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But the use of HF for layer sectioning was found to lead to a loss of 
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a part of the boron presumably as BF3 gas. The only way this 

method could be used for this purpose is either by recovering com- 

pletely the boron from the HF etch by some chemical process or by 

sectioning the layers in a manner such that the sectioning agent does 

not react with boron to form a compound which is lost as gas. 
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DETERMINATION OF SUB -NANOGRAM QUANTITIES 
OF BORON BY DIFFUSION IN SILICON 

INTRODUCTION 

With the advent of high purity materials in the fields of atomic 

energy, semiconductor technology, and high purity metals for space 

rockets, the relative meaning of the word "small" has been changing 

over the past couple of decades. A need has been felt for analytical 

methods in the parts per billion concentration range, since the pres- 

ence of minute amounts of impurities greatly affects the electrical, 

metallurgical, nuclear and other properties of these materials. 

The electrical properties of silicon and germanium crystals 

are drastically altered by the controlled addition of small amounts of 

certain chemical elements called acceptors and donors. Certain 

distributions of these impurities produce rectifying p -n junctions 

within the crystal. The control of the geometrical relationship be- 

tween p -n junctions within a crystal, as well as the control of the 

particular impurity distributions, permits the control of the semi- 

conductor device characteristics. 

Diffusion as a technique for forming p -n junctions has become 

of considerable importance in transistor technology. The inherent 

advantages of the diffusion methods of preparing junctions- -high pre- 

cision, reproducibility and flexibility of operation - -make them attrac- 

tive additions to the older alloy -fused and grown-junction methods. 
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It was recognized by Frosch and Derick (29) that the passiva- 

tion of the silicon surface by a vitreous silicon dioxide envelope pro- 

tects the underlying surface from damage during the diffusion process. 

Further, it impedes the incoming impurities and this impeding effect 

of the silicon dioxide layer serves to mask during the diffusion proc- 

ess. Therefore, the oxide masking technique has been widely used 

in the fabrication of various geometries of p -n junctions in the tran- 

sistor industry. 

Because of the increased importance that oxide films have in 

the diffusion masking and surface passivation, it is highly desirable 

to investigate the mode of migration of the impurity through the sili- 

con dioxide. There is ample evidence for the conception that the 

transport of the impurity in the oxide layer is a diffusion controlled 

reaction. Sah, Sello and Tremere (79) investigated the diffusion of 

phosphorus through a silicon dioxide layer using p -type silicon as 

a "phosphorus detector ". They postulated that a rapid and complete 

chemical reaction takes place between silicon dioxide and the diffus- 

ant forming a "glass" of unknown composition. As the diffusion time 

becomes longer, the thickness of the glass grows larger, and even- 

tually that of unreacted oxide decreases. After the glass layer attains 

the silicon -silicon dioxide interface, the impurity atoms diffuse into 

silicon directly from the glassy compound. They showed that the 

growth of this compound follows a parabolic law. 
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Allen, Bernstein and Kurtz (1) also investigated the diffusion 

of phosphorus through a silicon- dioxide layer, and Yamaguchi and 

Horiuchi (38) did some research on the diffusion of boron through a 

silicon dioxide layer. Both of these papers interpreted the experi- 

mental data by a two- boundary diffusion model. The latter paper 

concurs also with the hypothetical conversion of silicon dioxide into 

a "glassy layer" of unknown composition. 

With the simultaneous diffusion of phosphorus and boron 

through an oxide layer, it is observed that the boron penetrates an 

oxide layer more rapidly than does phosphorus (29). In as much as 

the diffusion constants for boron and phosphorus in elemental silicon 

are nearly identical, the difference in their rate of penetration 

through an oxide layer is used to make an n -p -n structure in n -type 

silicon. But this discrepancy in the behavior of the two impurities 

in the oxide makes an investigation of the distribution of these impur- 

ities in their transport towards the interface highly desirable. Fur- 

ther, the use of the substrate bulk silicon as the detector of the dif- 

fusing impurity is affected by the surface potential (surface inversion 

and accumulation). A direct method such as diffusion of a radioac- 

tive impurity isotope and determination of the distribution profile by 

a sectioning technique would be expected to give more reliable re- 

sults. Unfortunately, the half -life of the radioactive isotope of boron 

is very short and an alternate method of quantitative analysis of boron 
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in diffused sections has to be found. 

If a complementary error function distribution is assumed for 

boron diffused in silicon dioxide, the expected amounts of boron in 

each section can be calculated. The number of boron atoms in a sec- 

tion 500 A thick out of a total boron diffused oxide layer of thickness 

A A 3500 A on a silicon wafer one inch in diameter, will vary between 

2.31 )(109 to 1.76X1016 atoms (Table I) if the diffusion is carried out 

just long enough for boron to reach the SiO2 interface and the diffu- 

16 2 
sion coefficient of boron in the SiO2 is taken as 1.2X10 cm /sec (38). 

In terms of mass, the boron per section corresponds to 3.84X10 -15 

2,92)(10-8 gms. The corresponding calculated number of SiO2 mole- 

cules per section is 5.76X1016(6.58)(10 -8 gm). So the method 

selected should be able to measure boron quantities in this range. 

The traditional approaches to physical measurements and 

chemical experimentation often fail or suffer in precision or accur- 

acy before the quantity of the material under experimentation reaches 

the one microgram level. The lower limit of visibility by the eye for 

solids is between 10 -20 µ gm. Contact with work in microbiology led 

to the development of a general technique for chemical experimenta- 

tion under the microscope, which was designed to allow study, recog- 

nition, and estimation of quantity with 0. 01 to 1. 0 µ gm of material. 

Elaborate torsion balances of remarkably rugged construction may 

be made sensitive to 0. 01 µ gm or less. Infra -red and X -ray spectra 

can be determined with samples of 5 -10 p. gm. The former method has 
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Table I. Expected distribution profile of Boron in SiO2 if distribution is erfc and for time just long 

enough for Boron to reach interface. 

Section x Z erfc Z Average 
C = C erfc Z 

/cm3 

Volume 
for section 

1" dia. 

Atoms/section 

o 
0- 500 

o 
500-1000 A 

o 
1000-1500 A 

o 
1500-2000 A 

o 
2000-2500 A 

2500-3000 A 

3000-3500 A 

250 A 

o 
750 A 

o 
1250 A 

o 
1750 A 

o 
2250 A 

2750 A 

3250 A 

. 

. 

1. 430 

2. 

2. 565 

3. 140 

3. 

287 

856 

00 

710 

. 

. 

. 042 

6. 

2. 

8. 75 

9. 

690 

225 

88 x 10-3 

80 x 10-4 

x 10-6 

2 x 10-8 

6. 

2. 

4. 

6. 

2. 80 x 

8. 75 

9. 

90 x 1020 

25 x 1020 

2 x 1019 

88 x 1018 

1017 

x 1015 

2 x 1013 

2. 51 x 10-5 
3 

cm 

1. 

5. 

1. 

1. 

7. 

2. 19 

2. 

76 x 1016 

64 x 1015 

055 x 1015 

73 x 1014 

02 x 1012 

x 1011 

31 x 109 

For calculation: 

C = 1021 /cm3 
0 

C = Co erfc Z 

D = 1. 2 x 10-16 cm2/sec. 

SiO2 

o 
xo ^' 81/ Dt = 3500 A 

= x 

2/ Dt 

Density = 2. 3 gm /cm3 Mol. wt. = 60 

No. of molecules /section for 1" dia. wafer 

22 
6. 02 x 10 

x 2.3 x 2.51x10 -5 = 5. 76 x 1016 
60 

Z 
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been refined to the range of about O. lµgm. (13), but even with scale 

expansion, the contribution of blanks at this range is such as to in- 

troduce difficulties. Mass spectrometers have higher sensitivities 

and the sample may be reduced to 50 ngm. or. 05 µgm. Nuclear mag- 

netic resonance presently can be employed with samples of about 

5 -10 mgm. 

The electron microscope can be used somewhat analogously 

to a light microscope for the detection of minute quantities of mater- 

ial via the observation of chemical reactions. In this new micro- 

chemical technique, a reaction site can be recognized on a carrier 

film within a field of O. 004 mm. The electron -optical detection of 

traces of metal ions has been reported this way. 

If the experimentation were limited to organic compounds, 

then there are three general approaches to their detection and esti- 

mation at the submicrogram level. The first is the biological ap- 

proach, the second is by tagging with a radioactive agent, and the 

third is tagging with a fluorescent reagent. The methods suitable 

to experimentation with submicrogram ranges of inorganic substances 

are: X -ray and infra -red spectroscopy, isotope dilution, and activa- 

tion analysis. 

In chapter II of this report are discussed the various methods 

used in the detection and micro -analysis of boron. The lower limits 

of sensitivity and other limitations of each technique for trace 
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analysis are given in Table II. The diffusion mechanism in semi- 

conductors is discussed and a new technique for the analysis of sub- 

nanogram quantities of boron is investigated by using diffusion in 

silicon. 

Chapter III concerns itself with the oxidation processes for 

silicon, diffusion of impurities through a silicon dioxide layer and 

attempts to get the distribution profile of diffused boron by using 

the silicon detection method investigated. 
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Table II. Methods for analysis of Boron (Boron in Silicon). 

Method Minimum 
Sample Required 

Sensitivity Standard 
Deviation 

A. Chemical: 

1. Titration 1 -4 mgm O. 1 -1 ppm ± O. 33% 

2. Colorimetry 1 gm 0.1 ppm -- 

3. Paper Chromatography 25 1112 solution 1:2.5 x 107 to -- 
1:2.5 x 105 

4. Gravimetric 125 -250 mgm 
of boric acid 

-- ± 1. 1% 

5. Polargraphic . 0001 gm B2O3 /ml -- 
n 

-- 

B. Flame Photometric a few mgms 1 -100 ppm -- 

C. Emission Spectroscopy 10 mgms . 0001 ppm -- 

D. X -Ray Diffraction a few mgms 10 -20 ppm ± 1 -2% 

E. Mass Spectrometry 0.001 p, gm 0.1 ppm ± 30% 

O.1µ gm -- ±1% 

F. Infra -red Spectroscopy (60) 0.111 gm -- -- 

G. Activation Analysis -- 6 x 10 -10 gm -- 

1.2x10 -9 gm 

Silicon Diffusion Method 
investigated in this report 

' 10 -14 gm ti 10 -14 gm 
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INVESTIGATION OF A NEW METHOD 
FOR ANALYSIS OF BORON 

Methods for Detection and Analysis of Boron 

Boron with atomic number 5 and atomic weight 10. 811 ± 0.003 

belongs to Group III of the chemical elements. It occurs combined 

in nature as boric acid, and the combination of this acid with certain 

bases. It is frequently associated with calcium and aluminum in 

siliceous rocks (33, 8). There are quite a large number of methods 

(30) for the detection and analysis of boron though most of them 

are not applicable to trace quantities. 

Chemical Methods 

Conventional methods for the determination of boron require 

a rather lengthy separation from interfering elements. Boron in 

the form of boric acid is separated from its compounds by different 

methods. The quantity of boric acid separated is then measured by 

indirect chemical titration. Boric acid is too weak an acid to be 

titrated (30), however it forms a much stronger monobasic acid 

with certain organic compounds containing hydroxy groups, such 

as glycerol or mannitol. With the latter, the boric acid is converted 
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to mannito -boric acid (86) and titrated by the fixed pH method to 

pH 6. 3 with standard sodium hydroxide. The titration may be 

carried out either by using phenolphthalein as indicator or poten- 

tiometrically. This method is simple and rapid, and has been 

applied successfully to a varied assortment of compounds. 

Boric acid may be separated from most other substances 

by distillation as methyl borate (95) from a solution containing 

methyl alcohol and either sulphuric acid, phosphoric acid, or 

calcium chloride. The methyl ester is hydrolyzed by Na OH and 

titrated. 

To estimate boron in boronized metals, the latter may be 

removed by mercury cathode electrolysis (10). The boron after 

conversion to mannitoboric acid is finally determined by potentiome- 

tric titration with sodium hydroxide. 

The boric acid formed by Carius oxidation from organobor- 

anes may be determined by titration with standard base after the 

addition of mannitol. The standard deviation of this method is 

± 0.33% Samples containing 1 to 4mgm.of boron are needed. 

Boron may also be separated from alloys and other materials 

by pyrohydrolysis (94). Boron in borohydrides and organoboron 
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compounds may be oxidized to boric acid with trifluoroperoxyacetic 

acid (86). 

In the colorimetric determination of boric acid (96), after 

separation of boric acid from the compound sample, it is treated 

with methyl alcohol, the resultant methyl borate being distilled into 

an alkali solution. After some further treatment, the stain made on 

a standard turmeric paper is matched against a series of stains simi- 

larly produced with known amounts of boric acid. Many investigators 

have used the change in color caused by adding boric acid to a solu- 

tion of curcumin containing oxalic acid (46). In a method for the de- 

termination of O. 1 to 1 ppm of boron in silicon (56) the sample is 

dissolved in aqueous sodium hydroxide solution; sodium silicate is 

removed by precipitation with methanol, and boron is determined 

photometrically by the curcumin method after isolation as methyl 

borate. 

Colorimetry and in particular, spectrophotometry, has been 

invaluable in trace element analysis. The general limit of the more 

sensitive colorimetric methods for boron is 0. 1 ppm with a one -gram 

sample of solid. The method is generally time -consuming and sub- 

ject to contamination and loss when very low concentrations are in- 

volved. 

Separation of boron from the interfering elements has also 

been accomplished by an ion exchange process (56, 61). This method 
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employs a cation exchanger to separate boron from large amounts of 

cation -forming elements. 

By means of electrophoresis, many ions may be concentrated 

around a pointed electrode (21) and analyzed by paper chromatography. 

The sensitivity of the spot tests is thus improved considerably. With 

boron, sensitivities between 1: 2. 5 X 107 to 1: 2. 5 X 105 were found 

when 25 µl. of solution were used. 

A simple gravimetric method for the determination of boric 

acid in aqueous solution (55) is based on the conversion of boric acid 

to tetrafluoboric acid and the precipitation of the latter with the 

organic reagent, nitron. Fluoride ions and weak acids and bases 

do not interfere. Over the range in which the method has been test- 

ed, from 125 -250 mgm of boric acid, the average absolute accur- 

acy was ± 1. 1%. 

Simple boric acids generally do not yield polarograms when 

electrolyzed at the dropping mercury electrode. It has been found 

(52), however, that in aqueous sulphite media and in the presence 

of polyhydroxy derivatives, characteristic polarographic waves are 

produced if orthoboric acid is present in solution. Concentrations 

of 0. 0001 gm. of the acid per milliliter are readily discernible by 

this technique. 
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Flame Photometric Determination of Boron 

A spectroscopic technique which has been of particular use in 

trace analysis of the alkali and alkaline earth elements is flame 

photometry. Many other elements, boron included, have also been 

studied by this method (13, 20, 57). Submicrogram quantities of 

boron are completely extracted from aqueous solution into methyl 

isobutyl ketone as the tetra -butyl- ammonium boron tetrafluoride 

ion association complex. The boron content of the separated organ- 

ic phase is determined by direct flame spectrophotometric analysis 

(57). Dean and Thompson (20) used a Beckman DU Spectrophotome- 

ter with the model 9220 flame attachment and photomultiplier unit. 

This method is more rapid than the existing chemical methods and 

is comparable in accuracy and precision to them. The optimum 

range of applicability is 1 -100 ppm of boron. 

Emission Spectroscopy 

A technique that has proved very useful in trace element an- 

alysis and one that is often taken for granted is emission spectro- 

scopy. A variety of spectrographic methods have been developed 

employing either physical or chemical preconcentration prior to 

spectrographic analysis with sensitivities in the parts per billion 

range being achieved in a number of instances (13). 
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In its essentials, quantitative spectrochemical analysis (89) 

resolves itself into the correlation of the relative intensities of cer- 

tain lines in a spectrum with the percentages of the elements pro- 

ducing these lines. Selected line to background ratio is evaluated 

densitometrically (36) with microphotometer which is a photoelectric 

or thermoelectric device for measuring the blackening of any small 

area on a photographic plate. A recording instrument takes a graphic 

record of the deflections of the galvanometer. 

Morrison and Rupp (67) determined traces of boron in the 

concentration range of 0.001 to 1 ppm. Their procedure involved a 

chemical concentration step employing the use of cation permeable 

membranes and extraction followed by spectrographic analysis in 

an atmosphere of argon. A Bausch & Lomb medium quartz spectro- 

graph, equipped with a logarithmic step sector with a step ratio of 

1 to 1. 5 was used. A slit width of 10 microns was employed. The 

chemically preconcentrated mixture was transferred to a preburned 

graphite cup electrode mounted as the anode in the arc discharge 

chamber. The cathode was also of preburned graphite. In addition 

to the sample introduced into the electrode, ten milligrams of super - 

purity graphite were also added (36) regardless of the amount of the 

sample, even should this be other than 10 mgm, so that the total 

graphite consumed is always constant. 

Standard silicon samples for preparation of the working curve 
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were prepared with four different boron concentrations (5 x 10 
-6 

to 

5 X 10 -9gm.) in 1 gm. portions of pure silicon. The precision was 

determined by running duplicate or triplicate analyses at the four 

different concentrations. Each analysis was made at different times 

and in a completely random order. The overall precision was 26% 

which is satisfactory for quantitative spectrographic methods for 

trace amounts of elements. 

Increased sensitivity could be achieved by further purifica- 

tion of the sodium hydroxide used to dissolve the sample, thereby 

permitting the determination of down to O. 1 ppb of boron in silicon, 

which is the lower limit of detection by the spectroscopic method. 

X -Ray Diffraction Analysis 

X -ray methods are of considerable importance in trace analy- 

sis as they have the unique feature of supplying the information with- 

out generally destroying the sample. The basic principle underlying 

the identification of materials by X -ray or electron diffraction is 

that each crystalline substance has its own characteristic atomic 

structure which diffracts X -rays or electrons in a characteristic 

pattern (8). The recognition of the pattern establishes uniquely the 

diffracting substance. 

Chemical analysis with polychromatic X -ray beam absorptio- 

metry, however, suffers from some serious limitations (53) as it 
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can be used only if the qualitative composition of the sample is 

known. As all atoms absorb X -rays, the method cannot be specific; 

it cannot ordinarily identify unknown elements in a sample, nor can 

it give reliable analytical results on a sample containing unknown 

elements. 

In X -ray diffraction for quantitative determination, the dif- 

fraction intensity of a component in a mixture varies with its abun- 

dance (33); the diffraction intensity also varies somewhat with the 

particle size and the crystalinity of the sample. The method, where 

applicable, is fairly sensitive with limits for many elements down 

to 10 -20 ppm and errors involved only of 1 to 2% (13). 

Osika (70) has presented a method to analyze boron in boron 

carbide by applying the relationship between lattice parameters and 

composition in the solid solution range. The different unit cell dimen- 

sions sometimes reported for a given solid mixture are usually at- 

tributed to the existence of solid solutions. If the crystal lattice 

parameters vary linearly with the composition, a curve can be con- 

structed to determine composition from lattice parameter measure- 

ments. Towards this end, Osika recorded Debye -Scherrer patterns 

with four samples of boron carbide of known nominal composition 

using a Norelco assymetric film mounting type of powder camera. 

He used the curve obtained from the data for all subsequent deter- 

minations of boron in boron carbide by X -ray diffraction method. 
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Mass Spectrometry 

The mass is the key to the identity of any particle under ob- 

servation. If a complex mixture is introduced into the apparatus, 

a mass spectrometer carries out automatically a sorting out proc- 

ess, so that identification according to mass number of all the dif- 

ferent mass species is possible. 

In respect to accuracy and speed in analytical applications, 

mass spectrometry compares favorably with other physical methods 

of analysis. The sample for analysis is introduced in the gaseous 

or vapor phase into an evacuated enclosure. At the point of entry, 

the gas or vapor enters an ionization chamber in which a group of 

positive ions representative of the original material is produced. 

Some of these ions are withdrawn from the chamber and then accel- 

erated as an ion beam of narrow divergence by a system of collimat- 

ing electrodes. The ion beam is projected into a magnetic field in a 

direction at right angles to the magnetic lines of force. The mass 

sorting process occurs in the magnetic field. 

Double- focussing instruments of the Mattauch type are being 

used in the analysis of trace elements in pure metals, semiconduc- 

tors, insulators and other solid materials with a sensitivity of 0. 1 

ppm (atomic) or below for many elements (15). The technique offers 

a big advantage over many other trace techniques since one can 
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analyze for all of the trace elements simultaneously. 

Newton, Sanders, and Tyrrel (69) described an isotope dilution 

method for determining traces of boron in silicon. A definite amount 

of sample is taken into solution in the presence of a known amount of 

tracer. The tracer is a form of the element to be determined having 

an isotopic composition different from that of the natural element. 

Owing to the natural element present in the sample as impurity, the 

isotopic composition of the tracer will be altered. After chemical 

separation, this alteration can be measured with a mass spectrome- 

ter and related to the amount of impurity. 

The impurity content is calculated from the equation 

ERo-R1XR+1 
X 

A XW 
R1 - R Ro+ 1 Ao 

M 

in which E is the concentration of element sought (in parts per million 

by weight); R, R° and R1 are the isotopic ratios (B10 to BU) of the 

natural element, the enriched element added and the extracted mix- 

ture respectively; A and A° are the atomic weights of the natural and 

enriched element respectively; W is the weight of the tracer added 

(in µgms. ) and M is the weight of the sample taken (in gms. ). 

For the measurement of isotope ratios with the mass spectrome- 

ter, the residue obtained after separation should be in a suitable ion- 

izable form. The ion (Na2 BO2)+ was used for this work. The separ- 

ation was carried out by dissolving the silicon in sodium hydroxide 

x 
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solution (67) with B1° tracer present, electrolyzing through a cation - 

exchange membrane to remove sodium ions and then evaporating the 

anolyte to dryness. The "crystalline" silicic acid obtained was 

leached with water to extract boron as sodium borate. 

A Metropolitan- Vickers MS2S instrument was used throughout 

this work. It has facilities for examining solid compounds by a 

thermalionization technique. 

The boron content found by isotope dilution agreed nominally 

with that predicted from physical measurements and bears a suitable 

relation to resistivity. 

The presence of 1 µgm. of tracer boron added initially, acted 

as a carrier for the sub -microgram amounts of natural boron present 

in the sample of silicon. The loss of boron during separation had less 

effect than in the original spectrographic method in which only sub - 

microgram amounts of boron were handled. Also, separation of bor- 

on from silicon did not have to be quantitative, as the tracer was 

present throughout and any loss of natural boron would be expected 

to be accompanied by an equivalent loss of tracer. 

Accuracy of the method was found to alter with level of boron 

from within ± 30% for . 001 µgm. to within ± 1% for 0. 1 µgm. of boron. 

Activation Analysis 

Activation analysis has been established as the most sensitive 
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and effective tool (13, 49) for the analysis of trace elements in many 

materials. Activation analysis may be defined as a method of meas- 

uring concentrations of constituents in a given sample by measuring 

the characteristic radiations emitted by the radioactive nuclides re- 

sulting from selected nuclear transformations with the help of a re- 

actor or cyclotron. The isotopes of the trace elements of interest 

are transformed into different isotopes of either the same or differ- 

ent elements. The unique combination of chemical and nuclear prop- 

erties of each activation product provides a specific method for its 

identification and measurement. 

With the availability of servicef irradiation of targets that are 

then shipped to the analytical laboratory, activation analysis can be 

used in every laboratory facing difficult problems of analysis of min- 

or constituents since most of the elements have activation products 

with long enough half -lives to permit assays hours to days after ir- 

radiation. 

For any given problem, a specific method can be selected 

based on the properties of the matrix, trace elements, the activation 

products of interest, the sensitivity required in the analysis, the 

presence of interfering reactions, the location of a suitable irradia- 

tion facility, and cost. 

The principal technical considerations in the selection of suit- 

able nuclear reactions are that they (1) produce radionuclides which 
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are retained in the sample and have appropriate half -life and decay 

characteristics for accurate measurement; (2) have optimum or suf- 

ficient sensitivities; (3) have no interfering reactions producing or 

consuming the desired activation product; (4) have no reactions pro- 

ducing competing radioactive isotopes of the same element as the 

activation product; and (5) the requisite irradiation and post- irradia- 

tion assays are feasible. 

The most widely used method of activating a sample for trace 

analysis is to expose it to a high flux of thermal and fast neutrons. 

Most of the nuclear reactions useful in activation analysis can be 

induced by the thermal neutrons. Proton or deutron activation analy- 

sis is of interest as an alternative method of trace element determin- 

ation where neutron activation is unsatisfactory. In the determination 

of light elements, neutron activation analysis is generally not feasible 

because of the very short or very long half -lives of the nuclides 

(B10(n, p) Be1° has half -life of 2. 7 X 106 years) produced. Positron 

emitting nuclides with proton activation analysis may have suitable 

half -lives for measurement. 

In silicon, most of the important impurities can be determined 

effectively by neutron activation. Two important impurities which 

are not readily determined by this method are boron and aluminum. 

The chemical methods of analysis when extended to 1 ppm and less 

are seriously handicapped by the relatively high boron contents of 
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the reagents used to dissolve the silicon. Activation analysis does 

not suffer from this difficulty. 

P. Sue (87) used cyclotron irradiation of boron for the reaction 

B10 (d, n)C11 with sensitivity of 0.5 µgm. Using 7 Mev proton bom- 

bardment in the reaction B11(p, n)C11, he could determine boron 

content in silicon of the order 50 ppb. 

Gill (31) has described a method for determining boron in sili- 

con down to 10 -9 gm. using proton activation analysis. The sample 

was irradiated in the Harwell Synchrocyclotron with protons of 20 Mev 

maximum energy. The principal reactions are B11(p, n)C11 with half- 

life of 20. 4 minutes and ß+ emission and Si30(p, n)p30 with half -life 

of 2.5 minutes and ß+ emission. The C11 is chemically separated 

from the silicon and the ratio of the CP30 activity determined. 

A series of specially doped silicon samples were used to check the 

method. He got a sensitivity of 6 X 10 10 gm. boron for saturation 

irradiation (ti 1/2 hour) or 1. 2x 10 -9 gm. for 20 minutes irradiation. 

Diffus ion 

There exists an extensive literature (2, 5, 6, 3 2, 35, 39, 43, 

82) dealing with the motion of atoms which cause permanent or semi- 

permanent displacements in solids. Since interest in semi- conduc- 

tors is only of recent origin, very few of these are concerned with 

semi -conductors. The study of diffusion in semi -conductors however, 

not only furnishes some of the most interesting examples of atom 
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movements, but has also led to a greatly improved understanding 

of the details of the diffusion process itself. 

Mathematics of Diffusion 

Diffusion is the transport due to thermal motion of atoms of an 

impurity or of a major constituent. In the presence of concentration 

gradients, a directional diffusional flow arises and tends to even out 

any concentration gradients. The diffusion current J due to a con- 

centration gradient is given by the differential equation: 

= - D Grad N 

or 

Jx= -Ddx1 
(1) 

in one dimension. The constant D is called the Diffusion Coefficient. 

Application of continuity equation to equation (1) yields Ficks second 

law defined by 

8N 82N 
at - D ax 

(2) 

This refers to the accumulation of matter at a given point in a 

medium as a function of time. The second equation may be derived 

from the first by considering diffusion in the +x direction in a cyl- 

inder of unit cross - section. The accumulation of matter within an 

element of volume dx bounded by two planes normal to the axis of 

J 
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the cylinder, distance dx apart, may be estimated as follows: 

The rate of accumulation is: 

which gives 

JI - J2 = -D 8(N) 
ax 

+ DáX (N+ Xdx) 3N 

= 
âN 

dx 

aN Da2N 
at ax2 

Solution of the Diffusion Equation 

Consider non - stationary state of flow in an infinite solid extend- 

ing to infinity in the + and -x directions. Let the initial distribution 

of the solute be given by 

N = f(x) when t = o 

N = N(x, t) when t> o 

and f(x) can be differentiated when t> o. 

Assuming that the diffusion coefficient is independent of con- 

centration, equation (2) can be solved by separation of variables. 

The solution may be written as 

N(x, t) = X(x)T(t) (3) 

Substituting into equation (2) we get 

2 

Xát = DT d 2 2 dx 
which yields 

- 



X(x) = A cos(kx) + B sin(kx) 

T(t) = a exp(-k2Dt) } 
(4) 
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where A, B, a and k are real constants. The general solution of the 

linear equation (2) can be expressed as a sum of partial solutions of 

the type (4). A new solution is obtained when equations (4) are in- 

tegrated over all values of k: 

N(x, t) = [ g(x) cos (cx)+ h(x) sin(kx)] exp(-k2Dt)dk (5) 
o 

In (5), g(x) and h(x) are functions chosen to fulfill the condition 

N = f(x) when t = o. These can be evaluated using the Fourier integral 

theorem as 

g(k) = 

h(k) _ 

1 

Tr 

1 

Tr 

oo 

f(x' ) cos (x' k) dx' 
_co 

00 

f(x' ) sin (x'k) dx' 
_oo 

(6) 

Thus when equations (6) are substituted in (5), one gets the 

general solution. 

N = 
Çexp(k2Dt)dk 

oo 0o 

f(x' )cos k (x' -x)dx' 
0 -00 

(' 
J 

J 

1 



By an integration process (6) this equation can be brought to 

the form 

1 

2 rDt 

Soo 2 

f(x') exp 4Dt (7) 
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Case I. Suppose diffusion of a solute across a sharp boundary 

at x = o is considered. Solution of the diffusion equation in the form 

(7) requires that D not be a function of N; and that the amounts of solu- 

tion and solvent must be great enough, or the time short enough, so 

that no appreciable amount of solute diffuses from the far extremity 

of the solution or reaches the far extremity of the solvent (Figure 1). 

Figure 1. Diffusion from a semi - infinite medium. 

(x-x4Dt ') 
dx 1 -oo 

( 
- N J 

C 
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In these systems, at t = o, N = N , for Ixl <o, N = o for 
o 

xxl> o. For all positive values of x, the concentration at time t and 

at a point x ' becomes 

N 

co 2 
No 

I- 2Dt 
(xx) exp 4Dt 

o 

= 

dx' 

No 
J 

oo 

2 2 
(x-x' 

)2 exp[ -y ] dy if y - 4Dt 
Ni-Tr x/ 2N Dt 

= N0 1- 
x/ 

214-357 - exp(-y )dy 
0 / Tr 

(8) 

The second term is the Gaussian error function, erf(y), and may 

be evaluated from mathematical tables. Equation (8) may be ex- 

panded as a series: 

N = 0 1 - 2 { 
Ni-Tr 

x 

2/ Dt 

3 
x 

3. 1! { 2'./Dt }3 

5 7 x x + . .} 

5. 2! { 2/Dt} 5 7.3! {z} 7 

Case II. The solution for an instantaneous plane source (or 

constant source) may be derived from equation (7) in which is given 

the general solution 

(x-x' 
) 

2 

N = 1 J f (x' ) exp 
( 4Dt 

2 TrDt -00 1 

dx' 

+ - 

0o 

- 

L 

o 

J 

[ 

11 



to the diffusion equation 

aN a2N 
at D 

ax2 

for the boundary conditions 

and 

N = f(x) for t = 0 

N = f(x, t) for t > 0 

Suppose in the infinite solid of equation (7), there exists 

initially a concentration N = N between the planes x = -h /2 and 
o 

x = +h /2. Equation (7) becomes for the new conditions 

h 
+ 

N - 1 No 
(x-x' 2 h o p 4Dt 

2 T J 

dx' (9) 

and if h o while N X h remains constant and equal to Q., equation 
o 

(9) reduces to 

N = 
Q exp (- x2/ 4Dt) 

2 TrDt 

(10) 
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Such a discontinuous source is usually called an infinitesimally 

thin layer or a sheet source. If N(x, t) is the amount of the diffusant 

per cm3 in the volume, Q is the amount per cm2 of source area, 

expressed in the same units (grams, moles, atoms, etc.). Equation 

(10) shows that the function N(x, t) is symetrical in x at all times. 

The value of the function exp(- x 
2 

/4Dt), and therefore also the con- 

centration N(x, t) decreases with the increasing distance from the 

source of diffusion and approaches zero asymptotically for x f 00 

ò 

Figure 2. Diffusion from an infinitesimally thin layer 
into an infinite body. 

The variation of N with time at x = o is given by 

N = Q/ 1 t 

-- 
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This gives a very simple method of obtaining D; the diffusion 

constant. The value of D can also be determined from the magnitude 

of the slope of the curve 

which gives 

in N(x, t) = f(x2) 

1 

4t d 
1 

.Qn [ N(x, t)] 
d(x2) 

The concentration distribution in the exponential form given by 

equation (10) is the Gaussian error curve (43) and should not be con- 

fused with the error function or error integral, obtained by integra- 

tion of the exponential. 

Kinetics of Diffusion 

A number of physical properties of solids have defied explana- 

tion in terms of the ideal crystal model. Foremost among these is 

diffusion. This involves transport of matter and requires some kind 

of a step -wise mechanism which the idealized model cannot provide. 

The regular array of atoms of the ideal lattice is modified, in 

real crystals, by a large number of irregularities. These irregu- 

larities or defects may arise from a variety of causes such as the 

presence of impurities, growth imperfections like dislocations and 
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micro -cracks, etc. , stoichiometric excess of one component in 

chemical compounds and so on. Further, defects involving impur- 

ity atoms will affect the physical properties of the crystal by locally 

disturbing the perfect periodicity of the lattice potential. 

Six primary imperfections exist in nearly perfect crystals (80) 

and the interactions between these irregularities determine the physi- 

cal properties of the crystal. These are a) foreign atoms, b) vacant 

lattice sites and interstitial atoms, c) dislocations, d) phonons, e) 

electrons and holes, and f) excitons. The six types are not entirely 

independent of each other. Interactions exist between irregularities 

of the same group, some of these interactions actually producing im- 

perfections of a different kind. 

The two simplest types of lattice vacancy are illustrated in 

Figure 3(a) and (b). The Schottky defect is a simple lattice vacancy 

or missing atom which may have been shifted to the surface or to a 

dislocation or to some other sink associated with a disordered por- 

tion of the lattice. If, however, the missing atom is transferred to 

an interstitial site in the lattice, a Frenkel defect results. Vacan- 

cies and interstitial often exist in pairs. Interstitials may also inter- 

act with one another to form stable clusters. Vacancies clustering 

in groups may range in size from pair formation to large voids in 

the lattice. 
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a) Schottky defect b) Frenkel defect 

Figure (3) Lattice vacancies 

It is known from the theory of specific heats that thermal 

energy keeps the atoms in a crystal oscillating about their equilib- 

rium position and from the statistical behavior of this process 

occasionally an atom may have enough energy to change sites in 

the lattice. The diffusion in solids is the result of this jumping 

phenomenon. 

The present -day discussions of mechanisms for bulk diffusion 

in solids are mainly limited to consideration of three alternate possi- 

bilities: interstitial diffusion, vacancy diffusion and diffusion by 

direct interchange of adjoining atoms (6, 32, 40, 82). 

y 
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Interstitial Mechanism. An atom is said to diffuse in an inter- 

stitial manner if it shifts from its own to its nearest neighbor inter- 

stitial site without dislocating any of the lattice atoms. An intersti- 

tial jump, however, requires an appreciable dilation of the matrix. 

It is this distortion which constitutes the barrier to an interstitial 

atom changing sites This mechanism will dominate in any non- 

metallic solid in which the diffusing interstitial does not distort the 

lattice too much. 

Vacancy Mechanism. Some of the lattice sites in all crystals 

are unoccupied. If one of the adjacent atoms shifts to this vacancy, 

the atom is said to have diffused by a vacancy mechanism. The dis- 

tortion required to move an atom in this process is smaller than in 

the interstitial case. 

Interstitialcy Mechanism. Solute atoms which go into solution 

in metals as interstitials are appreciably smaller than the matrix 

atoms and diffuse by the interstitial mechanism. If, however, a 

relatively large atom gets into an interstitial position, it will produce 

a very large distortion in making a jump by the interstitial mechan- 

ism. It is then supposed to diffuse by an interstitialcy mechanism 

instead, wherein it pushes one of its nearest neighbor atoms into an 

interstitial position and occupies the lattice site previously occupied 

by the displaced atom. The distortion involved in this displacement 

is quite small and so it can occur with comparative ease. 

Thermal Vibrations and Activation Energy. Frenkel (26) has 

developed a kinetic theory of real crystals and has applied it to 
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diffusion in solids. He calculated jump phenomenon in terms of T, 

defined as the mean time of residence of a particle at a given equi- 

librium position and expressed as 

nv,, 
T = T exp (kT) 

where T 
o 

is a constant of the same order of magnitude as the natural 
-13 

period of vibration of the atoms in the crystal lattice (10 sec) 

and flaw is the height of the potential barrier which the atom should 

overcome in order to jump to another position. Since the transitions 

between equilibrium positions are very frequent, the velocity of the 

particles (interstitial atoms or defects) can be defined as v = 5/ T 

where 5 is the shortest distance between two equilibrium positions 

(neighboring lattice or interstitial sites). The analogy here with the 

motion of particles in a gas suggests that the diffusion coefficient 

in crystals may be expressed by the formula of the kinetic theory of 

gases: 

1-- 1 X.2 D=3v = 3 T 
(12) 

Where X is the mean free path of the particles in the gas phase and 

T is the time interval between collisions. Though in gases the free 

paths can vary statistically, in crystals the transitions involve the 

same distance, i. e. , the distance between the nearest lattice or 

- 
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interstitial sites. This modifies (6) the expression for D in crystals 

to 

(13) 

where y is the average frequency with which an atom jumps out of a 

given site in any allowed direction. In diffusion by the vacancy mech- 

anism, the jump frequency depends on the coordination number, vi- 

brational frequency, the energy barrier for jumping, and the prob- 

ability that a given atom is in a nearest neighbor position to a vacancy. 

Substituting the value of T from equation (11) in equation (13), 

D can be expressed as 

62 nw 
D 6T eXp -(k-I ) 

0 

= Doexp( kT) (14) 

This formula agrees exactly with the empirically established 

effect of temperature on the diffusion coefficient of solids. Do and 

ow are constants whose values depend on the physico - chemical 

properties of the medium in which diffusion is taking place and on 

those of the diffusing species. 

Experimentally Do and ow can be obtained by plotting in D 

versus 1 /T. The slope of this plot gives 

- 

1 62 
D = 

6 r 

J6Z 
6 
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d(.QnD) ow 

d(1/T) 

while .Qn Do is given by the intercept at 1/T = O. 

Diffusion in Semiconductors. The diffusion mechanisms dis- 

cussed in previous sections ignore the electrical charge on diffusing 

particles and any resulting interactions. But the impurity diffusion 

process is largely dependent on such interactions involving either 

impurities alone or in conjunction with lattice defects. Coulomb 

interactions between ions involved in simultaneous diffusion of oppo- 

sitely charged species (donors and acceptors) may lead to the forma- 

tion of metastable complexes which decrease the diffusion rate and 

affect the scattering of electrons and holes in semiconductors. Reiss, 

et al. , (75) have discussed the theory of such interactions. 

Lattice vacancies are usually involved in diffusion processes 

in semiconductors. The diffusion coefficient of impurities in semi- 

conductors is related to the chemical potential levels of electrons 

and holes and the coloumb interactions between diffusing particles 

and vacancies. Valenta and Ramasastry (90) have analyzed these 

problems quantitatively for self -diffusion in Ge and Swalin (88) has 

discussed the more general case of diffusion by vacancy mechanism 

in semiconductors. 
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In semiconductors, the number of donor or acceptor levels in 

the energy level diagram equals the number of charged vacancies and 

depends on the temperature of the crystal and on the presence of elec- 
o tronically active impurities. Let N . N and N be the molar frac- 

v v v 

tions of charged and neutral vacancies, and the total molar fraction 

of vacancies, respectively. The fraction of charged vacancies at 

temperature T may be written 

Nv - 
Nv 

1 + exp(Ev Ef) 
kT 

(15) 

where Ef is the Fermi energy or chemical potential level, and E 

is the energy of the acceptor level of the vacancy. Since 

N = 
v 

(N ° +Nv) we can also write 
v v 

E -E 
Nv kTv) (16) 

Let pv represent the probability that an impurity ion shall be 

found in the neighborhood of a vacancy. Also 

P = P 
o 

+ 
v v v 

(17) 

where p° is the probability of finding it close to a neutral vacancy 

= No exp 

- 

P 



and pv is the probability of finding it close to a charged vacancy. 

On the other hand, the probability of finding any lattice atom close 

to a vacancy is given by 

p v = yN 
v 

(18) 
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where y is the coordination number. Denoting the energy of forma- 

tion of a vacancy near a solvent atom by oHv, and the energy of 

formation of a vacancy near an impurity ion by oH, we can, by 

analogy with equation (18), write 

where 

0 0 oH:s 
pv = yNo exp ( k,r ) 

Hs = ,AH - AH' 
v v 

In a similar way, the probability p v 
for the case of fully 

ionized impurities is given by the equation 

o -°Hc 
pv = yNv exp (-- ) exp ( kT, ) 

where AH is the Coulomb interaction energy between charged 
c 

vacancies and charged ions. Substituting for Nv from equation 

(16), we get 
E -E -AH -AH 

pv = yNo exp[ f 
vkT c s] 

(19) 

(20) 

v 

v v 

s 



Also, since the concentration of neutral vacancies is a 

function only of temperature, 

-°G AH AS o Nv = exp ( kT ) = exp ( - k;T ) exp (-j;-) 
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(21) 

where AGv is the free energy of formation of the vacancy and AH 

and AS are the corresponding values of the heat and entropy of acti- 

vation. From equation (20) we have 

and 

AS E -E -APIs -oH -AH 
vi v= Y exp (- ) exp [ 

f v 
c v] 

o AS AH + °x_ 
p v= p v+ p 

v= Y exp ( k ) exp-( k,r "1 

X[l+ exp kT 

Ef-Ev- oHc 

(22) 

(23) 

Having found an expression for pv, the probability of finding 

an impurity ion in the neighborhood of a vacancy, a formula for the 

diffusion coefficient of impurities can easily be found. In an earlier 

section, the diffusion coefficient was obtained as 

vó2 
6 

where S is the jump length and v is equal to p f exp ( ); f being 

the transition frequency and ¿Gj is the free energy change corres- 

ponding to the isothermal work required to lift an atom from its 

k,Ì, P 

D 
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equilibrium position to the top of the potential barrier. For crystals 

with a diamond lattice 6 is given by 3a/4 where a is the lattice 

constant. Substituting the value of pv from equation (23) we obtain 

for the diffusion coefficient 

1 2 °Sv AS AH QHv+°Hs+oG. 
D= g a f y exp ( exp(- kT J) 

x [ 1 + exp (E 
-AH 

c)] 
kT 

(24) 

This formula resembles Wertz -Zenar formula for the diffu- 

sion coefficient (82, 92) except for a few further refinements by the 
E -E -AH off 

additive term exp ( 
f 

kT c) and the factor exp (- kT ). These 

energy parameters depend on the charge and the size of the impur- 

ity ion, and also on the relative positions of the Fermi level and 

the acceptor level of vacancies in the particular crystals. Their 

numerical value can be calculated from the appropriate formulae. 

Thus AH 
c 

, the Coulomb interaction energy between the impurity ion 

and a vacancy is given by 

AH - f qv q2 
c µd 

where qv and q2 are the charges on the vacancy and the impurity 

ion, and µ and d are the dielectric constant of the crystal and the 

distance between the impurity ion and the vacancy respectively. 

k 
k 

-E 
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Diffusion of Group III and Group V Elements in Si. Because 

of their importance in semiconductor devices, the Group III and 

Group V elements of the periodic table were among the first diffu- 

sants to be studied. But due to a large variation in the methods of 

investigation the results obtained are not always exactly in agree- 

ment. There seems to be a general consensus that the impurity 

diffusion in Ge and Si is by a vacancy mechanism (2). In addition 

to a favorable geometric factor, the formation of substitutional solid 

solutions requires that the substituent atoms shall have valence 

electrons in the same quantum states as the atoms of the parent 

lattice (63). In germanium and silicon crystals sp3 electrons are 

involved in the formation of tetrahedral covalent bonds. It follows 

that only those atoms possessing valence electrons in the s and p 

orbitals will be able to form stable substitutional solid solutions 

in germanium and silicon. 

The Group III and V impurities, when present in Germanium 

and Silicon as substitutional solid solutions give rise to electron- 

ically active impurity centers whose localized levels are situated 

close to the edges of the energy bonds of the semiconductors. Such 

shallow levels are particularly easily ionized and act as the major 

source of charge carriers over a wide range of temperature. 

In the simple and useful hypothetical model of vacancy mech- 

anism, the internal energy of the crystal is increased by the removal 
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of an atom. This appears as unsaturated bonding energy and strain 

in the neighborhood of the vacancy. In covalent crystals, the un- 

saturated bonding takes the form of uncompleted octets. Thus 

vacancies in covalent crystals are expected to behave as acceptors 

and they should show a higher diffusion coefficient for donor than 

with acceptor diffusants. This seems to be confirmed by diffusion 

studies in Ge (72). Since Si is of identical structure to Ge, a close 

analogy between the impurity diffusion behavior in the two materials 

would be expected but Si vacancies seem to indicate a higher proba- 

bility of association with acceptor than with donor impurities. Where- 

as Group V elements (donors) diffuse almost 100 times as fast in Ge 

as elements of Group III (acceptors), in silicon the diffusion of Group 

V elements is 10 -30 times slower than that of Group III impurities. 

One may be led to believe that vacancies in Si may behave as donors 

rather than acceptors. Swalin (88) assumes, however, that the 

vacancies in both Ge and Si are negatively charged and the apparent 

inconsistencies shown by the rates of diffusion of various elements 

in these two semiconductors are due to a difference between the 

energy levels of vacancies in Ge and Si. 

The acceptor level of vacancies in Ge is located in the lower 

half of the forbidden band 0. 26 ev above the valence band, whereas 

in silicon this level is found in the upper half of the forbidden band, 

0. 16 ev below the bottom of the conduction band (93). At comparable 
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temperatures, therefore, there will be more charged vacancies 

in Ge than in Si. According to Swalin this gives rise to Coulomb 

interactions between the charged vacancies and the diffusing impur- 

ity ions in Ge; positively charged impurity ions are attracted towards 

the negatively charged vacancies while the negatively charged impur- 

ity ions are repelled. This accounts for the observed behavior of 

the impurity diffusion in Ge. 

Since the difference in ionic radii between acceptors and the 

solvent is much higher than that between donors and the solvent 

(silicon or germanium) (6), the rate of diffusion of acceptors should 

be higher than that of donors. In silicon, this factor overshadows 

the Coulomb interactions between ions and charged vacancies and 

accounts for the observed anomolous behavior. In Ge the effect of 

Coulomb interactions masks the size difference factor (35). 

Rate of Diffusion and Solubility. Another characteristic 

feature of Group III and V elements is their solubility in Ge and Si. 

Impurity elements which show anomolously high rates of diffusion 

in germanium and silicon have extremely small solubilities. Both 

processes in the main are controlled by the same factors. The 

correlation between diffusion and solubility arises from the fact 

that the concentration of vacancies and the energy with which atoms 

are bound in these vacancies limit both these phenomena. At any 

given temperature and therefore for any given concentration of 
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vacancies, the foreign atoms will be more firmly held at the vacant 

lattice sites, and the diffusion coefficient will be lower, the higher 

the bond energy, i. e. , the deeper the potential wells in which the 

foreign atoms reside. On the other hand, the higher the energy of 

the impurity- vacancy bond, the higher the probability that the vacan- 

cies shall be occupied by impurity atoms which means the higher the 

solubility. 

In the same fashion, there seems to be a rough correspondence 

between the melting point (liquidus) of the alloy and the diffusion co- 

efficient. With alloys, it is found that an increase in the concentra- 

tion of the solute is attended by an increase in its diffusion coefficient 

if it leads also to a decrease in the melting point of the alloy and to 

a decrease in the diffusion coefficient if it leads to an increase in the 

melting point. In a qualitative manner, it can be said that foreign 

atoms which bind the lattice more tightly together and raise the 

melting point have more difficulty in diffusing through the lattice 

than those which lower the melting point. 

Methods of Evaluation 

Many different physical and physico- chemical methods for 

the investigation of diffusion in solids and alloys have been used. 

The distribution of the diffusant is measured as a function of time 

and temperature either by observing the resulting change in the 
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physical properties of the host material or by chemical, spectro- 

graphic, X -ray, electron diffraction, radiochemical or other meth- 

ods of analysis. The use of radioactive tracer methods in the study 

of diffusion process has been widespread because of their high sensi- 

tivity, their relative simplicity and their generality. Tracer meth- 

ods have been successfully applied also to semiconductors (27). 

With these materials, however diffusion coefficients are more fre- 

quently measured by other methods, specific to semiconductors. 

An impurity being diffused in the particular semiconductor is norm- 

ally active electronically and affects the electrical properties of the 

semiconductor. So the extent of penetration of the diffusing species 

is detected by analy zing the electrical properties of the substrate 

after diffusion. 

With only a small addition of impurities, a semiconductor 

becomes extrinsic at room temperature. Over a very wide region, 

the density of the carriers is related by 

T no X Po n() 
where n. is the concentration of either conduction electrons or holes 

1 

in intrinsic material, no and po are the equilibrium concentrations of 

conduction electrons and holes. The injection of conduction electrons 

by adding a donor impurity making n > n. results in fewer holes. 

With increasing electron density, the density of holes becomes 

negligible. In that case, the semiconductor is called n -type. In 

= 

O 
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the opposite case, when holes predominate as carriers, the semi- 

conductor is called p -type. 

If a material of one conductivity type is partially converted 

into material of the opposite conductivity type, a so- called "inver- 

sion layer" bounded by a rectifying p -n junction is created. The 

determination of the nature of the carriers and the localizing of the 

p -n junction in the semiconductor can yield a complete analysis of 

the diffusion process. 

Radioactive Methods. These methods depend on the avail- 

ability of suitable radioactive isotope of the diffusing impurity. In 

one method, the solute is plated on to one surface of the solvent. 

The rate of penetration of the solute by diffusion into the solvent is 

then determined by observation of the rate of decay of surface radio- 

activity. The concentration gradient can be determined by measure- 

ment of the radioactivity of the thin slices successively removed 

from the diffused surface by suitable methods. The layers can 

be removed mechanically with the help of special jigs, chemically 

or electrochemically. 

In cases where the solution for an infinitesimally thin source 

in an infinite body is applicable, the expression for the specific ac- 

tivity of the radio -nuclides in the diffused layers can be written (6) as 
2 const X exp [ x ] (25) i(x, t) = 4Dt 

2 Tr Dt 
- 



where x is the distance from the surface and t is the diffusion time. 

The diffusion coefficient D can then be calculated from the experi- 

mental plot of in i(x, t) versus x 
2 as 

f n i(x, t) = const - 4Dt 

2 x 
(26) 

The specific activities of successively removed layers can 

also be estimated from the change in activity of the specimen itself 

following removal of the layer. The integral radiation intensity I, 

remaining after removal of a layer of thickness h from the surface 

at x = o, is given in the expression 

oo 

I = i(x, t) exp [ -µ (x-h)] dx (27) 

where is the linear coefficient of absorption of the radiation by 

the material of the specimen. For the case of an infinitesimally 

thin layer substitution of the value of i(x, t) from equation (25) in 

equation (27) will yield 

or 

2 

(µI ah ) 
= 

const exp 
TN rDt 

2 

n(µI ah = 4Dt+ const (28) 

The diffusion coefficient D can be deduced from the slope of 
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the experimental plot of this equation. When y- emitters are used as 

µ 

- 

h 

( 4Dt ) 
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tracers, the absorption coefficient µ is small and the term µI in 

equation (28) can be neglected. The value of 
dh 

is usually obtained 

by graphical differentiation of the experimental curve for I as a 

function of h. 

Kuczynski (51) used a method known as longitudinal section 

method. One of the end faces of a rectangular or cylinderical speci- 

men, approximately 1 cm long, is coated with a thin layer 

of the radioactive diffusing substance. A lateral surface, perpen- 

dicular to the treated surface, is opened up by lapping or chemical 

etching, and the distribution of radioactivity along this surface is 

studied by means of a suitable detector enclosed in a screen. 

Kuczynski has derived a mathematical relation connecting the meas- 

ured values from which D can be calculated. This method does not 

require a knowledge of the absorption coefficient or of the initial 

activity of the layer deposited on the specimen surface. However, 

it requires a relatively thick diffused layer which implies long dif- 

fusing times or large diffusion constants. 

Autoradiographic methods have also been used to measure 

the distribution of radioactivity along the longitudinal sections. 

Specially sensitive photographic plates are placed in contact with 

the prepared section, and the distribution of radiation is determined 

by a photometric examination of the exposed plate. 

Electrical Conductivity Measurement Method. In 
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semiconductors, the diffusion coefficient can be obtained by meas- 

uring the change in the electrical conductivity of some parts of the 

diffused material. If we assume that the conductivity of the material 

is raised by the diffusing impurity but no p -n junction is produced, 

then the diffusion coefficient is obtained from the relation (35) 

f 
0" -To 2.26 Dt a- 6 d 

or (fd) 2 

D 
( 5.1)t 

(29) 

Where 

f is the fractional saturation in time t, o-e, v and O00 are the con- 

ductances of the material at time o, t and at complete saturation. 

The method of measuring the electrical conductances is shown in 

Figure 4. This relation assumes that the distribution of the diffus- 

ing impurity is a complementary error function type and that d« W. 

Figure (4) Conductivity Measurement 

I 

- 
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Further the diffusion time is too short for the concentration curves 

from the two surfaces of the specimen to overlap. 

If the diffusing impurity forms a p -n junction parallel to the 

diffusing surface, the application of conductance measurements to 

the determination of diffusion coefficient involves the incremental 

removal of the surface region. The p -n junction acts as an insulat- 

ing layer parallel to the specimen surface and so demarcates a 

sheet in the diffused solid. This method requires plane parallel 

specimens since it depends on the successive measurement of sheet 

conductivity as known thicknesses are removed. 

The electrical measurements are made by the "Four- point" 

probe which consists of four -point electrodes which are linearly 

arranged with an equal spacing and brought in contact with the mater- 

ial to be measured. The two outer electrodes are used to pass a 

current I through the sample while at the inner electrodes the voltage 

V is measured, Figure (5). If the thickness of the layer is f2 -121_of 

then the layer conductance per unit area parallel to p -n junction 

is given by 

1 

° 4. 5 21) 
I 

2 
I 

1 
=415(VV - ) 

2 1 

= neµo.Q (30) 

Where o- and o-2 are the measured conductances after and before 
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removal of the layer, respectively, n is the concentration of current 

carriers, which equals the difference in concentration between the 

initially present (No) and diffusing (ND) impurity on the assumption 

that all impurity atoms are ionized at room temperature, e is the 

electronic charge and their mobility. The numerical factor 1/4. 
5 

takes care of the geometry of the four -probe method. 

I 

p-n junctio 

Figure (5) Four-Point Probe. 

Equation (30) can be rewritten for the concentration of the 

diffusing impurity as a function of distance from the original surface 

of the specimen as 

I 

Z 

I 
1 

ND(/)- No 
+ 4. 5 e la Ai (V V) 

Z 1 

(31) 

Backenstoss has calculated the surface concentrations from 

the sheet conductivities and p -n junction depths for linear, exponential 

p. 
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and error function distributions of the diffusant. If, therefore, the 

nature of the penetration curve and the p -n junction depth are known, 

a measurement of the surface conductivity by means of the four - 

point method can be used to determine the diffusion constant D in 

a material with known original doping. 

P -n Junction Method. The ability of a semiconductor to ex- 

hibit n- or p -type conductivity according to the predominant impur- 

ity is its most characteristic feature. The introduction of an impur- 

ity of the opposite type into the surface layer gives rise to a fairly 

narrow transition region called the p -n junction which moves in the 

direction of the concentration gradient of the diffusing impurity under 

heat treatment. The diffusion coefficient can then be calculated from 

measurement of p -n junction depth as a function of temperature and 

time. 

The p -n junction appears at the point where the concentration 

C(x) of carriers introduced by the diffusing impurity just equals the 

concentration Co of carriers of opposite sign initially present. The 

resulting situation is in Figure (6) . The conductivity type obviously 

suffers a reversal at the transition plane xo. For sheet -source 

case, diffusion coefficient may be calculated from the equation 

xo = 2(Dí){ ¢n( ) Dt) 2} 2. 
Co 
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Figure (6). Impurity Concentration Gradient 
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A variety of procedures are utilized for the localization of 

p -n junctions. These are based either on the different physical 

behavior of n -type and p -type material or they utilize the rectifying 

properties of the p -n junction. To the first group belong the thermo- 

electric probe, the point contact rectifier and certain chemical meth- 

ods. To the second group belong the application of a barium- titanate 

suspension, the measurement of the potential distribution under bias, 

photo -electric methods etc. 

In most cases cross -sectional methods are used either as 

direct cross -sections or at an angle. The p -n junction thus exposed 

is detected in the surface. 

With the thermo - electric probe, one determines the point at 

which differential thermo -voltage disappears. Figure (7) shows the 
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arrangement for making the tests on detection and location of p -n 

junction 

P 

n 

Galvanometer or 
Rectification Set 

Figure 7. Thermo - electric Probe. 

The point used was a tungsten carbide needle sharpened to a fine 

point and was handled by a micromanipulator. The zero point of 

the thermo -electric voltage is generally identified with the p -n 

junction. When the highest precision is required, another factor 

must be taken into consideration. With the hot probe determina- 

tion, the measured value of x will be different from the true value 

x 
o 

, at which the concentration of current carriers due to diffusing 

species exactly balances the concentration of carriers initially 

present in the sample. This is because the thermo -electric power 

in the transition region depends on the effective masses of the two 

types of carriers as well as on their concentrations. The correction 

factor can be calculated. 

This method has been applied mainly to germanium. In the 

case of silicon high contact resistances complicate the measurement. 
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A point- contact rectifier has opposite characteristics on 

p -type and n -type material. By probing the surface with the point 

contact, the p -n junction can be localized from the charge in recti- 

fier characteristics between point and sample. 

Photo- e. m. f Method. With a hot or cold probe the p -n 

junction location is usually identified under the microscope which 

requires illumination of the specimen surface. This will cause a 

photo- e. m. f to appear and thus modify the thermo- e. m. f. Further 

with a thin tungsten wire used to locate the p -n junction, the point of 

the wire is in poor thermal contact with the heater and it is not easy 

to generate an appreciable thermo- e. m. f. In the method of using 

photo- e. m. f in the detection of location of p -n junction, the entire 

angle - lapped surface is uniformly flooded with light and explored 

with a cold metallic probe connected to a galvano- meter. When the 

probe is carried to the right of the junction ¡position B in Figure (8)] 

the deflection will disappear, and thus the junction depth can be 

measured. 

1111111light 

P 

n " I=o 

T 
Figure (8) . Photo- e. m. f Method. 
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Staining Method of Junction Delineation. The usual staining 

technique is to apply a drop of concentrated HF or a mixture of HF 

with dilute HNO3 to the junction boundary under strong illumination. 

A dark staining will be observed on the p -type region. The location 

of the boundary can then be accurately measured with a calibrated 

microscope (83). 

In a new method of staining the n -type region, a drop of diluted 

HF is applied to the junction boundary while a reverse bias is applied 

to the junction under room illumination. After staining the n- region 

appears dark. If the two stain methods are applied successively, the 

two darkened regions will be found to exhibit the demarcation of thin 

depletion layers in- between (83). 

If the stain is to the boundary of the physical junction, both 

methods should give the same physical delineation, which means that 

when they are applied successively there will be no region between 

the two stain boundaries. On the basis of experimental results it is 

generally assumed that the ordinary p -stain will give the boundary 

of the depletion layer of a junction. 

Several investigators have published other methods of junction 

demarcation, such as copper plating, silver deposition, copper elec- 

trochemical displacement plating technique etc. (76). 
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Silicon Crystal as a Detector in the Analysis of Boron 

If certain necessary conditions are satisfied, the Gaussian 

distribution in the diffusion process can be used for the determina- 

tion of sub- micro-quantities of boron. In addition to diffusion parame- 

ters like time of diffusion, value of diffusion constant under the ex- 

perimental conditions and junction depth, this will require a knowl- 

edge of the initial dopant concentration of the silicon crystal used. 

For the solution of the diffusion equation from an infinitesi- 

mally thin layer constant source, the required condition is that the 

diffusion is the only rate -determining factor with no other rate lim- 

itation at the surface. The other extreme is a completely imperme- 

able surface for which case the flow across x = o has to vanish for 

all times. To obtain the diffused distribution with such a boundary 

condition at the surface, the diffusing material has to be introduced 

into the solid prior to diffusion (83). The simplest configuration for 

such a case is a sheet source at x = o. This case can also be ana- 

lyzed by considering an infinite solid with a planar source at x = o. 

If the source is 2Q atoms /cm 2 the diffused distribution is described by 

Q x2 
C(x) Tr Dt exp 

( /4Dt) (32) 
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This function, as stated earlier is the so- called Gaussian 

distribution. Equation (32) is also referred to as the solution for a 

thin film source in the middle of an infinite bar. It is worth con- 

sidering just how long the bar has to be for it to be "infinite ". A 

short bar can be considered infinite if the quantity of the solute which 

would have diffused past the end is an insignificant part of the total 

solute present Arbitrarily taking 0. 1% as a sufficiently insignificant 

portion, we can solve for x' in the equation. 

10-3- 

C 2 
exp ( i 4Dt) 

-x 
dx 

exp ( -x 2/ 4Dt) dx 
-co 

Here the numerator is proportional to the solute beyond x' in an 

infinite bar, and the denominator is proportional to the total solute. 

The solution to this equation is x'= 4 Dt. For sufficiently short 

times any bar is infinite and this will depend on the magnitude of D 

as well as the elapsed time (82). 

Further for this solution to hold valid, the thickness of the 

source layer "d" should be much less than the diffusion depth 

(d « 2 Dt ). Another assumption made here is that whole of the 

diffusant can dissolve in the body after any time interval, however 

short. Malkovich (59) has shown that if the solubility of the diffusant 

4 

\ 

'x' 
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in the host material is small, the material in the layer deposited 

on the surface may not wholly succeed in penetrating into the sample 

and the concentration distribution will then approximate the comple- 

mentary error function type which occurs for diffusion from any 

infinite source. Malkovich concludes that in order to obtain the 

concentration distribution required by equation (32) one should not 

deposit on the sample a layer of diffusant whose thickness exceeds 

10-2 or 10 -3 micron. 

The techniques of impurity diffusion in silicon are very well 

advanced. If the resistivity of the host material is known, by con- 

trolling the diffusion parameters like temperature and time etc. , it 

is possible to get very uniform junction depths with < ± 5% variation. 

These junction depths can be measured with exactness. The actual 

quantity of the donor or acceptor impurity required to change the re- 

sistivity type of a region of the host material and produce a p -n junc- 

tion which is far less than one microgram. By satisfying the condi- 

tions required for the application of equation (32) above, one could use 

it as a means of an accurate determination of Q the quantity of the im- 

purity per cm diffusing in one direction. Boron has a very high solid 

solubility in silicon. By measuring the junction depth, x, knowing C(x) 

the initial impurity concentration per cm3, the diffusion constant 

D at the particular temperature, and the time of diffusion, Q can 

be calculated. A theoretical curve of Q /C(x) versus the junction 
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depth for different times of diffusion is shown in Graph I. This is 

plotted with D = 2. 0 x 10-12 cm 2 /sec at T = 1 200 ° C and for diffu- 

sion durations of 1 hour, 2 hours and 10 hours. 

Experimental Procedures and Discussion 

In the last section it has been shown that if certain conditions 

are satisfied in the diffusion process, the equation for the Gaussian 

distribution will hold. Further if the initial impurity concentration, 

C , 

(x) 
of the host crystal, the diffusion constant D and the time t 

for the diffusion are known, and junction depth x is accurately 

measured, the impurity source density per cm2, Q, can be calcu- 

lated from the relation 

Q = C(x) Tr Dt exp (-x2 /4m) 

Which is a modified form of equation (32). 

To use silicon as an accurate detector in the analysis of 

boron, it was decided to plot first calibration curves relating Q/ 
C(x) 

to the measured junction depths with known values of Q and C(x). 

Further, to avoid any loss of impurity source to the outside, the 

thin sheet source was sandwiched between two silicon wafers of the 

same resistivity. Boron being a p -type impurity, n -type silicon 

crystals were used for detection. 

Five sets of n -type silicon wafers with resistivity values in 
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Ratio of Initial Surface Density of Boron Atoms /cm2 
to Initial Impurity Atom Concentration versus 
Junction Depths. Theoretical curves for Gaussian 
Distribution with D = 2. 0 x 10-12 cm2 /sec at 1200° C. 
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the ranges 0.008 -0.009, 0. 10 2 -0. 115, 1. 29-1.33, 9.5 -12. 5 and 

400 -420 ohm -cros respectively were used. Co x value for each of 

the wafers was determined from its resistivity value. For each of 

the five resistivity ranges, Q/ 
C(x) 

values of 0 001, 0. 01, 0. 1 and 

1. 0 were used. This was achieved by evaporating B203+ H 20 solu- 

tion of the required dilution on the surface of the wafer. 

The main problem in the quest for accurate calibration curves 

was that of getting a uniform thin sheet of boron as planar source. 

Other considerations are elimination of all contaminations, surface 

preparation of crystals; obtaining accurate values of C( ); x diffusion 

technique and measurement of junction depths. The biggest problem 

encountered was that of limiting the sheet source to a known area of 

of the silicon wafer. Quite a few different methods were tried before 

reasonable success was achieved. The final step -by -step procedure 

adopted follows a detailed discussion of the experimental methods 

used in obtaining the calibration curves. 

Surface Preparation 

Silicon slices 20- 22 mil thick were cut parallel to a (111) 

surface from Hyper -pure n -type silicon single crystals obtained 

from Dow Corning. They were lapped on 600 grit silicon carbide 

paper on a Beuhler polisher and then polished to a mirror finish 

with 1 micron alumina on Politex -Pan -W analytical polishing discs. 
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Some wafers were grooved by a wax- masking and etch technique. 

These along with an equal number of other wafers of the same re- 

sistivity to be used as top covers were then degreased ultrasonically 

in a detergent bath and then in distilled deionized water for 10 min- 

utes each. After washing further in flowing DI water the wafers were 

dried between two layers of filter paper and etched one by one in a 

whirler etch for 10 minutes each. If these etched wafers were not 

to immediately go through the next step in the diffusion procedure, 

they were quenched in a concentrated solution of iodine in methanol. 

This quenching must immediately (in 1 to 2 seconds) follow the re- 

moval of the slice from the etchant. The anhydrous property of the 

solvent prevents hydrolysis of the Si -I bonds formed during quench- 

ing. Silicon slices can be effectively stored in iodine -methanol solu- 

tions for up to 72 hrs. with no reduction in effectiveness. When re- 

quired for use the wafers can be taken out of the solution, washed 

in methanol and the more tightly bound iodine can be effectively re- 

moved by thermal treatment. 

Sheet Source 

A reagent quality B2O3 was used as an impurity source. The 

number of boron atoms per milligram of this compound were calcu- 

lated from Avogadro's number to be 1. 7 X 1019. To get any particu- 

lar value of Q,c a suitable small quantity of B2O3 was accurately 
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weighed with a Mettler's Microgramatic balance. This was dis- 

solved in hot, distilled and deionized water and diluted to get the 

required number of atoms in 0. 5 ml solution. If this solution were 

now evenly spread and evaporated on a known surface area of the 

wafer, a sheet source of known atoms per cm 2 would be obtained. 

Since boron is not volatile at ordinary temperatures it will be de- 

posited on the crystal surface and only water will evaporate. It 

was realized that if the sheet source were spread over all of the 

surface of the silicon wafer, there might be an appreciable leakage 

of the impurity vapor even when it is covered by another wafer of 

the same resistivity. To overcome this loss factor the thin -film 

source was restricted to an inner disc area of the wafer leaving a 

narrow ring of uncovered wafer outside. 

Use of O -ring. As the first attempt in this direction a rubber 

O -ring of suitable size was held over the prepared wafer under spring 

pressure and 0. 5 ml of B2O3 + H2O solution was spread over the 

enclosed surface drop by drop with a pipette and allowed to dry in 

the room atmosphere. It was soon realized, however, that in this 

procedure it was very difficult to accurately control the area of 

sheet source as this will vary with the pressure on the O -ring. 

Further. part of the boron will evaporate on the ring and will be 

lost as far as sheet source is concerned. The first problem was 

overcome by using a teflon ring instead of the rubber one but the loss 
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due to the second factor could not be accounted for. 

Some diffusions were carried out after enclosing the planar 

boron source obtained by the above procedure between two wafers 

of the same resistivity and with Q/ 
C(x) 

= 1. 0 but the junction depths 

obtained were not only very non -uniform over the surface but it was 

not possible to get consistent results in different trials, probably 

due to variations in the loss factor. 

Use of Ultrasonic Impact Grinder. In the second method 

tried to contain the evaporation of the solution over known surface 

area, a Raytheon Ultrasonic Impact Grinder Model 2 -334 was used 

to make a groove 3/4" in diameter and 10 mils deep in a silicon wafer 

about 30 mils thick (Figure 9). 

Figure (9) . Grooving by Ultrasonic 
Impact Grinder. 

A slurry of 600 grit silicon carbide powder was used with the cutting 

tool. The grooved wafer was then washed and etched long enough to 

take off about 2 mils of material to remove the mechanically damaged 

layer (74). The removal of this damaged surface is necessary since 

its presence will interfere with the diffusion process. The groove 

f 
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was filled with the B203 solution with a pipette and allowed to evapo- 

rate. Because of the surface tension effects, the solution kept the 

groove covered up to the rim of the outer ring and evaporated only 

from the surface giving a fairly uniform spread of the boron com- 

pound left behind on the surface in the groove. 

After evaporation of the solution the grooved wafer was 

covered with a polished and etched wafer of the resistivity and 

the two together baked for two hours for diffusion. The results on 

junction depths obtained were not much better than those obtained in 

the first trial. 

Acting on the premise that part of boron was still being lost 

as leakage of elemental vapor from the annular region, the top 

wafer was shaped as shown (Figure 10) to fit fairly tightly in the 

groove of the bottom wafer. 

F-1 

Figure (10). Top cover shaping 
by Ultrasonic Impact 
Grinder . 

Diffusion was carried on as before and junction depths measured. 

It was noticed that the junction delineation was very jagged. It was 

realized that since the junctions produced by the impurity diffusion 

in the semiconductor move uniformly into the crystal surface, they 

H 



67 

will retain the contour of the surface. Only if the crystal surface 

is very flat, the junction will be very flat or the demarcation line 

will be sharp. The grooved surface prepared by ultrasonic grinder 

using 600 grit silicon carbide powder and seen under a microscope 

with a magnification of 80 is shown in Plate I(a) page (68). This is 

far from flat and compares very poorly with that in Plate I(b) which 

was obtained by polishing the silicon wafer to a mirror finish with 

1 micron alumina and etch -grooving with wax -mask method discussed 

below. The surface of the top cover wafer active under diffusion 

process could be kept mirror -finished even after shaping by the 

impact grinder but it was not possible to do so for the surface in 

the groove. Polishing the grinder tool surface did help somewhat but 

further improvement could be obtained only by using a much finer 

powder in the slurry than 600 grit. The large amount of slurry re- 

quired in the impact grinder, however, precludes the use of this 

method. Further it was felt that the inconsistency of the results 

obtained may partly be due to the deformation caused by the physical 

pounding of the silicon crystal with the impact grinder. 

Use of Kodak Photosensitive Resist. If the grooved and top 

wafers of Figure (9) could be shaped by photofabrication process (23) 

the mirror -finish of polished surfaces could be retained. After 

surface treatment the silicon wafers were washed in DI water and 

acetone, and baked at about 100°C to remove any water vapor from 
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a 

b 

Plate I. Grooved surface as seen under microscope with a 
magnification of 80. 

a. Groove prepared by ultra -sonic impact grinder. 
b. Groove prepared by wax mask and etch milling. 
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the surfaces. The silicon wafer was then put on a spinner plate 

and KMER (Kodak Metal Etch Resist) applied with an eye dropper 

at the center of the wafer. The spinner was run at a slow speed for 

about a minute and the speed then increased to about 4500 rpm. The 

spinning was kept on at this speed for two or three minutes. This 

coating was on the polished side of the wafer. The wafer was kept 

between two microscope slides and baked at about 1 20 ° C under an 

infra -red lamp for about two minutes. The unpolished side of the 

wafer was then coated with the KMER solution and let dry for about 

15 minutes. The photo- resist - coated mirror -polished side of the 

wafer was then covered with a properly cut mask prepared from 

Ulano's Rubylith 3M graphic sheet. KMER is sensitive to near 

ultraviolet light in the region 280 to 450 µ . An exposed and proc- 

essed film of the photo- resist is unaffected by acid etching. The 

part of the wafer to be etched off is covered by the mask and the 

rest exposed to a mercury vapor light. After exposing the other 

side of the wafer too, it was developed in KMER developer for 

two to three minutes and then spray- rinsed alternately in acetone 

and developing solution with a Wold Airbrush spray unit. It was 

rinsed in water and again dried.' The unexposed part of the wafer 

was by now cleaned off. The wafer was put under the mercury light 

again for about ten minutes and then baked under infra -red lamp 

for about 30 minutes or so. The wafer was then etched in 10 ml. of 
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3 HNO3: 1 HF but the film came off after about one minute of etching 

and the depth of the photo -milled silicon was hardly 1 mil. This 

much depth was not enough for the surface tension to be effective 

in containing the solution within the grooved surface and it spread on 

the annular ring. To improve the adhesion of the photo- resist film 

to the silicon surface the latter was degreased by an ultrasonic bath 

in detergent but without much improvement. 

Another wafer was polished and degreased. After drying it 

by baking as before, it was dipped in 1:1 mixture of KTFR (Kodak 

Thin Film Resist) and KMER thinner. It was kept at 45° angle and 

let dry to touch and then baked between two microscope slides on 

medium hot plat for about 1/2 hr. It was exposed as before and 

etched in 10 HNO3:1 HF etch. The resist film stayed on for about 

one and one -half minutes before lifting off but the depth of the step 

obtained was still much less than that desired. 

Etch -milling With Wax Mask. In this method after surface 

treatment of the wafer an adhesive disc 9/16" diameter cut from 

plastic scotch tape was affixed on it leaving an uncovered ring on 

the outside. The annular portion was then coated with black apiezon 

wax dissolved in toluene and let dry. The unpolished back side and 

the rim of the wafer were also covered with wax. The plastic patch 

was then lifted off and the now uncovered surface cleaned with tri- 

chloroethylene and alcohol taking care that the annular wax ring did 
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not spread. The wafer thus masked with wax was etched in a 

whirler bath at 80 rpm. The etch mix was 10 ml. of 15 HNO3: 

5HC2H3O2:2 HF. This is a very slow etch. It took about 30 min- 

utes to get a grooved step 8 mil deep. But the surface in the groove 

obtained was as mirror finished flat as the original surface. Plate 

II, page 72 shows the different steps involved in this milling proc- 

ess. Plate I shows the surface obtained as it looked under the 

microscope with a magnification of 80. The surface obtained earlier 

by the ultrasonic impact grinder method is also shown in this plate 

for comparison. Investigation showed that it was necessary only to 

shape the bottom wafers while the top covers could be left flat. 

In the preliminary work, after preparation of the groove, the 

water from the solution was allowed to evaporate in the groove in the room 

atmosphere. In spite of the very good surface available in the groove, 

the results obtained were rather inconsistent. The errors could be 

partly ascribed to the partial growth of oxide layer on the grooved 

surface and contamination from room atmosphere. In the final ex- 

periment these causes of error were removed by evaporating the 

solution in the groove in a vacuum chamber and further the evapora- 

tion step was done immediately after the surface treatment and 

cleaning step. It was further noticed that by the use of vacuum 

chamber the water solution in the groove froze to ice under vacuum 

and the water content sublimated, leaving, presumably, a uniform 
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a b c d 

Plate II. Steps in Etch -milling with Wax Mask. 

a. Silicon wafers polished to mirror finish. 

b. Adhesive disc 9/16" diameter cut from plastic scotch tape 
affixed on wafer. 

e 

c. The annular portion of the wafer covered with black apiezon 
wax dissolved in toluene. The back of the wafer also similarly 
coated. 

d. Plastic patch lifted off and the uncovered surface cleaned with 
TCEL and methanol. 

e. The grooved wafer after etching in a slow etch and removal 
of wax. 

1 0 
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sheet layer of boron on the surface. The very sharp and uniform 

junctions obtained seemed to bear out this assumption. 

Value of C( 
x) X 

The initial impurity concentration for silicon crystal of any 

resistivity can be obtained either from curves available in the liter- 

ature (42) or with the help of Dow Corning silicon slide rule. The 

resistivity of the wafer can be determined from four -probe measure- 

ments and the corresponding value of dopant concentration as atoms/ 

cm3 can be read directly with the slide rule. 

Diffusion Technique 

Various review articles on diffusion techniques are available 

( 28, 35, 39, 83). The one used in this investigation was a compara- 

tively simple one. Four grooves about O. 1" deep and of diameter 

just big enough to hold the wafers to be diffused without sliding were 

cut in a ceramic plate with the ultrasonic impact grinder (Figure (11)). 

The grooved wafers after evaporation of the B203 solution were 

covered with top covers of corresponding resistivity. Four such 

pairs were placed in each of the four grooves and the ceramic plate 

was slid into the furnace with a quartz rod. The temperature of 

the furnace is controlled by a Wheelco saturable reactor control 
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unit and was kept at 1200 ± 10°C. The temperature was measured 

with Wheelco temperature indication Unit Model 407P using Chromel- 

Alumel thermocouple. An inert atmosphere was provided in the 

furnace by argon gas flowing at the rate of 1. 5 cf /h. The flow of 

gas in the furnace was started about 15 minutes before introducing the 

samples. The furnace used had a new mullite tube, uncontaminated 

by any other donor or acceptor impurity diffusion. The baking was 

carried on for two hours each time. This much duration for diffu- 

sion was chosen in order to get sufficient junction depth. Further 

this is small enough for the leakage of impurity vapor pressure not 

to affect the diffusion results (18). The effect of heat treatment and 

of evaporating plain water and then baking was observed in a separ- 

ate investigation. 

Samples in 
wafer holder 

A 40 À...4* ,. 
. _--- á. .. .:,. ,-,.r.v.- 

Furnace 

Figure (11). Diffusion Technique. 
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Wafer holder 

ff 
" . . 

- ..., 

í (/ 



75 

Junction Depth Measurement 

The diffused bottom and top wafers were each broken into two 

halves after scribing with a diamond scribe. One section from each 

was mounted on microscope slides with low melting point Dennison's 

#14 wax. Figure (1 2)shows a polished steel rod held in a small lathe, 

Motor 

J 

Sa ple 

Rotating rod 

Belt 

Slide Plastic sheet 

Figure (12) . Grooving machine 

The mounted sample was held against the rod by the sliding plate at 

a 2° angle. The rod was rotated and a dilute slurry of five micron 

alumina in DI water was applied on the wafer. The rotating rod 

cuts a sloping groove on the silicon crystal which goes below the 

junction. Four or five such grooves were made on half of each of 

the diffused wafers. The Alumina suspension was then washed off 

with DI water and the dried wafer is ready for junction delineation. 

A fast and reproducible staining is obtained by applying a drop of 

1 
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"Dash" etch (12HC2H302:3HNO3: 1 HF) to the groove under strong 

illumination. The p -type region becomes darker, and the grooved 

and stained sample appears as in Plate III, page 77. The quantities 

a, b and L were measured by using a calibrated microscope. The 

junction depth could then be calculated from the equation 

x = 
a2-b2 

8R 

2 
L 
8R 

Where R is the radius of the rod in the same units as a and b (58). 

Step -by -Step Experimental Procedure 

1. Six wafers of measured resistivity value were mounted on 

brass blocks with Dennison's #14 low- melting point wax and polished 

to a mirror finish on a Beuhler polisher. 

2. The wafers were then taken off the blocks by heating them 

on a hot plate and the wafers boiled in methanol to take off the wax. 

They were spray rinsed in methanol. 

3. The polished wafers were etch -grooved by the wax -mask 

technique and the Apiezon wax removed from them by boiling in and 

spray- rinsing with trichloroethylene. The wafers to be used for 

top covers did not have to go through step (3). 
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Plate III. Junction Delineation and Depth Measurement. 
(1. 0 mm scale at same magnification is shown 
along side). 

+ 
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4. The wafers were then cleaned ultrasonically in a detergent 

(Alconox) and distilled deionized water, respectively, in a L & R 

ultrasonic unit and then washed in flowing deionized water for about 

30 minutes. 

5. All the glassware, tweezers and tongs used were cleaned 

with Alconox detergent either by boiling or ultrasonically and then 

in flowing deionized water. Contamination was avoided while hand- 

ling and they were stored in the evacuation chamber of a vacuum 

evaporator. Before actually using them they were washed in meth- 

anol. B2O3 solution of the proper concentration was prepared in 

deionized water. 

6. The evacuation chamber and the implosion glass shield 

of a Mikros vacuum evaporator were cleaned with methanol and the 

unit evacuated for about one -half hour before use. 

7. The grooved wafers from step (4) were dried between two 

layers of filtered paper and were put two each in two glass dishes 

placed in the evacuation chamber of the vacuum evaporator. 

8. 0. 5 ml.solutions of two different concentrations were 

poured from pipettes drop by drop in the two sets of wafers in the 

dishes in the evaporator and the water was allowed to evaporate 

during evacuation of the vacuum chamber. 

9. When all the water had dried these wafers were covered 

with top covers which had gone through steps 1, 2 and 4 taking care 



79 

that the resistivity of these covers was the same as that of the cor- 

responding grooved ones. 

10. Flow of Argon gas at the rate of 1. 5 cf/h was started 

in the diffusion furnace about 15- 20 minutes before the completion 

of the last step. The ceramic plate containing the wafers to be dif- 

fused was slid into the middle of the furnace and allowed to bake for 

two hours. 

11. After the wafers had cooled, they were cut in halves, 

grooves made in one -half of each of the diffused wafers and the stain- 

ing etch applied to these grooves for junction delineation. 

12. The junction parameters a, b and L were measured with 

the help of a calibrated microscope and the junction depths calculated. 

The results are given in the tables in the appendix along with 95% con- 

fidence interval (7,58) and the values of junction depth versus Q /C( x 
values are plotted in Graphs II to VI. 

Discussion of Experimental Results 

The calibration curves obtained confirm the results of the 

theoretical investigations which indicated that by using the Gaussian 

distribution in the diffusion process, a silicon crystal can be used as 

a very sensitive detector in the quantitative analysis of boron. To 

get reproducible and accurate results, however, quite a few refine- 

ments had to be made in the technique and the effects of extraneous 
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Graph II. Ratio of Initial Surface Density of Boron Atoms /cm? 
to Initial Impurity Atom Concentration versus Junc- 
tion Depths. Theoretical Curve for D = 2. 0 X 10 -12 
cm2 /sec. at 1200° C. t = 2 hours. Resistivity Range: 
400 -420 ohm -cm 
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Graph III. 
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Ratio of Initial Surface Density of Boron Atoms /cm2 
to Initial Impurity Atom Concentration versus Junc- 
tion Depths. Theoretical Curve for D = 2. 0 X 10 -12 
cm2 /sec. at 1200°C. t = ?hours. Resistivity Range: 
9. 5-12. 5 ohm -cm (experimental 
curva. 
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Graph IV. 

1. 0 

T 

Ratio of Initial Surface Density of Boron Atoms / cm2 
to Initial Impurity Atom Concentration versus Junc- 
tion Depths. Theoretical Curve for D = 2. 0 x 10-12 
cm2 /sec. at 1200° C. t = 2 hours. Resistivity Range: 
1. 29 -1. 33 ohm -cm (experimental 
curve). 
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Graph V. 
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Graph VI. Ratio of Initial Surface Density of Boron Atoms /cm? 
to Initial Impurity Atom Concentration versus Junc- 
tion Depths. Theoretical Curve for D = ?. 0 >< 10-1 2 

cm2 /sec. at 1 200° C. t = 2 hours. Resistivity Range: 
. 008 -. 009 (experimental curve). 
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contamination had to be eliminated. To determine an unknown 

quantity of boron in the range covered by these investigations, a 

measurement of the junction depth after diffusion in an n -type 

silicon crystal of the known resistivity is required. The corres- 

ponding value of Q 
/ C(x) 

ratio can be read from the curves directly 

and knowing the initial dopant concentration Co x 
from the resistivity 

value of the wafer, the value of Q atoms /cm2 on the diffusing surface 

can be easily calculated. Prior knowledge of the approximate ex- 

pected value of the quantity of boron to be measured will enable the 

investigator to choose silicon of particular resistivity for maximum 

sensitivity. 

D'Asro (18) has investigated solid -state diffusion into 

silicon using a loosely closed box. For mathematically analyzing 

the rate of depletion of the source he considered an idealized box 

with an opening through a duct of assumed area and height. With 

his experimental conditions, he concluded that at 1300° C about 70 

hours of diffusion would be required for the source to deplete by 

ten percent. The conditions in the present investigation were not 

exactly the same but since the duration of the diffusion was only 

two hours at 1200° C the effect of the leakage could be neglected. 

The small percentage deviations obtained in the junction depth 

measurement justify this assumption. If the resistivity of the 

grooved and top cover wafers were the same, the junction depths 
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obtained in the two were also the same. This indicates that the 

thin sheet source introduces some elemental vapor pressure of 

boron which diffuses equally in both the surfaces. 

As stated earlier, five sets of silicon wafers with resistivity 

values in the ranges 0. 01, 0. 1, 1. 0, 10. 0 and 400 ohm -cm were 

used for calibration curves. These correspond to dopant concentra- 

tions in the range 1. 1 x 1013 to 2. 2x 1018 atoms /cm3. Further 

the curves have been drawn for Q/ values of 1. 0 , 0. 1 , 0. 01 C(x) 

and 0. 001 respectively. Values below this ratio gave shallow junc- 

tion depths which could not be measured with good accuracy. The 

lower limit of Q (atoms /cm2) which can be measured by this method 

is set by the highest resistivity silicon material that can be used 

for detection. Float zone refined hyper -pure n -type single crystal 

silicon obtained from Dow Corning was used for these investigations. 

The radial resistivity gradient in the wafer is shown by the curves 

in Figure (13). For a low resistivity material the radial variation 

of resistivity is very small but as the resistivity increases or the 

silicon tends towards being intrinsic the radial resistivity gradient 

spreads (17). This variation in resistivity along the radius means 

that the dopant concentration C( x 
is not constant all over the wafer. 

Since the calibration curves presuppose uniform dopant concentra- 

tions, the accuracy of the quantitative analysis of boron by this 

method will be affected by this variation. This factor limits the 
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minimum sensitivity of this method. The radial resistivity gradient 

for the high resistivity material shown above has been exaggerated. 

For a material of 400 ohm -cm resistivity, it is safe to assume that 

except near the very center of the wafer, the resistivity is uniform. 

The low percentage variation in junction depth for wafers of this rer 

sistivity confirm this fact. 

-x O +x -x .E ° - +x 
a) Low Resistivity Material b) High-Resistivity Material 

Figure (13). Radial Resistivity Gradient 

Assuming that 400 ohm -cm is the limit of the highest re sis - 

tivity material without too much radial gradient the lower limit of 

Q (atoms /cm2) which can be measured by this method is 1. 1 X 1013 

X .001 = 1. 1 X 1010 atoms/cm 2. Making use of the Avogadro's law 

this corresponds to 1. 83 x 1014 gms. of boron /cm2. This is far 

below the lower limits of sensitivity of other methods. 

Al-- 

a 



88 

The upper limit is set by the requirement mentioned earlier 

that for Gaussian distribution the planar source should be thin. If 

the solid solubility of boron were small the material deposited on 

the surface will not succeed completely in penetrating into silicon 

and the concentration distribution will be given by 

x C(x, = Co(1-erf 
2 Dt 

which is the equation for a constant source. 

Suppose a layer of boron 1 µ thick is deposited on the surface 

of a silicon wafer. Atomic weight of boron is 10. 8 2 and the density 

of the layer is 2. 34 gms /cm3. The number of atoms located on one 
23 

cm2 of the surface will be 6. 
802 

x 2. 34 X 10 -4 = 1. 28 x1017. 10. 

The solid solubility of boron in silicon is 1021 atoms /cm3. The 

number of atoms penetrating into the volume of silicon crystal cal- 

culated with the aid of,above equation is equal to 

('oo C 
C J (1-erf x ) dx ^- ° 2 Dt 

° ° 2^/Dt F 

1021 
3.14 x 2\/ ( 2 X 10 1 2)( 2 x 3600) 

= 7. 64 x 1018 

for D= 2. O X 10 
-12 cm 2 /sec and t= 2 hrs. 

0 ó 



This shows that all the atoms deposited on the surface 

penetrate into the interior. Because of the high solid solubility 

of boron in silicon a source layer even 1 µ thick does not provide 

a constant source. 
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Q/ = 1.0 for .008 ohm -cm material corresponds 
C(x) 

to 3.4 x 10 
18 atoms /cm2 on the surface and this will give a layer 

3.4 x 1018 
10.82 x 1 = 2. 6 2 x 10 -5 cm = . 262 micron 

6.02x 1023 2.34 

thick. Though this thickness is higher than the one specified by 

Malkovich, yet as the above calculations show, this is less than 

that required for a constant or infinite source. A sheet source 

<10-2 µ thick will thus definitely yield a Gaussian distribution. 

The upper limit considered in the present investigations 

corresponds to Q /C(x) = 1. 0 for 0. 008 ohm -cm material or 1. 77 x 

10 -5 gm for the value of Q. This gives a range of measurement by 

this method of 1. 77 x 10-5/1. 83 x 10 -14 = 9.65 X 108. This range 

is far wider than in any other method. 

In one preliminary experiment, some pairs of wafers were 

baked after treatment as above except that instead of 0. 5 ml. of 

B2O3 solution, 0. 5 ml. deionized water was used. In another ex- 

periment the grooved and the top wafer together were baked at the 

same temperature and for the same duration as in the other experi- 

ments but without any liquid being evaporated in the groove. No 

junctions could be found in both these sets of wafers thus showing 

that the presence of elemental boron film obtained by evaporating 

x 



the B203 solution in the groove 

formation of p -n junctions. No 

could be observed. 

alone was responsible for the 

change in resistivity of these wafers 

90 
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DISTRIBUTION PROFILE OF BORON IN Si -O2 LAYER AND 
THE NEW METHOD OF BORON ANALYSIS 

This project was started with the object of finding the distribu- 

tion profile of boron through a silicon dioxide layer. It has been 

shown in Chapter II that the sensitivities of the conventional methods 

are not high enough to measure accurately the elemental boron the- 

oretically expected to be present in a small section of the oxide layer. 

A technique was then developed extending the range of boron analysis 

down to 1.83 X i o 
-14 gm. 

The following sections deal with the application of this new 

method of measurement to analyzing the boron content in different 

sections of the oxide layer. The topics discussed include the struc- 

ture of glass and silicon oxidation process, impurity diffusion through 

silicon dioxide layer and experimental methods covering oxide growth, 

boron diffusion technique, layer sectioning and boron analysis etc. 

Structure of Glass and Oxidation of Silicon 

Structure of Some Silicates and Glasses 

The introduction of X -ray diffraction studies, infrared spectro- 

scopy, and differential thermal analysis has enabled the scientist to 

investigate the structure of siliceous matter in considerable detail. 

The X -ray study shows the actual structure of matter while the Si -O 
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ionic bonds can be easily estimated from the I -R spectroscopic 

analysis. As in crystals, the atoms in glasses must form extended 

three -dimensional networks. The X -ray experiments show that 

these networks are not periodic or symmetrical as in crystals, yet 

it is not entirely random and all interatomic distances are not 

equally probable. 

X -ray diffraction studies (91) of crystalline silica and silicates 
have made it quite clear that their basic building block is a tetra- 
hedron with silicon in the center and four oxygen atoms at its corners. 

The Si -O distance has been evaluated as being about 1.6°A and the 

O -O distance about 2. 55 °A (37). In vitreous silica too, one must 

expect to find tetrahedra oxygen atoms around a silicon atom. The 

oxygen tetrahedra share corners with each other in such a manner 

that an oxygen atom is linked to two silicon atoms. In the crystalline 

form of silica the relative orientation of two tetrahedra with a com- 

mon corner will be the same throughout the entire lattice. In vitre- 

ous silica, however, the relative orientations will vary within very 

wide limits. SiO2 
2 

is known only as a network of SiO4 tetrahedra. 

A schematic of silicon- oxygen tetrahedron is in Figure (14). 

The oxygen atom on top (or 02-ion) has been drawn as a cross- 

hatched sphere to show the location of the silicon atom (or Si4+ ion) 

located in the cavity formed by the four oxygens. Another way of 



Figure (14). Silicon -Oxygen Tetrahedron 

of showing Si -O tetrahedron is as in Figure (15). 

Oxygens 

Silicon 

Figure (15). Silicon- Oxygen Tetrahedron 
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These tetrahedra are then linked to form chains and closed rings. 

Four tetrahedra can form a 4 -ring; one can also find analogous 

6 -rings and in certain irregular or acrystalline silicates (such as 

glass) also 5- and 7- rings. 

Silica glass composed entirely of silicon and oxygen in one to 

two ratio is called intrinsic vitreous silica. If, however, there are 

present some other impurity cations in quantities small enough not 

to change the chemical properties of the glass, it is called extrinsic 

O 



vitreous silica. Figure (16) shows structure of intrinsic glass in 

two dimensions. The SiO4 tetrahedra or triangles are represented 
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by shaded areas with Si4+ cation at the center. All the silicon 

cations are surrounded by four oxygen anions in a three - dimensional 

network. When the network is perfect there are no nonbridging oxy- 

gens and the composition is wholly expressed by Si02. The elec- 

trical neutrality is maintained. 

Oxygens 

Silicon 

Figure (16). Structure of Intrinsic Glass in 
Two Dimensions. 

When impurity cations are introduced into the network of in- 

trinsic vitreous silica, the network will be modified (97). One type 

of modification takes place when a metal oxide such as K20 or BaO 

is added. The addition of B2O3 or P2O5 produces another type of 

modification. Such cations are called network modifiers and network 

formers respectively. A network -forming cation has a relatively 

small size and large electric charge while a network- modifying 

O 
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cation has large size and small electric charge. If network- modify- 

ing oxides are present in silica glass, these oxides will be ionized 

in the network and the excess oxygen ions will be taken up by the 

network in such a way to replace a bridging oxygen ion by two non - 

bridging oxygen ions (Figure (17)). The metal ion finds a place in the 

interstices nearby, so that electrical neutrality is maintained. 

Network Former 

Network Modifier 

Bridging Oxygen 

Non -bridging 
Oxygen 

Figure 17. Structure of Impurity Glass in two dimensions (44) 

When silica glass contains network -forming oxides, the ion- 

ized cations in the oxide tend to change their coordination number to 

four and form tetrahedra. In B203, for instance the coordination 

number of boron is three and when excess oxygens are available in 

the network, these are taken up by the B3+ cations, which one by one 

change their coordination number to four (44) For P2O5 the 

phosphorus cations also form tetrahedra by taking coordination 

number four, thus releasing some oxygen ions in the network. 

® 

O 
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The group of compounds including vitreous and crystalline 

SiO2, silicate glasses and crystalline silicates, and vitreous borates 

and phosphates are all characteristised by large interstices which 

may be occupied either by oxygen or by cations (network modifiers). 

The structure of SiO 
2 

network permits a wide variety of 

possible imperfections. Stevel and Kats (85) discuss a number of 

these. They list the possibility of eight theoretical imperfections 

in the network. They rule out the possibility of a silicon vacancy 

because of the very high bond energy between Si4+ and 02 ions. 

A non -bridging oxygen vacancy is more likely to form than that of 

a bridging ion. Interstitial silicon ions do not occur but under some 

circumstances oxygen which is not a part of Si -O network may be 

found interstitially. The replacement of silicon by other cations like 

A13+ 
B3 +, P5+ is very common. Such cations may also be found 

interstitially in glasses. 

Stabilization of Silicon Surface 

Whereas the interior of any crystal is in electrical equilibri- 

um the surfaces of many crystals are composed of ions whose val- 

ences are not completely satisfied. The atomic diagram of (100) 

surface of silicon is shown in Figure (18). This shows surface 

dangling bonds or unfilled orbitals. Since two electrons can occupy 

a free orbital, surface atoms may become negatively charged thus 



acting as acceptor surface states. This will form a low- impedance 

shunt path and a junction device would not be operative in the above 

case since the surface would be strongly p -type regardless of bulk 

doping. 
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Dangling or unsaturated 
bonds 

Figure (18). Atomic Diagram of (100) Surface. 

Surfaces obtained by processes involving etching or rinsing 

show various degrees of instability which may cause drift in surface 

properties. For reproducible uniformity of behavior silicon sur- 

faces require some sort of stabilization. Some coatings could be 

deposited by methods such as paint -on, dipping or vacuum evapora- 

tion followed by baking; or coating could be grown from the silicon 

surface. The first category generally suffers from lack of uniform- 

ity and ionic impurities. Growing of an oxide layer on the silicon 

surface falls in the second category. This provides not only a 

stable surface but a completely new kind of surface with its own 

characteristic properties. It forms an integral part of the device 

Surface -4.- / \, \ / / \ 
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structure. 

Oxidation of Silicon 

Oxides on silicon surfaces can be grown by use of (1) differ- 

ent oxidizing atmospheres like dry oxygen, wet oxygen, and steam, 

all at atmospheric pressure; (2) high -pressure steam and (3) anodic 

oxidation in electrolytes. The thickness of oxide necessary to mask 

against the various impurity diffusions is somewhat system depen- 

dent. 

Anodic oxidation results in a relatively porous oxide film 

whose principal advantage is that it can be prepared at room tem- 

perature. Oxide films formed by the pyrolytic decomposition of 

siloxanes, such as Si(OC2H5)4, offer the advantage of not removing 

material from the silicon substrate. Chu et al (14) have given a 

chemical transport technique by which pure or doped silica films 

can be deposited on various substrates at relatively low tempera- 

tures (400 -600 ° C). 

In silicon, as in many pure metals in which the rate of oxide 

layer growth is diffusion controlled, a parabolic growth is observed. 

This parabolic law is actually a special case of Fick's first law for 

unidirectional diffusion 

dw a 
dt -DÔx 
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where dt represents flux of matter, D is diffusion constant and 

-c is the concentration gradient. If we have a quasi- stationary 

state (43) i. e. if the reactant concentrations at both interfaces of 

the growing oxide layer remain constant then the concentration 

gradient is inversely proportional to the thickness of the oxide, and 

dw 
dt = - Dk = 

k w P w 

Where k is the parabolic rate constant. 
p 

Integrating we get 

w2= k t+K 
p 

Deal (19) found that for silicon above 1000°C all oxidations proceed 

according to a parabolic law. At lower temperatures, however, the 

growth follows a combination parabolic -linear type reaction 

w 
2 

+ klw = k2t. 

Such a growth law indicates that the rate of reaction is controlled by 

both a diffusion process and a surface or interface reaction. Ligenza 

et al. (54) found that in the case of steam oxidation the rate of growth 

follows a linear relation, especially in the case of high pressure 

steam oxidation. The latter method, therefore, is very good for the 

production of thick oxides. 
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Generally the oxides formed on silicon at high temperatures 

tend to follow the contour of the surface quite closely. The oxides 

in the dry and wet oxygen atmospheres are very uniform and re- 

producible as indicated by interference colors. The steam oxides, 

however, show many spots and defects and their densities are also 

considerably less. With a wet oxidizing atmosphere an erosion of 

the oxide surface occurs. These imperfections could be traced 

sometimes to some form of contamination but often to water droplets. 

The oxides formed by all the thermal methods undoubtedly 

have the same structure and density on a molecular scale. The 

differences in density and other properties are due to macromolecu- 

lar voids and defects of various kinds. Chlorine gas etch tests (19) 

indicate that the wet oxygen oxides are practically free from defects. 

Infra -red absorption measurements indicate (45) that in this 

process silicon forms only one stable solid oxide i. e. SiO2. Elec- 

tron diffraction patterns show the oxides to be essentially continu- 

ous and of amorphous structure. Insufficient cleaning of the silicon 

surface before oxidation results in the formation of small crystal- 

lites in the oxide. These crystallites may be attacked by certain 

diffusing impurities which may be normally masked by SiO2. Dis- 

continuities in the oxide film are also observed at some surface 

imperfections due either to non -uniform growth of the oxide at the 

imperfections or to impurities trapped at the local oxidation. 
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Deal also investigated the effect of crystal orientation on 

oxidation characteristics. Very little difference in rates of oxide 

growth was observed at 1 200 ° C. But at 1000°C, the (100) values 

were definitely lower than those of (111) and (110). 

Kinetics of Silicon Oxidation 

Using p 2 as a radioactive tracer, and sectioning technique 

in the study of the mechanism of thermal oxidation, Karube (45) 

has shown that the diffusion of oxygen is responsible for the growth 

of the oxide film. Oxygen travels through the oxide layer and when 

it comes to the interface between the oxide and silicon, reacts with 

the unoxidized silicon forming SiO2. Ligenza and Spitzer (54) showed 

by infra -red spectroscopy using isotopic oxygen 018 that, with high 

pressure steam, the oxidation occurs at the SiSiO2 interface. The 

controlled etch technique of Pliskin and Gnall (73) also showed in a 

simple manner that oxidation occurs at the silicon -silicon dioxide 

interface with both dry oxygen and atmospheric steam oxidation. 

In a perfect vitreous silicon oxide network all the silicon 

cations are surrounded by four oxygen anions and all of the oxygen 

anions are bridged to two silicon cations. Interstitial sites of the 

silica network can accommodate a large number of oxygen molecules. 

With thermal energy, however, large number of Si -O -Si bonds are 

broken. The oxygen atoms are much more mobile than the silicon 
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atoms in the oxide. The mobilities of non -bridged or interstitial 

oxygen atoms will far exceed the mobility of the bridged oxygen 

atoms. 

When pure silicon oxide is exposed to a pure oxygen atmos- 

phere at an elevated temperature, oxygen molecules diffuse into the 

oxide from the gas phase and occupy the interstitial sites. Under a 

concentration gradient force these diffusing molecules move through 

the interstitial sites exerting a mechanical force on the network each 

time they jump from one site to the other. This causes network de- 

fects by breaking Si -O -Si bonds (44). One broken Si -O -Si bond cre- 

ates one oxygen vacancy and one non -bridging oxygen. If ionized 

oxygen is available near an oxygen vacancy, the ionized oxygen will 

be captured immediately. However, most interstitial oxygen atoms 

are not ionized and the oxygen vacancy is simply filled by a neutral 

oxygen atom or is left unoccupied. Once a neutral oxygen atom oc- 

cupies an oxygen vacancy, an electrical charge can be exchanged be- 

tween the oxygen atoms and the neutral oxygen can bond to the sili- 

con atom by receiving electrons. In this case another neutral oxygen 

atom is created at the same time. This is the oxygen exchange mech- 

anism between the interstitial oxygen atoms and bridged oxygen atoms. 

If the gas phase oxygen pressure is increased, the interstitial 

sites and oxygen vacancies no longer accommodate the diffusing 

oxygen molecules, and they exert stress into the oxide network. 
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This results in silicon- oxygen reaction when oxygen atoms reach 

oxide -silicon interface under concentration gradient. 

In steam oxidation, water molecules diffuse directly into 

the interstitial sites of the oxide. When a water molecule is taken 

into an oxygen vacancy, it can find a non -bridging oxygen nearby 

and an OH -OH bond is created. Simultaneously oxygen exchange 

between the silica and water -molecules is also taking place result- 

ing in many of the oxygen atoms in the oxide network being replaced 

by (OH) complex ions. This causes disruption of the oxide network 

chains. When water molecules arrive at the oxide -silicon interface 

by the diffusion process, oxidation of silicon takes place. Upon ar- 

rival at the interface the water molecules will dissociate into a 

H+ and a complex anion (OH) . At the same time the silicon atoms 

at the interface ionize by giving away electrons, which are immedi- 

ately captured by hydrogen cations; thus, hydrogen atoms are neu- 

tralized and escape from the oxide to gas phase. 

Rate of Oxidation 

For a wide range of film thicknesses, Atalla et al. (3) found 

the oxidation process to follow the following parabolic laws: 

02 : x2 = 8. 4. X 1010 p4/5 
t exp [ 1. 7q ] 

H2O x2 = 2. 54 X 1013p8/ 5t exp [ 1 

7q 
/kT] . 
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Where x is the thickness of the oxide film in angstrom units, p the 

pressure in atmospheres, t the time in minutes and q the electronic 

charge. The activation energies are equal for both 02 and H2O 

oxidation, suggesting that the two types of oxides have the same 

structure. The high activation energy of 1. 7 ev was presumed to 

correspond to the extraction of silicon from the lattice and its diffu- 

sion in the oxide network. From their experimental data Evits et al. 

(25) calculated the following thermal oxidation growth rate equations 

for closed systems for T > 1100°C , (111) silicon surface orientation, 

and one atmosphere of pressure 

02 , x2 = 1. 21 X 109texp( 0'8g/kT) 

H20 : x2 = 3. 53 X 109 t exp (-1. 33q/kT) 

The activation energies 0. 8 ev and 1. 33 ev at 1100° C are 

somewhat lower than Atalla's but agree closely with Deal's (19) val- 

ues of 0. 87 ev and 1. 26 ev respectively. 

It is also observed that the rate of oxide growth on silicon is 

controlled only by time, temperature, pressure and type of gas 

present in the oxidation system. The properties of crystal fabrica- 

tion, bulk resistivity and type have no bearing on the oxide growth 

rates. 
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Impurity Diffusion Through SiO2 Layer 

The boron or phosphorus oxide molecules in the gas phase 

bond with the dangling oxygen bonds or oxygen vacancies on the oxide 

surface. The impurity cations behave like silicon cations in the net- 

work by taking coordination number four. They then travel through 

the oxide network though not with the same mobility. Sah, Sello 

and Tremere (79) investigated the diffusion of P2O5 in the gas phase 

through SiO2 layers. They arrived at the conclusion that a complete 

and rapid chemical reaction takes place between SiO2 and the diffu- 

sant forming a compound or glass of unknown composition P Si O . x y z 

The results indicated that the growth of glass was limited by the 

diffusion of the phosphorus species in the glass with very little or no 

diffusant left to diffuse in the unreacted S102 after the complete re- 

action at the glass- SiO2 interface. The growth of this compound 

followed the parabolic law and could be expressed as 

x2 = 1. 7 x 10-7 t exp [ 
1. 46qkT 

m m 

The different symbols have the usual meanings used earlier and the 

subscript m denotes the condition of complete masking of SiO2 

against phosphorus. The diffusion experiments in which S102 film 

failed to mask or only partially masked were interpreted in terms 
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of a two- boundary diffusion model. In this case P2O5 diffused 

through glass with coefficient D1 followed by the diffusion of phos- 

phorus in the p -type silicon with a higher coefficient D2, to form 

an n -p junction underneath the glass. The segregation coefficient 

of phosphorus at the boundary between the glass and the silicon was 

apparently small. Allen, Bernstein and Kurtz (1) carried out essen- 

tially similar investigations with phosphorus but they found the diffu- 

sion constant of phosphorus in the oxide layer to be smaller by a 

factor of 102 than that given by Sah et al. The discrepancy, how- 

ever, could be ascribed to the procedure to obtain the diffusion 

constant. 

In spite of its wide industrial application the masking effect 

of silicon dioxide layer for boron has scarcely been reported. Key - 

well and Nechtow (47) discussed the results of exposing silicon diox- 

ide films 2000°A thick on high- resistivity n -type silicon to a boron 

source for a few minutes at 1100°C. The liquid boro- silicate phase 

penetrated more than 700° A but did not reach the parent silicon. 

Even after ten weeks of baking at 950° C boron atoms did not pene- 

trate the glass. They computed the diffusion coefficient of boron 

in solid quartz to be less than 3. 1 X 10-19 cm2 /sec. 

Horiuchi and Yamaguchi (38) in their investigation on the 

effect of silicon dioxide layer on the diffusion of boron in silicon, 

obtained the results which were well consistent with the two-boundary 
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diffusion model of Sah et al. They also obtained experimental evi- 

dence of the formation of a "glassy layer" and observed an anomolous 

increase in diffusion constant of boron in the oxide at high vapor 

pressure of B2O3 in carrier gas. An analysis of their experimental 

results confirmed the assumption that the migration of boron through 

the silicon dioxide layer is controlled by a diffusion process. They 

obtained a value of 3. 0 x 10 
-16 cmZsec. for the the diffusion coeffi- 

cient of boron through silicon dioxide at 1 200 ° C. 

Experimental Procedures 

Growing Oxide Layers 

Silicon wafers were mirror polished on both faces and cleaned 

thoroughly as per details in Chapter II Unless they were to be oxi- 

dized immediately they were quenched in iodine -methanol solution. 

Oxidation was carried out at 1150° C by mounting wafers vertically 

in a quartz holder in an open tube furnace with wet oxygen flowing 

at the rate of 1. 5 cf /h. The oxygen was bubbled through distilled 

deionized water held at room temperature. The thickness of the 

layer could then be controlled by varying the oxidation time as per 

curve in Graph VII. This curve had been plotted (48) with the help 

of Tolansky's interference fringe method using a sloping step in the 

oxide layer. To avoid uncertainty in oxidation time, dry nitrogen 

gas was passed over the silicon slices during heating up and 

D1, 
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cooling down. 

Boron Diffusion 

The general method for diffusion of boron in silicon is to 

keep the impurity oxide in a fused alumina boat at a lower tempera- 

ture zone and let an inert gas carry the impurity vapor over the 

wafers kept at a higher temperature zone. It was noticed that the 

silicon dioxide surface could be maintained in a better shape through 

the diffusion process if the vapor pressure of the impurity is con- 

trolled by dilution of impurity source. At the surface of Si02 layer 

on the silicon, the vapor pressure of impurity will result in an im- 

purity oxide concentration which is close to the impurity oxide con- 

centration in the source (18). An amount of 10% mixture of B2O3 

in silicic acid was put in a fused boat; oxidized silicon wafers were 

mounted vertically on a quartz plate and the two together placed in 

a loosely closed quartz ampoule as shown (Figure 0.9)). This ampoule 

was then placed at the center of the hot zone in the furnace tube. The 

temperature of the furnace was controlled by Wheelco saturable re- 

actor controller and kept constant at 1200 ± 10° C measured with 

Wheelco temperature indicating unit Model 407Pusing a Chromel- 

Alumel thermocouple. Dry nitrogen at the rate of 1.0 cf/h was let 

flow in the furnace. The time necessary for diffusion was calculated 

from the approximate relation x0=-' 8415-t using the value 



D = 3. 0 X 10 
-16 2 cm /sec from Horiuchi and Yamaguchi; x 

o 
is the 

thickness of the oxide layer in centimeters. 
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The next problem was to find a method to shave off parallel 

sections of the boron -diffused silicon dioxide layer. The necessary 

requirement for this is that the sectioning should be planar and con- 

trollable. Ammonium bifluoride (NH4F HF) or hydrofluoric acid 

(H F) can be used for removal of boron glass. It was found that 

12% HF could be used to get reproducible results as in the case of 

antimony diffused SiO2 (48) . 

Experimental Results and Discussion 

In the preliminary experimental work for getting the calibra- 

tion curves in Chapter II,' 0. 5 ml.of deionized water was evaporated 

A 
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on one etch -grooved wafer which was then baked with a cover wafer 

of the same resistivity. No junction could be observed in either of 

the wafers. Since 1 2% HF was to be used in sectioning the boron 

glass, a similar experiment was carried out with 0. 5 ml. of 1 2% HF. 

No junction could be observed even now and no measurable change 

in resistivity was noticed. 

Silicon dioxide layers 3500° A thick were grown on some 

wafers and boron was diffused in them long enough for the impurity 

to reach the silicon- dioxide -silicon interface. The boron -glass 

layer on one of these diffused wafers was etched with 1 2% HF in ten 

sections. Two milliliters of hydrofluoric acid were used for each 

section. 0. 5 ml. each of the washing from the second and the ninth 

sections were then evaporated in two grooved wafers from 10 ohm -cm 

material and after putting covers on them they were baked for two 

hours each at 1200 ± 10° C in argon atmosphere. The junction deline- 

ation was rather poor though somewhat better in the top wafers. The 

measured values of junction depths did not show as much variation 

as was expected on the basis of erfc distribution in the oxide layer. 

The investigation was repeated with another diffused wafer and also 

by diluting the washing with DI water but with no better results. 

To check the effect of the presence of hydrofluoric acid 

along with boron, Q/ equal to 1. 0, 0. 1 and 0.01 solutions were 
C(x) 

prepared in 12% HF acid rather than in deionized water used earlier 

. 
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for calibration curves. These solutions were evaporated in 

grooved wafers, baking done as before and junctions checked. 

Much wider variation (3. 75 to 5. 66 micron) in junction depths was 

observed in a single wafer processed this way for Q/ = 1. 0. 
C(x) 

The average value of junction depth in this case was lower than the 

theoretical value of 7. 0 µ (Graph I, p 61) for this ratio. This was 

repeated three times but every time the average junction depth came 

out low. The values of junction depths for other ratios also did not 

show the theoretically expected variation. 

During these repeated runs with 1 2% HF dilutions with differ- 

ent values of Q/ C(x) it was noticed that (1) the silicon wafer was 

hydrophobic to this solution which resulted in an uneven spreading 

of solids on the grooved surface, (2) the junction depth measurements 

showed that some of the boron in the solution (probably more for the 

higher ratio of Q/ )was being lost in the process. A considera- C(x) 

tion of chemical reactions taking place showed that presumably boron 

was forming some compound with fluorine viz. H +BO4 which during 

the baking process may be partly lost as BF3 gas. Part of the fluor- 

ine may be giving rise to SiF4 which again might be interfering with 

the Gaussian diffusion process. 

In an attempt to overcome this loss some 50% NaOH solution 

was added to Q/ C(x) = 1. 0 solution in 1 2% HF to get a pH 9. 0 and 

the liquid evaporated. The solid obtained would be a mixture of 

1 
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NaBF4 + NaBO2. This could be used for diffusion but the compound 

formed was in such a large quantity that it could not be accommo- 

dated in the groove for baking. 
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CONCLUSIONS 

This investigation confirms the theoretical analysis that a 

silicon crystal can be used as a very sensitive tool in the detection 

of trace quantities of boron. It has been shown that quantities of 

boron of the order of 1. 83 X 10 -14 gms./cm2 can be detected by this 

method. This is far below the limits of sensitivity of other methods. 

For boron analysis by emission spectrograph, mass spectroscopy 

and activation analysis these lower limits are 10-10, 10-9 and 

6 X 10 
-10 gm. respectively. Thus the silicon detection method is 

about four orders of magnitude more sensitive than the most sensi- 

tive of the conventional methods. Another factor which makes the 

present method superior to the other available methods is the fact 

that, in this, only the quantity of boron actually to be analyzed is 

required. When the boron to be measured is available only as a 

mixture with other elements the above method may not be applicable, 

especially if the mixture is either too large to be accommodated in 

the groove or it interferes in the diffusion process. Most of the 

other methods require certain minimum quantity of the compound 

containing boron in the ppm or ppb range. Another disadvantage 

inherent in silicon detection is that great care has to be taken to 

avoid any contamination. 

For getting the distribution profile of boron diffused in a 
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silicon dioxide layer, the only way the silicon detection method can 

be used is either by recovering completely the boron from the HF 

washing by some chemical process or by sectioning the layers in such 

a manner that the sectioning agent does not react with boron to pro- 

duce a compound which is lost as gas. 
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Measured Junction Depths versus Q/C Ratio 
Range of Resistivity of Wafers: 400 -420 Ohm-Cm 

Wafer 
Resis- 
tivity 

Initial 
Impurity 

Concentra- 
tion /cm3 

C 

k Boron 
Atoms/ 
cm2 on 
surface 

Q 

Q/C junction Depth Measurement 

Gr. * Depth Values in Microns 

(F) 

Average 
(p) 

± 95% 

Confidence 
Interval 

402 1.13 x 1013 1. 12 x 1013 . 992 I 7. 53, 7. 90, 8. 10, 7. 05 7. 36 t . 20 
ohm- II 7. 10, 7. 08, 7. 30, 7.52 
cm III 7. 05, 7. 33, 7. 27, 7.13 

415 1.08 x 1013 1.12 x 1013 1.03 I 7. 22, 7. 31, 7.15, 7. 39 7. 24 t .14 
ohm- II 6.90, 6.98, 6.70, 7.08 
cm III 7. 13, 7. 45, 7. 60, 7.05 

IV 7.12, 7.57, 7.40, 7.79 

408 1.11x1013 1.12x1013 1.10 I 7. 41, 7.19, 7.13, 7. 05 7. 31 t .15 
ohm- II 7.69, 7.12, 6.95 
cm III 7. 70, 7. 32, 7.51 

420 1.06x1013 1.12x1013 1.05 I 7.13, 7.14, 7.67, 7.50 7.21 ±.15 
ohm- II 6.95, 6.98, 6.60, 7.05 
cm III 7.25, 7.03, 7.13 

IV 7.40, 7.49, 7.12, 7.70 

410 1. 12 x 1013 1. 12 x 1012 1.00 I 6.52, 6. 31, 6. 42, 6.06 6. 32 f . 10 
ohm- x10-1 II 6. 60, 6. 54, 6. 04, 6. 23 
cm III 6. 47, 6. 30, 6. 25, 6.12 

417 1.10x1013 1.12x1012 1.02 I 6.18, 5.97, 6.01, 6.30 6.25 ±.14 
ohm- x10 -1 II 6. 47, 6.73, 6. 08, 6.02 
cm III 6.21, 6.56, 6.40, 6.13 

402 1.15 x 1013 1. 12 x 1012 0. 97 I 5.70, 5.55, 5.90, 6. 20 6.18 ± . 15 
ohm- x10- 1 II 6.12, 6. 37, 6. 28, 6.51 
cm III 6. 47, 6. 02, 5. 87, 6.17 

IV 6.31, 6.70, 6.19, 6.46 

400 1.15 x 1013 1. 12 x 1012 0.97 I 5. 97, 6. 13, 5. 80, 5. 85 6. 26 ± . 15 
ohm- x10-1 II 6. 17, 6. 40, 6. 19, 6. 37 
cm III 6.57, 6.63, 6.38, 6.70 

* Groove 
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Measured Junction Depths versus Q/C Ratio 
Range of Resistivity of Wafers: 400 -420 Ohm -Cm 

(Continued) 

Wafer 
Resis- 
tivity 

Initial 
Impurity 

Concentra- 
tion /cm3 

C 

Boron 
Atoms/ 
cm2 on 

surface 
Q 

Q/C Junction Depth Measurement 

Gr. * Depth Values in Microns 

(µ) 
Average 

(1J) 

± 95% 

Confidence 
Interval 

405 1 . 14 x 1013 1. 12 x 1011 0. 98 I 5.07, 4.83, 4.92, 4.50 4. 61 t .12 
ohm- x10-2 II 4.62, 4. 70, 4. 32, 4. 41 

cm III 4. 57, 4. 37, 4.12, 4.61 
IV 4.82, 4.63, 4.79, 4.51 

417 1. 08 x 1013 1.12 x 1011 1.04 I 4. 27, 4. 49, 4. 43, 4.60 4. 71 t . 16 
ohm- x10-2 II 4. 36, 4.80, 4.95, 4.87 
cm III 5. 02, 5. 10, 4.70, 4.92 

418 1.08x1013 1.12x1011 1.04 I 4.18, 4. 29, 4.05, 4.57 4.45 t.14 
ohm- x10-2 II 4. 07, 4. 37, 4. 23, 4. 17 

cm III 4. 62, 4. 53, 4. 42, 4.34 
IV 4. 80, 4. 62, 4. 90, 4.97 

412 1.12 x 1013 1.12 x 1011 1.00 I 4. 47, 4. 90, 5.12, 4.83 4. 74 t .14 
ohm- x10-2 II 4.59, 4. 37, 4.69, 4.50 
cm III 4.79, 4. 93, 5.01, 4.67 

410 1 . 12 x 1013 1 . 12 x 1010 1.00 I 3. 44, 3. 47, 3.17, 3. 08 3. 31 ± . 12 
ohm- x10-3 II 3.19, 3. 16, 3. 70, 3. 62 
cm III 3.36, 3.25, 3.17, 3.12 

405 1. 14 x 1013 1. 12 x 1010 0. 982 I 3. 71, 3.59, 3. 65, 3. 31 3. 36 t .12 
ohm- x10-3 II 3. 26, 3. 42, 3.09, 3.17 
cm III 3. 42, 3. 14, 3. 34, 3.23 

* Groove 
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Measured Junction Depths versus Q/C Ratio 
Range of Resistivity of Wafers: 9.5 -12.8 Ohm -Cm 

Wafer 
Resis- 
tivity 

Initial 
Impurity 

Concentra - 
tion /cm3 

C 

Boron 
Atoms/ 
cm2 on 
surface 

Q 

Q/C Junction Depth Measurement 

Gr. * Depth Values in Microns 

Ga) 

Average t ± 
(µ) 

95% 

Confidence 
Interval 

I 8.06, 8. 06, 8. 36, 8. 19 

11.5 4.17x1014 5.0x1014 1.20 II 8.94,8.14,8.26 8.19 ±.21 
ohm- III 8. 66, 7. 45, 7. 26, 8. 31 

cm IV 8. 85, 8. 00, 8.13 

I 7.76, 7. 27, 7. 70, 7. 45 

11.1 4. 31 x 1014 5. 0 x 1014 1.16 II 8. 00, 8. 70, 8. 70, 9.00 7. 93 ± . 30 
ohm- III 8. 32, 8. 20, 7. 74 
cm IV 7.09, 8. 20, 7.89 

I 6. 42, 6.59, 6. 96, 6. 29 
9.8 4.85x1014 5.0x1014 1.03 II 7. 76, 8. 20, 8. 01, 6. 72 7.27 i.32 
ohm- III 7. 09, 7. 64, 7. 21 

cm IV 7. 34, 7. 70, 7. 83 

I 6. 04, 5. 80, 5. 88 

10.1 4.70x1014 5. 0 x 1014 1.06 II 7. 51, 6. 79, 7. 83, 8. 00 7.71 i.49 
ohm- III 8.80, 8.01, 7.82, 7. 76 

cm IV 8.62, 7. 95, 8.01, 7.83 

I 6.81, 7. 20, 6. 96, 6.65 
9.5 5.1 x 101 

4 5.0x1014 0.98 II 6. 84, 6. 41, 6. 28, 6. 35 6.59 ±.05 
ohm- III 6.16, 6. 78, 6.50, 6. 60 
cm IV 6.16 

9. 6 5.0 x 1014 5. 0 x 1014 1.00 I 6.81, 7. 20, 6. 96, 6. 65 6. 97 ± . 05 

ohm- II 6. 79, 6.85, 7. 10, 7. 15 

cm III 7.59, 6. 87, 6. 67, 6. 96 

9.5 5.1 x 1014 5. 0 x 1012 0. 98 I 4. 87, 4.59, 4. 75, 4. 31, 4. 75 4. 97 i . 38 

ohm- x10-2 II 5. 17, 4. 75, 4.87 
cm III 6. 35, 5. 30, 

I 6. 23, 5.67, 5.73, 5.85, 5. 85 
1 2. 5 3.90x1014 5.0x1012 1.28 II 4. 93, 5. 61, 5. 91, 6. 16 5.64 ±.05 
ohm- x10-2 III 5. 36, 5. 30, 5. 36, 5.55 
cm IV 5. 43, 5. 36, 5. 91 

* Groove 
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Measured Junction Depths versus Q/C Ratio 
Range of Resistivity of Wafers: 9.5 -12.8 Ohm -Cm 

(Continued) 

Wafer 
Resis- 
tivity 

Initial 
Impurity 

Concentra 
tion /cm3 

Boron 
Atoms/ 
cm2 on 
surface 

Q/C Junction Depth Measurement 

Gr. * Depth Values in Microns 

(N) 

Average 
(µ) 

* 95% 

Confidence 
Interval 

12.5 3.90 x 1014 5. 0 x 1012 1.28 I 5. 35, 5.80, 5.80 5. 75 t . 29 
ohm- x10-2 II 5. 70, 5. 36, S. 05, 5.17 
cm III 6.10, 6.53, 6.10, 6.28 

I 5. 36, 5. 60, 5. 36, 5. 30 
11.7 4. 25 x 1014 5. 0 x 1012 1.17 II 4. 56, 5. 36, 5. 42, 5. 24, 5. 24 5. 27 f.. 04 
ohm- x10-2 III 5. 24, 5. 55, 5. 26, 5.17 
cm IV 5. 54, 5. 24, 4.82 

I 4. 81, 4. 86, 4. 86, 4.50, 4. 62 
II 4. 86, 4. 62, 4. 62, 4. 54, 4. 68 

9. 6 5. 0 x 1014 5.0 x 1012 1. 0 III 4. 50, 4. 44, 4. 54, 4.86 4.63 f . 06 
ohm- x10-2 IV 4. 38, 4. 60, 4. 70, 4. 74, 4. 61 

cm V 4. 59, 4. 44, 4. 81, 4. 82, 4. 77 

I 5. 17, 4. 98, 5. 21, 5. 28 

II 4.74, 4. 74, 5. 05, 4. 71 

9. 6 5. 0 x 1014 5. 0 x 1012 1. 0 III 4. 44, 4. 57, 4. 48, 4. 36 4. 84 ± . 05 
ohm- x10-2 IV 5. 42, 4. 38, 5.17 
cm V 4. 93, 4. 86, 4.64, 4. 87 

I 3. 02, 3. 08, 3. 26, 3. 23, 3. 38 3.50 .04 
11.7 4. 10 x 1014 5. 0 x 1011 1. 22 II 3. 39, 3. 70, 3. 51, 3. 66, 3. 58, 

ohm- x10-3 3. 46 

cm III 3.51, 3.57, 3.46, 3.76, 3.94, 
4.16 

1 2. 5 3.82 x 1014 5. 0 x 1011 1.31 I 3. 51, 3. 27, 3. 39, 3.57, 3. 39, 3.65 t..04 
ohm- x10-3 3. 70, 3. 70, 3.74, 3. 94 
cm II 3.70, 3. 33, 3.45, 3.88, 3. 92, 

3. 98, 3. 92 

* Groove 
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Measured Junction Depths versus Q/C Ratio 
Range of Resistivity of Wafers: 1.29 -1.33 Ohm -Cm 

Wafer 
Resis- 
tivity 

Initial 
Impurity 

Concentra 
tion /cm3 

C 

Boron 

Atoms/ 
cm2 on 
sur ate 

Q 

Q/C 
Junction Depth Measurement 

Gr. * Depth Values in Microns 

(IL) 

Average 
(µ) 

i 95% 

Confidence 
Interval 

I 7. 20, 7. 31, 7. 32, 7. 35, 7.00 
1.32 3.95x1015 4.0x1015 1.01 II 7. 50, 7. 29, 7. 14, 7. 02, 6. 95 7.17 ±.10 
ohm- III 7.10, 7. 40, 7. 50, 7. 47, 6.90 
cm IV 7. 14, 6. 90, 6. 97, 6. 98, 6. 95 

I 7.10, 7.15, 6.90, 6. 90, 7.00 
1.30 4. 0 x 1015 4. 0 x 1015 1.00 II 7. 20, 7. 25, 7. 35, 7. 37, 7.60 7.17 1 .08 
ohm- III 7. 00, 7. 02, 7. 10, 7. 14 
cm IV 7. 27, 7.16, 7.05, 7.20, 7.50 

I 7.02, 7.10, 7.14, 7.18 
II 7. 19, 7. 20, 7. 28, 7. 30 

1.32 3.95x1015 4.0x1015 1.01 III 7. 12, 6. 90, 6. 80, 6. 95 7.13 t.08 
ohm- IV 7. 14, 7. 10, 7. 30, 7.50 
cm V 7.00, 7.12, 7. 30, 6.97 

I 7.00, 6.80, 6.87, 6.90 
1. 29 4. 1 x 1015 4. 0 x 1015 0. 985 II 7. 20, 7.17, 7. 02, 7. 08 7.06 ± .06 
ohm- III 7.14, 7. 10, 6.90, 7.00 
cm IV 7. 10, 7. 02, 7. 20, 7. 27 

I 5. 85, 5. 70, 6. 00, 5. 95 
1. 29 4. 1 x 1015 4. 0 x 1014 O. 985 II 6. 10, 6. 15, 6. 02, 5. 97 6. 03 ±.. 08 
ohm - x 10 -1 III 6. 12, 6. 27, 6. 25, 6.10 
cm IV 6. 14, 6. 00, 5. 90, 5. 95 

I 6. 20, 6. 27, 6. 30, 6. 14 
1. 30 4.0 x 1015 4. 0 x 1014 1. 00 II 6. 30, 6. 20, 6. 17, 6. 14 6. 21 ± . 01 
ohm- x10- 1 III 6. 27, 6. 40, 6. 32, 6.10 
cm IV 6.19, 6. 10, 6.05, 6. 27 

I 6.00, 6. 15, 6.50, 6. 66 
1. 31 4. 0 x 1015 4. 0 x 1014 1.00 II 6. 07, 6. 18, 6. 40, 6. 30 6. 24 i . 08 
ohm - x10 -1 

III 6. 27, 6. 20, 6. 10, 6.10 
cm IV 6. 15, 6. 22, 6. 27, 6. 20 

I 6.14, 6. 40, 6. 37, 6. 25 
1.31 4.0x1015 4.0x1014 1.00 II 6.19, 6.27, 6.38, 6.40 6.17 .* .08 
ohm- x10 III 6.05, 6.10, 6.08, 6.00 
cm IV 6. 00, 5. 90, 5. 95, 6. 20 

* Groove 



1 29 

Measured Junction Depths versus Q/C Ratio 
Range of Resistivity of Wafers: 1. 29 -1. 33 Ohm -Cm 

(Continued) 

Wafer 
Resis- 
tivity 

Initial 
Impurity 

Concentra- 
tion /cm3 

C 

Boron 
Atoms/ 
cm2 on 
surface 

Q 

Q/C Junction Depth Measurement 

Gr. * Depth Values in Microns 
(i.t) 

'Average 
(FJ) 

t 95% 

Confidence 
Interval 

I 5.10, 4. 95, 4.70, 4. 75 
1.33 3. 90 x 1015 4. 0 x 1013 1.02 II 4.80, 4. 97, 5. 02, 4. 80 4. 90 f . 08 
ohm- x10-2 III 4. 90, 4. 95, 4. 90, 5. 17 
cm IV 5.05, 4. 70, 4.70, 4. 90 

I 5. 00, 4. 90, 4. 95, 4. 80 
1.32 3. 95 x 1015 4. 0 x 1013 1.01 II 4. 70, 4. 60, 4. 67, 4. 85 4. 80 t .08 
ohm- x10-2 III 4. 90, 4. 95, 4. 90, 5. 20 
cm IV 4. 61, 4. 70, 4. 65, 4. 68, 4. 70 

I 4. 80, 4. 67, 4.85, 4. 65 
1.30 4.0x1015 4.0x1013 1.00 II 4. 90, 4. 95, 5. 12, 5.17 4.84 ±.08 
ohm- x10-2 III 4. 87, 4.90, 4.92, 4.75 
cm IV 4. 67, 4. 70, 4. 75, 4.80 

I 4.90, 5. 10, 5.10, 4. 95 
1.33 3.90x1015 4.0x1013 1.02 II 5.10,5.05,4.95,4.90 5.07 t .06 
ohm- x10-2 III 5. 12, 5. 17, 5. 13, 4. 97 
cm IV 5.30, 5.15, 5. 02, 5.17 

I 3. 20, 3. 27, 3. 33, 3.05 
1.31 4.0x1015 4.0x1012 1.00 II 3. 10, 3. 40, 3. 43, 3. 15 3.25 i.06 
ohm- x10-3 III 3. 02, 3. 17, 3. 19, 3. 20 
cm IV 3. 20, 3. 35, 3.40, 3.50 

I 3.02, 3.07, 3. 30, 3. 15 
II 2. 90, 3. 00, 3.10, 3. 27 

1.29 4. 1 x 1015 4. 0 x 1012 0. 985 III 3. 10, 3.17, 3. 27, 3. 05 3.10 t . 02 
ohm- x10-3 IV 3. 07, 3. 17, 3. 15, 2. 95 
cm V 3. 14, 3. 18, 3.00, 2. 90 

I 3.17, 3.14, 3.20, 3.38 
1.30 4.0x1015 4.0x1012 1.00 II 3.19, 3.14, 3. 17, 3. 19 3.21 ±.06 
ohm- x10-3 III 3. 50, 3. 45, 3. 10, 3.17 
cm IV 3.14, 3. 40, 3.05, 3.03 

I 3. 20, 3. 30, 3. 15, 3. 27 
1.30 4.0x1015 4.0x1012 1.00 II 3.10, 3. 40, 3. 45, 3. 10 3.02 ±.10 
ohm- x10-3 III 3. 07, 3. 10, 3. 10, 3. 40 
cm IV 3. 14, 3.02, 2. 90, 2.95 

* Groove 
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Measured Junction Depths versus Q/C Ratio 
Range of Resistivity of Wafers: 0. 102 -0. 115 Ohm -Cm 

Wafer 
Resis- 
tivity 

Initial 
Impurity 

Concentra- 
tion /cm3 

C 

Boron 

Atoms/ 
cm2 on 
surface 

Q 

Q/C Junction Depth Measurement 
Gg, * Depth Values in Microns 

(14 

Average 
(µ,) 

t 95% 

Confidence 
Interval 

I 6.89, 6.50, 6.70, 7.10 
. 105 7. 0 x 1016 7.5 x 1016 1.. 07 II 7. 00, 7. 15, 7. 50, 7. 05 6. 84 t . 18 

ohm- III 6. 60, 6. 15, 6. 90, 7.15 
cm IV 6.90, 6.23, 6.70 

. 103 7. 2 x 1016 7. 5 x 1016 1. 03 I 7. 80, 7. 10, 7.14, 6.80 6. 99 t . 18 

ohm- II 6.90, 6.70, 6.50, 6.90 
cm III 7. 20, 7. 05, 6. 83, 7.00 

I 7. 10, 7. 50, 7. 40, 6.95 
. 112 6.5 x 1016 7.5 x 1016 1.15 II 6.50, 6. 70, 7.10, 6. 90 6. 92 ± .15 
ohm- III 7.05, 6.50, 6.90, 7.10 
cm IV 6.93, 6.50, 6.55, 7.05 

I 7. 50, 7. 90, 8. 20, 7.05 
. 112 6. 5 x 1016 7. 5 x 1016 1.15 II 7. 05, 6.50, 6. 30, 6. 95 7.40 ± . 30 
ohm- III 7. 70, 7. 33, 7.52 
cm IV 8.10, 8.05, 7.73, 7.08 

I 6.12, 6.43, 6.05, 6.30 
0. 107 , 6. 8 x 1016 7. 5 x 1015 1. 10 II 6. 41, 6. 03, 5. 97, 6. 50 6. 24 t . 08 
ohm- x10- 1 III 6. 30, 6. 12, 6. 17, 6. 44 
cm IV 6.19, 6.38, 6.40, 5.97 

0. 103 7. 1 x 1016 7. 5 x 1015 1. 05 I 5. 87, 6. 16, 6.12, 6. 23 6. 25 ± .12 
ohm - x10-1 II 6. 40, 6. 21, 6. 40, 6. 50 
cm III 6. 17, 6. 42, 6. 50, 6.03 

I 6. 57, 6. 32, 6. 39, 6.12 
0. 103 7. 1 x 1016 7.5 x 1015 1. 05 II 6. 17, 6. 23, 6. 42, 6.07 6. 19 ± .10 
ohm- x10 -1 

III 6. 40, 6. 27, 6.16, 6. 02 
cm IV 6.15, 5.93, 5.82, 6.08 

* Groove 
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Measured Junction Depths versus Q/C Ratio 
Range of Resistivity of Wafers: 0. 102 -0. 115 Ohm -Cm 

(Continued) 

Wafer 
Resis- 
tivity 

Initial 
Impurity 

Concentra- 
tion /cm3 

C 

Boron 

Atoms/ 
cm2 on 

surface 
Q 

Q/C Junction Depth Measurement 

Gr. * Depth Values in Microns 

(la) 

Average 

(Fl.) 

± 95% 

Confidence 
Interval 

0.110 7. 5 x 1016 7. 5 x 1015 1.00 I 6.14, 6. 59, 6. 46, 6. 21 6. 22 t .12 
ohm- x10 -1 

II 6. 18, 6. 34, 6. 23, 6. 06 
cm III 6. 40, 6. 07, 6. 01, 5. 90 

0. 114 6. 3 x 1016 7. 5 x 1014 1. 19 I 4. 69, 4. 63, 4. 88, 5. 10 4. 85 ± .14 
ohm- x10-2 II 4.53, 4. 62, 4. 95, 4. 38 
cm III 4. 80, 4.97, 4. 62, 5.09 

I 4.14, 4.72, 4.95, 4.81 
0.105 7.0 x 1016 7.5 x 1014 1.07 II 4.68, 4.91, 4.87, 5.06 4.67 ± .14 
ohm- x10-2 III 4. 79, 4. 61, 4. 93, 4.52 
cm IV 4.14, 4.86, 4.69, 4.12 

I 4. 77, 4. 43, 4. 26 
0.106 7.0x1016 7.5x1014 1.07 II 4.39, 4.12 4.62 ±.18 
ohm- x10-2 III 4. 70, 4. 97, 5.12, 5.08 
cm IV 4. 63, 4. 41, 4. 37, 4.84 

16 
0. 110 7. 5 x 10 7. 5 x 1014 1.00 I 4.72, 4. 49, 4.13, 4. 81 4. 74 ± .12 
ohm- x10-2 II 4. 93, 5.17, 5.35 
cm III 4.67, 4. 84, 4.31 

0.107 6.8x1016 7.5 x 1013 1.10 I 3. 37, 3.10, 3. 63, 3.59 3.47 ±.14 
ohm- x10-3 II 3. 67, 3. 42, 3.70 
cm III 3.71, 3.14, 3.26, 3.19 

0.110 7.5 x 1016 7.5 x 1013 1.00 I 3. 41, 3. 69, 3.62, 3. 47 3. 38 ± .10 
ohm- x10-3 II 3. 39, 3.52, 3. 47, 3.17 
cm III 3.49, 3.21, 3.06, 3.17 

IV 3.42, 3.49, 3.16 
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Measured Junction Depths versus Q/C Ratio 
Range of Resistivity of Wafers: 0. 008 -. 009 Ohm -Cm 

Wafer 
Resis- 
tivity 

Initial 
Impurity 

Concentra- 
tion /cm3 

C 

Boron 
At 2 s/ 
cm on 
surface 

Q 

Q/C function Depth Measurement 
Gr. * Depth Values in Microns 

(4) 
Average 

(N,) 

± 95% 

Confidence 
Interval 

I 7.02, 7.10, 6. 95, 6. 98, 7.10 
.0083 3.2x1018 3.4x1018 1.06 II 7. 20, 7. 08, 7. 01, 6. 85 7.10 ±.01 
ohm- III 7. 15, 7. 12, 7. 00, 6. 95, 6.98 
cm IV 7. 10, 7. 15, 7. 07, 7. 18, 6. 90 

I 7. 15, 7. 20, 7.13, 7. 18, 7. 05 

II 7.12, 7. 18, 7.18, 7. 05 
.0085 3. 0 x 1018 3.4x1018 1. 13 III 7. 25, 7. 28, 7.17, 7. 16 7.16 ±.01 
ohm- IV 7. 05, 7. 00, 7. 12, 7. 15 
cm V 7. 10, 7. 18, 7. 20, 7. 30, 7. 28 

I 6. 90, 6. 87, 6. 95, 6. 98 

II 7. 10, 7. 05, 7. 17, 7. 00, 6. 90 
. 0084 3. 1 x 1018 3. 4 x 1018 1. 09 III 6. 96, 7. 10, 7. 00, 7. 05 7. 04 ± . 05 
ohm- IV 7. 30, 7. 25, 7. 10, 7. 05 

cm V 7.12, 7. 05, 7.02, 6. 90 

I 7. 28, 7. 30, 7. 35, 7.50 
II 7. 10, 6. 98, 7. 00, 7. 10 

. 0084 3. 1 x 1018 3. 4 x 10t8 1.09 III 7. 25, 7. 10, 7. 15, 7.13, 6. 98 7. 24 ± . 08 
ohm- IV 7. 45, 7.50, 7.13, 7.10 
cm V 7. 60, 7..40, 7. 35, 7. 33 

I 6. 35, 6. 80, 6.57, 6. 20 
. 0085 3. 07 x1018 3. 4 x 1017 1.10 II 6.50, 6.10, 5. 90, 6. 17 6. 31 ± . 12 
ohm - x 1.0 -1 III 6. 30, 6. 27, 6. 29, 6. 70 
cm IV 6.42, 6. 23, 6. 16, 6.00 

I 6. 70, 6. 76, 6. 40, 6. 30 

II 6. 15, 6.19, 6. 20, 6. 35 

. 0083 3. 2 x 1018 3. 4 x 1017 1.06 III 6.19, 6. 05, 6.12, 6. 25 6. 34 ± .10 
ohm- x 10 - IV 6. 50, 6. 19, 6. 43, 6. 02 
cm V 6. 40, 6. 43, 6. 50, 6. 65 

I 6.12, 6. 17, 6. 15 , 6. 20 
. 0084 3. 2 x 1018 3. 4 x 1017 1.06 II 6.19, 6. 02, 5. 95, 6. 30 6. 24 f . 08 
ohm- x10 1 III 6. 15, 6. 20, 6. 39, 6.50 
cm IV 6. 40, 6. 35, 6. 28, 6. 45 

I 6. 60, 6. 45, 6. 27, 6.50 
. 0087 2. 9 x 1018 3.4 x 1017 1. 16 II 6.19, 6. 40, 6. 43, 6. 37 6.33 ± . 08 

ohm - x10 -1 III 6. 43, 6. 45, 6. 17, 6. 15 

cm IV 6.50, 6. 20, 6. 27, 6. 18, 6.06 
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Measured Junction Depths versus Q/C Ratio 
Range of Resistivity of Wafers: 0. 008 -. 009 Ohm -Cm 

(Continued) 

Wafer 
Resis- 

Initial 
Impurity 

Boron 
Atoms/ 

Q/C ,function Depth Measurement 

Gr. * Depth Values in Microns 'Average f 95% 
tivity Concentra- 

tion /cm3 
cm2 on 
surface 

(N) (p,) Confidence 
Interval 

C 2_ 
I 4. 90, 5. 00. 5. 10, 4. 95, 4.80 

.0085 3. 03 x 1018 3. 4 x 1016 i. 12 II 4. 9S, 5..10. 5. 20, 5. 25 5.03 ± . 06 
ohm- x10-2 III 4. 82, 4 97, 5, 05, 5. 10 
cm IV 5.00, 5.02, 5.17, 5 20 

I 5. 20, 5.17, 5.02, 4. 81, 4. 78 

II 5. 02, 4. 90, 4. 97, 4 75 

.0083 3. 2 x 1018 3. 4 x 1016 1.06 III 5.17, 5. 20, 5.14. 5. 30 4.98 ± . 08 

ohm- x10-2 IV 5.10, 4. 87, 4, 78, 4. 90 
cm V 4. 70, 4. 90, 4. 95, 5 02 

I 5. 10. 5. 20, 4. 97, 5.12 
II 5. 17, 5. 13. 5. 30, 4. 90 

. 0087 2. 95 x 1018 3. 4 x 1016 .1. 15 III 5. 02, 5.16. 5. 30. 4.80 5. 02 ± . 08 

ohm- x10-2 IV 4. 95, 4. 96. 4. 70, 5.05 
cm V 5. 12, 4. 70. 4. 78, 5.00 

I 4. 88, 5. 07, 4. 98, 5.00 
. 0086 3.0 x 1018 3. 4 x 1016 1. 13 II 4.80. 4. 75, 4. 95, 4. 90 4. 96 y . 08 

ohm- x10-2 III 5. 03. 5.10, 5. 17, 5. 30 

cm IV 4. 93, 4 70, 4. 90 4. 97 

I 3, 45, 3, 40, 3. 20, 3. 17 

. 0087 2. 96 x 1018 3. 4 x 101 1.14 II 3. 30, 3. 02, 3. 08. 3 26 3. 22 ± . 06 

ohm- x10 -3 III 3, 46, 3.32. 3. 17, 3. 19 

cm IV 3, 08, 3.12. 3.15, 3.17 

I 2. 97, 3. 10, 3.12; 3. 17 

. 0082 3. 3 x 1018 3. 4 x 1015 1 03 II 3. 15. 3. 08, 3. 19, 3. 33 3.07 ± . 06 

ohm- x10 -3 III 2.90: 3.10, 3.08. 3.15 
cm IV 2. 87, 2. 90, 3. 02, 3.05 

I 3. 10, 3. 37, 3. 40, 3. 42 

II 3. 07, 3.14, 3.15, 3. 30 

. 0083 3. 25 x 1018 3. 4 x 1015 1.04 III 3. 40, 3. 30, 3. 17, 3. 08 3. 29 ± .10 
ohm- x10 "3 

IV 3.42, 3.51, 3.56. 3.90 
cm V 3.12; 3. 03, 3.17, 3.15 

I 3.12, 3.15. 3. 37. 3.51 
0082 3. 3 x 1018 3. 4 x 1015 1.03 II 3.13. 3 02. 3. 30, 3. 28 3. 26 t.. 08 

ohm- x10-3 III 3. 27, 3.26. 3.15, 3.40 
cm IV 3. 40, 3.19.. 3. 47, 3.12 
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