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The electrical pcliollllllnccs of silicon-based integrated citcui ts are closely coupled to Ihe details 

of dopl't llt depth distribul ion in silicon One of the most used experimental technique which yield the 

depth distribution of the eleclricl't lly active dopants in silicon is the spreading resistance (SPR) method 

A description of the SPR method and the ex peri menIal errors which can be introduced by this method in 

the characterization of boron diffused layers in silico!) are presented ill tlris paper. 

JlACS 

() I. 72.Ss Impuri t ~- concentralion. distr ibution and gradicnts 

61. 72.TI: Doping and impuri~ illlplantat ion in gcrlll ;) llilllll and silicon 

KC.\\\ Ofds Silicon. deplh profiling 

---.---------

I. INTRODllCTION 
J 

Solid state dilfusioll alld iOIl irllplanlatioll are two doping lechnique widely lIsed in the fabrica tion 

of silicon-based integlated circuit ' s (IC ' s) Since the details of the impurity distribution obtained during 

these processing steps al e closely coupled to the electrical performances of Ie's, some techniques have 

been developed for the characterization of electrically active dopanl profiles in silicoll. Two of the most 

commonly experimental techniques which yield the distribution of the electrically active centers in silicon 

are. the capacity-voltage (C-V) lechni<-lue and the spreading resistance (SPR) technique. 

The C-V technique orrers a simple, fas l, non-destructive method used to obtain the profile of 

majority carriers, but only when the small junction depths can be measured (a profiling depth from 

O. IJllll to an upper limit (norm O . 6~lIn) which depend on substrate and totl'tl illlpll'tnt dose) Moreover, 

there are also two requirements on sall1ples characterized by this method 0) the doped layer must be 

obta ined by a low-dose implant ($10 I1 ion/cm2
) and (ii ) the conductivity type of the dopant IIlllst be the 

same with the conductivity type of the substrate The detectable limit of cl'tllier concentration gived by 

the C-V mel hod is about 1014CIll-~ 

The SPR method is a powerful technique due to the possibility of ll1easuri ng albitrary profiles 

(layers with dirrerent conductivity types) with no restriction as to the doping level The lowest limit of 

profiling depth is -0 I ~llll and there is not an upper limit of junction depths measured by this method 

The detectable limit of carrier concentration gived by the SPR method is ahout IOl2cm· 
l 

13ecause of the wide capabilities of the SPR method (no restrict ion 0 11 the doping level and on 

the type of dopant s), this technique is frecventely used for electrical charact erization of di ffu sed l'tlld 

implanted layers in silicon (see, for example, Ref 1.-;-5). 

As for any experimental technique, also for SPR technique, one of the most important probleJl1 is 

the accuracy of the method . The aim of this paper is to present the experimental errors which cl'tn be 

introduced by SPR method in the characterization of electrically active dopant depth profiles in silicon 

for a belle. understanding of this subject , a detailed description of the SPit method has been shown in 

Sec.2 The experimental errors obtained in the characteriz.ation of boron dirrused layers in n-type silicon 

wafers by SPR method are present ed in Sec.J and the concluding remarks are summarized ill SecA 

2. Til E Srn EADI NG RESISTANCE METHOD 

Spreading resistance method was used to measure automatically the electrically active dopant 

profiles in silicon crystals. In this method , the sample which has to be measured is waxed onto a bevel 

block and is glided over a plate containing a polishing compound. Dlocks with different bevel angles, 

from 17' to II "32 ' are usually available and are chosen to provide a des;' ed depth resolution proming 
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Aner the polishing actio" or the sall1ple. the bevel sample block is placed on a X-Y stage. which will 

move automatically in steps Jlwging limn 0 .251lll1 tll 25011111. Two probes are positioned above nat 

SUI face alit! ,He lowered ulltilthey make conlacl with the SUI face A small voltage is applied between the 

two probes and a spreading resistance is measUled. ·1he two probes are thell lined, the stage moves over 

an adjusled slep .1.x and the actiOIl is repeted until the completely spreading resistance prorile is 

ubtained . The spreading resistance data are then corrected and converted inlo the COl responding 

resistivity values using adequate formulas (see section 23). The final values for resistivity are then 

converted il1to the carrier cOllcentlalion profile through Ihe use of the Irvin's curve 181 Oetails 
-regarding sample preparation, the mcaslll ement of the spreading resistance profile and the correction 

and COllveltioll illtu the conespollding carrier concentlation profile are presented in sec 2 1+2 3 

2.1 Sallll,le ,tn-para. ion 

For characterization or doping depth prolile~ in silicon by spreading resistance method, a special 

procedure ror preparing the samples is recommended . In this process, a test chip or 1-2mm width and 2

3111111 length is taken rlOlI1 a warer which has to he profiled and is waxed onto a bevel block as is shown 

in Fig I a The ll10unted sample is attached to ground face of a piston which is then inserted in a well 

fitting cylinder This assembly [fig 1 b] will then be glided over a plexiglas surface which contail1s the 

polishing compollnd The polishing cumpound can be chemical in its action or ralher mechanical The 

later type is superior to the fils t one 161 and among these compoullds a very fine diamond particle paste 

called METAL>I gi ves lite best results 161 The grinding is done ill one direction only, with the abrasive 

aClion perpendicular to and loward Ihe bevel edge Fig I c shows the system aller the polishing action is 

completed 

3 

cihlld~ 

n 
g~ 

sll~e 
__plate ~Ild go~shing 

compotllld 

cJaJ bJ 

Fig. t Schematic presentation of the three sl<lges for obtaining a w -cled sl1lllple to be used in spreading resislance 
measurements. 
a) The 5.1mple is mounted OJlthe lapping block \\hich shows:lI1 angle 0, 
b) The lapping block is fl1stened to a piston and introduced into a C)lindcr 1 his assembl\" "ill glide O'er a 

plate C0l1111ining the polishing c(lmpound: 
c) AOer the polishing action the sample. still attached to the lApping block. shows n polished be,el 

2.2 The 81.feJldiog resistance measurement 

The lapping block call tben be removed from the piston and the measurement of the spreading. 

resistances can be done on the sample which remains attached to the block, Fig2 

The bevel sample block is placed on a X-V stage, which will move automatically in steps to the 

righl in Fig.2. The sample is positioned in such a way that the bevel edge of the sample is perpendicular 

to the stepping direction 

Twu probes with tips rrom an osmium-tungsten alloy and a lip radius of typically 20,tlll. 

mounted on a gravity-loaded probe alln assemble, are positioned above nat surface The probe spacinp: 

w can be varied and is usually in the range of20f.IOO~lm . The probe are lowered unlil they make conlac[ 

with the surface and a pressure given by 5, 10,20 or 45mg probe loading will be applied The diameter 

of the contact is about 4 -6~m 
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• lapping block 

directron of motion of the block 

Fig. 2 	 Schcnl31ic prc~cnll1hol1 of thc mcasurcmcnt procedur c in thc ~preadil1g re$i~tallcc technique. 1 hc h\o probcs. a 
distance U' apart. :lrc Irned " hi lc the hlock rtlO\c.c; to thc ri ght O\'cr a di~tance I.\x The probes arc thcn foncred 
until contact is madc \\ith thc lapped bel·c!. While stllrting. ,lith the prohcs aligned pamllel to the bclcl edge. the 
hlock 1110tion is perpendicu lar to this edge 

1\ slllall volla ge L\ V is applied helween the fwo probes and the spreading resista l1ce given by 

/\I'
/( 	 (I) 

is IllcaslIIcd The \v.o plObcs are lhen IiOed, the stage moves ovel an adjusted distallce .1x and the action 

is repcClted ulltil cOlllpletion 

The spatia l resolution requ ired for a given profi le can be determined if the exact bevel angle and 

Ihe horizontal stepping increment (fig 2) are known. flom the fig 2, it is obvious that: 

'-'.1' =t').x sin (1 (2) 

where 6.y - the sl"llial depth rcsolllti(l11 (vcr tical step) dtlling spre<1ui ng resistance 11II1S. I\x - Ihe 

horizontal slep al ung the bevel surface. U - the bevel angle 

The vertical COllll ll ll 0 11 the leO orthe Table I lis; tlte hurizontal step inclcments available 011 the 

Illcchall;cClI subsystCIl1 or a usual !'preading resistance systcm The standard bevel angles are alsu 

displayed aCIOSS the top of the Table I. Oeluw these, are the values uf the sine of the angle The 

remaining figures are val ues of L\y, the incremental depth in either micrometers or Angstroms unils, as 

indic ated 
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I 	 SIN n 
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lOll 211 I II ~ . ~ 

~o 10 n 0.5 0 . 2~ 

'1~("

2~ 

~ 

2 ~ 1.2 ~ 0 .5 025 0 .125 

011) o. ~ 0.2 0. 1 5001\ 

~ . 0.5 0. 2~ 0.1 500/\ l~OI\ 

~ 0 . .5 0.25 O.US 500,\ 250" 125,\ 

I 

o~ 

02 0. 1 SOO;\ 200 ,\ 100;\ 50 ,\ 
- - - - 

25 ,1(!.I 500;\ 2~0;\ 100;\ 50;\ 

o 2~ ~()O" 2~OA 125/\ 50/\ 2~ ,\ 12 ~,\ 

L\y = ~ sill 0 - r nillil o p oinl mer"",,,,l mthick n«-< directi", .. in 1'''' or ' \ng<1r om \m~ .• 

Tllhlc 1 The I flilles or inerement:!1 depth for the huril.Olllal step incrcment and standard bcvel angles ;1\ ailahle 011 lite 
mechanical subsystem or an usual sprcadi ng resistance system. 

for the smallest angle of about I T and typical step ,1X=S, IIII . the ver tical step t').y is about 2Snm 

If it is assumed thai abou t 10 steps are required starting n0111 the surface, to define a junction well , tltis 

means that junctions depth in the lange of 02S~1I11 can be measured llsing the sp reading resistance 

method 

We /lote that , the smallest value of the bevel angle (IT) is given by the practi calli ll1itat ion of the 

microscope. For bevel angles smaller than 17' there is an bigger uncertainty in the localization and the 

alignment of the probes to the bevel edge. 

We note also that. the horizontal step increments of 10,1111 , SltlH and 2 SPill are used for the 

majority of spreading resistance profiles. Steps smaller thall 2 511111 are not usually used because the 

damage tracks cr eated by the contact or the probes on the bevel sur/ace can overla p and can give a 

modified value of spreading resistance. 

An example of a spr eading resistam;e data for boron difTusion in a Ion cm < I II> n-type silicon 

substrate is given in Fig.3. The test chip was measured for a bevel angle 01'0"34' and all hOliz.ont al step 

increment or2S ,lIll 

f, 



10 '· 100hm em , <1 1 I> n -lype silic on 
boron diffusion , 1 ~925C 
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depth h, ml 

Fi)?, J 	 Spreading resistance \s depl h ror II diITusioll I" a 10 Ocm < III > 11 -1,\ pc suhsl rale.1 he be\ cI angle i~ nbclll 14' 
\I hile Ihe horil.Ol1lal step dislal1cc il' 2.,'iplll. 

The correspolldly in-depth increment /)y is proportional 10 the lateral slep and to the sine of the 

angle 0 which, ror thill dirrused layers is chosen lIsual to be smaller than 10 II is obviolls tltat an accurate 

knowledge or lite bevel angle and an accurately selling or L1x is essential for a good accuracy of the 

spreading resistance proliles 

In ottlcr t(1 obtain thc carrier conccntration profiles, the spreading resislance data mllst ue 
corrccted and COll v el ted illlo Ihe COfI espondillg impurity prolile 

2,3 Thl' (OIlHrsioll 1'11111 Ihe corre'clion or Ihe sprending rcsislAnce Inome into Ihc 

con'l'spomljllg (!tn-iN' conct'IItrnlioll In otilt' 

It can be showl1 that /lIthe spreading resistance associated with a pair of arbitrarily spaced nat. 

circular contacts, each of radius "a". to a semi-infinite conducting matelial with uniform resistivity p is 

given hy 

N :- J ' ( J), 2-;; 

'1 

p.ovidil1g that the assumption used in the de.ivation of the equation hold, i.e. i) the distance to any 

boundary surface of the sample from eilher cOlltact is »a; ii) the .esistivity p is homogeneous 

Ihroughoullhe sample; iii) there are nol surface films or potelltial barrie.s at the contacts 

In plactical spreading resistance I11casuremellts on many of thin-layer sl,uctures of CUllel1t 

interest in semiconductor technology (eg epitaxial, diITused or iOIl -implanted layers) the assumptio ns 

behind simple equation (J) are onen violated. first of all , the structUI e is not planar anymore. but 

because of the small angles used it is juslilieo to treat it as planar. The spreading resistance of an 

homogeneous layer of finite thickness is strongly modified, dependent 011 the type of the boundary layet 

This is shown in rigA, where three possible cases ale considered [7j fig 4a shows the semi-infinite 

suhstrate for which the Ec(3) holds. for a conducting boundary (eg low-high epitaxial interfaces) as is 

shown in rig,4b, the potential drop in the lateral direction will be smaller Ihan for fig 4a resulting in a 

smaller resislance value (R.<p/Za) ror an insulating boundary (eg low-Iackage p-n junctiolls or silicon 

insulator interfaces) however the cutrent is forced into the lateral direction increasing the voltage drop 

along Ihe surface and resulting in a higher spreading resistance value (R,>pl2a) (foig.4c) 

The effect or such boundaries is accounted by calculating the apPlopriate correction factors for 

each point of the spreading resist alice profile, The measured spreading resi~tallce can be given hy 

R = ~('F 	 (If) 
, 2" 

in which Cf is the "Dickey" correction factor, dependent on the spacing between the two spreading 

tesistance contact, onlhe radius contacl and 011 the distance rrom Ihe probe surface to the conduction or 

insulating boundary 

insulating boundarysemi-infinle subshal conduding boundary 

~a~ 

~ 

Jk~. 
- '~ 

c)a) 	 b) 

Jii~. " 	 Echipolenlial (dashed) and field (filII) lines for all ideal probe conl:1cl on three dirrerent geomctr ics 1('1 
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The Di{;kcy CO! r('clioll ract(lr S (\1 c calculated fr (lIll a cOlllbilllltiull or all 111'11' tlxilllllte lillc allilll.lg, 

assliming II single -laYl'1 stlllcllll C of"IIIif<lIlll Il'sistivity. bllcked hy eit her a petlcclly insu lalillg. botllll.lary 

or by a verfectly conducting buunuary 

For insu lating botl!1l/llry distances C(IUal or greater tha ll "a", the correction factor forllluia 

applicable is 

. . 2(1 a l 2f If ' J(I, = 1- - - 1 - -·12In--U.2JI8 (5)
ml' m II ' 21 

where "w" is the spacing between the twu spreading resistance contacts and "[" is the distance lIorn the , 
probe surface 10 thc insu lating boulldary 

For insulaling boundary dista nces less than "a", the COllection faclor is given by 

('F c:: ?:.!.'ln ~ «() 
m a 

Conducting boundary correction ractors are gellerated for PI33a by the relat ion: 

( J' . . = I - -20 (/ l ( --H' ) - M ( \I ' )j (7)+ _.- M 
71\1' m 41 21 


whclC f\1(AYI /A: 211lA-o n I ~ 

and by the rel ation 

(8)(F " ;; [I +~;}2J" 
for t< I.JJa 

The Oickey correction factors deli ned by equations (6) to (8) give good results whenever the 

layer being processed is essentially ullifollll ill resistivity (sllch as a well controlled epitaxial layer) , 

However, for structu res with significant rcsistivity variation pelpendicular to the probed surrace (such as 

a thin dilTused layer). the unll10dified Dickey correcli'~ lIs described above can produce errors in the 

derived carrier concentration as la'ge as an order ofrnagnitude. 

To provide for inhumogeneous resistivity cases. it is need to dete, mine an "effective thick ness" 

ror each point 011 a spreadillg resistance profile The "effective thickness" Illay be thought or as the 

distance rrOI11 a given point onlhe profile to a "noating" boundary below the probes , 

ror the "insulating houndary" case. Ihe eOective thickness is taken as the depth below a 

particular point in the carrier concentration profile of the structure where the carrier concentration has 

fallen otTby lIe. where "e" is the Euler's nUl11ber 2718281828 

9 

The "effective thickness" fUI the "colI(Iuctlng l>ollmJaIY" case is '''ken as thai distance below a 

poillt 011 the carrier cOllcellttaliol1 profile where the cc\lrier concentlatioJ1 incleases by a fa ctor ar"e" 

In order to apply these "e-ractor" coneclions, the effective thi ckness values ror each point or the 

measUled profile must be obtained nom a first approximation to the calrier concentration plofile, which 

is determined either by: I) convert ing the measured spreading resistance values to resistivity anu to 

carrier concentration through the appropriate spreading resistance calibration curve or 2) by the making 

use of an appropriate correction procedure such as the unmod ified Dickey correction factor which 

assumes the layer tu be of homogeneous resistivity from the point in question down to the underlying 

boundary 

In either case, once the elTective thickness values are determined, it is need to return to the raw 

spreading resistance profile 8nd calculate and apply the appropriate Dickey correctioJl ror each point, 

using the effective thickness value determined for that po inl 

The final value lo r p is then converted to net carrier concentration thr ough the use of the Irvin' s 

curve l8 j, which is a com pil ation of a great amount or the experi lllcnllll dat a 'I he resu lting carrier 

concentration profile is assumed to be the "true" prolile ror the layer 

The corresponding profil e fo r the boron diffusion ill the Jon CIll < II J> rH ype substrate at 

T==925C, for which the spread ing resistance values are shown in Fig 3, is shown ill Fig 5 

1 Oohm em, < 111 > n-type silicon 10'" 
boron diffusion, T=925C 

10'" -·- 0=34', /\X=2 .Spm 
. , . - ' _. -.-. -• • e , · " " .... . . . . ' - .~-4-"e.... 


10'" \ 
r- 10" 
E 
~ 10'· 
D \ 

.~ 10" 
~_ . ..I,-."" -A -· -· •(lJ 

5
u 

10 
,. 


u 
 I~ 
10" 


10 " 


10" 


10'0 
-0. 1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

depth ht1l1) 

Fi~ . S Doron conccnlrcrlion \·s. depth dcri\'cd from ,~rrc:1ding rcsist:1nce data oht:1 i l1cd ill r ig.] 
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J. Th€' t'ljlcrilll€'nIAI t'ITO'·S 

As we loki in illtrouuclion, one of the mosl ;1I1"ollalll p,ublell1s for any cxpelirnenlal technique, 

and alsu ror the SPR methud is the accuracy or (he method 

The accuracy of cad. point ill a SI'R plome is given hy the accuracy in depth and carrier 

concentration llJeaSlll emel1ls . The acclII acy in depth measurement depends of the accurate kllowledge of 

Ihe bevel angle O. an accurate definition urlhe bevel edge fU ll) all Rccliialely selling of tile hor;wnlal step 

increment I.h. . The aecm acy in C<lll ier concentration measurement depends of the reproducibilit y of the 

measured spreading resistance R •. the accuracy of the p-R. calibration and the accuracy of the CF 

calculations 

Oecause Ihere is nol a simple way of judging the accuracy of depth and calrier concentration 

measurement in a SPR profile, we chosen an experimental way to check the magnitude of errOl s 

introduced by Ih;s method 

The spreading resistance plobe system lIsed in this work is the model SSM- DO built by Solid 

State Measurements. Illc The probes are made of an osmium-tungsten alloy alld lhe pressure of probe 

loading is applied by 20mg weights. The sample is placed on a X- Y stage and the X drive is 

automatically stepped aner each measurements. Two hori7.0ntal steps of about 5~lm alld respectively 

2 S~11ll have been IIsed in this expeliment The probe spacing of the SSM- 130 probe system is 100~llll 

and the contact radius of the same system is Rpproximately )~llll 

< III >-OIiellted n-Iype silicon wafels, with a resistivity of IO!k01 have been thermal diffused 

with boron using a ON solid source A slllali sample, with all area of approx.imately 5x 10111012, has been 

cut frolllihe middle of tile warer and used for SPit measurements tn this way, we have assumed thaI the 

ellors obtained ill SPit measlirements performed on this sample are given ollly by the SPR method and 

not by the inhumogeneous doping thlough the warer "1his sample has been divided in eight test chips 

ami each test chip has been angle lapped with a slurry of a 02511111 diamond abrasive and oil on a frosted 

glass plate using a bevel block or 34' 

The SPR pro Illes of boron in diO'used layer are shown ;11 Fig,G fig ,Ga) shows the SPR profiles 

pel forllled for an hor iwntal step inci elUcnt of 5~1111 , Fig6b) shows the SPit perf 01 med on the sallie test 

chips as in ri~ ()a) , out rOI an horizontal step increlllcnt or2 . 5~lIn . 
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fig. (, :1) SPR profiles or D diffusion in a IOOCIll < III > n-t}(le Si substrale~ Ihe be\ cI ,mglc is about 14' \\ bile Ihe 

hori7.011131 step distance is 5~1I\l b) the sante as a) but for an hori7.0ntal step increment of 1 ~ ) II11 
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The 1II0~t il11jllllt<1l1\ P<1l<llllClels extillct nllill all SPit I"oli le nr e the junction depth, the inlegtal 

!lull1uer of dopants per ullit al ea of dilfused layer and the Slit face carl ier concelltt alion 

The accu racy Ofjuflctioll depth meflsurelllcnt obtained for a horizontal step increment of 5~lIn is 

of the order of i0026pm This accUl3cy can be improved if a smaller horizontal step is used . fo r 

example, the accuracy ofjul1(;tion depth becamc of the order of lO . OJJ~lIn when the hUliwntal step 

increment has been dect eased to 2 SPill This resull is very well observed in fig 7, where the standard 

deviation (represented as error bars) ofjullctiun depth measurements COl respollding to the SPR proliles 

presented in rig 6a is twet times bigger than the standa rd deviation of jUllction depth measurements 

corre~p(lnding to the SPit profile~ presented in f ig 6b 
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Fi~. 7 	 I hc \;,t IlCS oijll ncllllll lkpth lind thclr stan dard dCliatiulls (reprcscnt ed ;IS e rror bars) correspondi ng to the SI'H 

pro lil cs presented in ri gs. ()" :lnd (,b 

The accu racy of measurelllents or inleglalnlllllber of cartiers/unit area obtained for a horizontal 

step increment of 5~1I11 is of Ihe (mler of 33% If the horizontal step increment has been decreased to 

251l1ll a sma ller accUlacy has been obtained ('-42%) : :-~g 8 shows the integral number of carriers/unit 

area conespolldillg 10 the SPR Jlroliles ptesel1led ill rig 6a and fig 6b /\s call be seen from this fi gure a 

syslematic ellor is introduce by SPR methud ill tire measurement ofilltegtal number ofcarlier/ullil area 

fo r dilTerc l1 t horiwntal sleps The Fig 8 shows also that the slandatcl deviation of total IIlllnber of 

call icts/unil area (tcprescnted as cl10r bals) c(Jrre,~pollding to the SPR measurements performed at 

L\x=25pm is bigger than Ihe standaru deviation corresponding to the SPR measurements performed at 

L\5=plll 
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Fig. 8 	 The nllucs of lotal 1111mOc r of carriers/llllil <l lea ;1l1d Iheir sta lldard dCI iatiO I1 (represclltcd as crror bars) 
corresponding to the SPR prolilcs presented ill Fig.6a and Fig.6b 

Tire accuracy of surface carrier concentration measurements obtained for an horiZOlltal step 

increment of 5~lIn is of the order of 27%. If the horizontal step increment has been decreased to 2.5 ~lIn a 

smaller accuracy has been obtained (±43%) This resu lt is observed also in fig 9 whel e the val lies of 

sutface carrier concentration conesponding to the SPR pro files sho wed in fig 6a and rig Go and their 

standal d deviation are presented 
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FI/!.9 	 The I'ahlc!' or surrace carricr concent ratioll alld their standard dCliCltioll (reprcsented as error bars) corrcsj1O ndill g 
to the SPit prol'ks presented in Fig.<ia and rig(,,, 
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"':4. 	 CONCLUSIONS 

III SUlllmary. we have experimentally demonst rated that SPR method lIsed for charactelizatioll of 

elcct l ically prolllcs in silicon has fin accuracy of jUlIcti on depth lIleaSlil emellt of the or der of:t.O 026~llll 

for all hori7.0ntal step incr cment (If 5,l1ll This acclIIacy is improved to a value of about J::OO 1 3 ~lm if the 

hor izontal step distance is decreased to 2511111 Instead of this result, the best accuracy ofllleasurell1ents 

fur integr alnumher of calliers/ullit area and sllrface ccurier concentration is obtained for the case of SPR 

measurements per fU l l1le~ at horizontal step increment of 5~lll1 (±3. 3% and respectively ±27%) 
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