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DIFFUSION OF PHOSPHORUS IN SILICON OXIDE FILM 
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Abstract-The system PzOs (vapor), SiOs (thin film) and single-crystal silicon has been investigated 
bv solid-state-diffusion techniques. The p-type silicon underneath the silicon oxide film was used as 
a”phosphorus detector”. A rapid and complete chemical reaction apparently takes place between the 
SiOz and the diffusant, phosphorus or phosphorus oxide, forming a glass (or compound) of unknown 
composition P,Si,Oz at the glass/silicon interface. A sharp boundary is found between the glass and 
unreacted SiOz. The results indicate that the growth of the glass is limited by the diffusion of the 
phosphorus species in the glass with very little or no diffusant left to diffuse in the unreacted silicon 
dioxide after the complete reaction at the glass/silicon dioxide interface. The growth of this com- 
pound or glass follows the parabolic law and is experimentally given by .yrnz:‘tnL 1.7 x 10-7 

exp( - 1 .46,‘kTrrL) cm2/sec or snL \ (tlJ,) == 250 exp( -~-1.46/2kTm) pi \ (hr) over the temperature range 
OOO-1250°C. Here .x,,~ is the thickness of the glass, tJTl the diffusion time and T, the diffusion tempera- 
ture (“I<). The subscript 1)~ denotes the condition of complete masking of the silicon oxide against 
phosphorus, i.e. no n-p junction is formed. 

Diffusion experiments in which the silicon oxide film failed to mask or only partially masked 
against PsOs, i.e. x$,‘ta was smaller than the value given for N~,~? tni, where xo is the original oxide 
thickness and td is the diffusion time, were also performed and could be interpreted by using a two- 
boundary difiusion model. In this case, a species of phosphorus or phosphorus oxide apparently 
diffuses through the glass with a diffusion coefficient, DI, followed by the diffusion of phosphorus in 
thep-type silicon with a higher diffusion coefficient, 02, to form a n-p junction underneath the glass. 
The segregation coefficient of phosphorus at the boundary between the glass and the silicon is 
apparently small. The transition region between complete masking and partial masking is well 
defined and occurs at a silicon oxide layer thickness < 500 .&. Such a rapid change represents the 
transition between the models discussed above : the model for the growth law of the glass in silicon 
oxide and the two-boundary diffusion model for partial masking. 

1. 1NTRODUCTION 

SILICON oxide films have been used for selec- 
tive masking against impurity vapors during diffu- 
sion in silicon for semiconductor-device fabrica- 
tion.(l) The completeness of masking of phos- 
phorus, in general, can be controlled through 

several parameters : oxide thickness, diffusion 

temperature, diffusion time, impurity vapor pres- 
sure and impurity concentration (p-type) origin- 
ally present in the silicon. Partial masking for the 
control of the total amount of impurity diffused 
into the silicon is also possible by adjusting the 
above parameters. A series of experiments were 
performed in which several of the above para- 
meters were varied and in which phosphorus was 

* Formerly of Shockley Transistor Corporation, 
where the experimental work was done. 

used as the impurity atom. The results are dis- 
cussed in terms of two approximate diffusion 
models. 

2. EXPERIMENTAL APPARATUS AND 
TECHNIQUES 

The oxide film was grown on silicon slices in a high- 
temperature, open-tube furnace containing a Mullite 
furnace tube of 45 mm inside diameter. The oxidizing 
atmosphere consisted of tank oxygen saturated with 
water at room temperature (around 25’C). The oxygen 
was allowed to flow over the silicon surface at a ratezof 
500 cc/min. 

The silicon slices were p-type, 0.30 a-cm, _ 200 v 
thick, cut from a single crystal of (100) orientation. One 
of the surfaces of the silicon slices was mechanically 
polished to a mirror finish with Linde A aluminum oxide 
powder. The other surface was lapped with Carborundum 
powder of 1950 grit. All experimental data were obtained 
on the polished surface. 
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DIFFUSION OF PHOSPHORUS IN SILICON OXIDE FILM 

The diffusion experiments were performed in a two- 
zone, open-tube furnace system slnular to that described 
by FROSCH and DEREK(~). The system is shown in Fig. 
1. The carrier gas, Ns, was dried through a silica gel 
drier and a cold trap of dry ice and acetone mixture at 
--78.6”C. Traces of water in the tarrier gas would cabse 
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tm, required for each aride mask to fail, i.e. just 
before a n-skin is formed, wal determined. The 
experimental results, shown in Fig. 2, indicated 
that a parabolic law was satisfied. 

Tank N, , Acetone dry ice 
s,,/ cI 

!le4 

cold trap 

FIG. 1. Schematic of the two-zone phosphorus-diffusion 
furnace. 

the life or the consiancy of the vapor pressure of the 
PsO5 source 10 deteriorate rapidly and tend also to build 
up oxide on the silicon surface during diffusion. The 
carrier gas flow-rate was maintained at 200 cm3/min 
through a quartz furnace tube of 34 mm inside diameter. 
The furnace tube was thoroughly rinsed in tap and de- 
ionized water afrer each experiment and dried before 
being used again. Fresh and dry PzO+ powder was 
loaded in a cleaned and dried quartz boat and pushed 
into the low-temperature (source) zone of the furnace. 
The PzO5 was usually aged for 1 hr before the start of 
the experimental run. For all the experimental data pre- 
sented, the source was held at 211°C. Fresh PzO5 Lyas 
used every 4 or 5 hr. 

The oxidation and the diffusion-furnace temperattires 
were controlled tu wirhin If 1°C over the entire durarion 
of the exptrlmeoral run by a Ihermocouple-controlled 
automatic sysrem. The silicon samples and the PaOs 
source were placed in the flat temperature zones where 
temperature variation over the zone was less than 1°C. 

3. EXPLORATORY EXPERIMENT 

In or&r IO design a camp&e set of experiments 
to determine the diffusion characteristics of phos- 
phorus in silicon oxide films, exploratory experi- 
ments were performed to ascertain that the re- 
action of phosphorus and silicon oxide would be 
accounted for by a diffusion model. The solution Of 

rhe diffusion equation requires thar the diRus>on 
depth, x, be proportional to the square root af the 
diffusion time-the parabolic law. In the ex- 
ploratory experiment, this relation was verified for 
the condition of complete masking at a diffusion 
temperature Td = 1100°C. Oxides of various 
thicknesses, ~0 were grown, and rhe diffusion time, 

T 

FIG. 2. Exploratory experimental results of the d&sign 
time, tm, at which a silicon oxide film of a given thickness 
xs fails to mask against P205 vapor at a diffusion tem- 
perature Td - 1100°C and a PsOs temperature T8 = 
211°C. The original resistivity is 0.3-Q-cm P-type. 

4. EXPERIMEN~At RESULTS 

In view of the confirmation of the dlffuslon 

model from the preliminary experimental data, ex- 
tensive experiments were designed to determine 
the mask-failure condition at various tempera- 
tures. Some partial-masking experiments were also 
performed and are discussed below. 

(a) Oxide jfms on silicon 

The oxide films were grown at two tempera- 
tures: 1200 and 1300°C. Accurate oxide-thickness 
measurements were obtained with a Beckman 
DK-2 spectrophotometer modified for reflectance 
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measurements. These reflectance measurements 
were accurate to better than 1 per cent and lie on a 
straight line. Thus, only solid lines are drawn in 
Fig. 3 rather than showing individual expcri- 
mental points from the reflectance measurements. 

I 

I 
i -I 

IO 

Fro. 3. The growth of the silicon oxide film on single- 
crystal silicon. Oxidation time, tm, vs. oxide thickness, 
~0, at oxidation temperatures To = 1200 and 1300°C. 

In addition, a uniform spacing was observed in the 
wavelengths of reflectance maxima and minima 
which follows the relationship Znxo = mh, where 
n = 1.5 is the index of refraction of silicon oxide, 
xc is the oxide thickness, m is the order of the re- 
flectance maxima or minima and h is the wave- 
length of light at the extremes. This suggests that 
the silicon oxide film had a rather uniform com- 
position throughout the entire film. 

The experimental data shown in Fig. 3 indicate 
a parabolic growth law for the oxide film. The 
activation energy of this process, estimated from 
the data at the two temperatures, is roughly 1.5 

eV (35 kcal,‘g-mol). ‘The results obtain4 1~~ 
bGENZ.A(2) and by IA\! 4) on single-crystal silicon 
surfaces show an activation energy of 1 .7 cV (40 
kca,‘g-mol) in the range 750-950°C. The activa- 
tion energy compares favorably with that ot 
I~ARRER(~), \vho obtained a value of 31 .3 kcal,‘g-mol 
(1 .3h eV) from pcrmeahility cxpcriments on 
oxygen in fused silica. 

Some put-rlislicd oxidation data for silicon arc 
compared in Fig. 4. The data obtained by KVASS 

r, oc 
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IOOO/Ts, “K-’ 

FIG. 4. The growth of the silicon oxide film on a silicon 
surface, xojd(to) vs. l/To(“K), the reciprocal of the 

oxidation temperature. 

and cHATTERJd5) on polycrystalline silicon dis- 
agree in that they obtain films about ten times 
thicker at the same temperatures. 

(b) Silicon oxide mask-failure condition 

One series of experimental results is presented in 
Fig. 5. In this series the diffusion time, tm, was 
fixed at 30 min (the subscript m denotes the mask- 
ing condition). Silicon oxide layers of various 
thicknesses were prepared and exposed to PsO5. 
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Diffusion was performed at several closely spaced 

temperatures to determine Tm, the temperature 
at which the oxide fails to mask against PsOs. 
Mask failure was ascertained by the presence of an 

P 

0.1 
0.6 C? 0.8 0.9 

IOOO/Tm, OK-’ 

FIG. 5. The thickness at which the silicon oxide film 
fails completely to mask against PzO5 vapor at a diffusion 
time tm - 30 min vs. the reciprocal of the diffusion 

temperature, l/T&OK). 

n-skin underneath the glass. The n-skin was de- 

tected by a hot probe after the glass had been 
dissolved in hydrofluoric acid. Each point in Fig. 
5 corresponds to about three to five trial +-hr 
diffusion runs. 

From these data, the activation energy (Ea) of 
the diffusion process of phosphorus oxide in the 
silicon oxide film is found to be 1.43 eV. 

The increase of the oxide thickness during 
diffusion has been neglected in the data of Fig. 5. 
This approximation is justified from two observa- 
tions : 

(1) The original oxide thickness, XC, required for 
masking is considerably thicker than the addi- 
tional increase during diffusion, as estimated from 
Fig. 4. 

(2) There is no oxygen present other than that 
chemically combined in the PsOs vapor during 
diffusion and that distributed and unreacted in the 
SiOs during the oxide-film growth. 

Hence, it is probable that the additional oxide- 
film growth would be even less than anticipated 
from the data given in Fig. 4, since the latter 
correspond to a constant-surface-concentration 
oxygen source. 

Another series of experiments was performed 

with a fixed oxide layer thickness x0 = 0.36 p 
obtained by oxidation at 1300°C for 1 hr. With 
several trial experiments at a given diffusion tem- 
perature, Tm, the diffusion time, tm, at which the 

oxide layer failed to mask against PsO5, was ob- 
tained. The experimental data are presented in 
Fig. 6. These results indicate an activation energy 
of 1.47 eV, in agreement with the experiments of 
Fig. 5. Because of the thermal mass of the silicon 

IOOO/Tm, OK-’ 

FIG. 6. The diffusion time, tm, at which a silicon oxide 
film of thickness xo = 0.36 p fails to mask against 
P&s vapor vs. the reciprocal diffusion temperature, 

l/Tm(OK). 

slice and the sample boat, the high-temperature 
data at relatively short times tm may not be accur- 

ate. 
The experimental results of mask failure are 

analyzed by using a diffusion model. Thus, it may 
be assumed that 

Xm 
=L 

22/(Dltm) 
(4.1) 

Here L is a constant and is a function of the 
boundary condition at the vapor/silicon oxide 
interface for the limiting case of complete reaction 
at the glass/silicon oxide interface; D1 = Do 
exp( -Ea/kTm) is the diffusion coefficient of phos- 
phorus or an oxide of phosphorus in the phos- 
phorus silicate glass produced by this diffusion; 
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X~,~ is the silicon oxide thickness and tm is the diffu- 
sion time. The experimental data from Figs. (2), 
(5) and (6) are reduced hy means of equation (4.1) 
and presented in Fig. 7. It is seen that the results 
from the three sets of experiments lie on one curve 
and are thus consistent with equation (4.1). ‘The 
data can be fitted by the relation x,;%/(tm) : 250 
exp( -~ 1,46:‘2kT) p/l/&), or 3~~~~4 ‘i,,I :-: 1.7~ 10-T 
exp( --1.46;kT) cm’, sec. 

In Fig. 7 the calculated square root of the diffu- 
sion coefficients is also plotted from data of partial- 
masking experiments discussed in the following 
section. ‘I’he diffusion coefficient ZIl is the same as 

were performed by fixing the diffusion tcnlpcra- 
ture Td and the diffusion time t,l ~vhile \argillg the 
oxide thickness. Thus, increasilrg amounts ot 
phosphorus pass through the silicon o~idc~silicorl 
interface as the oxic!r layer gets thirlnct-. ‘l’tic reslllt 
of a typical experimental series is bh~i\\n in I:ig. S. 

c, p 

01 O-2 03 04 

I 

5 1300 1200 1100 / /, / / I 1000 I 900 
800 

/, r 

! 

IOOO/Tm, ‘K ’ 

FIG. 7. ‘l-he growth of the phosphorus silicate glass in a 
silicon oxide film on single-crystal silicon, .XU.’ \ (TV) vs. 

the reciprocal temperature, 1 :T,,(“K). 

that in equation (4.1), while D2 is the diffusion 
corflicicnt of phosphorus in silicon, neglecting any 
concentration-dependence. The detailed calcula- 
tions are discussed in a later section.* 

(c) I’avtial masking by silicon oxide 

The mask-failure conditions determined in the 
previous section, if exceeded, would result in an 
la-p junction in the silicon at a distance xi beneath 
the silicon oxide. Several series of experiments 

* Data plotted for t’(Da) in Fig. 7 in addition to the 
two values shown in Table 1 were obtained under the ex- 
perimental conditions described in the text but with 
zero initial oxide thickness. 

6, min 

13~. 8. The four-point probe resistance nlld the II-~) 
junction depth of a rz-type (phosphorus) layrr formed by 
diffusion of phosphorus oxide through a silicon oridc 

film \ s. the slllcon oxide film thickness. 

The sheet conductance (I,’ V) was obtained by the 
four-point probe tcchnique,(fi) while the )I ~/I junc- 
tion depth, xj, was obtained by cylindrical groom-- 
ing and subsequent staining with a solution of con- 
centratcd hydrofluoric acid containing 0.25 per 
cent nitric acid. Esperimental I-csults of junction 
depth in silicon \s. original osidc thickness arc 
shown in Fig. 9. A linear region ~vas obscrl-ccl for 
each case. Howcvcr, an extremely rapid drop of 
junction depth occurs near the masking condition. 
This indicates the existence of a well-defined mov- 
ing houndary or intrrfacc. 

The sheet conductance measurement can hc 

taken as an indication of the concentration of 
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phosphorus at the silicon oxide/silicon interface. 
The sheet conductance can be calculated from:(7) 

I 
v = 4.53 Tqp(C)[Cs((x)-Cs] ax (4.2) 

-0 

0 0.1 02 0.3 0.4 0.5 

x0, CL 

FIG. 9. The n-p junction depth, y, versus the oxide film 
thickness xo for a diffusion time td = 0.5 hr and diffu- 

sion temperatures 1100 and 1150°C. 

Here q is the electronic charge, p(C) is the majority 
carrier mobility, C’s(x) is the concentration of 
phosphorus and C’s is the impurity concentration 

originally present in the bulk silicon. The experi- 
mental I/Vxj and the Cs(0) calculated from I/Vq 
are plotted in Fig. 10. The theoretical calculations 
of Cs(0) are discussed in detail in a later section. A 

0 0.5 I.0 l-5 

C’, hi’ 

FIG. 11. The four-point probe resistance and junction 
depth of the n-type layer vs. the reciprocal diffusion time 
l/td. The n-p junction is formed by diffusion of phos- 
phorus oxide through a silicon oxide layer of thickness 
xa = 0.36 p at a diffusion temperature Td = 1100°C. 

2 

6 

2 - l 0 Experiments 
’ 0 

- coieuklt~s 

2.0 

FIG. 10. C(0) and 1/V.q as a function of xo2. C(0) is the phosphorus surface con- 
centration or the phosphorus concentration at the interface of phosphorus silicate 
glass and silicon. The term xo is the silicon oxide thickness or phosphorus silicate 

glass thickness. Diffusion temperatures are 1100 and 1150°C. 
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rapid decrease of l/Vxi near the mask-failure oxide 
thickness is again observed, giving further 
evidence of a well-defined moving boundary or 
interface. 

An additional set of experiments was performed 
with a constant oxide-film thickness of 0.36 p at a 
diffusion temperature Td = 1100°C. The diffu- 
sion time, td, was varied. The experimental results 
shown in Fig. 11 indicate that the surface con- 
centration of phosphorus is proportional to the 
quantity exp( --constan&). This result is con- 
sistent with a diffusion model. 

5. INTERPRETATION OF THE EXPERIMENTAL 
RESULTS 

The experimental data have indicated a para- 
bolic law in the temperature regions examined in 
these studies for the growth both of the oxide film 
on silicon and of a phosphorus silicate compound 
(or glass) in silicon oxide. These films are char- 
acterized by a rather homogeneous concentration 
and a very sharp and advancing boundary. The 
parabolic growth law suggests that diffusion is the 
limiting process. 

The sharp and advancing boundary suggests 
that the concentration of the diffusing species de- 
creases rapidly from the boundary. This in turn 
may correspond to a s-ery rapid chemical reaction 
between the diffusant and the unreacted substrate 
at the boundary. Thus, one interpretation of the 

oxide film growth may be as follows: the oxygen 
diffuses in the silicon oxide film previously formed; 
as the diffusing oxygen reaches the boundary be- 
tween the silicon oxide and the silicon, it rapidly 
oxidizes the unreacted silicon and forms a new 
layer of silicon oxide. The oxidation reaction is 

almost instantaneous compared \i,ith the diffusion 
rate of oxygen in the silicon oxide film, so that the 
process is diffusion-limited with a sharp and ad- 
vancing boundary. A second possible mechanism 
is the diffusion of silicon atoms in the oxide. Upon 

reaching the surface, the silicon atoms react rapidly 
with the oxygen in the ambient and form an ad- 
ditional layer of oxide. At present, it is not possible 
to distinguish these two mechanisms from our 

data. 
The binary system involving PzOs and SiOz can 

be accounted for similarly. In this case, the diffus- 
ing species is probably an oxide of phosphorus 
diffusing in a phosphorus silicate glassy layer of an 

unknown composition (P,Si,O,) referred to as the 
LCglass”. The reaction of the oxide of phosphorus 
and the unreactcd silicon oxide at the interface be- 
tween the glass and the silicon oxide is again very 
rapid, so that phosphorus concentration in the u11- 
reacted silicon oxide film decreases to zero in a 
very short distance from the interface. 

The ternary system involving phosphorus oxide, 
silicon oxide and silicon can be analyzed following 
the: same line as that discussed above. For such a 
system, two approximate models may he considered 
for physical simplicity: one model for the com- 
plete-masking experiments and the other for the 
partial-masking experiments. The model for the 
binary systems discussed above, i.e. O&i or 
I’&-$02, may be used to account for the results 
of complctc masking. For partial masking, namely, 
phosphorus diffusion in silicon through an oxide 
film, a two-boundary diffusion model is useful. In 
this case, it is assumed that the pregrown silicon 
oGde has completely rcactcd with the phosphorus 
species to form a phosphorus silicate glass. Thus, 
no further reaction takes place, ar.cl we riced con- 
sidcr only the ~iiffusion of phosphorus or at1 oxidc 

of phosphorus in the glass with ditYusiun coeffi- 

ciclit D1 and the diffusion of the phosphorus in sili- 
con -\vith a diffusion coefficient I&. The phosphorus 
surface concentration may be assumed to be pro- 
portional to the concentration of the oxide of 
~hosplior~~s at the glass,silicon intcrfacc. The 
solution of this two-boundary diffusion problem 
has been worked out.(*) 

There may exist a second, very thin, glassy 
lavcr formed between the diffusing phosphorus 
o&e and the unoxidized silicon, with a composi- 
tion of (P,,Si,O,) .Wditional expcrimcnts must be 
pcrformcd to inrestigate this point. In this dis- 
cussion, this second glassy layer, if it exists, is not 

considered. 

The nlathematics of the two approximate physical 
models discussed can be formulated and the exact solu- 
tions obtained from Fick’s diffusion equation with chem- 
ical reaction for the first case and without chemical re- 
action for the second case. The results obtained by using 
standard techniques(s) are listed below. 

(i) Grouth of phosphoms silicate glass or silicon oxide film 
(Fig. 12) 

The boundary and the initial conditions and the 
diffusion equations are: 
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I \ .x 

x=x0 01 

FIG. 12. The concentration profile of the film or glass- 
forming diffusant in the film or glass and in the unreacted 

silicon or silicon oxide. 

azc, acl 
Dl-- 

ax2 =x- 0 < x < x0(t) (5.1) 

D2'- 
ax2 

or 
a2c2 ac, 

l-k-- 
as = at 

x0(t) -=c x < co (5.2a) 

where D2 = Dz’/(l+R) 

c2 = mC1 x = x0(t), t > 0 (5.3) 

N~=_Dl~_~l~ x = x0(t), t > 0 

(5.5) 
Cl = co x=0, t>o (5.6) 

c2 = 0 x = co, all t (5.7) 

Cl = c2 = 0 x,0, t<O (5.8) 

The subscript 1 denotes the region of the glass or the 
oxide film bounded by 0 < x < x0(t), where x0(t) is the 
moving boundary. The subscript 2 denotes the region of 
the unreacted oxide film or the unreacted silicon. The 
D’s are the corresponding diffusion coefficients and the 

C’s are the concentration of the diffusants, i.e. phos- 
phorus oxide or oxygen. 

In equation (5.2) the reaction of the phosphorus oxide 
with silicon oxide or of oxygen with silicon is assumed 
to be in local equilibrium, so that the concentration of 
the reacted substance Sp is directly proportional to the 
concentration Cz of the substance free to diffuse. Thus, 
S:! = RCz. 

The rate of increase of the phosphorus silicate glass 
or the silicon oxide layer thickness is assumed to be pro- 
portional to the net rate of the number of diffusing atoms 
crossing the interface x0(t). Thus, (5.5) results where N 
is the concentration of the reacted oxygen in the silicon 
oxide or of the reacted phosphorus or phosphorus oxide 
in the glass, assuming that the amount of the diffusant 
crossing the interface is completely reacted. 

At the interface between the silicon oxide and the 
silicon, it is assumed that the unreacted oxygen con- 
centration in the unreacted silicon is proportional to that 
in the silicon oxide. This boundary condition is given by 
(S-3), where the factor llz is the segregation coefficient at 
the corresponding interface. A similar boundary condi- 
tion may be assumed for the case of phosphorus silicate 
glass formation. 

The solution of equation (5.1) and (5.2) satisfying the 
boundary and initial conditions of (5.3)-(5.8) are: 

X0 
= L = constant 

2dPlt) 
(5.9) 

where L is obtained from 

m (d(7f)L exp L2 erf L)iV- CO 

d(n)L expL2 erfL-1 

= (d(r)rL exp r2L2 erfcrL)N 

d(rr)rL exp r2L2 erfcrL+ 1 (5*lo) 

Cl(X, t) = co- 
~/(T)L exp L2 

1/(r)L exp L2 erf L- 1 (‘OBN) x 

x 
X erf 

2v’(W 
(5.11) 

Cz(x, t) = 
q(r)rL exp r2L2 

l/(rr)rL expr2L2 erfcrL+l ’ 

x 
x erfc 

2vVM) 
(5.12) 

Here r = d(Dl/Dz). Thus, if the diffusant crossing the 
interface is completely reacted, it may be assumed that 
Cs(x0) = 0 and a simpler solution is obtained: 

Cl(X, t) = Cl-J l- 
erf x/21/(Dlt) 

erfL 
(5.13) 

Co/N = 1/(7r)L exp L2 erf L (5.14) 
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The parabolic law of film growth is predicted by (5.9), 
while (5.14) can be used to obtain the diffusion constant 
DI if CO and N are known. 

(ii) Diffusion through a layer into a semi-infinite region- 
partial masking (Fig. 13) 

The boundary and the initial conditions are: 

Cr(-xa, t) = Ca = constant t > 0 (5.15) 

mCr = Cs x=0, t>O (5.16) 

The solutions of the diffusion equation satisfying 
equations (5.15)-(5.19) are: 

rn 

Cl@, t) = co 2 
i un erfp”7+l)xo+~ 

i . -- 
?L ==o WtDlt) 

_% erfc(2~+l)XO--X 
W(D,t) 

(5.20) 

and 

Dl$D2~ x=0, t>O (5.17) 
2 

71 = 0 
Cl = c2 = 0 x > --x0, t < 0 (5.18) 

c2 = 0 x = co, all t (5.19) 

C(X,f) 

CO 

\I-. Silicon ___ 

c;(X,f) 

X=-X0 x=0 X=X, 

FIG. 13. The concentration profile of diffusing phos- 
phorus oxide in phosphorus silicate glass and the con- 

centration profile of phosphorus in silicon. 

The subscript 1 denotes the region of the glass bounded 
by -x0 < x < 0, where xs is the original oxide thickness 
and is a constant. The subscript 2 denotes the semi- 
infinite region of silicon. The D’s and C’s are the diffu- 
sion coefficients and the concentrations of the diffusant, 
respectively. The proportionality constant m is the 
“segregation coefficient” of phosphorus at the interface 
of silicon and phosphorus glass and has in general a 
different value from that given in case (i). The initial 
distribution of the diffusant in the glass is neglected in 
order to simplify the problem. Thus, (5.18) is assumed. 
The more exact initial condition for Cr in place of (5.18) 
is given by (5.11) or (5.13), where t is replaced by 
xo2/4DrL.s given by (5.9). 

(5.21) 

Here CI = (m-r)/(m+r) and Y = z/(Dl/Dz). 

(b) Analysis of experimental data at d@uion 
temperatures of 1100 and 1150°C 

The data from partial-masking experiments may 
be correlated with the theoretical calculations of 
the preceding section through equation (5.21). 

The surface concentration of phosphorus on 
silicon at the glass/silicon interface may be ob- 
tained from (5.21) by setting x = 0; 

C(0) = Cz(0, t) 
m 

= m(l--a)Co c un erfcP+ lh 

n =o 22/(Dlt) 

(5.22) 

This is plotted in Fig. 14. For xoj22/(Dlt) > 0.7, 
only the first term of the series in (5.22) is signi- 
ficant, and the concentration profiles follow the 
complementary error function. The match be- 
tween the theory and the experimental data shown 
in Fig. 10 gives z/(01) = 0.27 p/Z/(hr) at 
11OO’C and d/(01) = 0.37 p/Z/(hr) at 1150°C. It is 
seen from Fig. 10 that the lower limit for the factor 
r/m seems to be approximately 5. 

The condition at the n-p junction can be ob- 
tained from (5.21) by setting x = xi and cs(xj, t) = 
c,: 

C3 = m(l-,)Ca 2 
cc” erfc (2n+l)xo+r% 

n=o 2d(W 

(5.23) 

If xo/2l/(Dlt) is greater than - 0.7, the series in 

Mundra Solar PV Ltd., Ex. 1029 
Page 9



DIFFUSION OF PHOSPHORUS IN SILICON OXIDE FILM 297 

(5.23) can be approximated by the first term when 
x0 and YX~ are comparable. Thus, the region of 
approximate proportionality between x0 and 5 
shown in Fig, 9 is expected. As x0 becomes 

IO 

P 
=g I 
< 
D 
L! 

04 
0 0.2 0.4 I.0 l-2 I.4 

FIG. 14. The calculated phosphorus concentration at 
the glass/silicon interface as a function of the glass 

thickness (or oxide thickness) xo/ZZ/(&t). 

smaller, the first several terms in (5.23) are com- 
parable, and the junction depth xj would increase 
less rapidly. Such a trend is also observed in the 
experimental results in Fig. 9. The behavior near 
the point of complete masking is not predicted by 
(5.23), even if one considers that C’s outdiffuses 
into the glass and Dz is concentration-dependent. 
In this region, the initial distribution of the diffus- 
ant in the glass becomes important, and the more 
accurate initial condition discussed previously for 
Cl(x, 0) must be used in place of (5.18). 

An approximate approach will be used in apply- 
ing (5.23) to the experimental data given in Fig. 9. 
The result of the two-boundary diffusion model is 

derived on the assumption that the initial phos- 
phorus or phosphorus oxide concentration in the 
glass is zero. However, it is actually not zero, 
being given by (5.18), with the time t replaced by 
x$/4DlL2 as discussed before. Thus, we may make 
an approximation to include the initial distribution 
by taking the result given by (5.21) or (5.23) re- 
stricting their applicability to times greater than 
tm, the time required for the diffusant to penetrate 
through the oxide of thickness ~0. Thus, we may 
replace the time t in (5.21) or (5.23) by td--tm = 
tG---Ax$. We assume that t, = Ax02~ where A 
depends on temperature only, since the masking 
condition follows the parabolic relation. Here td 
is the diffusion time. For a given diffusion con- 
dition, the argument of the complementary func- 
tion in (5.23) must be a constant, so that we may 
write : 

xo+rxj = Bz/(t*--Ax(g) (5.24) 

by taking only the term n = 0. The constants A 
and B are empirically obtained by matching (5.24) 
to the experimental data and cannot be explicitly 
related to any of the physical quantities. However, 
approximate values of r = 2/(01/02) may be ob- 
tained. From these values of r and the values of D1 
from (5.22), the values of 02 may then be deter- 
mined. 

An independent check on D2 may be made from 
the data at x0 = 0 by using (5.22) and (5.23). Thus, 

C3/C(O) = erfcXj/22/(D@ (5.25) 

in which C(O), the phosphorus surface concentra- 
tion on silicon at the silicon/glass interface, is ob- 
tained from (4.2) by using BACKEZNSTOSS’S curves.(v) 
The self-consistent results obtained by matching 
the experimental data with (5.22), (5.24) and (5.25) 
are tabulated in Table 1. The calculated experi- 
mental value of L and C,iN using (5.14) are also 
given. 

Table 1 

C(O) v’/(Dd v’(Dd r = 1/(DJDz) A BPd(Dd L 
x0 = 0 (r!v’(hr)) Wv’W)) 

COIN 

(atoms/cm3) 

1100 7.9 x 1020 0.27 0.80 0.34 3.46 2.69 0.927 3-17 
1150 1.1 x 1021 0.38 l-12 0.34 2-17 2.74 0.856 2.45 
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I1 is intcrc‘sting to note that the ratio of the 

cfitfusion co&icients in the glass and in the silicon 
is relati1.clv insensiti\~e to tcmpcrature. From this 

ratio, \W n;ay make an cstinlatc of the upper limit 

of the segregation coefficient, vi, by llsiiig the csti- 

matcxl louu limit of 5 for r III front Fig. 10. Thus, 
m is p~-old~l~ 1~~s than T 5 :-- 0.34 5 == 047. 

6. SUMMARY 

I~apel-ixii~1:1al invcstipativn of the ctitiusion of 

phcephorus oxitlc through a silicon ox-i& film on 

silicoi1 indicates that the diffusion process cm 1~ 

descrilwf 11~ t\\o approximate models, \\-bile the 
transition rcgioii Iwtuwn the 11\o moticfs occurs at 

an osicic thicliness of less tllnrl - 0.05 /L. IIuring 

tliv fjrst step, thv oxide layer is conipl~tcly effcctiw 

in masIting against P20S, so that the-re is no phos- 

phorus-rich faycr in tfw silicon hvncath tfw silicon 
osidc film. In this cast 311 osidc of phosphorus 
ditfuscs through an apparently glassy layer of a 
compositiw (P&i,(~),) and upon reaching the 
intcrfacc lxt\vew the glass ancl the silicon oxide it 

reacts very rapidly Ivith the silicon oxidc to form a 

new layr of the glass. (AInotf>cr possihilitp is the 

diffusion of a silicon oxide ii; the glass toward the 

surfxc; upon reaching the surface it reacts with 
P&5 in the lapor phase to form the glass.) Thus, 
the glass silicon osidc interface is well cicfincd and 
advances with LI velocity rvhicli is limited by the 
diffusion rate of an oxide of phosphorus in the 
glass. ‘1’1~~ growth of the glass follows a parabolic 
law. Eaperimentally, it is dctermincd that 

~,,2/t,,, -= 6.25 x 10” exp( - 146/KI’) /Lr’jhr 

Z-T I .7 x 10-T exp( - 1*46/RI’) cmt/sec 

1. 

2. 

3. 
4. 
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