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PREFACE

SThis is the third quarterly progress report covering

the period 15 October 1962 to 14 January 1963 on a program

I for RESEARCH AND DEVELOPMENT OF EPITAXIA-L ERGROWTH STRUCTURES

- IN SILICON. This program is being carried out by the

Semiconductor Research and Development Laboratories of Philco

I Corporation, Lansdale Division, for the United States Army

Signal Research and Development Laboratory, Fort Monmouth,

New Jersey, under Contract No. DA-36-039-SC-89070, DA Project

l No. 3A99-21-00i, Philco Project No. R-114.1.

IPrepared and submitted by:

G. Li Schnable
Senior Engiiering Specialist

a l Approved by:

C. G. Thornton, Manager
Advanced Development
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SECTION I _ PURPOSEI
The purpose of the program is to conduct investigations

of epitaxial overgrowth structures in silicon. The structures

may contain multilayers of similar or dissimilar conductivity

types at various thicknesses as determined by the number and

depth of layers mutually agreed upon by the contractor and the

Contracting Officer's Technical Representative. Doping levels

[. shall also be as mutually agreed upon. The structures, as

mutually agreed upon, are to be constructed and delivered to

the United States Army Signal Supply Agency, Fort Monmouth,

(i New Jersey.

I!
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SECTIONALI -_ BSTRACT

Details are provided on the work performed in meeting the

third quarter goal of preparation and delivery of:

1. Structures prepared by oxide masking of selected

areas during deposition of epitaxial silicon,

2. Structures prepared by oxide masking of selected

areas during HCI etching,

[ 3. Structures made by preferential growth of epitaxial

silicon through holes in an oxide mask to form a transistor

base followed by reoxidation and a second preferential growth

[ to form emitters.

S .A brief review of oxidation and growth techniques is

[ presented. Evaluation results are given for some specific

structures produce

I I-
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SECTPION-t II - P-.-?UBLI-CATI-ONS-.--LEC-TUR ES.--REP.ORtS-& -CONFRENCES

No publications, lectures or reports pertaining to work

developed on this contract were issued or given during the

L period covered by this report. Three conferences pertaining

to the contract were held during the quarter covered by this

report. Representatives of the United States Army Signal

Research and Development Laboratory and of the Philco

Corporation, Lansdale Division, were present at each of the

conferences held as indicated below.

First Conference: October 18, 1962 (at Lansdale)

Second Conference: November 20, 1962 (at Ft. Monmouth)

[ Third Conference: December 18, 1962 (at Lansdale).

a I-



SECTION IV-- IN1TRODUCTION

The work accomplished in the third quarterly period of

Contract No. DA-36-039-SC-89070 is described in Section V

I Factual Data. By mutual agreement, the delivery of

i epitaxially grown structures was to consist of a total of

12 wafers as follows:

The specification for the November 15 and December 15

deliveries (4 wafers each) included structures having the

Ii following layers:

substrate: n+, 0.05 ohm-cm1 first layer: p, 1.4 ohm-cm, 4 microns
second layer: p+, 0.02 ohm-cm, 3 microns

I substrate: p, 50 ohm-cm
first layer: n, 2 ohm-cm, 10 microns

second layer: n+ , 0.05 ohm-cm, 3 microns

substrate: p+, 0.05 ohm-cm
first layer: p, 110 ohm-cm, 5 microns
second layer: n, 60 ohm-cm, 15 microns
third layer: n+, 0.05 ohm-cm, 3 microns

[ substrate: p+, 0.05 ohm-cm
first layer: p, 1.4 ohm-cm, 4 microns
second layer: n+ , 0.005 ohm-cm, 3 microns.

In those wafers delivered November 15, the structure was

oxidized prior to growth of the final layer, holes were cut

IV-1
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in the oxide photolithographically, and the final epitaxial

I layer was preferentially grown through holes in the oxide.

I For the December 15 delivery, all of the layers were

grown over the entire wafer surface, and the wafer was then

oxidized. The oxide was removed in selected areas by photo-

I1 lithographic techniques, and the resulting structures, with

oxide masking in selected areas, were subjected to HCI etch-

ing at 12000 C. Etching conditions were such as to remove

Isilicon down to the substrate in unmasked areas, and to
f[ leave, as much as possible, the desired pattern of masked

areas.

The specification for the January 15th structures was as

1 follows:

substrate: p+, 0.05 ohm-cm
first layer (over

entire wafer): p, 6 ohm-cm, 5 microns
[ second layer (pre-

ferential
through holes
in an oxide
mask): n, 1 ohm-cm, 3 microns

third layer (pre-
ferential
through holes
in a mask
formed by
reoxidation of
the structure): p+, 0.006 ohm-cm, 2-3 microns.

I IV-2
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SECTION V - FACTUAL-DATAI
1 5.0 General

The structures supplied during this quarter were prepared

using the apparatus described in the First and Second Quarterly

1Reports. Substrate preparation, doping techniques, and methods
for determination of layer thickness and of Carrier concentra-

tion were also as described previously.

[
5.1 Characteristics of Delivered wafers

The characteristics of the 12 wafers delivered in

Ii accordance with the requirements for this quarter are shown

[ in Table 5-1.

1. 5.2 Mask Formation

[ The required silicon dioxide mask was prepared by

thermally growing Si0 2 in steam or in wet oxygen at 900 0 C. The

conditions were selected to minimize diffusion during growth of

the required oxide. Approximately 240 minutes in steam at

9000C was employed to grow an oxide about 6000A thick. Previous

tests had shown that 5000A oxide layers, grown in steam at

F
i V-l
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TABLE 5-1

Characteristice of Wafers Delivered per November 15, 1962,
December 15, 1962, and January 15, 1963 Requirements

Date Wafer Layer healativity Conductivity Thickness

Nov. 15 5308 Substrate 0.07 n
+  

>500
1 1.4 p0 15

2 0.025 p+ 10

Nov. 15 5315-2 Substrate 0.05 V+ >500
1 50. p 12
2 66. n 54
3 0.03 n

+  10

Nov. i5 5360-3 Substrate 50. p >500
1 2. n 27
2 0.048 n

+  
11

Nov. 15 5349-2 Substrate .OS P+ >500
1 1.56 p 12

2 0.009 n
+  

is

Dec. 15 5398-2 Subetrate 0.05 n
+  

>500
1 2.6 p 14
2 0.042 p 10

f Dec. 15 5412-2 Substrate 50. p >50
1 2. n 44
2 0.05 n

+  
11

Dec. 15 5418-4 Subetrate 0.05 P+ >500

1 22.4 p 13
2 42. n 50
3 0.05 n

+  
13

Dec. 15 5417-2 Substrate 0.05 p+ >500
1 18.2 p 14
2 42. n 46
3 0.05 n+ 10

Jan. 15 5444-2 Subetrate 0.05 p+ >500
1 1.5 p 15
2 0.9 n 10
3 0.0004 p1 12

Jan. 15 5441-3 Substrate 0.05 p+ >500
1 6. p 16
2 1. n 10
3 0.003 p+ 10

Jan. I5 5441-4 Substrate 0.05 p+ >500
1 6. p 15
2 1. n 10
3 0.003 p 10

Jan. 15 5439-1 Substrate 0.05 p+ >500
1 5. p 13

2 1. n 10
3 0. 005 p+8

jCOne int erferen ce fringe (Wa D light) 0.2 95 micr on -0.0116 nil.

V-2
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I 900*C, were adequate for masking during HC etching at 12000 C.

The steam grown oxide was removed in selected areas by means of

I conventional photolithographic techniques. The pattern shown

Iin Figure 5-1, or the negative of that pattern, was used to

prepare the eight Structures for the first two deliveries of

this reporting period. The pattern, which was designed by

[Signal Corps personnel, includes squares of 0.002 inch and
0.05 inch, and lines 0.002 and 0.02 inch wide. Since the

Fi overall diameter of this pattern is one inch, wafers approxi-

mately 1-1/4 inch in diameter were used to prepare all of the

structures for the November 15 and December 15 deliveries,

rather than the 1-inch wafers used for other work on this

contract.

I The activation energy for substitutional diffusion of

common dopants in silicon(l) is roughly twice that of the
I. reaction for thermal oxidation of silicon(2 , 3, 4, 5). There-

fore, diffusion is far less when a given thickness of oxide is

grown at 9000C, rather than at a higher temperature, such as

11000C. However, it must also be realized that with some

structures under certain conditions, the pile-up effect(6) can

result in an undesirable accumulation of dopant in the silicon

V 3
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immediately under the thermally-grown oxide layer and, because

of the differences in activation energies, the use of lower

oxidation temperatures may aggravate this problem.

I 5. 3 HCl- Etchincz

The flow diagram for the HCl etching system is shown in

Figure 5-2. The furnace part of the system is exactly as used

for epitaxial silicon growth. Flow meters on the anhydrous

HCl and purified H2 stream indicate the relative ratio of HCl

gas to H2. The Molecular Sieve-filled cold trap on the HCl

line may be used to insure low moisture content in the HCl gas.

Dry ice (-78°C) is used as the coolant rather than liquid N2

(-1950C) since HCl liquefies at -84°C.

Etching conditions were adjusted to obtain a good polish

and reasonable etch rates in unmasked areas, with minimum under-

cutting or disturbance of the masked areas, with good definition

and delineation. In particular, it was necessary to remove up

to 27 microns of silicon in selected areas with a minimum of

disturbance to the desired pattern, using the mask shown in

Figure 5-1, including 0.002-inch squares and 0.002-inch lines.

Typical results are shown in Figures 5-3 and 5-4.

V-5
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Figure 5-3. Top view of HC1-~etched Structure.

Figure 5-4. Angle-lapped section through an

etched groove 0.02 inch wide.

V-7



Figure 5-3 is a top view of a wafer in which the lines and

1squares were oxide masked, and 10 microns of silicon was
Uremoved in surrounding areas. Figure 5-4 shows an angle-lapped

section through the 20-mul spacing between 20-mil lines. The

depth averages about 13 microns. It was found that with an

joxide mask about 5000A thick, up to about 10 microns of silicon
could be removed with little disturbance of the 0.002-inch

squares.

ITypical conditions for HCl etching of selected areas of
f oxide-masked silicon wafers were as follows:

Flow rate, liters/min. 40.

Mole ratio, HCl to H2 0.025

Substrate temperature, 0C (optical pyrometer) 1175.

Under these conditions, etching proceeds at a rate of

roughly 2 microns/minute. As indicated in Figure 5-4, the

etch rate is somewhat higher immediately adjacent to masked

I areas than in the center of unmasked areas, and thus a slight

"most" surrounds the masked areas.

The samples agreed upon for January 15 involved

preferential growth of epitaxial silicon through holes in an

|
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oxide mask to form a transistor base, followed by reoxidation

and a second preferential growth to form emitters. This work

Iis intended to demonstrate the feasibility of preparing

transistors by two preferential silicon growth steps with an

[intermediate reoxidation. The patterns used for this feasi-

[ bility study were available solid circuit masks containing

transistor and resistor patterns, as shown in Figures 5-9

II through 5-11. The first epitaxial layer is to serve as a

jcollector region of transistors. The second epitaxial layer,

preferentially grown in selected areas, provides base regions

and also provides structures which are to be used as resistors.

I The third epitaxial layer (second preferential layer) provides

emitter areas. Figure 5-5 shows an angle-lapped section

through a typical wafer after the reoxidation. Figure 5-6

shows the final structure after preferential growth of the

emitter areas.

5.4 Selective EDitaxial Growth with Oxide Maskinq

The capabilities and limitations of oxide masking during

selective epitaxial growth of silicon were Investigated during

Ithis period. In one series of experiments in which a ther-

mally-grown SiO 2 film covered the white areas of the pattern

V-9
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II

Figure 5-5. Angle-lapped section through a typical wafer
after first preferential growth and reoxidation.

I

Figure 5 6. Typical structure after final growth of
emitter areas.

I V-10



of Figure 5-1, but was removed in the black areas, epitaxial

[! silicon was grown preferentially. Growth conditions were

F! adjusted as much as possible to obtain smooth epitaxial layers

in the desired areas without growth of silicon crystallites

over the oxide-covered areas. The structures submitted were

grown under the following conditions:

Gas flow rate, liters/mmn 100.

Mole ratio of SiC14 to H2 0.01

I Substrate temperature, 0C (optical pyrometer) 1200.

I The apparatus used was similar to that described in the

First Quarterly Report, with the one exception that the silicon

wafers were placed directly on a silicized carbon susceptor

[ rather than on a quartz-enclosed carbon susceptor. The sili-

cized carbon susceptor was prepared by vapor phase deposition

of silicon on a high-purity carbon susceptor at 12000C,

[ followed by a step in which the silicon-coated carbon was

heated at about 1450*C for five minutes. Any excess silicon on

the outside of the susceptor was removed by etching in a

[hydrofluoric acid-nitric acid mixture.

V-l
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In general it was not possible to adjust epitaxial growth

1conditions so that the SiO2-masked areas were entirely free of
I vapor-grown silicon. As indicated in Figure 5-7, which is a

top view of preferential growth on 0.002-inch squares and

[0.002- and 0.02-inch lines, a large number of crystallites
[formed on the surface in oxide-masked regions. Crystallite

formation was also observed by Hirshon(7). Figure 5-8 is an

Ienlarged top view of the crystallites on the SiO2 mask. It can

[be seen from examination of structures such as that shown in
Figure 5-9 that the density of crystallites (number per area of

surface) is frequently an order of magnitude greater in areas

[relatively distant from unmasked areas than in areas immedi-
ately adjacent to masked areas. Also, it was found that for

a given set of epitaxial growth conditions, the growth rate

[was higher when the ratio of unmasked areas to total area was

small than when that ratio was larger or unity.

The foregoing observations are evidence that under the

conditions used, epitaxial silicon growth rates are influenced

by the magnitude of the available silicon areas, and that sig-

nificant localized changes in concentration of reactants must

I Ibe occurring, even at the relatively high gas flow rates which

V-123 !
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Figure 5-7. Top View of
Elpreferentially grown 34 j

silicon deposits.

I~Figure 5-8. Enlarged view
of Silicon crystallites
on an S1O2 mask.

KV

Figure 5-9. Preferentially

deposited base regions.

V-13
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are employed. Consequently it is very difficult to obtain

Ffreedom from silicon crystallites on oxide masked regions and
U to obtain selective epitaxial growth which is controlled in

terms of thickness and resistivity, without carefully deter-

mining optimum growth Conditions for each desired masked

f Structure. Moreover, with the above-described mechanisms

prevailing, better results, in terms of relative freedom from

F- formation of extraneous crystallites in oxide-masked areas,

[are more readily attained with recurring patterns with a high
degree of uniformity in terms of distances to the nearest

unmasked area. For example, structures consisting of Small

square openings on a recurring square array, such as the

0.011-inch squares located at 0.08-inch centers in the pattern

used during the second quarter of this program, permit cleaner,

Fmore crystallite-free preferential growth than the structure

indicated in Figure 5-7.

Electrical tests of diodes prepared by selective epitaxial

growth on oxide-masked silicon substrates and microscopic

observations demonstrate the feasibility of preparing devices

with satisfactory characteristics by selective epitaxial growth.

However, it must be pointed out that, for microelectronic

V
I v-14
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applications in which complete freedom from stray crystallites

I is required on SiO2-covered areas in which metallic intercon-

nections are to be placed, feasibility has not yet been

established. Experiments performed subsequent to this

I reporting period have resulted in substantial reduction in the

I [incidence of stray crystallites, and it may be expected that
further work would eliminate the stray crystallite problem.

Tests in which a tungsten point, prepared as described by

[ Pany(8 ,9), was touched to crystallites, indicated that they

were usually in electrical contact with the underlying Silicon.

[Also, the crystallites, when viewed microscopically at high
power magnifications, appeared to have triangular facets, the

f sides of which were parallel to each other and to the three

<111> planes intersecting the plane of the surface of the

silicon wafer.

Tests were made to determine the extent to which

crystallite formation could be attributed to pin-holes in the

thermally-grown oxide film. Several wafers with patterns of

oxide masks were quartered, and two diagonally opposite

sections were subjected to preferential epitaxial growth. The

- other two quarters were subjected to chlorine etching(2, 0) at

V-15



8000C to reveal pin holes. It was found that the density of
97
Ipin holes, as revealed by C12 etching, was on the order of

10 per cm2 , whereas the density of crystallites ranges from

about 104 to 105 per cm2 in areas most distant from unmasked

[ areas to roughly 103 to 104 per cm2 in areas immediately

adjacent to unmasked areas. it was thus concluded that

although pin holes in the oxide may be a factor in crystallite

1formation, other factors are more important. It should be

pointed out, for example, that when preferential epitaxial

growth of silicon on partially masked wafers is performed with

wafers resting on fused quartz pedestals, growth of polycrys-

I talline silicon generally occurs on the hot fused quartz

surfaces, and obviously such growth is not a result of pin

holes. In addition to the oriented crystallites observed on

the masked surfaces, crystdllites which do not appear to be

oriented, and which are apparently not attached to the under-

lying silicon are sometimes observed. Possible nucleation

I sites for such crystallites include particles of non-volatile

[residue resulting from dust on the oxide surfaces, 0-cristo-
balite crystallites at localized sites of devitrification of

Ithe amorphous Si02 film, scratches, etc.

V
V-16
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I
mask. The mask pattern used was an available solid

circuit pattern which provided resistor structures

as well as base cuts. The wafer was then reoxidized

to mask the base regions. Finally, holes were cut

through the oxide in regions where emitters were

I desired, and a final p+ layer was preferentially

deposited to form emitters.

Several variations in sequence were investigated. In

initial experiments the first oxide layer was not removed

[prior to the growth of the second oxide layer. In subsequent

[experiments, the first oxide layer was removed with hydro-

fluoric acid prior to the second oxidation step. The latter

procedure resulted in less formation of stray crystallites on

[the oxide outside of the base regions. Also, in initial work

a base layer 3 microns thick was grown; in subsequent tests a

1.5-micron base layer was grown.

Ii The above-described all-epitaxial structures were tested

for emitter-base diodes and collector-base diodes by point

contacting after removal of the oxide film in hydrofluoric

I acid.

1v-18
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I
Figure 5-9 shows a typical structure after preferential

Ii epitaxial growth of the base and resistor regions. The

j largest rectangles on this pattern are 0.015 by 0.024 inchi

Stray crystallites are evident on the SiO2 mask. Figure 5-10,

Ian enlarged view of preferentially deposited regions, and

L [Figure 5-7 both Show the lower density of crystallites imme-

diately adjacent to the preferentially grown areas. Figure

5-11 shows a typical January 15 structure after reoxidation to

[ form a 6000 A thick oxide layer; emitter cuts have been made

[in preparation for the final preferential epitaxial layer.

Figure 5-12 shows a typical structure after the first

preferential epitaxial growth and the subsequent reoxidation.

[ The Preferential silicon growth area is at the left. The

[thickness of the first oxide layer, originally 8000 A thick,
was increased to about 12,000 A during the second oxidation.

[The preferential growth spread slightly over the edge of the
oxide mask, and the original oxide thickness can be seen at

the left side of the thicker oxide layer.

Diode measurements were made on wafers containing

I structures similar to wafers #5360-3 and #5417-2 required for

f November and December, respectively, and wafer #5444-2

I V-19
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pi igure 5-10. Enlarged

I deposited regions With
SiO2 removed.

f

I

Figure 5-11. Structure
after reoxidation, with
emitter cuts made.

[

I Figure 5-12. Ty pcal
structure after first
preferential growth

and reoxidation with-
out removal of first
oxide.

I
1 -2



- Figure 5-10. Enlarged
view of preferentially
deposited regions with
SiO2 removed

Figure 5-11. Structure
after reoxidation, with
emitter cuts made.

I

I Figure 5-12. Typical
structure after first
preferential growth
and reoxidation with-
out removal of first
oxide.

I2
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required for January. Median values for 10-pa diodes were

I36 volts on the 0.050-inch squares and 74 volts on the

[ 0.002-inch squares for the November requirement, and 7 volts

on the 0.050-inch squares and 50 volts on the 0.002-inch

1squares for the December requirements. Emitter-to-base

I. diodes of 830 volts, median 15 volts; and collector-to base

diodes of 15-40 volts, median 20 volts; both at 10 4a, were

1measured on wafer #5444-2.

Philco has a company-sponsored program to explore the

Ii limitations and capacities of preferential epitaxial growth

with oxide masking. The findings of this program will be

Iapplicable to the fabrication of future structures on this

Icontract.
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SECTIONI VI .1..SUMMARY

[ Specifications for the agreed-on structures prepared

during the third quarter involved five different multi-layer[
combinations of various doping concentrations and thicknesses.

I" The feasibility of using an SiO2 mask which was thermally

grown at lower temperatures, where diffusion is not a problem,

was demonstrated during this quarter.

I A mask pattern was designed and provided by the Signal

Corps for use in preparing the required structures. Struc-

tures delivered in November were prepared by preferential

I deposition of epitaxial layers through holes cut through the

masking oxide. Photo resist techniques were used in cutting

the desired holes. For the December delivery, structures were

prepared by first growing epitaxial layers over the entire

I wafer surface and then by oxide masking and photo resist pro-

cessing. HCl was used to remove material down to the substrate.

Knowledge was gained about some of the factors which

influence spurious crystallite formation on oxide masks and,

j since no inherent limitations have been uncovered, it is

expected that further work could solve the stray crystallite

problem.
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SECTION-VII -PROGRAM FOR -TH NEXT INTERVALIi

jWork for the next interval will involve growth and

characterization of structures as mutually agreed upon by the[
contractor and the Contracting Officer's Technical Representa-

I tive. Among the wafers which will be prepared during the next

quarter will be structures in which epitaxial techniques are

,used to improve isolation between components on a wafer.

F
I

I
I
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~SECTION VII I iDENTIFICATION OF PERSONNL

SThe key technical personnel who have taken part in the

work coveted by this report are listed below. the approxi-

mate man-hours of work performed by each of the individuals

Ii is also indicated. A total approximate man-hours figure is

given for the work performed during this report period by

technicians assisting the key technical personnel. Back-

)ground resumes of the key individuals added to the program

are included.

Approx.
Name Tfile Man-Hoours

Hillegas, W., Jr. Engineer 123

JQhatchadourian, Z. Project Engineer 154

- Scher, P. Junior Engineer 41

Schnable, G. Senior Engineering Specialist 99

L Taylor, S. Junior Engineer 160

Watkins, A. Junior Engineer 121

Technical Assistants 1217

II
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HILLEGAS. WILLIAM J. J.. - EngineerV
Mr. Hillegas received his B.S. in Chemical Engineering

from Drexel Institute of Technology in 1960, having worked as

a cooperative student engineer at the Lansdale Division of

Philco Corporation from 1956 to 1959. He is currently doing

graduate work in chemistry at Temple University. He has five

years accumulated experience investigating the chemical prob-

lems related to the manufacture and improvement of performance

and reliability of semiconductor devices, including investiga-

tions of the surface problems associated with high thermal

conductivity potting compounds and reinforcing chemical coat-

ings. During the past year his work has been chiefly concerned

with the research and development of controlled epitaxial

deposition of silicon, gallium arsenide and germanium on

various substrates and with development of oxide masking tech-

jniques. He is a member of Tau Beta Pi and the American
Association for the Advancement of Science, and is an associate

member of the Electrochemical Society.

TAYLOR. SHELDON A. - Junior EngineerI
Mr. Taylor received his B.S. in Electrical Engineering

from Drexel Institute of Technology in 1962. Before graduation

VIII-2
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I

he had worked for Philco as a Cooperative student engineer for

I several periods, one of which was spent on the tunnel diode

I program. He has had experience in product engineering with

emphasis on problems associated with plating and lead attach-

ment. Currently he is evaluating epitaxially grown junctions.
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