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The selective masking effect of a thermally grown layer of sili- 

con dioxide has been widely utilized as a technique for controlling the 

geometry and impurity concentration in semi -conductor device techno- 

logy. It is also recognized that the passivation of the silicon surface 

by the vitreous silicon dioxide envelope protects the underlying surface 

from damage during the diffusion process. Thus indirectly it helps in 

improving the device parameters, like current amplification factor, 

the reverse current and the breakdown voltage. 

In spite of its very wide application in device design the physics 

of the effect is hardly understood. Very little work has been done in 

this field. The mechanism of the chemical reduction of the impurity 

oxide in the silicon dioxide layer and its distribution therein should 

have a strong influence on the concentration of the impurity in silicon. 

The present endeavor was concerned with finding the distribution of 



antimony, one of the donor elements, in the oxide layer. 

The experimental evidence indicates that the migration of an- 

timony through silicon dioxide is a diffusion controlled reaction and 

that its concentration profile can be broken up into two regions. The 

diffusion follows an approximate erfc distribution in the first region 

with diffusion constant = 7.40 x 10-15 cm2 /sec. The second region, 

however, shows a saturation behavior. 
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THE CONCENTRATION PROFILE OF DIFFUSED 
RADIO -ACTIVE ANTIMONY IN A SILICON - DIOXIDE LAYER 

INTRODUCTION 

Semiconductor devices made from single crystals usually 

require the formation of p- and n -type regions within that crystal. 

Two common techniques to get these are alloying and diffusion. In 

alloying it is difficult to control the depth, and the impurity con- 

centrations are limited to a narrow range of values. Diffusion as 

contrasted with alloying is a relatively slow process of introducing 

impurities into a semiconductor so that better depth and concentra- 

tion controls are obtained. Solid state diffusion of impurities can 

be carried out by a variety of methods (5, 7, 8). Most published 

reports in this field follow the techniques initially described by 

Frosch and Derick (7). They carried out vapor -solid diffusion of 

donors and acceptors into silicon at atmospheric pressure. Their 

process consisted of heating the silicon wafers to approximately 

1200 °C and passing over them vapors from the heated impurity 

element with the help of a carrier gas. They found that gases such 

as helium or nitrogen cause serious pitting or erosion of the sili- 

con surfaces. They also observed that if the silicon surface is 

covered by a thin vitreous silicon dioxide envelope, the underlying 

surface is completely protected against damage during the diffusion 

process. The desirability of surface passivation can be 
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appreciated in view of the effect of surface recombination on semi- 

conductor device parameters. In the usual junction type transistor 

the current amplification factor is largely controlled by the prop- 

erties of surface around the emitter; the reverse current at the col- 

lector may be greatly influenced by the surface nearby. The break- 

down voltage too depends on the height of surface barriers near the 

collector. 

In addition to surface protection, a silicon dioxide surface 

layer also provides a selective mask against the diffusion into sili- 

con of some donor and acceptor impurity elements at high temper- 

atures. The effect of masking in general depends on various con- 

ditions, namely, kind of impurity element and its vapor pressure, 

diffusion temperature and time etc. , and it is necessary to study 

the degree of the masking effect as well as to make its mechanism 

clear. 

The first attempt in this direction was made by Sah, Sello 

and Tremere (22) who studied the diffusion characteristics of phos- 

phorus in silicon dioxide films. Using different thicknesses of 

silicon dioxide layers for phosphorus diffusion they inferred that 

an oxide of phosphorus diffuses through an apparently glassy layer 

of composition (P Si O ) and upon reaching the interface between 
x v z 

the glass and silicon dioxide it reacts with the latter to form a new 
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layer of glass. Thus the glass- silicon- dioxide interface advances 

with a velocity dependent on the diffusion rate of oxide of phospho- 

rus in 'glass' . According to their conclusion the growth of glass 

follows a parabolic law. When the glass reaches the silicon- 

dioxide- silicon interface some phosphorus atoms enter silicon and 

diffuse away forming an n -p junction beneath the silicon surface. 

Horiuchi and Yamaguchi (13) working on the diffusion of 

boron into silicon through an oxide layer also found a forma- 

tion of a 'glassy' layer of unknown composition. 

The purpose of the present endeavor is to study the diffu- 

sion of an oxide of antimony through a SiO2 layer and using radio - 

tracer techniques to find the concentration profile of antimony in 

different layers of a silicon dioxide envelope on a silicon wafer. 



DIFFUSION 

Diffusion Mechanism 

4 

From the theory of specific heats it is well known that atoms 

in a crystal oscillate about their equilibrium position. These os- 

cillations will become violent if the atom acquires higher -than nor- 

mal energy. The atom might then jump from its own site to the 

neighboring one in the crystalline structure. Such interstitial trans- 

fer gives rise to diffusion in solids. If the high energy atom jumps 

to an unoccupied site the diffusion is said to be by a vacancy mech- 

anism. 

The diffusion of Group III and Group V elements in germani- 

um and silicon is by a substitutional process [(11, p. 244) and (12, 

p. 165)] . Silicon crystallizes in a diamond lattice. If a silicon 

atom is replaced by an atom of an element from Group V, such as 

arsenic, there are five valence electrons from the arsenic to be 

disposed of. Four of these are shared with the four adjacent sili- 

con atoms to form covalent bonds similar to those existing between 

contigous silicon atoms. The fifth electron will not be held in any 

chemical bond but will be weakly attracted by arsenic by Coulomb 

force. However, its removal to a large distance leaves the arsenic 

with a net positive charge. The term donor derives from the fact 
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that the arsenic can 'donate' a conduction electron to the lattice. 

In the replacement of a silicon atom by an element of Group 

III, indium for example, the three electrons contributed by the in- 

dium form covalent bonds with three of the four adjacent silicon 

atoms, but the fourth bond remains a one -electron bond i. e. a hole 

is formed. Just as the electron was weakly held to the arsenic by 

Coulomb forces, the hole is attracted to the indium. If it moves 

away, the fourth covalent bond to indium is completed, and the in- 

dium is left with a net negative charge. Group III elements are 

examples of acceptors, so- called because they can 'accept' elec- 

trons, thereby introducing holes into the valence band. 

In Ge donors are found to diffuse more rapidly than the ac- 

ceptors. This result can be explained on the basis of a smaller 

ionic radius of the donors or by means of a vacancy- impurity inter- 

action model. Another suggestion is that since Ge vacancies behave 

as acceptors, they should show a higher probability of association 

with donor than with acceptor diffusants. This explanation assumes 

that diffusion is by a vacancy mechanism. Since silicon and ger- 

manium are such closely related elements one would expect similar 

results for diffusion in silicon. But silicon shows opposite behav- 

ior i. e. acceptors diffuse more rapidly than do the donors. The 

failure of this simple correlation in similar structures makes it 
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apparent that other interactions too come into play. These include 

the flow of atoms and ions, electrons and hole, heat, and defects 

such as vacancies; and forces made up of the gradients of electric 

potential, temperature and chemical potentials of all the compo- 

nents. Much of the work that has been done on diffusion in silicon 

and germanium has been aimed at obtaining values of diffusion con- 

stant D for the impurities of interest rather than on explaining the 

diffusion mechanism. 

The Diffusion Coefficient 

The diffusion process can be mathematically expressed with 

the help of Fick's laws which are very general and do not take into 

account the atomic nature of the material. If the x -axis is taken 

parallel to the concentration gradient of the minority carriers dif- 

fusing into s i l i c on of opposite type i m p u r i t y, the flux 

J of the minority component along the gradient will be given by the 

equation 

J = -D(ó 
x )t 

(1) 

where D is called the diffusion constant and C is the concentra- 

tion. This equation defines Fick's first law and fits the empirical 

behavior that the flux goes to zero as the specimen becomes homo- 

genous. If, however, the concentration gradient at a point is 



changing with time a new equation 

ac (Dacx 
atax a 
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(2) 

is obtained from equation (1) by using conservation of mass. Equa- 

tion (2) is called Fick's second law of diffusion. If D is not a 

function of position, equation (2) becomes 

ac a2C 
at D 

ax2 
(3) 

The diffusion constant D increases very rapidly with abso- 

lute temperature T as 

D = D e-OH/RT 
0 

where OH is the activation energy. OH and Do are independent 

of temperature. 

Boundary Value Problems in Diffusion 

The solution of equation (3) takes two forms depending on 

the initial boundary conditions. When the diffusion distance is 

short relative to the dimensions of the initial inhomogeniety, 

C(x, t) can be expressed in terms of error functions. However 

if complete homogenization is approached C(x, t) can be repre- 

sented by the first few terms of an infinite trigonometric series. 

Backenstoss (1) described a method for evaluation of surface 

a 

xl 
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concentration of diffused layers in silicon. If the impurity distri- 

bution of a diffused layer is known, any two of the following para- 

meters are required to describe the layer completely; the diffusion 

coefficient -time product, total number of diffused atoms, surface 

concentration, and concentration at junction depth. The surface 

concentration and the junction depth are the most important. The 

latter can be quite easily measured. Backenstoss showed how to 

calculate the surface concentration from the junction depth and 

sheet resistivity measurements under different initial boundary 

conditions. 

For the one dimensional 'step- function' solution, we assume 

there is an infinite source of the diffusing impurity at the place 

x = 0 and that it maintains a concentration in silicon of C = Co at 

x = 0 for all 't'. The solution of the diffusion equation then is 

C (x) = Co 
x 

1 - erf 2 
and is shown in Figure 1. The solution can be simplified in the 

case C(x)<< Co. Then as an approximation we can put 

which gives 

- erf x 
x e-x2/4Dt 

2/Dt - 

2/ 

C(x) = x e Co 
-x 

ir ^/Dt 

irr ^/Dt 

(4) 

(5) 

(6) 

L 

( 1 
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Distance x 

Figure 1. Step- function solution of the diffusion equation 

To apply this equation to the formation of junctions we con- 

sider that if the crystal already contained an impurity of the type 

opposite to that diffused in, with a uniform concentration C', then 

the diffusion curve will cross C = C' at the value x = x 
o 

, the 

junction depth. Assuming again C(x) « C 
o 

the depth of the junc- 

tion will be given by 
i 

C x z 

xo = 2Dt C, C' - Q non 
1 2Dt) (7) 

For typical value of C'Ñ 1014 /cc which corresponds to a 

resistivity of about 1 ohm -cm for p -type material and C 
0 

102 %m3, 

this expression reduces to the simple approximation 

x 
o 

8Dt (8) 

- 
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If the diffusion proceeds into a base already containing the 

diffusing impurity in the concentration C = C1 then 

C(x) = +C (1 - erf x 
I 

1 0 2t\O-t 

If the total impurity amount is constant, rather than its 

(9) 

concentration at the silicon surface, then a different solution applies 

C(x) = Q e-x2/4Dt 
Nfrr Dt 

(10) 

where Q is the initial surface density of atoms (per square cm) 

The penetration of p -n junction can again be determined by sub- 

stituting x 
o 

for x and C' for C: 

xo = 2t\FD-t [nCT]2 
Q 

For silicon, the initial impurity concentration C' can be 

calculated from the following relations (15, sec. 7 -5). 

For n -type 

and 

C' - 
1 x 1015/p 

0. 73 + 0. 27 1og10 
p 

For p-type 

C I 2.25 x 1014/p 
0. 73 + 0. 25 log10 

p 

(1 2a ) 

(1 2b) 

where p is the resistivity of the material. The latter can easily 

be determined from the four -probe measurements (24). 

x 
0 

the junction depth can be measured by angle lapping and 

(11) 
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staining technique (9) and putting this value in equation (8), the 

value of the diffusion constant D can be calculated. 

Sheet resistivity of a layer is another quantity which can be 

readily measured. The surface concentration of a diffused layer 

may then be obtained from the sheet resistivity and the junction 

depth, if the impurity distribution, the majority carrier mobilities 

and initial resistivity of silicon are known. If we assume that all 

the impurity atoms are ionized, the following relation holds for the 

average conductivity T of an impurity layer of thickness x 

x 
1 1 ° 
x = x q µ,(n)[C(x) -Cv] dx 

s o o o 

The sheet resistivity from four -probe measurements is 

V Tr 

Ps I 22 tn. - 4. 5324 1 

o 

the majority carrier conductivity mobility in equation (13) 

(13) 

(14) 

depends on the ionized impurity density N. Since only a fraction of 

the impurity atoms are ionized, particularly in heavily doped sili- 

con, an appropriate correction must be made (15 sec. 7 -5). This 

fact can be taken into account more directly by introducing an effec- 

tive µ' defined by 

gPxN C qPx x 

This is given by an analytic expression of the form 

T 

1 1 

p 

µ(n), 



µ' = 300 (19 - in N) 

t 

µ (n) 

for 1 01 6 < N < 5x1 01 8 /cm3 

80 for 5x1018 < N < 1020 /cm3 

12 

for electrons. Different expressions hold for holes. 

The surface concentration Co can then be evaluated as a 

function of 1 /p x 
s o 

from equations (13), (14) and (15). 

Diffusion Methods 

To control the surface concentration it is necessary to con- 

trol the number of impurity atoms which reach the silicon surface 

during the diffusion cycle. This can be done by vacuum sealing the 

diffusant during the diffusion cycle together with the wafers in a 

tube (closed -tube method); or by controlling the temperature and 

hence the vapor pressure, of the diffusant independent of the silicon 

temperature (open tube method); or by applying the diffusant directly 

to the wafers before heating. This last may be done by paint -on 

methods or in case of a metal diffusant like aluminum may be 

vacuum -deposited on the wafer before putting it in the furnace. Each 

diffusion technique has certain advantages. The method used de- 

pends on the device to be fabricated and the accuracy that is needed 

to secure good control on the device parameters. 

In addition to these, there is the 'box method' (5) for solid 

state diffusion into silicon which uses an impurity oxide as a mixture 
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in powdered SiO2 as a source of diffusant within a loosely closed 

box. The surface concentration of the impurity on the silicon can 

then be varied over several orders of magnitude merely by varia- 

tion of the source composition. 

Measurements of Diffusion in Silicon 

Experimental determinations of the diffusion coefficient are 

usually based on the use of equations (6) and (10). The appropriate 

boundary conditions are maintained during the diffusion cycle. The 

diffusion coefficient is then found from the measurement of concen- 

tration as a function of distance from the junction. The junction 

depth is generally found by one of three ways. These are the use 

of a rectifying point contact probe, a thermoelectric point probe, 

and staining or other decoration of the crystal to delineate the junc- 

tion. In each case the diffused wafer is lapped at a small angle to 

the diffusion interface. In the thermoelectric probe method when 

a heated point is moved across the junction the Seebeck coefficient 

should change from positive to negative. But since the mobility of 

holes and electrons is different, the zero of the Seebeck coefficient 

does not occur exactly at the junction where carrier concentrations 

are balanced. 

Staining technique of locating junction depth gives very 
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accurate determination provided a suitable etch is used. 

The junction depth can also be calculated with the help of 

rotating -rod equipment (19). 

The layer concentration C(x) can be determined from re- 

sistivity measurements. Then, the junction depth, the diffusion 

time, the layer concentration being known, D, the diffusion constant 

can be calculated if Co is also known. The necessity of knowing 

Co can be avoided if two specimens of different resistivity are dif- 

fused simultaneously. They will then have the same surface con- 

centration Co but the junction depths will be different. The initial 

concentrations will then be related by 

i 
C1 erf [x1/2(Dt)2] 

C2 erf [x2/2(Dt)2] 

This two - specimen method is more accurate the greater the differ- 

ence in their resistivities. This method was used by Fuller and 

Ditzenberger in their monumental work on diffusion of donor and 

acceptor elements in silicon. They lapped off the diffused sample 

at a very low rate (lµ per 15 min. ) and took four -point probe meas- 

urements about every micron. They observed low values for D 

where the diffusion distances were very small and suggested that 

some of the doping element may be lost by outward diffusion and 

thus alter the concentration at the p -n boundary. 
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E. Tannenbaum (26) made a detailed analysis of concentra- 

tion profiles of phosphorus- diffused layers in p -type silicon by us- 

ing radio -tracer techniques. She removed thin layers of silicon 

parallel to the junction by anodic oxidation in a 0.1M boric acid, 

sodium tetraborate solution. The phosphorus in the anodized layer 

was removed by dissolving the oxide in HF. Radioactive counts 

were taken from the dissolved phosphorus. Her findings showed 

that the distribution is not an error -function complement under 

conditions of constant surface concentration. She found that the 

diffusion 'constant' for phosphorus increased with carrier concen- 

tration. The diffusion coefficient was found to be constant up to a 

concentration of about 1020 /cm3 but is a strong function of concen- 

tration above that value. She also found that at high concentrations 

there was difference between the phosphorus concentration deter- 

mined from resistivity measurements and that determined from 

radio -active tracer measurements. 

Shun -ichi Maekawa (21) also found deviations from the 

complementary error function distribution given by the Backenstoss 

method. The increase of diffusion coefficient was much larger 

than could be accounted for by field -accelerated diffusion. He at- 

tributed the anomalies of diffusion coefficient to the existence of 

a fast diffusion mechanism. The surface concentration calculated 
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from the Backenstoss method is that of electrically active impurity, 

while the phosphorus concentrations obtained from radio -tracer 

measurements would be total ones containing electrically active 

and inactive phosphorus. The fast diffusion was ascribed to inter- 

stitial migration of unionized phosphorus. The fast diffusion would 

then be unaffected by the conductivity type and doping level of the 

bulk material. 

Iles and Leibenhaut (16) used an etch - sectioning method 

combined with sheet -resistance measurements to analyze thin 

layers of boron and phosphorus- diffused silicon. They confirmed 

the above deviation from the complementary- error -function distri- 

bution. They conjectured that though out -diffusion and segregation 

effects are possibilities, the effect may be caused by a decrease 

in ionization of the fraction of impurities towards the surface be- 

cause of precipitation effects or from excessive lattice strain. 

Goetzberger and Shockley (10) found experimental evidence 

for very rapid diffusion of boron and phosphorus under strongly 

oxidizing conditions within a few microns of a silicon surface. 

Subashiev et al (25) showed that for layers of phosphorus 

diffused in silicon as deep as 35p. normal behavior was not obeyed. 

To explain their results they also suggested a faster diffusion rate 

near the surface. Boltaks and Mateeva (2) ascribed this departure 
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from the normal distribution to evaporation of phosphorus during 

diffusion. Zaitseva and Gliberman (29) studied boron- diffused 

layers 10 -15 µ, thick with incremental etching and weighing, and 

measurement of the conductivity and Hall voltage in the sheet layer. 

They found the boron concentration essentially constant for approxi- 

mately half the junction depth; this constant value was about one - 

tenth of that calculated from an erfc distribution, matched to the 

boron distribution near the junction. 

Thus the hypothesis of constancy of the diffusion coefficient 

between the sample surface and the p -n junction has been proved to 

be incorrect. The mechanism of reduction of impurity oxide and 

of oxidation of the silicon have a strong influence on the concentra- 

tion of the impurity in the silicon, but are insufficiently understood. 

Diffusion Into Silicon Through an Oxide Layer 

Frosch and Derick (7) were the first to show the feasibility 

of an oxide layer in protecting the silicon surface. They also show- 

ed the selective masking effects of the layer. They used an open 

tube diffusion method using two controlled temperature zones. A 

rising temperature gradient between the impurity zone and the sili- 

con wafer heating zone avoids the redeposition of the impurity vapor 

before reaching the silicon sample. 
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D'Asaro (5) in his study of diffusion and masking carried 

out the diffusion in a closed box. The impurity oxide mixed with 

SiO2 was introduced in the box along with the silicon wafer. Most 

effective masking was found to result when the rate at which the 

impurity penetrates the SiO2 layer, is minimized. His method 

provides a flexible means of producing masked diffusions of boron 

and phosphorus in silicon and could well be adapted to other impu- 

rity oxides. He however, conceded that the mechanism of reduction 

of impurity oxide and of oxidation of silicon will have a strong in- 

fluence on the concentration of the impurity in the silicon. The pro- 

cess of diffusion of impurity oxide through the silicon oxide also 

needed more study. 

Sah, Sello and Tremere's work on diffusion of phosphorus 

in silicon oxide film was a step in this direction. They performed 

a series of experiments varying the various parameters involved 

to control the complete or partial masking. These parameters are: 

oxide thickness, diffusion temperature, diffusion time, impurity 

vapor pressure and impurity concentration (p -type) originally pre- 

sent in the silicon. They used a two -zone diffusion furnace; and p- 

type silicon underneath the oxide layer was used as a phosphorus 

detector with a hot probe. The experimental results of mask failure 

were analyzed by using a diffusion model. Their data indicated a 
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parabolic law for the growth of a phosphorus silicate compound (or 

glass) in silicon dioxide layer. These films were characterized by 

a rather homogeneous concentration and a very sharp and advancing 

boundary. They hypothesized that the diffusing species is probably 

an oxide of phosphorus diffusing in a phosphorus silicate glassy 

layer of an unknown composition (P Si O ). The rate of increase of 
x y z 

the phosphorus silicate glass was assumed to be proportional to the 

net rate of the number of diffusing atoms crossing the interface. As 

the oxide of the phosphorus reached the glass silicon interface, 

phosphorus atoms enter the silicon and diffuse away. They made 

no attempt to describe the structural details of the glass silicon in- 

terface but ascribed a small 'segregation coefficient' to phosphorus 

between the glass and silicon. 

Horiuchi and Yamaguchi (13) studied the diffusion of boron 

in silicon through the oxide layer. The results they obtained were 

found to be consistent with the two- boundary diffusion models formu- 

lated by Sah et al. As for phosphorus, the migration of boron through 

silicon dioxide was found to be a diffusion controlled reaction. The 

apparent diffusion constant of boron in the oxide, Dl , obtained from 

their experimental results was smaller than in silicon bulk D2 by 

a factor of nearly 104. When the concentration of diffusant in the 

oxide became higher than that corresponding to the surface 
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concentration in silicon of --1019 cm -3 they observed a distinct in- 

crease of the diffusion in the oxide. Based on their experimental 

evidence they showed that the increase could be attributed to the 

change in the composition of the oxide. 
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DIFFUSION OF ANTIMONY THROUGH A SILICON 
DIOXIDE LAYER 

The selective masking effect of a thermally grown layer of 

silicon dioxide has been widely utilized as a technique for control- 

ling the goemetry and impurity concentration in the fabrication of 

semi -conductor devices. When a small piece of oxidized silicon 

is placed in a heated furnace and an impurity oxide vapor allowed 

to pass over it, the silicon dioxide layer acts as an absorbent for 

the gaseous impurity. Under equilibrium conditions the surface of 

the silicon dioxide layer will achieve the same composition as the 

source material. Then the impurity oxide at the surface of the 

silicon layer will act as a source for diffusion into silicon dioxide. 

Somewhere between the silicon dioxide - gas interface and the sili- 

con dioxide - silicon boundary the impurity oxide will be chemically 

reduced. Part of this impurity -- Group III or V element -- will dif- 

fuse into the silicon. The mechanism of the reduction of impurity 

oxide in the silicon dioxide and its distribution therein has a strong 

influence on the concentration of the impurity in silicon. In spite 

of its wide technical application in device design the physics of the 

effect is hardly understood. Very little work has been done in this 

field. Sah et al (22), studying diffusion of phosphorus and, Horiuchi 

and Yamaguchi (1 3) in their work on boron diffusion through oxide 
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layer, interpreted their results in terms of a two boundary diffu- 

sion model. Both the studies showed the diffusion constant of the 

impurity in the oxide layer to be smaller than that in the silicon bulk. 

But they have not discussed the distribution of the impurity element 

in the oxide layer. 

Antimony is one of the donor elements used for diffusion in 

p -type silicon. Its rate of diffusion has been found (9) to be slower 

than that of phosphorus or of boron. Much less work has been done 

on diffusion of antimony than on that of phosphorus or boron. The 

present endeavor is concerned with finding the distribution of anti- 

mony in the oxide layer. The different steps involved in the experi- 

mental technique are: 

1) Selection and preparation of silicon wafers; 

2) growing oxide layers thermally and measurement of 

their thickness; 

3) diffusion process; 

4) layer sectioning; and finally 

5) the detection of the impurity element. 

Sample Preparation 

Since antimony is a donor impurity, p -type silicon under- 

neath the oxide layer was used as impurity detector. For the final 
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experiment silicon slices .92 mm thick were cut parallel to a (111) 

surface, from single crystal p -type ingot. They were lapped on 600 

grit carbide paper on a Beuhler polisher and then polished to a 

smooth surface with jeweller's rouge on microcloth. The samples 

were then etched to a mirror finish in an etch containing five parts 

of concentrated nitric acid (HNO3) to one part of concentrated hydro- 

fluoric acid (HF). This resulted in a final sample thickness of 

about . 4 to .5 mm. Reproducible surfaces of excellent finish were 

obtained by manually shaking the etchant and keeping its temperature 

constant. The latter condition was obtained by holding the beaker 

containing the etchant in running tap water during the etching opera- 

tion. 

Growing Oxide Layers and Measurement of Their Thickness 

The polished samples were washed in distilled water, in al- 

cohol and then again in distilled water to remove any grease. Oxi- 

dation was carried out at two temperatures: 1150 °C and 1200 °C in 

an open boat in a fused quartz tube with wet oxygen flowing at a 

rate of 1.51iters /min. The oxygen was bubbled through distilled 

water held at room temperature. The thickness of the layer could 

then be controlled by varying the oxidation time. 

Exact measurement of the thickness of the oxide layers was 
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a problem. Sah et al (22) measured oxide thicknesses with a 

Beckman DK -2 Spectrophotometer. E. Tannenbaum (26) estimated 

thicknesses with comparison to color references. In the latter, 

color arises because of interference occurring between the light 

beams reflected from the upper and lower surfaces of the oxide 

film. Reflections of specific wavelength interfere destructively and 

the remaining wavelengths combine to give a characteristic color. 

The thickness of the grown oxide layer could be determined 

quite accurately by weighing the samples in a microbalance before 

and after the oxide - growing process (29). 

The method employed in the present experiment was to create 

a sloping step by removing oxide layer from a portion of the sample 

(3). Then interference occurs, for a parallel beam of monochroma- 

tic light, between the upper surface and lower surface of the oxide 

wedge. The origin of this fringe system is shown in Figure 2. The 

film thickness is given by 

d = n Z 
. (16) 

where n is the number of fringes in the wedge area and µ is the 

refractive index for silicon dioxide, X being wavelength of mono- 

chromatic light. The number of fringes n is counted from the sili- 

con base towards the oxide film, the silicon base being considered 

as the center of a bright fringe. 
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Figure 2. Origin of wedge fringes
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A portion ofafringesis estimated by interpolation,

For forming a shallow wedge-shaped step in the oxide film

on silicon, a piece of scotch tape was laid across the wafer and a

solution of Apiezon W wax in toluene was applied with a brush to

the untaped portion of silicon dioxide surface (Figure 3a)

wax .

oxide•

silicon

(a) Wax applied

oxide —-

silicon —•"

wax.

oxide -

silicon -

(b) Exposed oxide layer dissolved

(c) Wax dissolved

Figure 3. Oxide film step formation
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The toluene rapidly evaporates, leaving a hard wax surface layer. 

The scotch tape was carefully removed and it left a straight edge 

in the wax film. The specimen was then immersed in 48 percent 

hydrofluoric acid for 60 seconds to dissolve the uncoated portion of 

the oxide film (Figure 3b). The specimen was then thoroughly 

rinsed in water and the wax removed by dissolving in trichloro- 

ethylene (Figure 3c). Undercutting of the wax layer by the hydro-. 

fluoric acid produces a relatively uniform wedge - shaped oxide 

film step. Booker and Benjamin (3) claim the angle of the wedge 

formed in this way to be approximately 1° with respect to the hori- 

zontal but present measurements showed it to be about 10 to 15 

degrees. 

Interference fringes were observed with a Bausch and Lomb 

Metallographic microscope using a magnification of 500. The mono- 

chromatic light source used was Nems -Clarke 'Mere -arc' with a 

filter for 4360 °A. Photographs of the fringes were also taken. 

From the number of fringes the thickness of the oxide layer was 

calculated using equation (16). The graph (Fi g u r e 4 ) 

shows the variation of oxide layer thickness with time at the two 

temperatures. 
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Layer Sectioning

To detect quantitatively the distribution of antimony in the

1 22
silicon dioxide layer, radio-active isotope Sb was used. The

half-life for this isotope is 67 hours. The problem then was to

find a method for shaving off parallel sections of the oxide layer

so that the activity, and hence the number of antimony atoms in a

particular layer could be easily found. The prime requirement

for any sectioning method is that the removal should be planar

and controllable. By trial and error it was found that hydrofluoric

acid of 1 2 percent concentration could be used to give reproducible

results. Oxide layers were grown simultaneously on eight or nine

silicon wafers. Sample #1 was kept as reference; sample #2 was

etched in 1 0 mis of 1 2 percent HF for, say, 30 seconds; sample #3

was etched consecutively in two beakers, each containing 10 mis of

1 2 percent HF, for 30 sees in each; and so on for all the samples.

The nth sample was thus etched consecutively in (n-1) beakers,

each containing 10 mis of 1 2 percent HF and for a known time in

each. "Wedges were formed in each of these samples and their

thicknesses measured by the method discussed in the last section.

The plot of thickness vs etching time was found to be a straight

line as shown in Figure 5. The interference fringe photographs for
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PLATE I - Typical interference fringe photographs used to 
determine etching rates. Numbers indicate etching 
times in seconds. 
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the different oxide thicknesses left after these etchings are shown

in Plate I. The process was repeated with another set of samples.

The results confirmed the previous observations.

Diffusion Process

Radio-active antimony which was to be used as a tracer is

available as a saturated solution of SbCl_ in HC1. Antimony tri-

chloride could be recovered from this solution simply by evapora

tion of HC1. But since the melting point (73. 4°C) and evaporation

point (223°C) of SbCl are very low compared to the temperature

(about 1 200°C) to which silicon wafers are heated in the diffusion

process, antimony trichloride could not be used as such to provide

the impurity vapor. A method had to be found to get some oxide

of antimony from the radio-active solution. For preliminary ex

periments about 200 mgms of inactive antimony trichloride was

dissolved in HC1 and a saturated solution was obtained. Then dis

tilled water was added to this solution for the chemical reaction

2[SbCl_] + 3 [HO] = SbO. + 6 HC1
5 L d. i

The precipitate was filtered and Sb O was obtained. The possibi-

lity of SbOCl also being obtained from the chemical reaction

SbCl + HO = SbOCl + 2HC1

was considered but infrared spectroscopic studies with a Beckman
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IR-7 Spectrophotometer ruled out this possibility. The spectrum

obtained showed the absence of chlorine in the residual salt. For

diffusion then about 50 mgms of this oxide was put in a ceramic

boat along with the silicon wafers and the boat was enclosed in a

quartz tube (1;|" diameter and 5" long) having a rather loose cap.

The quartz tube was placed in the furnace (Figure 6) and about 500

cc /min of dry nitrogen was passed over it during the diffusion proc

ess. Diffusion was carried out for a duration depending on the thick

ness of the oxide layer. The time required was determined by etch

ing off the oxide layer and using the original p-type silicon as n-type

detector to see that antimony had diffused through the oxide layer

and reached the silicon surface.

Detection of Impurity Distribution

1 22
Sb is a Y-emitter and its presence can be detected by

any of the methods used in Y-ray spectrometry. In this experiment,

after diffusion, the oxide layer was etched off in different sections

in 1 2 percent HF, as outlined earlier, and the activity was deter

mined by 'we11-counting' of the washings containing the etched off

glass layer, by a scintillation detector. A Packard 410-A Gamma

Spectrometer was used for this purpose.
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(a) 

(b) 

/ 

PLATE II - Interference fringe photographs of two samples 
used to determine final oxide layer thickness. 
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Final Experiment 

The experimental techniques outlined in the last four sec- 

tions were perfected in preliminary experiments. For the final 

experiment 12 single crystal wafers of silicon were cut from the 

ingot, lapped, polished and etched to mirror finish. Oxide layers 

of thickness 6540 °A were thermally grown on them by passing wet 

oxygen across the wafers at 1 200 °C. On two of these samples 

sloping wedges were formed and the thickness measured by photo- 

graphing interference fringes with the help of the metallographic 

microscope (see plate II). From two of the other prepared samples 

it was found that 14 steps of dips in 1 2 percent HF for 30 secs 

each were required to etch off the oxide thickness completely. 

Thus in each step, a section of oxide layer of thickness about 

654014 = 467°A was etched off. 

About 10 milli -curies of the radio- active solution containing 

SbC1 
3 

dissolved in HC1 was obtained. A concentrated solution con - 

taining 200 mgms of inactive SbC13 in HC1 was mixed with the radio- 

active material. The radio -active SbC13 solution had to be diluted 

with the inactive SbC13 solution since using all radio -active anti- 

mony oxide in the diffusion process would be both expensive and 

hazardous. Sb2O3 was obtained from this mixture by precipitation 
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with distilled water and filteration. This was dried under an infra- 

red lamp and about 50 mgms of this oxide was used in the diffusion 

process. Four of the twelve samples were diffused in the quartz 

tube for 10 hours at 1 200°C. After cooling, each of these four 

samples was etched in 14 steps with 1 2 percent HF. Each of the 

washings was put in a numbered plastic test tube. When all the 

washings for the four samples were ready they were placed in the 

Packard Gamma Spectrometer. After each set of 14 test tubes 

containing washings from each silicon sample, a similar test tube 

containing plain distilled water was introduced in the counting 

'wells'. This helped in determining the background counting rate 

of the gamma spectrometer without interrupting its automatic oper- 

ation. The windows of the spectrometer were adjusted for maxi- 

mum counting for the test specimen and the counting started. Each 

specimen test tube was counted for ten minutes automatically and 

then the next test tube in sequence was brought in. The total time 

for one complete run of counting the washings for the four samples 

plus the dummy water tubes took 1 0 hours and 37 minutes. The 

second run started automatically, repeating 10 minute counts for 

each specimen, starting again from number one. Five such runs 

were counted. As the counting continued, counts for each speci- 

men were printed on a paper tape. The data obtained was tabulated 

(see Appendix). The average of the background counts was 
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subtracted from all the values to get the true counts due to each 

washing. From the counts in second and consecutive runs, the 

number of parent radio -active atoms of antimony (proportional to 

the counts in the first run) were calculated by using the formula 

N = N e+ 
0.693 t/T 

0 

where 

No = counts in first run 

N = counts in any run 

t = time elapsed between the first and that particular run 

T = half life of Sb1 
22 

67 hours 

All the values of No obtained in this way for a particular sample 

were averaged and their average deviation found. 
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EXPERIMENTAL RESULTS AND DISCUSSION 

For each of the four samples a graph between the average 

counts for the section versus depth of the oxide layer section was 

plotted (Figure 7, p. 41). All the four samples show almost identical pat- 

terns. Since the samples were placed cross -wise in the boat, the 

location of the sample in the boat seems to affect the impurity con- 

centration in it. The point corresponding to the fourth section in 

each sample shows a strangely anomalous behavior. Its value in 

each case is much higher than what would be expected from the trend 

of the curve in this region. This high activity by one particular sec- 

tion for each sample was most probably caused by contamination of 

the particular beaker used for etching the fourth section for each 

sample. 

Up to the sixth or seventh section (except for point four) each 

sample shows a smooth curve. After this region, however, each 

curve shows a tendency to flatten out though the points show slight 

rise and fall. The fact that in this region the gamma -ray spectro- 

meter was working near the lower limit of its sensitivity, and most 

likely would have some drift, may be expected to account for this 

deviation in counts corresponding to a flat curve. But a look at the 

values of the estimated average deviations (see Appendix) is sufficient 
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to confirm that the drift in the instrument, even if it did exist, gave 

results well within the experimental limits of accuracy. This aver- 

age deviation is comparatively very small for the upper region. 

Another possibility for this variation can be the variation in etching 

rates for the various sections. Strictly speaking, the removal of the 

successive layers of the silicon dioxide by means of a manual opera- 

tion in an etch cannot pretend to have an absolute accuracy. It is 

therefore reasonable to accept the fact that there is definitely a tendency 

for flattening out in this region of the curve. 

From a preliminary experiment it was determined that with 

a diffusion time of ten hours and for the same oxide layer thickness 

as in the samples, the diffusant just penetrated to the SiO2 -Si inter- 

face. So if it be assumed that the thickness of the oxide layer re- 

presents the junction depth, then from equation (8) the approximate 

value for diffusion constant of antimony in the silicon dioxide layer 

comes out to be 1. 84 x 10-15 cm2 /sec. This is of the order as 

expected since the value for diffusion constant for antimony in sili- 

con at 1200 °C is 2. 5 x 10-13 cm2 /sec. (9) and checks with the work 

of Sah et al (22) and, Horiuchi and Yamaguchi (13) who found the 

value for diffusion constant for phosphorus and boron, respectively 

to be smaller in silicon dioxide than in silicon. 

i 
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In the present investigation the experimental conditions were 

such that the solution to the differential equation was subject to the 

initial boundary condition 

C= 0 x> 0 t = 0 

and 
C= Co x= 0 t> 0 

where C is constant. If the diffusion constant D is assumed to 
o 

be really constant, the solution of the diffusion equation will be 

C = C erfc x 

ts,i4 Dt 

It can be justifiably assumed that the percentage of the radio- 

active antimony atoms in the total active -inactive antimony mixture 

atoms is the same in the oxide layer as outside on the surface. 

Further from the shape of the erfc curve it is quite reasonable to 

assume that the concentration in the first section (467 A below the 

top surface), is about the same as Co . Then for sample #3 taking 

the counts for the first section as C 
o 

and the value of the diffusion 

constant as calculated from equation (8) the error function comple- 

ment distribution was plotted (curve I, Figure 8). This shows a 

much more abrupt drop than the experimental curve (curve II). 

Curve III has been plotted, following the method of Zeitzeva et al 

( 29), from the two experimental points 1 and 2 of curve II. 

This has a value of diffusion constant D = 7.40 x 10-15 cm2 /sec. 

o 

o 
- 
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and follows almost the contour of the experimental curve in region 

I. 

So from the experimental evidence it can be stated that the 

migration of antimony through the silicon- dioxide layer is a diffusion 

controlled reaction and the concentration profile of antimony diffus- 

ing in this layer can be broken up into two regions. The diffusion 

follows an approximate erfc distribution in the first region with a 

diffusion constant = 7.40 x 10-15 cm2 /sec. The second region, 

however, shows a saturation behavior with the distribution remain- 

ing constant up to the silicon dioxide - silicon interface. 
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APPENDIX 



SAMPLE #1 SAMPLE # 2
1 [SectionNumber

Run#l Run #2 Run #3 Run #4 Run #5 Average

§
0) o

li
Run#l Run #2 Run #3 Run #4 Run #5 Average

GO

a
<D O
M 'S

— « ta
t* •*«

4) >
> <D

< Q

Nf^o N2 No N3 No N4 No N5 No No NfN0 N2 No N3 No N4 No N5 No No

1 1902 1719 1920 1533 1910 1397 1940 1237 1920 1918 4.46 1130 1058 1180 1024 1270 896 1250 817 1265 1241 15.35

2 1862 1552 1735 1353 1690 1221 1700 1225 1900 1775 36.6 1122 974 1085 831 1030 749 1040 741 1149 1085 18.7

3 1629 1465 1630 1248 1552 1175 1635 1055 1640 1617 9.9 742 725 810 640 795 570 795 557 865 801 12.9

4 1975 1656 1850 1556 1940 1332 1860 1250 1935 1912 20.4 977 836 935 735 915 709 985 629 975 957 11.6

5 1009 917 1020 830 1032 746 1039 680 1050 1030 5.55 401 357 399 269 335 279 388 233 362 387 6.5 >

6 526 498 555 449 558 391 546 321 499 537 8.65 212 172 192 167 208 131 182 103 160 191 7.05 H
2!

7 227 186 207 224 279 210 292 148 230 247 13.8 202 164 183 111 138 116 161 129 200 186 7.25
d
i—i

X

8 142 216 241 114 142 109 152 98 152 147 2.5 183 141 157 120 149 118 164 136 211 163 5. 1

9 134 171 191 108 134 102 142 56 87 150 10.1 167 155 173 106 132 120 167 84 131 154 8.02

10 221 199 222 171 213 142 197 93 144 213 4.1 159 155 173 161 200 130 181 141 219 186 8.20

11 180 161 179 125 156 125 174 111 172 172 3.8 172 153 171 118 147 103 144 81 125 150 6.9

12 127 140 156 144 179 133 185 75 116 153 11.1 105 112 125 94 117 96 133 77 119 120 3.30

13 140 106 118 98 122 91 126 58 90 119 5.45 126 147 164 90 112 41 57 58 90 110 12.9

14 86 93 103 105 131 78 108 63 98 105 5.1 120 153 171 89 111 144 200 69 107 113 2.8



SAMPLE #3 SAMPLE #4

C Hi

o 5

to Z

Run#l Bun #2 Run #3 Run #4 Run #5 Avera<r

Average Deviations

Run#l Run #2 Run #3 Rur #4 Rum #5 Ave rag

a

01 0
bo'i!

= « rt
» h -r<

01 >
> 0>
<a

N=N0 N2 N0 N3 No N4 ^o NS N0 No NfN0 N2 No N3 No N4 No N5 No No

1 1736 1508 1680 1317 1640 1214 1690 1154 1790 1707 20.0 1210 1141 1270 993 1230 927 1290 796 1235 1247 11.8

2 1264 1152 1285 1030 1280 899 1250 823 1273 1270 4.83 1063 863 965 815 1010 678 946 630 976 992 15.9

3 1320 1210 1350 1034 1285 952 1325 788 1220 1320 8.72 778 716 800 626 780 520 725 485 751 767 10.2

4 832 757 845 623 775 622 866 551 856 833 11.5 1323 1226 1367 1059 1320 951 1320 899 1390 1344 12.3

5 498 441 493 400 496 359 500 322 500 497 1.07 387 407 455 377 470 346 483 263 407 440 15.5

6 218 217 242 195 242 144 200 170 264 233 8.75 245 194 216 181 225 176 245 148 230 232 4.55

7 203 204 227 148 184 132 184 126 195 199 5.9 182 130 145 127 158 123 171 88 136 158 6.42

8 103 148 165 97 120 94 131 94 146 133 8.02 197 135 151 162 201 132 183 120 186 184 5.9

9 108 106 118 79 98 73 102 69 107 107 2.31 165 126 141 88 109 74 103 78 121 128 8. 12

10 106 137 153 109 135 110 153 80 124 134 6.9 155 141 157 112 139 1C3 144 110 170 153 4.01

11 119 58 65 106 132 63 88 37 57 113 9.55 166 94 105 90 112 94 130 92 142 131 8.2

12 133 94 105 78 97 90 125 74 115 115 5.0 148 161 180 96 119 114 158 125 194 160 9.8

13 98 68 76 101 125 69 96 84 130 105 8.02 164 130 145 100 124 132 184 90 139 151 8, 12

14 91 119 133 84 104 57 79 99 153 112 11.1 156 111 124 107 133 129 180 117 181 155 9. 4

4>>




