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ABSTRACT 

I 
Theoretical studies have been made of the diffusion of impurities 

into silicon through an oxide film. In one case the silicon was assumed 
to be initially free cf oxide and to oxidize parabolically during the 
diffusion. In the second case the initial oxide film on the silicon was 

assumed to be sufficiently thick and the diffusion time sufficiently 
short that a linear approxLi-A.!.ation for the oxide growth could be used. 

Experimental results consistent with the analysis have been 
obtained using the box method of D' Asaro with phosphorus., boron, 
and antimony as diffusants. The diffusivities in the oxide layer for 
these three doping agents have been determined experimentally in the 
temperature range fron1 1150 to l 350°C and for various concentrations­
All diffusions ,.:vere done in air. 

Hi 
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DIFFUSION OF IMPURITIES 'INTO SILICON THROUGH 
AN OXIDE LA YER 

l.O PURPOSE 

The contractor shall make a theoretical and experimental study 
of the diffusion of impurities, both dono1·s and acceptors, into silicon 
through an oxide layer. The theo:retical and experimental investiga­
tion to be conducted under this specification shall cover the following. 

a) A study to determine the mechanism of oxidation of silicon 
in sufficient detail to clarify the formulation of. the diffusion problem. 
Racioactive tracer techniques in addition to other me.thods may be used. 

b) A mathematical study of the oxide-diffusion problem taking 
into ·account the rate of increase in thickness of the oxide layer with 
consideration of both preoxidized and initially oxide -free silicon. 

c) An experimental investigation of the validity of the 1nathe­
matical results of the study specified in (b) including evaluation of the 
diffusion constant in the oxide and the distribution coefficient at the 
oxide-silicon interface. This shall be done for various important 
donors and acceptors at various temperatures and with various 
atmospheres. 

d} The preparation of design charts to predict junction depth, 
surface concentration of impurities, resistivity and other important 
quantities for diffusion conditions: 

2. 0 PUBLICATIONS .. AND REPORTS 

Dawon Kahng., "Phosphorus Diffusion into Silicon Through an 
Oxide Layer," presented as a Ph.D. Dissertation at The Ohio State 
University; 1959. 

Ki Dong Kang, nstudies oi the Masking of Boron in Fabricating 
Silicon P-N Junction Devices," presented as an .r./1. Sc. Thesis at The 
Ohio State University; 1960 

Hs_ing-San Lee, "Antimony Diffusion into Silicon Through an 
Oxide Layer, 1t presented as an M.Sc. Thesis at The Ohio State 
University; 1960. 

1 
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D. Kahng and lv!. 0. Thurston, 0 Diffw3lon of Phosphorus into 
Gi!:ccn T!dv..igl1- a.TI ~-::L ... ~~c Layer, 11 prPse-nt-e..-1 at the Fall Meeting of the 
Electrochemical Society; October 1959. 

The following quarterly rPpnr'ts have been submitted: 

No. ? ..... 

0. 'T'hn';"ston. stPhosphorus Diffusion 
Layer; .rwfay 1959. 

D. K~_hng and M. 0. Thurston; "Oxidation c,f Silicon 
in Stearn, a'r\~ Sno,x; Plo~~J Effect:'; July 1959. 

No. 3. C, Tsai and l,ri. "The Diffusion of 
Boron into Silicon Through Silicon Dfrndde for 0. l Per Cent Source 
Strengthn; Novernber 1959. 

No. 4. 
}-.,iechanism in the Diffusion Atmosphere 1 and P-.ntimony Diffusion into 
Silicon Through aP Oxide Layer 11

; January 1960 . 

No. .-
:, . 

Into Silicon Through and - ... ux1ae April 1960. 

J ~ Tsai, K., D. K~ng and i\,f. 0. Thurston, "A Theoret­
ical Study of the Simultaneous DHfu~1on of Two Impurities into Silicon 
Through an Oxide Layer, and The Diffusion of Boron Into Silicon 
Through Dioxide for 0. 00 l Per Cent Source Strength of Boron"; 
August 1960. 

No. 7. Thurston, P-r;;;+i-....-idl-.~, Fell, and Cornetet, "Studies 
Concerning the Oxidation of Siliconn; October 1960. 

2 

Mundra Solar PV Ltd., Ex. 1032 
Page 11



3 .. 0 FACTUAL DATA 

3 .. l Introduction The objectives of this research., as outlined in 
Section 1. 0, grew out of the 11eed for a.I!Xlre basic understanding of the 
oY..ide masking process used in the fabrication of silicon devices by 
diffusion. The masking technique has become one of the more widely 
. .1sed methods of producing very small or very intricate junction 
structures. It can be, and commonly is, used quite successfully in an 
empirical "~1ay without detailed knowledge of the mechanisms involved. 
Nevertheless, it might be anticipated that a thorough understanding of 
the diffusion of in-1purities through the oxide layer on the surface of 
silicon would lead to useful and novel techniques for controlling 
junction depths, surface concentrations,, and in generai the impurity 
distributions. 

In the simplest vie··N, one might think of overall process as con­
sisting of t-wo stages of diffusion: t.11.e first in the oxide layer and the 
second in the silicon itself. The steps in studying this process would 
be first to show qualitatively that this diffusion process in fact occurs: 
and second to elaborate the quantitative details involved. 

That oxide r.o.asking is essentially a diffusion process has been 
verified by many experiments here and elsewhere. Evidence for this, 
as well as cases in which other processes dominate will be discussed 
later. The details of the diffusion process are in general quite com­
plex., and only certain special cases have been studied. The compli­
cations arising from the simultaneous increase in thicki,.ess of the 
oxide layer during the diffusion operation will be discussed in Section 
3 .. 3. 

In the experimental .studies of masking and diffusion through 
oxides the box method of diffusion first proposed by L. A. S1 Asaro 
has been ueed. Although this method has not provided the theoretical 

· .. · · t · · ~ 1 h .. r • · ~ ,_ • t 11 · enL. s1mp.nc1 y or1g1naLy opea IOr, 1t has ueen experimen~a ... y conven.1 t. 

and has been interesting in its own right. Experimental experience 
with the box method is presented in Section 3. 3 together with the 
details of sample preparation, oxide measurements, jnnction meaa­
urements, and related matters. 

The experimental results of the diffusion studies are given in 
Section 3. 4 and supporting work on oxidation of silicon is summarized 
in Section 3. 5. 

3 
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3.2 Diffusion equations 
for the box sy&tern V""""',c> f-i,-.qt sr.1vgd for tv:.ro cases~ namely, the case 
\Vithout an initial . ~ . -ox1ae !a ye r and case "\Vith an initial oxide layer of 
thiclrJieas a 0 but 'w;;ith d. d~fl"uei.::h:.. t1n,e short enough so that the oxide 
growth is ~!+~-.,~:- ... -<~ly ~:--->n ;::,;~:-~. ~:··.:.G. The applicability of the 
solutions for the second case was lirnited by the stringent condition 
~h~f" the :.--·~·a1 0H:r1,.. "-1:i!,1--.as~ al.u-t be .. •1.nc:-: 

0
rp.x'-p_ fti_r! the increase 

'T'hi,;:: is not u~ua11y 'IT"let in 

say less than 1150°C in air. 
Therefore, vnothe-~- a_pp~---u=rh '-.1:.Jh.ich '\.'i:Ji11 be ~pplirable ~o lnng diffusion 
time rr,L ho!h ~O'_-r ~nd 1_:~~!. bern;-=_-= 1-a,obu~-er ha-_- b~-µr1 a.t~-ernptr=rl. !n addi­
tion, vnlu~eUiic for L't~.P- ;;im·i""L __ n~nu;: d'-1'".~"t~s·{.f~ of -\~O iv~pu_-!+1es '\ 7ere 
obtair1 -d ,.or t!'e c _ _...:# of a ~¾·c~ ·n·t~ ~ 1 oxide :a..,·~- ,.;.u:'t a. 7-~.1v ~ .;·"iL<op 

tin1.e. 

3. 2 i So1 11 tion~· of tl1e Jiffus~~n equations for the case of initial 
oxide layer on t~~ slliron sampie. In this derivation the follo\.ving 
.assumptions \1vere rnade: 

a) The rliffusiou equations take the one dir11ensional form~ 

b) The diffusivities of tl1e impurity atoms in both SiOz and 
Si do not depend on the impurity concentration. 
then has the following simple form 

= D 
azc 

at 

Fick' s la.,v 

c) The o:~ide thi~L-~e~s -t!'ci-4eas~s during diffusion accord­
ir.g to the parabolic law, that is, 

v,rhere a is tl1.e ... ox1ae gro\-vth constant. 

d) The reference for the coordinate: systerns has been taken 
as the silicon-oxide interface. One needs, however, two 
coordinate systems in establishing the problem, one for the 

• , • ..l ~ - '"' • .. • - ~ .... - ,...,1· on ox1ae region anu one ror 1,ne s111con .1. e!S . 

coordinate systems are related as follows: 

X = y -
.!. 

ot2 

r 

4 

These two 

(1) 

(2) 

(3) 
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These quantities are related as shown in Fig. 1. 

I 
r I Si SiOz ! 

I 
f 

I 
l k- ! 1 

➔' c,tz' 

I 
I i r 
f I I I 

.l I I 
.,.,. = ~at'i y = 0 X = 0 

Fig. L The Relation Bet-...x.reen the Coordinate Systems 

e) The impurity concentrations in the source and the vapor 
state are constant throughout the diffusion period. 

f) There is no discontinuity of the impurity concentration 
at the siiicon-oxide interface. There is considerable evidence 
t0 indicate that1h.is is a poor as.s.umption! However, experi~. 
rnerits her·e_ on.·_the· impurity distribution·rn silicon dioxide 
using the radioactive tracer technique indicate that the dis­
tribution of phosphorus across the oxide-silicon interface 
is continuous. 

g) That oxidation takes place at the oxide surface. 

Assumptions (a) and (b) simplify the mathematics involved. The 
assumption {c} is derived from experiment. Afore discussion of 
assumption (g) will be given in the experimental section. 

The diffusion equations with initial and boundary conditions 
which satisfy the assumptions given above are 

ac1 
D1 

a2c1 
;:; 

c) t o x 2 

a Cz 
D2 

azc2 
= 

0 t 0 y2 

Cz (y,O)=O_ 

1 

C1 (-atz , t) ::: Co 

5 

{5) 

(6) 

(7) 

Mundra Solar PV Ltd., Ex. 1032 
Page 14



Cz {CD, t) = o 

a l 
_......_ ~ 

Zr ti c 21 1 .1. :Jy= - au r 

The 60iution of the Eqs. (4) and {5) with the boundary conditions 
satisfied take the form 

,. 
rl-RF(h) 

X ] C1(x, t) = vo 
e:d 

l+l}RF(h) L, 2(D1 fz 

Cz(y, t) l Co 
erfc 

y 
= 

j\ 1+)1.RF(h) 2 (D2t)½ 

(8) 

(9) 

If the assumption (g) is replaced by an assumption that oxidation 
takes place at the oxide-silicon interface and the coordinate origin is 
changed to the oxide surface, the solutions of a set of diffusion 
equations similar to the above equations will be 

[1 RF(h) X 

] Cl = co er£ 
e - P

2 + "\RF {h) 
l 

2(Dit)2 
(13) 

1 
-p2 

Co Cz(y, t) 
e 

erfc 
y 

= 
e-P

2 +nRF)h) ft 1 
\ 2{D2t)2 

(14) 

O~e may view the above two sets of solutions as the two extreme 
cases, one is for the case of oxidation at the oxide surface ,x1hile the 
other is for oxidation at the oxide-silicon interface. However, in an 
actual diffusion the oxida,tion may take place at an intermediate 
position., depending on the temperature and the oxy'gen pressure. For 
the diffusion of phosphorus, experimental results indicated that the 
oxidation rnost likely takes place at the oxide surface. 

6 
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3. 22 ::01~-"-=.,!!Z: £or s<.t.,
"" ..:::::-2-ioL_ equauons for the case where 

=1'.-: r~ 1s an irdt1~1 ox~de 1ayeY" on the -silicon surface and linear oxide 
growth. In ~h:s ~==i~~t;on Ga '-'le d -~ -,-r :_,t"c,r > 'n S 2vtion 4. 1 rcrttain 
the ~a-me ~xcept 't~at the oxide g.r-v~,1i.,h rate foll~\TJS a linear la,v instead 
of the p 0 ::0:~01:L law,.. that is, 

{15) 

This assumption imposes a limit on the oxide layer thickness after 
di+,. ..1 ; on tr. be aoZ '> "> cr2A- y ~n aL+\1 "I -'i ...,.n s ~v ..... n .;:<,. r &hi; conrli~ion 

is often violated. H,:,u_·ev~r _ "_,...,- :1V'\1s· ..... r ·n -cme sp":."r-L 1 g::::s c·mo ... -
pheres this d,,:.r-ivatjrn1. can be used. The coordinate system is shown 

in Fig. 1-:a. 

~ ; SiOz 

~ , , a 0 ;: 

X=O x=O 

Fig. 1-a. The Coordinate System for Diffusion 
'T'hT<ough an Oxide Layer 

It is assumed that the 
. .. 

ox1ae 
'I • iayer 1s semi-infinite in extent. Then the 

diffusion equation fr;. the region x = 0 to x = -bt is solved UL-ider boundary 

conditions (Eqs. (17) and (18). 

Cg(-bt, tL=: Co 

Cg ( co, t) .. - 0: 

X = X + bt " 
The solution is of the form 

Cg(X, t) X-bt 
b X 

DT 
+e 

7 

erfc 

(17) 

(18) 

( 19) 

(20) 
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Then it is assumed that the diffusion for the rest of the system takes 
place from x ~ 0 to x = a 0 , a region of SiOz, and from x = a 0 to x = ro, 
in a region of Si. However, the su:dace concentration at X = bt varies 
with time as 

(21) 

Finally, by DuhameP s method one will get (DuhameP s method can be 
• ~ + d ·" 1 t· . .._ , b · h . -1n,,erpre ... e as -cne convo U~1on 1nLegra.1. w_,.1c gives the response of a 
system as the integr,:1 of the product of the ex.:citation function and tirr1.e 
derivative or-the unit step response function of the system. For a more 
detailed discussion see Quarteriy Report No. 5) .. 

C ( 
Cz{x1 

J t) = _2, l'erfc 
R+l 

+e 

Raabe' 

ZCD2t)"i 

;, (ao+xt +bt) ao+x• +2bt 
1 erfc 

2(Dlt)z 

r. 'i 
+ b ✓!_ .>JI - Dl 

(22) 

(23) 

Eq. (20) differs from the Eq. {73) of Quarterly Report No. 1, page 26, 
or~ly in the replacement of xi by X-{a0 + bt). The xs 1 of Eqs. (73), 
(75), and {76) should be x 1 for the coordinate system shown in Fig. 2 
of this report}. Since Eq. (22) was derived by assuming a reflection 
from the oxide-silicon interface, this equation cannot be applied to the 
region xt < - a

0
; :that is,, the oxide- layer. g'.rown during diffusion. - The 

solution for the region x' < - a 0 (or x < o) is given by Eq., (20) upon 
replacing x 1 by x-a0 .. If the arguments of the conplementary functions 
a:re greater than 2, one can use the approximation 

8 
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erfc y,,_, 
(24) 

r 
c .... \1 x: · t ) ~ Co I 1 + 

?. ., - - R+l I (25) 

' at x' = 0 

Cz(O, t) Co rl -o l . ao = + ___:::__ erfc 
R+l 

' 2a-a0 J 2 ✓ D1t 
(26) 

or 

Cz(O., t} = 
Co 

[1 + :
0 J erfc 

ao 

R+l 2(D1t)½ 
(27) 

if a~ a 0 • Equation (27) was used for determining D1 for most of the 
cases. Several corrections were obtained for the particular cases 
concerned; however, these corrections would modify the D1 obtained 
from Eq. (2 7) only slightly. Owing to the experimental difficulties in 
measuring the surface resistances and the junction depths for shallow 
junctions 1 the applicability of Eq. (2 7) is limited to high temperature 
and short time diffusions in air. An attempt to remove this restric­
tion has been tried., but no definite result was found. This is discussed 
in the following section. 

3 .. 23 Solutions for the diffusion equanons for the case where 
there is an initial oxide layer on the silico~ surface and the oxide 
growth is parabolic. In Dr. Kahng' s original derivation he assumed 
that the oxide layer grov✓ing during diffusion can be approximated by 
a linear relationship, 

a= a 0 + bt. (28} 

This approxirnation is limited in application to short time diffusions., 
that is, when a

0 
remains larger than bt. However, in an actual dif­

fusion one often has the opposite case, a >> a 0 • For instance., if one 
wants to determine Dl at 10000c for phosphorus .. the final oxide layer 
may be six timc;s thicker than ao befor~ the silicon surface is converted. 
The linear appr.oximation for the oxidation during diffusion is thus 
violated. Figure 2 shows the relationship between the oxide layer 
thickness and the diffusion time obtained from phosphorus diffusion at 
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Fig. 2. Oxide Layer Thicl:'",..ness Versus Diffusion Time 
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1005°C. Point A represents the initial oxide layer thickness. Point 
B represents the thickness after a diffusion for 49 hours and 27 mim.1tes. 
From this curve it is easy to see that the linear approximation to the 
true oxidation is quite poor for this case. The calculated value of Dl 
based on Eq .. (27) is 4 .. 3 x 10- 14 cm2/sec. This value is too high for 
phosphorus at that temperature. Several other diffusion times have 
been tried, but reliable junction depth measurements could not be 
obtained. The diffusion thnes were 10, 13, 17, and 24 hours.. This 
indicates that one cannot use Kahng's formula to determine the diffusion 
conatant of impurities in SiOz at a temperature lower than, say, 1 l00°C. 

It is found experimentally that the oxidation during diffusion 
foliows closely a parabolic law of the form 

... 2 - a 2 -k rt2"-a.. - 0 •v\., (29) 

If one uses this relation~hip to set up the diife.re:ntial equation for dif ... 
fusion with a moving boundary, one may proceed as follows. The 
coordinate systems are shown in Fig .. 3. 

i 
I 
I 

z=O 

Si 

x=O 

Fig. 3. The Coordinate Systems Used in Deriving 
the Diffusion Equation 

Fick' s law with the fixed coordinate reference is 

oC 
at 

The moving SiOz surface is related to the x-coordinate axis by 

1 

z = x - a 0 + (a0 
2 + a2t) 2 , 

(It is assumed that oxide layer grows at the oxide surface). 
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.A.fter change of variable one '\vill have 

(32) 

This can be 
Let 

reduced to a simpler fo.rm by the following transformation. * 

(
z 

9 = 1 oC dz (33) 
...,0 

where 

(34) 

then let (35) 

Substitution of Eq. (35} into Eq. (32) yields 

= 0 • (36) 

One can rather easily find a particular solution o£Eq. (36) of the form 

(37) 

This gives C= constant. This one :may consider as the steady state 
case, that is, when there is no concentration gradient inside the oxide 
layer. There is no simple method to find the general solution of this 
parabolic form. However, the form of the last term of Eq. (36) suggests 
the use of a series of the follo\.v·ing type as a trial solution. 

C1 (z, t) (38) 

Substituting Eq. (38} into Eq. (36) leads to a recursion relation for the 

coefficients bn(t). 

*A. R. Forsyth, "Theory of Differential Equations, 11 Sec. 206..,p. 97, Vol. 6. 
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{ 

1 
bn+z(t) = 

, (n+l)(n+Z) 

Then the solution for C{z, t) will be 

= e 
zn 

{40) 

Che can find b 0 (t) by applying the boundary condition that 

(48) 

Thus 
b~(t) = 0 (49) 

and 
(50) 

,...., t"' k . b {t\ 1.ne oner un_.,_110\-r✓n 1s l J. It can be found if one knows 

{51) 

From the physical set-up of the closed box diffusion system it is very 

hard to deterrnine a C I . az z::Q 
Physically -D1 O C / represents the 

2} z z:::O 

flow of the impurity atoms into SiOz. However, if one can find the 
distribution of impurity in silicon dioxide experimentally I one can 
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find the slope of this distribution cu.rve at z = 0 as a function of time. 
A solution of this diffo:rantial equatio~ is thus found for the oxide region. 
Then by applying the boundary condition at the silicon-silicon oxide 
interface to the solution of the diffusion equation in the silicon region 
one can solve the movir?.g boundary p!"oblem and D1 may be dete!'min~d. 
If one considers only the case where z varies from zero to (a0 2+a2t)a, 
that is, fron1 the oxide surface to the silicon-oxide interface, there 
is no question that this series expansion is co:p_vergent. This is tt·ue 
because the assumed form of solution is a convergent series if the 

coefficients are convergent. I{ oaC I is determined exoerimentally, z~~o ~ 

b 1 {t) wiil surely be a convergent function of time. Actually, one can 

even guess the change of ael 
a z lz=O 

from the physical picture of diffu-

sion. ,. L t - o o cl ., 1 ~ , ~ t , . t £ .r,,..1.. - , '2) zr--=O WlL oe ve~y large., oecause a tne 1.n er ace 

there 1s a big chan~ J in impurity concentration. When t becomes 

, a C f ·11 ~ -- d '". I1 .1arge ~ 
1 

z=O w1... oe small an .1.1na .:.y go to zero as t goes to 

infinity. Hm.vever, this series solution may not be applicable to the 
case for which the oxide layer is considered to be of semi-infinite 
extent. 

Since this diffusion equation is not solved, the above discussion 
gives only a plausible avenue for further study. Other methcds for 
determining D1 from data obtained during low temperature diffusions 
have been considered. 

As shown in Fig~ 2., the assum.ed linear function for the oxide 
layer thick11es a deviates from the parabola too much. . However, one 
may select a straight line portion from the curve shown, for instance 
bet\:veen points C and B. Then considering point C as the time for the 
initial oxide layer, the diffusion time is CB of Fig.. 2. Since Cn0 is 
independent oft, while Cox can be found experimentally by doing 
several long time diffusions, one ,can use Kahng1 s Eq. (85) to calcu­
late D1. There is a question, however, \cvhether the surface layer will 
be converted for such a thick a 0 and a diffusion time tBC• .This has to re 
answered experimentally. Experiments at 1 00S°C for 3 per cent 
phosphorus were not successful. Diffusion times of 10, 13, 17, 24 
and 49 hours were tried, and only the last one gave a 1neasurable 
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junction depth for a 0 ::; l i0OJl. 

Another possible method of meaauring D1 at lo"v temperature 
depends on reducing the oxidation rate during diffusion by filling the 
capsule with a r1.ixture of air and an inert gas. Several experiments 
have been conducted with boron as diffusant in a helium. atmosphere. 
The oxidation rate could be reduced. Further investigations are in 
progress. 

3, 3 Experimental :Methods 

3. 31 Principles and Techniques of the Box Method of Diffusion 
The box method of diffusion, developed by U Asaro (ref. ) , was 
seiected at the outset of these experiments because it appeared to 
offer independent controi of surface concentration and temperature. 
The essential part of the technique is to place the test sam.plss and a 
diffusant source consisting of the impurity oxide dissolved in SiOz 
together into a rather tightly closed container. An oxidizing atmo s -
phere is used.; and the diffusant in the source may be expected to come 
to equilibrium with the diffusant in the surface of the oxide on the sample 
after the system is raised to a stable high temperature. The principal 
advantage of the method, provided the surface area of the source is 
much greater than the surface area of the sample, waz presumed to be 
an equilibrium surface concentration of dif'fusant in the oxide that would 
be independent of temperature over the ordinary diffusion range. In 
the simplest view the surface concentration in the oxide layer of the 
test sample would be the san-ie as the bulk concentration of diffusant 
in the source mixture .. 

Ln early experiments the box was made of thin platinum sheet and 
had a cover that \.Vas designed to provide a long leakage path for the 
diffusant while allowing the pres sure to equalize readily. The source 
mixtu:-e was prepared by drying a slurry of colloidal silica and a 
solution of the diffusant oxide P205, Bz03, etc.). The system was 
:::10t satisfactory, however, because the source concentration decreased 
ve:ry rapidly at diffusion temperatures. This '.Vas checked by comparing 
the sheet resistances of a series of samples diffused in succession for 
short times using the same source. 

An improved box was then made of fused silica in the form of a 
capsule. Platinum foil was used to improve the seal and to prevent 
the two silica caps fusing together. The depletion 0£ the source 
material was found to be slight even for diffusions of the order of 
twenty-four hours. 
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3., 32 The Ba.ke-out ·Effect ... .\.nother difficulty was observed., 
however, with the tighter box. When a series of short diffusion runs 
was made with the same source n1.aterial and capsule, it was fou11d 
that the surface concentration on succesEive test samples increased 
for a while and then remained constant. . The time required to reach a 
stable constant concentration was a few hours. This bake-out time 
.depended on sourt:e strength, the type of diffusant., and the diffusion 
temperatl1re. 

Several experiments were done in an attempt to determine the 
origin of the bake-out effect. In one, a much tighter platinum box was 
used instead of the s ilica capsule. It was found that the bake-out ti:rn.e 
was the same as in quartz. This result would appear to rule out any 
explanation of the bake-out effect based on saturation of the box. 

The same conclusion was reached from experiments in which the 
same silica capsule was used for a iong tir:ne~ Each time new source 
material was used in the old capsule the same bake-out time was 
observed. 

The possibility of a slov;,r change of surface conditions in the 
source was next considered. One method of modifying surface condi-. 
tions is discussed next. 

Fresh mixtures of SiOz and P205 made from mixing silicic ac1a 
and phosphoric acid were heat-treated at 1237°C for 4½ hours in a 
platinum container with a tight quartz cover. A few diffusions were 
carried out during this process for checking the rise of surface con­
centration. Then the source and the container were boiled for an hour 
with distiiled water. After driving out most of the moisture in the 
source., several diffusions were done. This process was repeated 
three times with boiling water for one hour, 30 minutes, and 3 hours 
respectively. The results are shov,m in Table 1. It is rather con­
sistent that there is a drop in surface concentration for the diffusion 
after each boiiing process. Each time the concentration built up 
gradually but took a shorter time than for the first bake-out time 
period. F!4om the oxidation rate for each sarnple after the boiling 
process the indication is that the drop in surface concentration was 
not due to fast oxidation in the presence of moisture during diffusion., 

A test for phosphorus content in the distilled water after each 
boiling process gave no indication of phosphorus. However, from the 
change in surface concent·ration th•He was a decrease in phosphorus 
concentration in the source after each boiling. It is possible tha.t the 
amount of phosphorus dis solved was too sm.all to be detectable. 
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TABJ,E I 

No. t Ps Xj 
min ohnA- tl.ticron Remarks 

1~ 1237 30 2100 8.94 5~17 3.3xlol9·sourcesaturatedfor 

another hour 
2. 30 ·zoso 6. 96 4.52 5 .. 1 X 1019 

3. 1239 30 5. 06 3~ 8 x 10 19 boiled for one hour 

1238 12 1000 67 .. 7 L 53 L 4 x 1019 

5. 1240 30 2200 4 .. 95 4 .. 96 3. 8 X lQ 19 

1238 30 2200 5 5.19 5.8 x 10 1 9 bvac;J for 30 min. 

7. 1240 12 1200 
, , r 
11:, L 86 6. 8 x 1018 ju.r7.ction irregular 

1240 30 2200 
; 

82 t},, 5 .. 06 
8 .. 23 

9. 1240 30 R ...,,. 23 4.5 4 .. l x 1019 

10. 1240 30 7. 7 4. 15 X 1Ql9 

1 L 1240 21 1720 Q 06 4.02 A 1 ..,,.. 1019 boiled for 3 hours ,, . "'""r. ~,,._ 

12. 1241 15 1400 19 .. 5 2. '""0 to 2. 8 X 1019 

16 1500 15. 62 'l 24 3 X 1019 -'• 

14. 1241 i5 1430 16. 2 3. 1 ~ 1 X 1019 ...,, . 

15. 124i 30 2110 8 .. 94 ~ 72 
..,, 

'7 ...,~ 1019 ..... j. l ~"-,., 

Experimental Results of Boiling Phosphorus Source Material 

One possible explanation for this experin1.ent '"r.rould be that under 
the bake-out period there is a redistribution of in1.purity oxide 
molecules in the silicon dioxide. There is a tendency for the concen­
tration of phosphorus ;-... toms to reach an equilibrium value at the 
surface of the silicon dioxide clusters. Although one may consider it 
as a solid solution,conditions at the surface rnav be quite different 
from those in the bulk. Since the a'ilica is coll~idal, surface conditions 
dominate. This mixture forrn.a rather tight structures and water will 
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dissolve it only 
forms a porous 
view of this 
increase of 

migration of i1npurity atorns frorn the inside of the source n1-ixture to 

Phn,;:phoru·½s ;;;:;v,...n_rre '\,vhicr_._. -_,_-_. .. _ ... _;_~-~-gt_._. -- ~·1 - --~- .r,... ~- ' •£, ' d 
.;.=v~r..f. .... - - a..r ~~-=- ~=----- ---- ~~ ~~ - g.1.dbtiY ..tvrrn, nave oeen a1:iempte . 

No bake-out time has been observed~ The fact that a liquid source 
does not exhibit the b lce~s""'u~ ,;:,,.="e._..._ ~g- ·n suggests that the effect is 
associated v:ith the cn11o1rl;tl ,:;.-,t,..u'""tu-e 0 £ the source. 

There are occasions '\~Jhen using a -vuv.,;,. .:..!!c___,;_._ria.l at a texnpera­
ture ,vhich differs from its P·""vL...-.~""' hp~t tr,:;.~r'.".'""4 ""!'t u,, ... , 1 ..t give a 
surface rc,rce-Ptra..+-:0n foi 'L:. .:i:::":" ~if:~---· ..:c ,':::.:.;;;:-- ~~t _:_o~.t- ~: ... e ... 1e .... : one. 
If the source has been used at a high temperature before, \-vhen it is 
userl at a lowe-r b=-rnppratu't'e fhAc first' Q~!Ylp1,P nsu..,.11y }----.£" ::. 1---.;g½_.:.r 
surfa.c e concent ... at~ OP th~ p t::-;::;. ._Cil.S ~ar ·_ -u.. - ... _c;,:,. en_;-_•_ ~n4-ra;.lu'1 Icr +~.1~S 

low temperature. 
the source condition. ... behavior of the impurity atoms in tne source st1rtace layer. The re-
arrangement takes less tirne than the first b~~~-n,.,,t pe.,i'"'"d; but it is 
hard to determine experimentally 'Lov.-· ... v:10 ~¼ ":· 1 ~ ·a::...e tc r"''>~h ihe 
stable condition. 
change of surface_ concentration ,-,bt::i7!.Pd_ At lo\.v teniperatu.re one has 
to conduct the diffusion for 5 -.--,zh~r lo-~

0 
pe--·o(I -.c t.i)L_<=> ·n orde ... to 

obtain rneasurable junction d~!'~h: t!"Uc, ~ this prevents a detennin.ation 
of the time required for rc::i r~::_ngP:ri"'ent of source mixture. 

The difficulties with source depletion and bake-out effects call 
attention to what may be a fundamental problem with the box method$ 
If the box is L-t:t'i.t ~~g~,.t e~_o __ o-"k ~o .. :re.r~A.t- 0 0"L- Ce M;,;i:letion, it will 
a1~o reduc;::. the transfer of n-~1oistur""- ont of the box and the transfer of 
oxygen into the box. Since the~e 1 s ahn;;;y~ sorne variation of tightness 
of the box from one ~i:n to t\e. 0 -.-e-..,.t- t"h ~re will be u..,certainty about the 

This in turn will lead 

to variations in oxidation rate and cons eque11tly to variations in 
fusion. Fortunately, the observed oxide growths during diffusion 
have been fairly predictable$ There is always the possibility, however, 
that brief changes in oxidation rate may lead to scatter in the diffusion 

data. 

3. 33 Junction !vieasurements and Calculations Sheet resistances 
were rneasu:red bv the conventional four -point probe method; and 

~ . - . 
junction depths were estimated by the angle lappjng and staining tech-
niques. lv1.easurements of this type are difficult to make under the 
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conditions encountered in many of these diffusion studies.. The critical 
cases, in which masking is marginal, are of great intere~t theoretically 
but result either in no junction or a very shallow junction. When the 
diffusion is performed through an oxide., it is found experimentally that 
ve-·· st-.~l' ~w J·unc·t!on de- £-h _.j • • • • l ·t· ,. .Ly .u. ..... .1.0. ~ . 1. pt. s ~nu Jlli1c-...1on irregu ar1 1es are 01ten asso-
ciated. The sheet resistance is high and varies across the sample, 
making probe measurements ies s reproducible. On the other h;nd, if 
the junction depth is more. than a micron or two the measurements are 
readily made. 

The surface concentrations were calculated using the method 
given by Backenstoss {ref. 3}. 

3~ 34 Oxide Layer r .. {easurement The oxide layer thickness was 
measured by comparing the interference color on the ox~de surface 
with a series of standard samples under a microscope. The standard 
sampies were prepared by controlled etching of oxidized samples in 
diluted HF., They caver ~ :range of thickness from 500 to 10,000 .X 

LJ! 

at intervals of about 100 A,, The oxide !aver thicknesses can be i:aer-
polated within about+ 30 i; except at thi~kncsses less than 800 X. 
In this range the uncertainty is larger 1 partly because there is more 
uncertainty in the interference fringe technique used for calibration. 
Fortunatelv > however> most thicknesses to be measured were greater 
than 1000 .t Details of the preparation of these standard samples are 
presented in the appendix of this report. 

3. 35 Procedures of Sari1ple Preparation Single crystal witb. the 
proper initial doping was cut into rectangles of size l / 4 by l / 8 inch 
and from 10 to 15 mils thick. - The broad surface was a (11 1) plane. 
One side of th~ sample wa$ polished with Linde A abrasive to mirror­
like smoothness.. The samples were then degreased with alcohol, 
tricholoethylene, and acetone. The samples "vere then etched in HF, 
rinsed in deionized distilled water and stored in acetone before the 
diffusion. The acetone protects the surface and evaporates readily . 
at room temperature. 

At first it was thought that a useful way to remove the surface 
damage due to polishing might be to oxidize the sample heavily in steam. 
After removal 0£ the oxide with HF the surface remains smooth and 
polished. It was found by Kal:ing., however., (discussed in the Second 
Q .. R )' ~ •· ···· t1 11 1 11 1·£ t uarter1y eport that uncter tnese conct1t1ons ne snow p ow e ec 
could make serious changes in the surface concentration and hence 
might lead to errors in the diffusion e:>...-periments. Consequently this 
technique was not used for surface preparation in later experiments .. 
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3. 36 S~~1-.i.!.. ~a Mate"ria1 P~en~rat:~on and CA1cu1?t:ion~ of Source 
~trefi:::;~~:: Source materials were prepared from the oyi.de of the dif­
fusard rrA-ixed ,vith silicic acid in distilled '-"Vater in p:redeterrnined pro­
portion.. The reeultin~g slur£ y v,ras dried to po~vder fc1rn1. and then heated 

~~;,, ~:: ed~~=:~; ~~~i~:;:} ::; s~!r:~:::~~n:!1; !::!:::t~;~ ;;(;i~d 
from 3 to 5 1ninutes. before being used for diffusion. The source strengths 
quoted later are in term.s of percent by weight of phosphorus or boron 
relative to the total weight of the source powder. 

3~ 3 7 EA'"Perimental Diffusion lviethads for the Closed Box System 
Quartz capsules rnostly of the type shown in Fig. 4 were used for the 
diifusioc studies~ Tightne1is of tl1.e capsule is essential for consistent 
e,q>erimental results and is rnaintained by nieans of platinum foil bet'..veen 
Ltie two halves of the capsule.. Before use the quartz capsule and the 
platinum foil were cleaned in HF from 10 to 15 minutes and then 
thoroughly rinsed. 

7 ==) 
~Sample 

Fig. 4. Quartz Capsule for Closed-Box Diffusion 

For fresh source m.aterial the bake-out time was first established 
so that consistent surface concentrations could be obtained. Then the 
time dependence of surface concentration was checked \.x-1ith control 
samples to be sure that the source did not deplete. The temperature 
dependence of surface co!lcentration, the oxide masking effect, and the 
determination of D1 ,.vere studied next. This was done by placing four 
to five sam.ples wi.th different initial oxide layer thicknesseg for dif­
fusion at a fixed tem.pe:.-ature and an estimated length of diffusion time. 
These experimenta '\Vere rep€ated for various tempe:ratures. Consider­
able cut-and-t:ry ·-.vas invoived in establishing suitable combinations of 
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The actual concentration of the 
to be 1. 3o/.. 

i.o/e source was found by chemical analysia 

When samples that have not been preoxidized are diffused ,~Jith 
properly baked out sources it is found that the surface concentration is 
very nearly independent of diffusion time ai3 shm,." ... 'll in Fig. 7. This 
result would be predicted theoreticaHy regardless· of whether the 
oxidation during diffusion occurs at the silicon-oxide interface or at 
the oxide surface. 

Figure 8 shows the observed teiu.perature dependence of the surface 
concentration for each of four source strengths .. again usin~ samoles 

1- r '-" ~ 

that \-x1ere not preoxidized. In general the surface concentration increases 
with temperature although there is some tendency toward leveling off at 
the higher temperatures. Experiments using a 0~ 001% sonrce strength 
WPT"P nn-t ;:::nrc~~sfnl h,:.r-aus;::,. the SU?."faceg of the sample were not 

converted to n-type. 

The dependence of the diffusivity L_,_ the o:Y-1ae on temperature is 
sho\-¥11 in Fig. 9. For high temperatures the curves have approximately 
the same slopes while for the lower concentrations there is a change in. 
slope at lower temperatures. A.n empirical expression for Di for the 
3% source is 

- 2. 36 
e 

q 

kT cn.1.2/sec (from 1060 to 1350°C)• 

The two cu1·ves for 3% sources in Fig. 9 indicate about a 30% scatter in 
the results from two series of experiments .. 

In the same figure the values of D1 obtained by C. T. Sah and his 
"' 1 'R + ") d , A n K . " . . .. "' tn £. ,.. \ COll.eagues ( e .... 4 an_ oy . .u. urtz ana his colleagues ~-.. :"e • ;:; , are 

shown for comparison. Their D1 1 s were obtained from diffusion in an 
open tube with the source at a lower temperature than the ·temperature 
of diffusion. Their values do not agree with the values obtained here. 
We have not yet attempted measurements under the conditions they used. 

Figure 10 shows the oxidation rate versus l /T for different source 
strengths,. The 3o/o curve- was more accurately determined than the 
others. Although the slopes of the oxidation are not very accurate, the 
increase in oxidation rate with source strength is n1arked. _A,n .expression 
for o2 for the 3% source is 

a2 = L 95 x 10-5 e 

-2. 24 _g_ 
kT 

24 

cm2 / sec. (52) 
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'C'. " i h ') I -
..L" i_gu~~ 1 k ~ s __ cws fJL,, and D 1 versus 1 / T for the 3% source.. This 

curve 1s 1rn:enaed to show the relative value of the two physical constants. 
One is related to the oxidation, the other is related to the diffusion of 
phosphorus atoms. From this curve it is seen when T = 105o0 c the 
two differ by an order of rr.!.agnitude. Thus one cannot get a converted 
layer unless the diffusion time is very iong.. H they differ much more 
+-h--, an o-_.:.,,,_..,, ,....f m .... ,...-:' d ..._, - · · ·b · · " , h 
1.-L..a.h i uc;..._ v qbaJ.CU e., 1..n.ere may not e a convertea .1.ayer, sue 
as the case £or boron diffusion at temperatures lower than 10S0°C in 
air. From this result it seems that the diffusion in air in a closed box 
system is not suitable £or temperatures less than l l00°C. Also, values 
of D1 determined by using Eq. (2 7) will not: be reliable., In an atmos -
phere that reduces the rate of 0xidation there will be less trouble in 
diffusion at low temperatures. It is appa1·ent that the highest surface 

.. . . b+ . . l . .d. . - · . concen1..rat1on o t.-a1nab e 1n an ox1 1z1ng atmosphere may be limited by 
the high oxidation rate., in other "vords by the difference in magnitudes 
of a and D1. 

Figures 12 and 13 show some values of xj versus a 0 for the 
particular diffusion conditions quoted. Figure 14 shows R versus T .. 

3. 42 Experimental Results for Boron Diffusion in Air. The 
following source strengths of boron have been studied: 0. 001, 0. 01, 
and 0. l per cent. Additional studies of the balce-cmt time phenomenon 
were made with source strengths of 0. 0003, 0. GGv6, v. 0013, 0. 003, 
0. 006, 0. 5 and 1 per cent. The preparation of the sources is shnilar 
to that des-cribed for the phosphorus source '\vith Pz05 replaced by 
B2O3. All the diffusions were done in fused quartz capsules which were 
wrapped with platinum foil (I-mil thick) to make them fairly tight. 

The purpose of studying the low source strengths was to relate 
the source strength to the saturated surface concentration obtainable. 
This will be discussed later. The other objects were to determine D1, 
the oxide masking effect, the te1nperature dependence of the surface 
concentration and the junction depths versus the initial oxide layei:-. 
Experimental results are presented in Figs. 15 to 35 and some explan­
ations on these results will be given in the following paragraphs. 

Figure 15 gives the surface concentration versus source history. 
The nun1erals inside the brackets represent the source concentrations. 

First, one will observe that the bo.c.¼e-out time changes with source 
strength; the highc:::::- the source strength the shorter the bal<e-out tinie 
will be. However, for source strengths from 0. 006 to 0. 5 per cent 

of source strength by a factor of almost 1000 \Vithin these source 
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strengths it seems that the surface concentration obtainable stays 
within a lin1ited range. 

Secondly, t\vo experiments with O. 01 % sources were carried out. 
The second aeries was done under better controHed temperatures. The 

• "". • t- • h. ~ ., . var1at.1on 1n .. emperature 1n t _1s case was less tnan '!" zoc,. while the 
rest of the curves were obtained at a t~mperature variation. of ± 90c 
when :rneasured with a Pt - Pt'+l0% Rh thermocouple~ The curve labeled 
with 0 :1.ew" is the second O. 01 % source. The surface concentration 
differs from that obtained with the first by a factor of 2. 5. The reason 
for this difference is not known. 

Figure 16 shows the diffusior-1 time dependence of the surface 
concentration w.ith a 0 = 0. It also shows that C 0 is independent of the 
diffusion time., as was the case with phosphorus .. 

Figures 1 7 to 22 show the reiation of C 0 versus l / T and the 
relative effectiveness of oxide masking. Those curves for a 0 different 
from zero have meaning only when interpreted for th~ particular dif­
fusion time given. The times of diffusion were arbitrary but were made 
long enough at each temperature to result in conve:r-ted surfaces. 

Figures 2.3 to 2 7 show the relation between a (the oxidation rate) 
and 1/T. Those curves that can be represented by straight lines are 
given by expressions which contain activation energies. The points 
for other curves are scattered too much to justify representing them 
by straight lines. From the curves shown it is seen that at high temper­
at u r e s the separation of the points for different initial oxide layers 
is greater than at low temperatures. ...4 .. lso the thicker the initial oxide 
layer the smaller the value of o. These differences are beyond the 
errors in measuring the oxide thickness. ln. Fig. 25 the curve labeled 
by letter I B; was obtained from the old temperature control. By com­
parison with the other curves showrr, which were obtained under a 
bette:r temperature control, it seems that the variation of the diffusion 
temp~rature may not be the major cause of the scattering of the experi­
mental points. 

Figure 28 shows the plots of cr versus 1 / T vJith different sources 
for a 0 = O. From these curves it is very hard to find out whether there 
is some relation beh\reen source strengths and the oxidation rates. 

Figures 29 to 3,J show the relation of Xi versus a 0 • Some of these 
curves can be approximated by a straight lin~ in the region between 
iCOJ to 3000 1, but others cannot. Tt1e R values obtained from the slopes 
of these straight lines are presented in Table IL Values in parentheses 
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are obtained from the measured D1. Th\". R values obtained from these 
two methods agree 1nodeTately well. 

TABLE J1 

T 0 c 1380 1330 1235 il 74 1060 
1% R 15. 2(13) 28(11.5) 10(9) 13(7. s; 5(5) 

T 0 c 1349 1355 1265 1208 1090 
0.01% R 15(12) 10. 2(12. 7) 9. 6(9. 6) 7(8) 3. 8(5. 7) 

T 0 c 1350 1340 1245 1184 1070 
O.OOY/4 R 12. 6(12) 9. 2(12. 2) 10 . 2(9. 2) 9.8(7.6) 

Values of R Obtained from the Slopes of Xj Versus a 0 

Figure 35 shows the relation between D1 and l /T for different 
source strengths. Although there is considerable scatter, D1 remains 
approximately the same value for different source strengths at a fixed 
temperature. Thus, an averaged curve was drawn in Fig. 35, the dotted 
line, which shows the variations of D1 with l /T approximately. Also 
shown is a curve of 02 versus 1/T for comparison with D1. These curves 
are labeled 'A' and 'B' . I t indicates that if D1 has a value not very rnxh 
smaller than a2, a converted layer is possible by diffusion in air at that 
temperature, otherwise no coPversion can be obtained. This may ex­
plain why no converted layers were obtained at l000°C for boron even 
for a

0 
:: 0. l<-roirn these curves it is suspected that either aZ or D1 or 

both may have different activation energ:es at low temperatures from 
that at high temperatures. 

Since no successful diffusion at 10000c for boron has been obtained, 
the value of D1 in that range of temp et atures is not known. If one 
extrapolates the curve shewn in F1g . 35 to 9500c the value of D1 will be 
1 x 10-15 cm2/scc which is 104 times greater than the value estimated 

* by Frank Keywell • 

Frank Keywell; private communicat~on. 
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Fig. 35 Relation Between D1 and 1/T, Oxidation Rate and 1/T for 
Boron as Diffusant for Different Source Strengths 
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Values of R were calculated from the average curve of Di and is 
shown in Fig. 36. In the same figure the values of R for 0. 1 % and 
0. 00 l % boron source are shown also for comparison. 

3 . 43 Experimental Results for Antimony Diffusion in Air The 
source strengths which have been studied are 0. 1, 1, 3, 5, 7 and 10 
per cent. All of them gave consi1:1tent results on the highest surface 
concentrations obtainable, except for the 0. 1 % source. No converted 
layer was obtained for 0. lo/o source. The s a tur ated surface concentra­
tion was close to the solid solubility of antimony in silicon in the 
temperature range investigated (around 5 x 10 l 9 atoms/ cm2). The 
oxide layer will not mask antimony diffusion effectively. No successful 
diffusion was obtained at temperatures below l l 50°C for the diffusion 
time used. 

There was anothc::r difficulty which might be the cause of the 
irregular experimental results. This was the formation of crystalline 
spots in the oxide layer during diffusion. These spots caused the oxide 
layer to be nonuniform and the junction to be irregular. Sometimes the 
oxide layer could not be removed easily by HF. Several efforts were 
made to eliminate them, but no definite solution of the problem has been 
found. It may be that this is an inherent property of the diffusion of Sb 
through SiOz in air. Firsi, -Chere are some regularities in these spots 
although their size may not be uniform. Secondly, samples from dif­
ferent crystals and different polishing gave similar results. Special 
care had been taken to clean the samples before diffusions. More 
precautions were taken for the antimony diffusion than for the diffusion 
of phosphorus or boron. 

Experimental results on antimony similar to those for the diffusion 
of phosphorus and boron are given in Figs. 37 to 58. Some of th~se 
figures show considerable scatter of the experimental points as a result 
of the difficulties discussed in the above paragraph. 

Figure 37 shows the surface concentration versus source history 
for source strengths, l and 5 percent. Similar short ba.ke-ou t times 
were observed for other source strengths higher than l per cent. Co: s 
were close to the solid solubility of Sb in Si at the bakeout temperature. 

The surface concentration versus diffusion time for a 0 = 0 is shown 
in Fig. 38, showing that C0 is independent of diffusion tirn.e. Similar 
results were observed for other source strengths . 
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c Versus Source History for Antimony 
0 

Figure 39 shows the C 0 versus 1 /T for a 0 = 0. For all the source 
strengths investigated except the 3o/o source the curves are crowded 
together and exhibit -!:i::.~ilar lemperature dependency. The sharp drop 
for the 3% curve for temperatures lower than 1230°C may be the result 
of a loose capsule. It appears obvious that C0 is limited by the solid 
solubility of Sb in Si and not by the surface condition of the sourc ·e. 
This seems to indicate that the surface concentration at silicon surface 
is independent of the source strengths in this range. 

Figures 40 to 47 show Cox versus a 0 for the particular diffusion 
time shown. The main conclusion one can draw is that, with the initial 
oxide layers used, there were very little oxide masking effect on Sb, 
indicating a high diffusivity of Sb in SiOz. The high diffusivity of 
antimony suggests it may be a good element for studying simultaneous 
diffusion of two impurities. However, lt has a limited value of surface 
concentration and this 1nay cause some trouble for simultaneous dif-

fusion studies. 

The variation of -j1~ction depth with a 0 is shown in Figs. 48 to 
56. If one discards points that deviate markedly, the curves indicate 
that the junction depths do not vary substantially for different ao'3 for 
the diffusion times and temperatur~s investigated. 
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As a result of measurement difficulties there were uncertainties 
in the calculation of D1 from the experimental results. Only three sets 
of D1 seemed to be consistent and they are shown in Fig. 57. If one 
compares the D1' s with different source strengths it seems that D1 
for 3% source does not agree with the other two source .. strengths . 
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Figure 58 ~h0ws the calculated R from Fig. 57 as a function of 1/T 
for l and 5% sources. 

An expression of oxide layer thii:kness as a function of time and 
temperature under the diffusion condition for the 5% source is 

-3 6 _g_ 
x 2 = 1. 32 x 1016 t e kT (53) 

where xis in .R, t is in minutes. This has an activation energy which 
is larger than that for oxidation in air or in the diffusion atmosphere 
of phosphorus or boron sources. For the 1 % source the oxidation has 
an activation energy '..vhlch is close to the value given above (see Fig. 13 
of Quarterly Repo:-t No. 5). 

In order to check the validity of the experimental results for 
antimony diffusion, experiments on the 1 % source were conducted 
using the determined value of D1 to predict the ratio of Cox/ Cno and 
comparing them with the measured value. The agreement of the 
calculated values with the measured values was better than expected. 

It is felt that unless the cause of the spot formation on the sample 
surface during diffusion and a method to eliminate them is found, the 
diffusion in air with antimony as diffusant I'r'ay not give reproducible 
results. More work has to be done in order to reach a conclur.;ion. 

4. 0 CONCLUSIONS 

Qualitative verification of the mathematical .model c! diffusion in 
the oxide-silicot1 ay•;tem in air was obtained. The mathematical dif­
ficulties in the application of Fick1 s law to this s~rstem are very great 
in general cases . However, rela tively simple approxin1ate solutions 
for special cases were obtained and evaluated. J., first --order analysis 
of maskin.g in preoxidized samples was based on approximating a segment 
of the parabolic oxide growth curve by a straight line. This approx imation 
was found to have limited application for diffusions in air. However, it 
may be more useful in diffusion methods permitting a reduc ed oxidation 
rate. 

From the experimental results obtained for the diffusion of phos­
phorus , boron, and antimony it appears that di.ffusion in air with the 
box syst~rn is useful mainly in the ternperature range 1150 to l 350°C. 
For diffusions at temperatures lower than l 150°C a reduction of 
oxidatioT?. rate will be needed . 
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Ali.hough a conclusive answer to the proble~ of tre oxidation 
mechanism for silicon in air and the diffusion atmosphere was not 
obtained, considerable evidence has been accumulated. Son.1.e experi­
mental results indicate that the mechanism of oxidation may be different 
at high and low temperatures. The relative magnitudes of the diffusivity 
of the diffusant atoms in SiOz and the oxidation rate in aI' oxidation 
atmosphere governs the diffusion pht::nomenon. If the square of the 
oxidation rate haa a value larger than D1 by more than an order of 
magnitude the diffusion into the silicon -will be very much retarded. The 
"activation energies" for oxidation under diffusion condition:, vary with 
source strength. a.nd with the type of diffusant atoms and they differ also 
from those for oxidation in air and steam. 

The source strength of a diffusant may not reproducibly determine 
the surface concentration obtainable at a fixed temperature unless the 
source has been heat treated for a time longer than a critical bake-out 
time. Unless care is taken to make the capsule tight, depletion of the 
source may be a major (:ause of variation 6£ surface concentration. The 
surface concentration will be proportional to source strength up to 
levels at which the solid solubility of the impurity in the siiicon becomes 
a limitation. 
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.APPENDIX. A 

THE PREPARATION OF THE STANDARD OXIDE LAYER 
THICKNESS GUIDE 

It is rep;:,r-ted that there is a defin ite i·dationship betwe.e.n the 
interference color of the sEi.con dioxide layer and its thickness (ref. 6). 
This can be expressed as 

where 

a - . 
(2b -1) /\ 

4,u 

a = oxide layer thickness in the same units as 7t, 
b = the order of reflection, 

(A-1) 

il = the wavelength of the color which corresponds to the 
color complementary to that seen by reflection of 
white light, 

).l = the index of reflection of light waves in SiOz. It has 
a value between 1 and 1. 5. 

However, this equation cannot be applied readily. A color chart is 
provided which is shown in Table A-1 (ref. 7). This chart has the draw­
back of being too subjective. Since the perception of color depends 
on individuals, deep blue, for example, may represent different thick­
ness to different persons . Moreover, it is very hard to extend this 
chart to oxide layers thicker than 3000 l. Thus an easy and objective 
standard of oxide layers became necessary. It was prepared as follows: 

One hundred and fifty samples of silicon were divided into ten 
groups and oxidized in stea m t,J ten thicknesses fron1 1000 to 10,000 X 
at 1000 .ft steps with fifteen sar:1ple s in each group. The oxidation time 
was determined_ by estimation from past experience and the fact that the 
difference of the time between two groups followed the parabolic rela­
tion between thickness and tin-1e. Thus, although the thicknes.;es of the 
samples of each group might not be exactly 1000 .R., or 2000 1, etcetera, 
the thickness differences betv.:een successive groups were constant. 

One sample from each group was used for thickness measurenient 
by the interference fringe shift method. The sample surfaces were 
masked and the oxide layers wi1ich were unprotected were removed by 
HF. Thi~ produced a step on the sample surface, one side being the 
oxide surface and the other side the silicon surface. The sharpness of 
the step was very important for a sharp fringe shift. The sample sur ­
faces were next gold-plated to about 300 Jt so that the reflection surfaces 
were at the same conditiun for both the silicon side and the oxide side . 

68 

Mundra Solar PV Ltd., Ex. 1032 
Page 83



TABLE A-1 

Color Brownish Clean Dark Red Dark 
White Brown Brown Brown Purple 

X 685 733 795 850 884 

wlor Dark Dark Clearish Still Pale Blue 
Violet Blue Blue to Clear Green 

Greenish Blue 

R 925 959 1120 1610 1680 

Color Pale Oear Clear Golden Orange 
Green Yellow Yellow Yellow 

Green 

R 1760 1860 1930 2060 2410 

Color Red Deep Violet Blue Greenish Bluish 
Purple Blue Green 

}{ 2550 2650 2800 2980 3180 3360 

Monochromatic sodium light was used to produce the interference 
pattern which satisfies the following relationship. (See Fig. A-1). 

(A-2) 

Thus the oxide layer thickness was determined for each group. 

Si 
SiOz 

X I 
/r....,7,---,7.--.-7-7~1 ~,l/ I I 

lsi 
I I 7 7 I /7 

Fig. A-1 The reiation between oxide layer thickness and the inter-
feri?nce fringe shift produced by a monochromatic light with wave-

length7'.. 
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It has been established that the etching ~:ate of a diluted HF solution 
is constant. Thus .if c-ne det1c:rmines the etching rate experim.entally and 
then removes the oxide layer for a pz-edete::.-m.ined time, the oxide layer 
which is removed will be a kn.own quantity. A representative etching 
curve is shown in Fig. A-2. This wa!-' determined by the color chart 
in Table A-1 and checked with the interference fringe measurements. 

Thirteen out of t.'i.e rem2.inir.g fou::.-tc;en samples in each group were 
etched in the diluted HF solution to steps of 100 )(, approximately. This 
was done by regrouping these sample:,, into thirteen, each of which had 
ten samples with different oxide layer thick~1esses. All of.them were 
put into the diluted HF at the same time. The first ten samples were 
take:i out at a time such that approximatel\- 100 .R had been removed. 
200 A were removed from the second ter.. sa.mples, etcetera. The 
interval between two successive groups was constant, which was the 
time needed to remove 100 .K. 1'1. this way ten overlapping series of 
oxide layers were obtained. Each series had 14 samples in 100 X steps~ 
thirteen etched samples and one which had not been used. For example, 
one series had the range fiom 1000 .R to 2500 .Rand another series had 
the range from 200 .R to 3500 R. 

These samples were arranged to give a series of standard samples 
by comparing the colors for the overlapped samples and the thicknesses 
measured by the i!'lterference fringe shift. The series has a range from 
500 to 10,000 R. When measurements of oxide layer thickness is needed 
one has only to com.pare the color of the sample with the standard samples. 
Since human eyes can distinguish djfferent colors rather accurately, 
this is a rather objective and fast method. The order of interference 
color can be determined either by mask etching of part of the sample 
to be measured anrl counting the numb~r of color bands under a ;.nicro­
scope, or by observing the col:>r change resulting from tilting the 
sample graduaDy. E<.-er.. thc,ugh two samples of difff!rent thicknesses 
may appear to have the same color u,d~,- a vertical incident light, they 
will exhibit different colors when tilted gradually. 
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