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This material may be protected by Copyright law (Title 17 U.S. Code)

DIFFUSION OF IMPURITIES INTO m,_.,.;uc}t\s THROUGH
AN OXHIDE LAYER

1.0 PURPOSE

The contractor shail make a theoretical and experimental study
of the diffusion of im p rities, both donors and acceptors, into zilicon
through an oxide layer, The theoret f,:al and experimental investiga-

cation shall cover the following,

1

tion to be conductied under this specif
a} A study to determine the mechanism of oxidation of silicon

in sufficient detail to clarify the formulation of the diffusion problem.
Racioactive tracer %eahniques in addition to other methods may be used,

b} A mathematical study of the oxide-diffusion problem taking
into account the rate of mcre se in thickness of the oxide layer with

congideration of both preoxidized and initially oxide-free silicon.

Oxide-sxlzcon 1nterface. This shal

1 be den for various nm)e“tant
donovs and acceptors at various temperatures sﬂzd with various

atmospheres,

d} The preparation of design charts to predict junction depth,
surface concentration of impurities, resistivity and other important
guantities for diffusion ceonditions.

2, 0 PUBLICATIONS AND REPORTS
Dawon Kahng, "Pho

spi
Oxide Laver,' presented as a Ph,
University; 1959,

horus Diffusion into Silicon Through an
o sertation at The Ohio State

Ki Dong Kang, "Studies of the Masking of Boron in Fabricating
Silicon P-N Junction Devices, ' presented as an M, Sc, Thesis at The
Chio State University; 1960

Hsing-San Lee, "Antimony Diffusion into Silicon Through an
Oxide lLayer," presented as an M, Sc. Thesis at The Ohio State
Umversny, 1960,

Mundra Solar PV Ltd., Ex. 1032
Page 10


knfuran
Copyright


n of Phospherus into

Q o
G 8
w“ ’ 2
Q ﬁm o=
op - w3
.Lw,,,ﬁ o o
o ul ¥
g 4 E o
P ] . w
- bl o
o 5 s
S :
] .
e 4e]
€ [vd iy
4 i} nA
O
. o =
] Qw
L] L
& GO
;M =
5 . &
Qw Q‘c ey
p
ATy
B A
[ Pl
B o
- ja R
£ 1
G i\
A i
U o
Q Tl
2
o [
ded o
» ]
o v
o 1o}
5] ]
- o
P %
voo8
ewﬁ - m‘“
4
9 "
T2 ;8
o [
O - [
et o “ i
bt @
¥ e
‘_,.h 2]
wy [xl ]

Page 11

Mundra Solar PV Ltd., Ex. 1032



search, as outlined in
¢ undersianding of the

s 2 & : i
oxide masking process used in the fabrication of silicon devices by
diffusion. The masking technique has become one of the more widely
used methods of producing very small or very intricate junction

structures., It can be, and «:‘.emmezzlg is, used quite successfully in an
empirical way without detailed knos e of the mechanisms involved.

horough understanding of
a§ er on the surface of
s for revﬁralhnc

it might be anticip

implest view, one might think of cverall process as con-
th

sisting ges of diffusion: the first in the oxide layer and the
gecond in the silicon itself. The steps in studying this process would
be first to show gqualitatively that this diffusion process in fact occcurs:
and second to elaborate the quantitative details involved,

verified by many exper : £
28 well as cases in whm.ﬂ ot}: prac&ss@s dominate will be discussed
later. 10 1

ca* ons az’mz--g frcm ,he simu se
oxide layer during the diffusion operation will be discussed in Section

3.3,

s presente d in Section 3. 3 together with the

“;Mh the box method T
ration, oxide measurements, junction measg-

i
details of sample prepa
urements, and related matters,

The expe r'*nental results of the diffusion studies are given in
Section 3,4 and supporting work on oxidation of silicon is summarized

in Section 3. 5.

Mundra Solar PV Ltd., Ex. 1032
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4 as shown in Fig, 1.

i
g{ 810y ; 5i
| |
; ii j i 1
§ s
! > < r ot
i {
i f
'y i {
= -gtd vy =0 X =0
Fig. 1. The Relation Between 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
silicon-oxide interface., There is considerable evidence

£ éndicate th t*ihis is a poor assumptiont However, experi-

ments h digtribution in silicon dioxide

using the ra,dmactn tracer technique indicate that the dis-

tribution of phosphorus across the oxide-silicon interface

is continuous.

g) That oxidation ta ¢s place at the oxide surface,
Assumptions {a} and (b} simplify the i‘aa‘chem:aties involved. The
assumption {c) is derived {rom experiment, BMore discussion of

assumption {g) will be given in the experimental section,

The 4if f 1gion equations with initial and boundary conditions

which gatisfy the ass xmgtz,gns given above are

ac ic o

L. Dy f? ! (4)
Dt 0 %2 :

A
acC C2
Jt ay?
Cz{y,0)=0 (6)
1 -

Cy Fotz ,t) = G ¢ (7

Mundra Solar PV Ltd., Ex. 1032
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Cz oo, t) =0 ‘ (8)

o~ y T e~ —l} .
Ci(0,t) = C2 {%‘ o t2,t) (9
SO N - - 1 ~
- I3 el = .,I}aiié. ﬂ.gp - O J :
1 {8 % ix=o & 5y 5% t%’ w2 y= : . t.;. . {10)
T

The eolution of the Eqgs. (4) and (5)
satisfied take the form

el
&
o
o
£
far
m
o
e
s
o
foh
]
)
B
el
o
o]
e
oy
=
o
[»}
o)
w

Cilx,t) = —S9 (3-=E§F{h¥ erf e
HMRF() 2(D; 2
C
Caly,t) = ! ,,,“G — erfc Y '
A 14+7RF(h) 2(D2t)z

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

l/ x
Cp=Cofl - —5& (h) rf i (13)
e-p? +HRF(h) 2{D1t)?
1 e—pz o Y
Caly,t) = 5 ———p——"2-  eric ‘ . (14)
A e P° +nRF)R) 2(Dyt)3

Cne may view the above two sets of solutions as the two extreme
cases, one is for the case of oxidation at the cxide surface while the
other is for oxidation at the oxide-silicon interface. However, in an
actual diffusion the oxidation may take place at an intermediate .
position, depending on the temperature and the oxygen pressure. For;‘
the diffusion of phosphorus, experimental results indicated that the
oxidation most likely takes place at the oxide surface. -

Mundra Solar PV Ltd., Ex. 1032
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X = ag, a region of 810, and from x = ap to x = w,

s 3 H - 5 = o H o

Then it is assumed that the diffusion for the rest of the system takes
fal

However, the suiiace concentration at ¥ = bt varies

Finally, by Duhamel® 8 method one will get {Duhamel®’ s method can be
interpreted as the f*o*'z"clmuon integral which gives the response of 2
system as the integral of the product of the &xcitation function and time
derivative of the unit s’tep response function of the system. For a more
etailed discussion see Quarterly Report No. 5},

. : b '
i . Lo +xt +bt
v Co [ 2otk Dg(ao bt) . aotx! +2bt
Cilx! . t)= =9 terfc pmmms- t e ETIC e
2 | 2{D1yz 2{D1t)z
b oy 1)
- -x! 17 (Bg - +bt) 1
SRl herse 2o +e * erfc =o°X +2bt!% (22)
R+1 i)z Z(I}gt) iy
e { " 1
Colt 1) = 29 lerfe —no'X
R+ | 2(D2t)?
Ragtx® . bt
hite22 B ~
Y T = a
+ e L~z 1 ei‘fcém +b wt—-)i. (23)
2{2¢)2 D1 J
(20) differs from the Eq. {73) of Quarterly Report No. 1, page 26,

g,

only in the replacement of x* by X-{ag + bt)., The xs' of Eqs. {73),
(75), and (76) should be x' 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 x' < - ag, that is, the oxide layer grown during diffusion,” The
solution for the region x' < - ag {or x< o) is given by Bq. (20) upon
replacing x' by x-ag. If the arguments of the complementary functions

are greater than 2, one can use the approximation

Mundra Solar PV Ltd., Ex. 1032
Page 17



- *‘{’ .
erfcy— 2 (24)
~NT oy
Ly e Cp g'/ Rag + x! Qa@ +x! or
C?{X‘.,‘i} mm— = 11+ r c {25}
& B4+l ; g‘“a_ﬁ{a).‘_‘. } 3‘2)2
atx' =0
Cal0,t) = Co |14+ .2 erfc ——0 (26)
R+l L 23*&0 2 ’\{{D}‘ﬁ
or
C a
Ca(0,t) = =2 {}, + 22 erfe amol (27)
R+ || a 2(Dyt)z

if a “Fa,. Equation {27) was used for determining Dj for most of the
cases, Beveral corrections ra obtained for the ;arti&ui&r cases
concerned; however, thes
from Eq. {27) only slightly., Owing to th
measuring the surface resistances ?_é,uﬁ the junction depths for shallow
z mited to h;gh temperaiure

[$

nv:b
ﬂup

he c:;pﬁff'wyeﬂial difizc&éues in
junctions, the applicability of BEq., {27}
and short time diffusions in air

tion has been tried, but no definite re
in the following section,

3.23 Bolutions for
there is an initial oxide layer on the si 8
growth is parabolic. In Dr. Kahng' s al devivation he assumed
that the oxide laver growing during dif on can be approximated by

a linear relationship,

a = ag + bt. (28)

This approximation is limited in application to short time diffusions,

that is, when ag remaing larger than bt, However, in an actual dif-
O 3 . .
For instance, if one

fusion one often has the opposite case, 2 >> ao.

wants to determine D] at 10009C for phosphorus, the final oxide layer
may be six times thickar than ao before the silicon surface is converted.
The linear approximation for the oxidation during diffugion is thus
viclated. Figure 2 shows the relationship between the oxide layer

thickness and the diffusion time obtained from phosphorus diffusion at

9
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050C, Point A represents the initial oxide layer thickness, Point
rep esents the thickness after a (i ffusion for 49 hours and 27 minutes,
om this curve it is easy to see that the linear approximation o the
true oxidation is quite poor for this case. The calculated value of D]
based on Bg. {77} is 4.3 x 10714 :m2/sec. This value is too high for
phosphorus at that t ;e rature. Severzal other diffusion times have
been tried, but régla’a}e junction depth measurements could not be
obtained, The diffus:ion times were 10, 13, 17, and 24 hours. This
indicates that one cannot-use Kahngs formula to determine the diffusion
constant of impurities in 8102 at a temperature lower than, say, 1100°C,

'11 wg

1

It is found experimexnially that the oxidation during diffusion
follows closely a parabolic law of the form

(29)
If one uses this rih_hns’;xl} to set up the diife‘renti‘a}. equation for dif~
fusion with a moving boundary, one “z‘ay ceed as follows, The

coordinate 3}'3»&35&5 are shown in Fig, 3

5i 02 | 8i

=

o]
e}

0 x=0

[

rdinate Systems Used in Deriving
usion Equation

By
[
(’:’Q
S.Q
&
v
A
&
O
&)

[
o
o
4
oy
=

Fick! s law with the fixed coordinate reference is

100 2 N
“> - 2°C | (30)
t Dy 5% ’

@

The moving $i0) surface is related to the x-coordinate axis by

le

%=X -agt (aoz + g2t) (31)

(It is assumed that oxide layer grows at the oxide surface).

11
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2¢ o’ __ac 1 acC
< , — 26 _ 13% ., - (32)

This can be reduced to a simpler form by the following transformation. *
T
Eed

e -f K dz (33)
jO
where
42
* = (34)
4Dj(ao?+02t)?
thenlet C' =e%C., (35)

Substitution of Eq. (35} into Eg, {32} yields

22C 1 ac o4 ¢ b0tz C =0. (36)

"Diat 2+g2t)  8D}2{ao%+ct)3/2

Or!e can rather easily find a particuldr selution of Eq. {35} of the form

-2
2: N
Cyt = e “Di(ao?+ot)z . | (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 gimple method to find the ge ral solution of this
parabolic form, However, the form of the last term of Eq. {36) suggests

1
the use of a series of the following type as a trial solution.

cm n
C'{z,t) = 5, bult) Z . (38)
! (302+02t)ﬂ

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

coefficients bn(t),

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

12
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; - 1 g2 a2 2,2
2 t) = - {nr B +o&t b t
bp+2(t) {(n+1)(n+2} 1 16 )(a oot) ( )
(ag —rﬁzﬁ) /24 bp-1(t) + §~0 +gl ﬁ} b} (t)} (39
8D12

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

ol z
A T Z
Clz,t) = e *Plac2+s2t)z »y (1) 22 . (40)
(a02+0 )
e can find bg{t) by applying the boundary condition that
C{0,t) = Cp = bgft) {48)
Thus
bL{t) = © (49)
and o4
ba(t) = {ap? + 0%t) C (50)
32D 4
The other unknown is bi{t). It can be found if one knows
2
@-«9/ = A — belt) + bt} . (51)
27 1250 4D1(ag2+0lt)z (a02+02t)

From the phyaical get-up of the closed box diffusion system it is very

C -
hard to determine -2 . Physically -Dj 2% represents the
D2 | 4=0 O Z {z=0

flow of the impurity atoms into SiO2. However, if one can find the
experimentally, one can

distribution of impurity in silicon dioxide expe

13

Mundra Solar PV Ltd., Ex. 1032
Page 22



find the slope of this distribution cu
A solution of this differential equation is th
Then by applying the boundary condition at the silicon-silicon oxide
interface to the solution of the diffusion eguation in the silicon region
ary problem and D} may be determined,

rve at z = 0 as a function of time,
on ws found for the oxide region,

one can solve the moving bound
If one considers only the case where z varies from zero to (an2+odt)z,
that is, from the oxide surface to the silicon-oxide interface, there

is no question that this series expansion is convergent.  This is true

because the assumed form of sclution is a convergent series if the

i, If 3‘:‘! is determined experimentally,

Actually, one can

irom the physical picture of diffu-

aCH . ‘ha
At t =0, -2 =0 will be very large, because at the interface

sy

any : in impurity concentration. When t becomes

b3

0 will be small and {inally go to zero as t goes to

y. However, this series solution may not be applicable to the

t soclved, the above discussion
r study. Other metheds for
btained during low tempe rature diffusions

assumed linear function for the oxide
the parabola too much, However, one
strai portion from the curve shown, for instance
its © and B, Then considering point C as the time for the
layer, the diffusion time is CB of Fig, 2. 8ince Cpg is
independent of t, while Cox can be found experimentally by doing
several long time diffusions, one .can use Kahng's Eqg. (85) to calcu-
late Dy. There is a question, however, whether the surface layer will
be converted for such a thick ag and a diffusion time tgg. This has tobe
answered experimentally, Experiments at 1005°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 measurable

14
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junction depth for a, = 11008,

A“cher possible method of measuring Dy at low temperatare
deper n reducing the oxidation rate during diffusion by filling the
pSLi W i?: a mixture of air and an inert gas, Several experiments
nducted with boron as diffusant in a helium atmosphere,

&he zeaatian rate could be reduced., ¥Fu her investigations are in
progress,

('u
"ir

3.3 Experimental Methods

3.31 Principles and Technigues of the Box Method of Diffusion
3 T™

8
The box method of diffusion, developed by DAsaro {ref, 2}, was
selected at the outset of these experiments because it appeared to
offer independent control of surface concentration and temperature,
The essential part of the technique is
diffusant source consisting of the impurity oxide dissolved in 8iOp
together into a rather tightly closed container, An oxidizing atmos-
here 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 ihe surface area of the source is
much greater than the surface area of the sample, was presumed to be
an equilibrium surface conce&tratien of diffusant in the oxide thatwould

to place the test samples and a

g

o

be independent of temperature over the ordinary diffusion range, In
the simplest view the surface concentration in the oxide layer of the
test sarnple would be the same as the bulk concentration of diffusant

in the source mixture,

In early experiments the box was made of thin platinum sheet and
had a cover that was designed to provide a long leakage path for the
diffusant while allowing the pressure to equalize readily, The source
mixture was prepared by drying a slurry of colloidal silica and a
solution of the diffusant oxide P205, B203, etc.). The system was

not satisfac tory, how ‘mx, because the source concentration decreased
very rapidly at diffusion temperatures. This was checked by comparing
the sheet resistances of a series of samples diffused in succession for

short times using the same source,

Y

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 of the source
material was found to be slight even for diffusions of the order of

15
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3.32 The Bake-ocut Effect Another w-flculty was observed,
a geries of short diffusion runs
urce material and capsule, it was found
n eszive tast samples increased
d constant. The time required to reach a

was made with the sa
that the surface concentra
for a while and then r——‘;-:h L

o few hours. This bake-out time
depended on source strength, the type of diffusant, and the diffusion
temperature,

stable constant concentrati

Several experiments were done in an attempt to determine the
origin of the bake-cut effect. In one, a much tighter platinum box was
sed instead of the s ilica capsule. It was found that the bake-out time
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 {rom experiments in which the
silica capsule was used for a long time. Lac.; tirne new source
material was used in the old capsule the same bake-out time was

The possibility of a slow change of surface conditions in the
source was next considered. One method of modifying surface condi-.

o

res of 8107 and Pa@ made ™ mxxmg silicic acid
and phosphoric acid were heat-treated at iZB“‘“C for 4% hours ina
platinum "'Oﬂtqiﬁ r with a tight quartz cover, A few ésffasxons 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 distilled water After driving out most of the moisture in the
source, several diffusions were done. This process was repeated
imes with bcn_h ng water for one hour, 30 minutes, and 3 hours
respac‘i e2ly. The results are shown in Table 1. It is rather con-
sistent that there is a drop in surface concentration for the diffusion
fter each boiling process. XEach time the concentration built up
radually but tock a shorter time than for the first bake-out time
riod, From the oxidation rate for each sample after the boiling
ocess the indication is that the drop in surface concentration was
ot due to fast oxidation in the presence of moisture during diffusion,

e
d

three i

A test for phosphorus content in the distilled water after each
boiling process gave no indication of phesphorus. However, from the
change in surface concentration there was a decrease in phosphorus
concentration in f‘z* source after each boiling. Itis possible that the
amount of phosphorus dissclved was too small to be detectable,

s

p‘-
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No, T t a fs
[o P : *) e
min A Oniny
1. 1237 30 2100 8,94
2. 1237 30 2050 6,96
3, 1239 30 8.09 5.06 3.8 x10%? boiled for one hour
4, 1238 12 1000 67.7 1.53 1.4 x 1019
5. 1240 30 2200 4.95 4,96 3.8 x 1019
6. 1238 30 2200 5 5.19 5.8 x 1019 Boiled for 30 min,
7. 1240 12 1200 115 1.86 6.8 x 1018 junction irregular
8. 1240 30 2200 6.82 5.06 4.6 x 1019
8.23
9, 1240 30 8.23 4.5 4.1 x 1019
10, 1240 30 7.7 4.72 4.15 x 1019
11. 1240 21 1720 9,06 4,02 4,1 x1019 boiled for 3 hours

13, 1241 16 1500 15.62 3,24 3 x 1019
14, 1241 15 1430 16.2 3.1 2,1 x10l9
15, 1241 30 2116 8.94 4.72 3,7x 1019

= el P 7} - HV oy e . - .
Experimental Results of Boiling Phosphorus Source Material

this experiment would be that under
ribution of impurity oxide
here is a tendency for the concen-
h an equilibrium value at the

s. Although one may consider it
as a solid solution,conditions at the surface may be quite different
from those in the bulk. Since the silica is celiloidal, surface conditions
dominate, This mixture forms rather tight structures and water will

1

surface of the silicon dioxid

n o

S

b et
o
w
[
i
I
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low temperature.
the source condition.

1

behavior of the impurity atos

3

arrangement takes
=3

hard to det

(¢}
H
g
'3
(e
®
"
J
o

T
change of surface concentr
to conduct the diffusion fo
obtain measurable junc
of the time required

data.

3,33 Junction Measurements and Calculations Sheet resistances
e ¢ point probe method, and
gle lapping and staining tech-

18
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conditions encountered in many of theﬁ diffusion studies, The ¢
cases, in which masking is marginal, are of great inter T
but result either in no junction or a ve: lov
diffusion is performed through an Q;Ki‘fi": it ig found experimentally that
very shallow junction depths and junciion irregularitie

ciated, The sheet resistance is high and varies ac ~
fnaxmg probe measurements less reproducible Qn the other ha d, if
the junction depth is more than a micron or two the measurements ar
readily made,

are often agso-
i- P "

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

3.34 Oxide Ilayer Me:

measured by compar *15 L e in color on ¢ cxiéa =ur£ase
with a series of standa a e he standard
gamples wers prep e'i b amples in

J
Du-g
‘f

diluted H¥'. They ¢ 2 0,000
at intervals of about i.t} 2‘—; can be irsre

polated within about = L
In this range the m-{:értaint“ is largey,
‘.:zceftak;nty in the interference fringe te
Fortunatel é‘{ however, most thicknesses toc be measured were gfeawr
than 1000 A, Details of the preparation of these standard samples are
presented in the appendix of this report,

3.3% Procedures of Sample Preparation Single crystal with the
proper initial doping was cut into r rectangles of &ize 1/4 by 1/8 inch
and from 10 to 15 mils thick, " The broad surface was a {1 11) plane.
Cne side of the sample was polished with Linde A abrasive to mirror-
like smoothness., The samples were then degreased with alcohol,
tricholoethylene, and acefone. The samples were then etched in HF,
rinsed in deionized distilled water and stored in acstone before the
diffusion. The acetone protects the surface and evaporates readily .
at room temperature,

4

At first it was thought that a u 1 way to remove the surface
lamage due o pohé‘ih'; g might be to oxidize the sample heavily in steam.
Af er removal of the oxide with HF surface remains smooth and
polished, It was found by Kabing, huﬁrever, {discussed in the Second
Quarterly Report) that under these conditions the 'snow plow'" effect
could make serious changes in the surface concentration and hence
might lead to errors in the diffusion experiments., Consequently this

technique was not used for surface preparation in later experiments.

fdha

19
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\\“% terial \_Sample

Fig. 4. Quartz Capsule for Closed-Box Biffusion

ouf time was first established
tions could be obtained. Then the
checked with control
5 e did not deplete. The temperature
surface concentration, the oxide masking effect, and the
This was done by placing four

t

3 . -— AL
hicknesses for dif-

deg

determination of D] were studied next,

nt initial oxide laver
and an estimated length of diffusion time.
: temperatures. Consider-

to five samples with differe
fusion at a fixed temperature
These experiments were repeated for various
able cut-and-try was involved in establishing suitable combinations of
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es of the remainder of the experimental work Were
to eval*“te the adequacy of the Lﬁesfy ﬁreaeﬂwd in Section 3,2 aﬂd '3;0
determine the magnitudes of the cons Dro
The measured quantities were the s zeé £ G‘f the diffuseu layer
in silicon, the junction depth in the s > oxide layer thickness
efors and a iie:rf diffugion, Theze qu cbserveé as functions
e of diffusion, 'I‘he
rom these daita were the f’iﬁ‘umoq constant D] in
efficient R, . The calculaticas in most
instances were ba sed on Eq, {27}, page 9. The surface concentration was
also calculated on the assumption that the distribution of impurity in the
silicon was approximately of the coz exrror function type,

e
o
Q
v
LA
[¢]
¥]
o+
fedn
<

2PE iate egua i}nﬁ

r to heat-treat the source
ature in order to obtain
;eproducf le diff A typical bake-ocut curve is ghown in
Fig. 5 for a source coentaining 1. 3% phosphorus by weight, Also shown
is the r:ﬂa tive absence of bake-cut effects for a 15% phosphorus source,
¢ obtained by diffusing unoxidizes samﬁes for 15 minutes
—’*ach t the tirne iﬂéica‘:ed. n general the more concentrated sources

o
0
[y
| o]
=
5]
[l
]
&=
fah
i
[5i]
h

[s

It will be noted that the surface concentration iev quite constant

after egquilibrium is established, For much fcmger diffuzions the surface
concentrziion obiainable g?aduaﬁxy decreases bacause g,f source depletion,

The equilibrium surface concentration is roughly propertionsl to the
original phosphorus concentration in the source as shown in Fig. 6.
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d with
concentration is
z'ig. 7. This
hamer the

When sample
?rs*f;erlv ﬁa&@é out gource
very nearly independent
result would be predi

Qmuaizon éa."*ncx di

o]

in&t wWeras o
w;t‘* tempears

1o -
D= 1,8x10"0 ¢ KL om?/sec {from 1060 to 1350°C).

The two curves for 3% sources in Fig. 9 indicate about a 30% scatter i

i
the rasults from two series of experiments.,

r

Sz2h and his
{Ref, 5} are

than the temperature
values ob s.amed here,

Figure 10 shows the oxidation rate versus A/’T for different source
urve was more accurately determined than the
he slopes of the oxidation are not very accurate, the

increase in oxidation rate with source strength is marked, An .expression

' -2.24 -9 :
6% =1.95x10-5 e kT  cm?/sec. (52)
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ource, This

1 aner, such

an 1050°C in

W

in
ic
'

hlg‘z szda.t:c* “‘!té, in
of o and Dy,

Figures 12 and 1

3 s
particular diffusion c&nditians gquoted, F
3.42 Experimental Results for Boron Diffusion in Air.  The
following source strengiths of boron h.-_va been atudiedr 0.001, 0.01
and 0.1 per cent, Addit 1 stud ut fime phenomenon
were made with source strengths of 0. 6‘*003, {i ,;n 6, L.0013, 0.603,
0.006, 0.5 and 1 per cent, The preparation of the sources is similar
s rus source with P30s5 replaced by
Bz(}?.‘ --11 the :i ffusions were done in fused guartz capsules which were
wrapped with glatmum foil {1-mil thick} to make them fairly tight,

source strength to the saturated t
This will be discussed later. The other objects were to determine Di,
oxide masking effect, the temperature ée?endc nce of the surface
concentration and the junction-depths versus the initial oxide layer.
E}:gerzmenf 1 results are presented in ‘r“‘irrs, 15 to 35 and some explan-
llowing paragraphs,

The purpose of studying the low sour
g
1

Figure 15 gives the surface concentration versus source history

I
ide the brackets represent the source concentrations

Fir ve that the bale-out time changes with source
t‘t“engﬁ ource strength the shorter the bae-out time
will be r source strengths from 0, 006 to 0.5 per cent
the va fiafiun in bake-out times is very small compared to the variation
of source strength b cr of almost . Within these source
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strengths it scems that the surface concertration ohiainable stays
within a lz,*ni‘e: d range

Secondly, two experiments with 0.01%
The second series was done under better cont
variation in temperature in this case was les

rest of the curves we G%iiiﬁleé at a temper
when measured with a P '

L
o
<
[
-~1a
]
ot
]

s ]
»3
o

with “new“ is the secon rce,
differs from that obtax;ged wi “n the first by a

for this difference is not known,

Figure 16 shows the diffusion time dependence
concentrationwith a, = I
diffusion time, as wasg I

[wn]

.

o

& case w;th phosphorus.

Figures 17 to 22 show the relation of Cy versus 1/T and the
relative effectiveness of oxide mas h:ing Ah{}qa curves for ag different
from zero have meaning only when interpreted for the particular dif-
fusion time given. The times of .uff‘si on wez ary 1 €
long enough at each temperature to result in converted surfaces,

H
o]
b
wﬂ
N
o
i

Figures 23 to 27 show the relation between ¢ {the oxidation rate)
I

and 1/T. Those curves that can be represented by straight lines are
given by expressions which contain activat

for other curves are scattered too much to 1
by straight lines. From the curves shown ii: iz seen that at high temper-
atures the separation of the points for 41 layers

F

is greater than at low tempsratures., Als: hicke nitial oxide
layer the smaller the value of o, These dil 1ce beyond tha

errors in measuring the oxide thickness. Ian Fig. labeled
by letter 'B' was obtained from the old temperat t By com-

parison with the other curves s]:mwrz, whiclh re obtained under a
better termperature control, it scems that the vavriation f h% diffusion
temperature may not be the major cause of the scattering of the experi-
mental points,

Figure 28 shows the plots of ¢ versus 1/T with different sources
for ag = 0. From these curves it is very h:x rd to find out whether theve

is some relation between source strengths and the oxidation rates,

Figures 29 to 34 show the relation of % us ap., Some of these
curves can be approximated by a straight Tim% in i;h region between
000 to 3000 but others . The R values obtained from the slopes

3000 2, 5
of these straight lines ave presented in Table II. Values in parentheses

e
"Il

0 o
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Silicon Surface Concentration in Atoms/cc

10 -

0.1% Boron
1020 T = 1270°C

T = 1240°C a0 = 0
!Dlg . ‘ % -
10° *
100 200
Diffusion Time in Minutes
Fig. 16. Silicon Surface Concentration as a Function

of Diffusion Time
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Junction Depth in Microns
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are obtained from the measured D). The R values obtained from these
two methods agree moderately weil,

TABLE II
T ©C 1380 1330 1235 1174 1060
1% R 15,2(13) 28(11.5) 10(9) 13(7.5) 5(5)
T.°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-9C 51350 1340 1245 1184 1070
0.00% R PER6ITL). 9.2(12.2) 10.2(9.2 9A6)L Seisn

Values of R Obtained from the Slopes of xj Versus ao

Figure 35 shows the relation between D] and 1/T for different
source sirengths. Although there is considerable scatter, D] 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 D} with 1/T approximately. Also
shown is a curve of v2 versus 1/T for comparison with Dj. These curves
are labeled ' A' and 'B'. It indicates that if D] has a value not very mxh
smaller than o2, a converted layer is possible by diffusion in air at that
temperature, otherwise nc conversion can be obtained. This may ex-
plain why no converted layers were obtained at 1000°C for boron even
for ag = 0. From these curves it is suspected that either o2 or D) or
both may have different activation energies at low temperatures from
that at high temperatures.

Since no successful diffusion at 1000°C for boron has been obtained,
the value of D) in that range of temperatures is not known. If one
extrapolates the curve shown in Fig, 35 to 950°C the value of Dj will be
1 x 10-15 cm2/sec which is 104 times greater than the value estimated
by Frank Keywell#_

‘E 2 . -
Frank Keywell; private communication,
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Values of R were calculated from the average curve of D] and is
shown in Fig. 36. In the same figure the values of R for 0.1% and
0.001% 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 consistent results on the highest surface
concentrations obtainable, except for the 0.1% source. No converted
layer was obtained for 0. 1% source. The saturated surface concentra-
tion was close to the solid solubility of antimony in silicon in the
temperature range investigated (around 5 x 1017 atoms/cm?2). The
oxide layer will not mask antimony diffusion effectively. No successful
diffusicn was obtained at temperatures below 1150°C for the diffusion
time used.

There was another 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 cof the diffusion of Sb
through SiOp in air. Firsi, there 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 these
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, 1 and 5 percent. Similar short bake-out times
were observed for other source strengths higher than 1 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 ag = 0 is shown

in Fig, 38, showing that C, is independent of diffusion time. Similar
results were observed for other source strengths,
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Figure 39 shows the Co versus 1/T for ag = 0. For all the source
strengths investigated except the 3% source the curves are crowded
together and exhibit-similar temperature 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 Co is limited by the solid
solubility of Sb in Si and not by the surface condition of the source.
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 ag 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 5iO3. The high diffusivity of
antimony suggests it mdy be a good element for studying simultaneous
diffusion of two impurities. However, it has a limited value of surface
concentration and thiz iay cause some trouble for simultaneous dif-
fusion studies.

The variation of junction depth with ao 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 agh for
the diffusion times and temperatures investigated.
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As a result of measurement difficulties there were uncertainties
in the calculation of D] from the experimental results. Only three sets
of D] seemed to be consistent and they are shown in Fig. 57. If one
compares the D}'s with different source strengths it scems that D}
for 3% source does not agree with the other two source. strengths,

-

5

10

cm?/sec

Dy

0. 53 v | Oibs 0. 66 0.68 0. 70

1000/T °K
Fig. 57. D] Versus 1/T for Sb as Diffusant
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Figure 58 shows the calculated R from Fig. 57 as a function of 1/T
for 1 and 5% sources.

An expression of cxide layer thickness as a function of time and

temperature under the diffusion condition for the 5% source is

e L
x2=1.32 x1016¢ r (53)

where x is 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 which is close to the value given above (see Fig. 13
of Quarterly Report No. 5).

In order to check the wvalidity of the experimental results for
antimony diffusion, experiments on the 1% source were conducted
using the determined value of D; to predict the ratio of Cox/Cpo 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 may not give reproducible
results. More work has to be done in order to reach a conclusion,

4.0 CONCLUSIONS

Qualitative verification of the mathematical model ct diffusion in
the oxide-silicon system in air was obtained. The mathematical dif-
ficulties in the application of Fick!s law to this syvstem are very great
in general cases. However, relatively simple approximate solutions
for special cases were obtained and evaluated. A first-order analysis
of masking in preoxidized samples was based on approximating a segment
of the parabolic oxide growth curve by a straight line. This approximation
was found to have limited application for diffusions in air. However, it
may be more useful in diffusion methods permitting a reduced oxidation
rate,

¥From the experimental results obtained for the diffusion of phos-
phorus, boron, and antimony it appears that diffusion in air with the
box system is useful mainly in the temperature range 1150 to 1350°C,
For diffusions at temperatures lower than 1150°C a reduction of
oxidation rate will be neceded.
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Although a conclusive answer to the problems of the oxidation
mechanism for silicon in air and the diffusion atmosphere was not
obtained, considerable evidence has been accumulated, Sonie 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 Si0O2 and the oxidation rate in ar oxidation
atmosphere governs the diffusion phenomenon, If the square of the
oxidation rate has a value larger than D} by more than an order of
magnitude the diffusion into the silicon will be very much retarded. The
"activation energies' for oxidation under diffusion conditions vary with
source strength and 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 cause of variation ¢f surface concentration. The
surface concentration will be proportional to source strength up to
levels at which the solid solubility of the impurity in the silicon becomes
a limitation.
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APPENDIX A

THE PREPARATION OF THE STANDARD OXIDE LAYER
THICKNESS GUIDE

It is reported that there is a definitle relationship between the
interference color of the silicon dicxids layer and its thickness (ref. 6).
This can be expressed as

2b -
3 . (2b -1) A (A-1)
4y

oxide layer thickness in the same units as A,

= the order of reflection, ;

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

AL = the index of reflection of light waves in SiO2. It has

a value between 1 and 1. 5.

Ao
I

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 A. 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 steam to ten thicknesses from 1000 to 10,000

at 1000 & steps with fifteen saraples 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 time. Thus, although the thicknesses of the
samples of each group might not be exactly 1600 R, or 2000 K, etcetera,
the thickness differences between successive groups were constant,

One sample from each group was used for thickness measurement
by the interference fringe shift method. The sample surfaces were
masked and the oxide layers which were unprotected were remeoved by
HF. This p:ci\iced 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 & so that the reflection surfaces
were at the same condition for both the silicon side and the oxide side.
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TABLE A-1

Color Brownish Clean Dark Red Dark
White Brown Brown Brown Purple
)4 685 733 795 850 884
Color Dark Dark Clearish Still Pale Blue
Violet Blue Blue to Clear Green
Greenish Blue
R 925 959 1120 1610 1680
Color Pale Qear Clear Golden Orange
Green Yellow Yellow Yellow
Greeni
R 1760 1860 1930 2060 2410
Color Red Deep Violet Blue Greenish Bluish
Purple Blue Green
A 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).

N

) (A-2)

Thus the oxide layer thickness was determined for each group.

5102 d

77 //f/f/ 7 T AN AN A T
Si ;

Fig. A-1. The relation between oxide layer thickness and the inter-
ference frmge shift produced by a monochromatic light with wave-
length A .
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It has been established that the etching rate of a diluted HF solution
is constant. Thus if cne determines the etching rate experimentally and
then removes the oxide layer for a predetermined time, the oxide layer
which is removed will be a known quantity. A representative etching
curve is shown in Fig. A-2. This was= determined by the color chart
in Table A-1 and checked with the interference fririge measurements,

Thirteen out of the remaining fourteen samples in each group were
etched in the diluted HF solution to steps of 100 &, approximately, This
was done by regrouping thcse samples into thirteen, each of which had
ten samples with different oxide layer thickuesses. All of them were
put into the diluted HF at the same time. _The first ten samples were
take% out at a time such that approximatel\&- 100 £ had been removed,
200 A were removed from the second ten samples, etcetera. The
interval between two successive groups was constant, which was the
time needed to remove 100 &, In this way ten overlapping series of
oxide layers were cbtained. Each series had 14 samples in 100 2 steps:
thirteen etched samples and one which had not been used. For example,
one series had the range from 1000 & to 2500 & and another series had
the range from 200 2 to 3500 K. '

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 interference fringe shift. The series has a range from
500 to 10,000 &, When measurements of oxide layer thickness is needed
one has only to compare the color of the sample with the standard samples.
Since human eyes can distinguish different 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 and counting the number of color bands under a micro-
scope, or by observing the color change resulting from tilting the
sample gradually. Ever thcugh two samples of different thicknesses
may appear to have the same color uzder a vertical incident light, they
will exhibit different colors when tilted gradually.
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