6)

appropriate for a thin infinite sheet having sheet conductivity, o -
For our purposes, we find it convenieﬁt to extend the range of Eg. (6)
to any thickness by introducing a multiplicative factor, Wés(z), into:_

the usual definition of sheet conductivity so that
o = ST () aa. ©
s 0 as+”’ - c : »
Combining Eqs. (6) and (7) to obtain

oJ W (Do(2)aa = U2/ (/W) , - (8)
we observe that a knowledge of (I/V) as a ‘i‘unctioh of either Sor T
uniquely determines g(z).

Since Eqs. (2) and (6) both describe the same situation, we must

have



ST (D) - s Bl 5(0) TN . (9)

We assume that the degree of involvement of the material at a giveh depth
A in the conduction process is solely dependent upon the conductivity and
thickness of the overlying material. Thé mathematical implication of
this assumpt;on.is that the'weighting factbp wéS(Z)’ in the left hand

term of Eq. (9) is independent of the limit of integration, T. Thus

- we may.differenﬁiate the terms of Eq. (9) with respect to T to obtain
. -1 — . ' .
AWaS(Z) = S fnig0)s (2) aFaS'(Z‘)/Bz\]. . | (10)

Some represéntaﬂive weighting functions appropriaﬁe to saﬁples_haﬁing
exponentially depth dependent conductivities are shown in Figf,2;'
While the assumptién of ﬁhe preceeding paragfaph is not st%ictly

valid, it appears to be a good~appfoximation to‘reality in the case of
semiconductor slabs haviﬁgrfhevconductivify decreasing as the depth
below the probed surface increases. It may be helpful to examine an
eqﬁivalent assumption that tﬁe cohduction pfocess at depths greatef'
than z has'no.effeét ﬁpon the electric field atldepth z. This clearly
_suggest that our assumption is far from valid when the unﬁerlyihg
material is of reiatively high conductivity. |

| - For interpfeting four-point brobe measurements made as the top
sample surface is prdgressively lapped_aﬁay, we are pleased to note
that Wbs(z) serves as a usefuliapp;o#imation to a}l.WéS(z), aZ0.
| Réplacing'was(z) by wcs(z) ih»application.df Eq. (8) to construcﬁs
_vdevised‘using a wide range of exponential dependencies, the méximum

error encountered in surface conductivity, o(0), was less than 6%.



\

This magnitude of pumulative efror.has little effect'upon the form of
the profile. The maximumverror occurs for iarge sample’fhickness_and
~at a conductivity profile charactérizéd by .the expdnehtial factor a=S—1.
This error in samplevsurface conductivity goes'rapidly to zefo as a
approaChes zero and haS'decreased‘to O.6%vat a=SS—1. This is consistent
with the obsefvation that the true weighting function, Was(z),.will be |
significantly higher than WOS(Z) only when the matetial overlying the
region about z has a relatively high'conductivity; or equivalently
oniyiwhen the material about z has a relatively low conductivity so that
the effect of the material at z upon the probe botential ié relatively

unimportant.
APPLICATION

The modified concept .of sheef cohductivity, as seen in Eq. (7),
can be readily extended to other forms of depth dependence-of condﬁctivity,_
subject bnly to the avallability of an appropriate weighting factor.

- For samples not ha?ing exponentially depth dependent conductiviﬁies, the
weighting function,‘wsﬂz), must of necessify_bé an apprbximation. The
use of the weightiﬁg function'WAS(z) for'sémples}having conductivity
profiles qharactefized by_é introduces no computational error and one
might expect that for éamples having'conduéti&itj profiles éimilar»in
form to an_exponentiai depth deﬁéndence,'the use of‘an appropriate
'W;S(z) would produce highly accurate results. |

The primary motivation for this_study was thé néed of a cohvenient

‘and reliable method of detenniniﬁg‘concéntration profiles of impurities
diffused into semiconduétofs. anductivity values are feadily con?erted

into concentratians of electrically active impurities using mobility



data such as that summarized by E.lM. Conwell.7 In siliCOn; typical:
diffusion depths of substitufional inpurities are a few nicrons_and the
ea51ly applied four-point probe method- offers high resolution and ready |
1nterpretatlon.5j8 Pentration depths of the fast dlfthlng.interstitialﬂ
impurities are measured in millimeters, nowever, and require use of a
“more eomplex interpretation of four-point probe data.

To accomplish a conductivity profile anaiysis we may coneider the
sample to be an N—layered etructure as illustrated in Fig. 3. Layers
are characterized by an average conduct1v1ty Ul; a thickness (AT) and
an average weighting factor wSi' The generallaed form of Egq. (8), .

a form suitable for numerical integratlon, is

i} Ei(AT)i= (an/ﬁ).(ll/v)s_-r - | a1

-—'L‘4 =

By apply’.mD Eqg. (11) to surface measurements taken with N different
- probe-point spacings, we obtain N equatlons with N unknown cl
Calculation is 51mp11f1ed_1n cases where four-p01nt probe measuree
- ments are made on the top sanple surface at each”stagefas the layefs

are progressively lapped away. In this case we use a constant probe

spacing and obtain. the average conductivity ofbthe‘jth layer as

_ _c? [QnQ/rr) (I/V) -i W E(AT)][,q (AT)] o .(‘1'2_).

~ It should be clear that the calculatlons must begin with the sample
remnant and work bacK toward ‘the first layer to be removed
It is sometimes desirable to llnd the value of the surface conduct1V1ty

of a sample for which the form of the denth dependent conduct1v1ty proflle



is already known. Rewriting g(z) as 9(0)f(z) in Eq. (8) and solving

for the surface conductivity, (0), we obtain
. . T .. .
3(0) = (1/v) Wn2/m)/ [T u (=) e()az . - (13)

For éppiication of Egs. (12) and (13) we take Wbs(?), the
weighiing‘function appropriate to a.homogeneous sample, as a fair
approximation to the true Ws(z) for all samples having conduqﬁivities
~decreasing monotqnically with iﬁcreasing depthvfrom‘the top surfape.
As ir our previous discussion of the Wéé(i), tﬁis assumption is consistent
with our expectatim that the true W (z) wiil be significantly higher
| than'wos(z) only when the overlying material has a ‘rather high conducc1v1ty
relative to the material at ‘depth z, so that the effect of the material
at depth z upon the probe potential is relatively unimportant.

In addition to the theoretical contructs invol&ing constant aﬁd
- exponentially depth dependént,conductivities; conductivity,préfilés due
“to gaussian and complimentéry~error fUnction.diStributions of impurities
in silicon have been employed to verify the usefﬁlness.of Eq. (12)_in
making profile ahélyses. E@f (12) is being used extensively in'studies.
.of the Eerylliumﬁimpurity in silicon and yields impurity concentration
- profiles consistent with those expected from imposéd-éxperimental'
coﬁditions9 and with those obtained by mass spéctrdscopy analysis.

In Fig. h Wwe see the resultsvof a 27 léyer deterhination of the
concentration profile of electrically active berylllum as a diffused
impurity in 31llcon. The beryllium was 1ntroduced into the 51llcon at
high temﬁeraturé from one side only. The experimentally determined. |
concentrations are shown fitted to the'ekpected complimentary error

function profile.
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1
Captions for Figures

Fig. 1. Four-point probe on flat semiéonéuctor._

Fig., 2. Some representative weighting functions, Wés(z), appropriaté
for samples having depth dependent conductivities of the form
v(z) = g(0) exp(-az). - Units are chosen such that S = 1.
| Fig. 3. Multi-léyered sample gepmetfy assumed for conductivity profile
determinations. | o

‘Fig. L. A 27 layer determination of the concentration profile, N(z),

of electrically active beryllium as a diffused impurity in silicon.
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