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Invention of the Integrated Circuit

JACK S. KILBY, FELLOW, IEEE

BACKGROUND

FIVHE FIRST electronic equipments were composed of

. a few dozen components and could readily be assem-
. bled by hand-soldering techniques. Each component was
manufactured separately by a process optimized for the
© purpose. As electronic equipment became more complex,
shortcomings in this procedure began to appear. The cost
of the equipment increased more rapidly than the com-
ponent count, and equipment reliability suffered a corre-
sponding dectease. .

Because of their interest in complex electronic systems,
the problem was particularly apparent to the military.

vach B-29 required nearly a thousand vacuum tubes and
sens- of thousands of passive devices. Its electronics
. equ1pments were among the most complex systems in
‘being at the time.

By the end of World War I it was apparent that future
systems would be limited by the cost, bulk, and rehablhty
of the electronics.

One of the first attempts to simplify tha manufacturing
process was carried out under National Bureau of Stan-
-dards sponsorship. Their proximity fuse requirements
" necessitated compact rugged electronic subsystems. The
Centralab Divigion of Globe-Union, Inc. proposed a design
in which ceramic substrates would carry metal intercon-
nections and chip capacitors, with miniaturized vacuum
tubes attached, This proposal was developed by Ruben-
gtein, Ehlers, Sherwood, and White of Centralab [1], and
‘was probably the first attempt to form components in situ.

After the war, NBS and Centralab continued to work in
 this area. The Centralab effort, under R. L. Wolff and A.

- 3. Khourt, developed high-volume screening techniques

.or produetion. Centralab built substantial quantities of

amplifiers for hearing aid applications, with several dozen
passive components and three or four tube sockets for
“active device attachment. They further simplified the
~eoncept by the use of a substrate with a high dielectric
constant, permitting the fabrication of low cost RC net-

- works for radio and television applications. About 140

million circuits of this type were produced by 1962.

The NBS effort, originally led by Brunetti and later by
. Franklin [2], also continued to develop two-dimension
(2-I)) circuit assemblies. A complete in-house fabrication
capability was established. In the early 1850’s, Robert
- Henry of this group, working under Navy sponsorship,
~ abandoned the 2-D concept and produced a novel design
in which ceramic wafers with one to four passive compo-
nents per wafer were stacked and interconnected with

" - wertical riser wires. A tube socket was mounted above the

Manuscript received March 3, 1976.
The aui;hor is at 5924 Royal Lane, Dallas, TX 75230,

agsemnbly so that each module was a complete functional
unit, The concept was christened “Tinkertoy” [3], and a
mechanized line for production of finished assemblies was
established by a division of lllinois "Tool Works, More than
5 million modules were produced by the time the line -
ceased operation.

Other attempts to sunphfy the manufacturmg process
focused on the interconnection of components. In 1949

- Danko and Abrahamson of the Signal Corps anncunced

the “Auto-Sembly” process [4], in which component leads
were inserted into a copper foil interconnection pattern
and dip soldered. With the development of board lami-
nation and etching techniques, this concept evolved®into
the standard printed c1rcu1t board fabrlcatlon process in
use today.

During the period, electronic designs were limited by the
facts-of-life of the vacuum tube. Tubes were large and
expensive in comparison to most of the passive compo-
nents, Their life was limited, so that frequent replacements -
were necessary. They dissipated a significant amount of
power, requiring provisions for cooling. All of these factors
changed dramatically ivith the invention of the transistor.
in 1948.

Although it required several-years, the existing tech-
nologies were modified to accept the transistor. The

- Tinkertoy approach was abaridoned, and replaced by the

Micro-Module program under Signal Corps sponsorship.
The Micro-Module program was a major effort i5]. RCA
was selected as the prime contractor, and more than $25
million was spent. Most was spent within RCA, but small -
contracts ware let to encourage oiher component mantu-
facturers to repackage their parts into wafer format.
DOFL and Centralab adapted their two-dimension

" designs for transistors, DOFL proposed to insert transis-

tors into the substrate and connect them to the substrate -
with a photolithographic technique [6]. This process, de-
veloped by Lathrop and Nall, was one of the first appli-
cations of photolithography in the electronics industry.
The Centralab work will be described in a later section.

At about this time several companies began to propose
the use of evaporated films as a substitute for the screened
components of Centralab and DOFL. Varo and G.E. were
particularly active in this area. One of the dimly seen ad-
vantages of the evaporation technique was that it would
some day permit the fabrication of thin-film active devices.
This concept was supported by the Navy, although few
contracts were let,

The transistor also suggested concepts based on semi-
conductor technology. The first to perceive the possibility
was G.'W, A, Dummer of the Royal Radar Establishment

in England.

" Addressing the Electronic Components Conference in
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Fig. 2. Page of Kilby engineering notebook describing a phase shift
oscillator built from an existing diffused germanium wafer.

Fig. 3. Pag_e of Kilby engineering notebook describing a flip-flop built
- from an existing diffused germanium wafer.
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This irivention relates to niiniature clectronic circuits, -

and more’ particularly to unique integrated electronic cir-
cuits fabricated from semiconductor material,
Many methods and techniques for miniaturizing elec-
" {ronic circuits have been proposed in the past. At first,
most of the effort was spent wpon reducing the size of the
. components and packing them more closely together,
. Work directed toward reducing component size is still
going on but has-nearly reached a limit. Other efforts
have been made to reduce the size of electronic circuits
such as by eliminating the protective coverings from
components, by using more or less conventional tech-
niques to form components on 2 single substrate, and by
providing the components with a uniform size and shape
10 permit closer.spacings in the circuit packaping therefor.
-~ Al of these methods and techniqies require a very
large number and variety of operations in fabricating a
complete circuit. For example, of all circuit components,
resistors are usually considered the most simple to form,
. but when adapted for miniaturization by conventional
techniques, fabrication’ requires at least (he following
steps: :
"{a) Formation of the substrate.
. (&) Preparation of the substrate, '
(c) Application of terminations.
(d) Preparation of resistor material.
{e) Application of the resistor material.
(f) Heat treatment of the resistor materjal.
{g) Protection or stabilization of the resistor.

Capacitors, transistors, and diodes when adapted for
miniatirization each require at least as many steps in the
fabrication thereof. Unfortunately, many of the steps
required are not compatible. A treatment that is desirable

~ for the protection of a resistor may damage another ele-
ment, such as a capacitor or -transistor, and as the size
of the complete circuit is reduced, such conflicting treat-
_ments, or interactions, become of increasing importance.
" Interactions may be minimized by forming the compo-
nents separately and then assémbling them into a com-
plete package, but.the very act of assembly may cabse
damage to the more sensitive components.
 Because of the large number of operations reguired,
" control over miniaturized -circuit fabrication becomes
very difficuit. To illustrale, many raw materials must be
evaluated and controlled even though they may not be
well understoed. Further, many testing operations are
required and, even though a high yield may be obtained
for each operation, so many operations are required that
the ‘over-all yield is often quite low. In service, the re-
lisbitity of a circuit produced by methods of such com-
plexity may also be quite’ low due to the tremendous
number of contrals required, Additionally, the separate
formation -of individual components requires individual
terminations for each component. These terminations
‘may. eventually become as small as a dot -of conductive
‘paint. However, they stili account for a large fraction
of the usable area or volume of the circuit and may be-
" come an additional cause of cirenit failure or rejection
"due to misalignment. : .

Tn contrast to the approaches to miniaturization that
have been made in the past, the present invention has re-
sulted from a new and totally different concept for mini-

" aturization. Radically departing from the teachings of
" the art, it is proposed by the invention that miniatoriza-
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tion can best be attained by use of as few materials and
operations as possible. In accordance with the prin- -
ciples of the invention, the ultimate in circuit miniaturiza-
tion is attained using only one material for all circuit cle-
ments and a limited number of compatible process steps
for the production thereof. N

The above is accomplished by the present invention by
utilizing 2 body of semiconductor material exhibiting ons
type of conductivity, either n-type or p-type, and having
formed therein a diffused region or regions of appropriate
conductivity type to form a p-n junction between such
region or-regions and ‘the semiconductor body or, as the -
case may be, -between diffused-regions. According to the
principles of this-invention, all components of an entire’
electronic circuit are fabricated within the body so charac-
terized by adapting the novel techniques to be described
in deiail heréinafter. It is to be noted that all compo-
nents of the circeit are integrated into the body of semi-
conductor material and constitute portions thereof.

In a more specific conception of the invention, all com-
ponents of an electronic circuit are formed in or near one
surface of a relatively thin semiconductor wafer charac-
terized by a diffused p-n junction or junctions, Of im-
portance to this invention is the concept of shaping. This
shaping concept makes it possible in a circuit to obtain

-the necessary isolation between components and to de-

fine the components or, stated differently, to limit the
area which is utilized for a given component, Shaping
may be accomplished in a given circuit in one or more of
several different ways. These various ways include actual
removal of portions of the semiconductor material, spe-
cialized configurations of the semiconductor material such
as long and narrow, L-shaped, U-shaped, etc., selective
conversion of intrinsic semiconductor  material by dif-
fusion of impurities thereinto to provide low resistivity
paths for current flow, and sefecive conversion of semi-
conductor material of one conductivity type to conduc-

tivity of the opposite type wherein the p-n junction there-

by formed acts as a barrier to current flow. In any event,

“the effect of shaping is to direct and/or confine paths for

current flow thus permitting the fabrication of circuits
which could not otherwise be obtained in a single wafer
of semiconductor material, Asa result, the final circuit
is arranged.in essentially planar form. It is’ possible to
shape the wafer during processing and.to produce by

“diffusion the various circuit elements in a desired and

- proper relationship, Certain of the resistor and capacitor
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components described herein have utility and novelty in
and of themselves although they are completely adaptable
to and perhaps find their greatest utility as integral parts
of the semiconductor electronic circuit hercof.

"It is, therefore, a principal object of this invention to
provide a novel miniaturized electronic circuit fabricated
from a body of semiconductor material containing a dif-
fused p-n junction wherein all components of the elec-
‘tronic circuit are completely integrated into the body of
semiconductor material,

It is another principal object of this invention to pro-

.duce desired circuits by appropriately shaping a wafer of

semiconductor material to obtain the pecessary isolation
between components thereof and to define the areas uti-
lized by such components.

It is a further object of this invention to .provide a
unigue miniaturized electronic circuit fabricated as de-
scribed whereby the resulting electronic circuit will be
substantially smaller, more compact, and simpler than
eircuit packages heretofore developed using known tech-
nigues, - .

It is a still further object of this invention to provide
novel miniaturized electronic circuits fabricated as de-
scribed above which involve less processing than tech-
niques heretofore used for this purpose, :
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It is a primary object of the inventlon to provide a
miniaturized electronic circuit wherein the active and
passive circuit components are integrated within a body
of semiconductor material, the junctions of such compo-
nenis being near and/or extending to one face of the body,
with components being spaced: or electrically separated
from oie another as necessary in the circuit, Thése fea-
tures permit a versatility in design of integrated circuits
not heretofore available, . ]

The foregoing and-other objects and features of the in-
vention will become more readily apparent from, the. fol-
lowing detailed description of preferred embodiments of
the present invention when taken in conjunction with the
_appended drawings, in which:

FIGURES 1-5g illustrate schematically various circuit
components fabricated in accordance with the principles
of the present invention in order that-they may be inte-
-grated into, or. as they constitute parts of, a single body
of semiconductor material; - : .

FIGURE 6a illustrates schematically a multivibrator
circuit fabricated in accordance with the present inven-
tion;.- - - . .

FIGURE 65 shows the wiring diagram for the multivi-
brator circiiit of FIGURE 64 laid out in the same relation-

ship: .

' FIGURE 7 illustrates the wiring diagram of the multi-
vibrator circult of FIGURE 64 in a more conventional
presentation; ’

FIGURE 8a illustrates schematically a phase shift os-
cillator fabricated in accordance with the principles of the
present invention; o ,

. FIGURE.8b shows the wiring diagram for FIGURE 8a
with the components laid out in the same relationship;
and - :
FIGURE 8¢ portrays the wiring diagram of the phase
shift osciilator. : i
. . As will be apparent to one skilled in the art, circuit
components can: be classified according to. their circuit
functions. Thus, circuit elements may be thought of as
being active or passive in mature, According to “The
Encyclopedic Dictionary of Electronics and Nuclear En-
gineering,” edited by Sarbacher, and published by Pren-
tice-Hall, . active elements are those which in an imped-
ance network act as current generators; whereas passive
elements do not so act. Examples of active elements are
photocells and transistors; examples of passive elements
are resistors, capacitors and inductors. Diodes, while
most often employed as passive elements, may if suitably
biased and energized, function in an_active capacity.
Varactor diodes and tunnel diodes are examples of diodes
operating in an active capacity, ‘The term “eireuit” (or
“network”) means two or more discrete circuit elements
¢clectrically -connected together; and by “discrete cireoit
element” is meant a resistor, capacitor, inductor, diode,
transistor or the like that is formed separately or pur-
posely as distinguished from existence as a function in-
cidentally, accidentally or inherently as a part of some
other circuit element, as, for example, every transistor
may be said to exhibit some resistance and capacitance
atong with its transistor action.

Referring now to the drawings in detail, preferred em-
bodiments of the present invention will now be described
in detail in order that a better understanding of the prin-
ciples of the invention and the various forms and embodi-
_ ments of the invention will be better understood. )

As noted previously, the invention is primarily con-
cerned with miniaturization of electronic circuits. Also,
as noted, the invention éontemplates the use of a body of
semiconductor material appropriately shaped, electrically
and physically and. having formed therein a p-n junction
or junctions and the use of component designs for the
various circuit elemenis or components which can be
integrated into or which constitute parts of the aforesaid
body of semiconductor matetial, )

SPIGURES 1-5 inclusive illustrate in detail circuit ele-
ments formed in accordance with the principles of this in-
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be calculated from
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vention which can be integrated into a body of semicon-
ductor material, It is noted at this point that the body of
semiconductor material is of single erystal structure, and
can be composed of any suitable semiconductor material.
There may be mentioned as examples of suitable materials
permanium, silicon, intermetallic alloys such as gallium
arsenide, aluminum antimonide,” indium antimonide, as
wellasothers, - . - .

Referring particularly to FIGURE |, there is shown o
‘typical design for a resistor which may be embodied or
integrated into a body of single crystal semiconductor
material. As noted in FIGURE 1, the ‘design contem-
plates utilizing the bulk resistance of a body 10 of semi-
‘conductor material of any conductivity type. Contacts
11 and 12 are made ohmically to one surface of the body
10, spaced apart a sufficient distance to achieve a desired

-resistance, As will be apparent to one skilled in the art,

ohmic connections are those which -exhibit symmetry
and linearity in resistance to flow of current therethrough
in any available direction. If two resistors ar¢ to be con-
nected together; it is not necessary to provide separate
terminations for the common point. The resistance may

R=pL/4 ‘
where L is the active length in centimeters, A is the cross

"sectional area, and p is the resistivity in ohm-cm. of the

semiconductor material,
In addition to the resistor shown in FIGURE 1, a re-

- sistor may be provided as shown in FIGURE la for in-
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tegration into and as forming a part of a body of semi-
conductor material. In FIGURE la, there is shown a
body 194 of p-type semiconductor material with an n-type
region 10b formed therein. - Of course, between the body
10z and region 10 there is a p-n junction Which is desig-
nated by the numeral 13. Contacts 1la and 12a are
made to one surface of the region 105, spaced apart from
each other in order to achieve a desired resistance. Asin,

" FIGURE 1, the contacts 11g and 124 are ohmic contacts

45

to the region 10b. A resistor formed in the manner of
FIGURE 1a has several important advantages, First, the
p-n junction 13 provides a barrier to current flow from the -
n-type region 105 into the p-type body 20a and, thus, the
current flow is confined to a path in the n-type region 10
between the contacts thereto, The second advantage is
that theé total resistance value thereof can be controlled to
a large degree.  ‘The total resistance value may be con-
trolled by etching very lightly over the entire surface (o
remove the uppermost portion of the n-type region 106,
being very carefil to not etch through the p-n.junction,
and as well-by selectively stching to or through the p-n
junction 13 thereby effectively to increase the length of
the paih traveled by the current between the contacts.

" The third, and perhaps major, advantage in forming a

60
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resistor according to FIGURE 1a is in that, by controlling
the doping level or impurity concentration in the n-type
region 10b, lower and more nearly constant temperature :
coeflicients may be provided for the resistor. The-above
description has been in terms of a p-type body 104 and an
n-type region 105 but it is obvious that the body 10a could
be equally as well of n-type conductivity and the region
105 of p-type conductivity, Resistors according to FIG-
URE la may be formed as separate circuit elements or
components, T -

Capacitor designs may be obtained by utilizing the
capacitance of a p-n junction, as shown in. FIGURE 2,
whersin a semiconductor wafer 15 of p-type conductivity
is shown containing an n-type diffused layer 16. Chmic
coniacts. 17 are made to opposite faces of the wafer 15,
The capacitance of a diffused junction is given by

= 76\

C=de (12 eV

where A is the area of the junction in square cm.,.e is the
dieleciric constant, g is electronic charge, where a is the
impurity density gradient, and V is the applied voltage.
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Instead of the capacitor of FIGURE 2, capacitance -in
a body of single crystal of semiconductor material may be
provided as shown and described in connection with FIG-
URE 24. FIGURE 24 shows a body 15a of semicon-
ductor material, of either n- or p-type conductivity, which,
constitutes one plate of the capacitor.’ Bvaporated onto
. the body 15a is a layer 18 providing a dielectric Jayer for
the capacitor. It is necessary that the layer ‘18 have a
suitable dielectric constant and be inert when in contact
with the semiconductor body 154, Silicon oxide has been
found to be a suitable material for dielectric layer 18 and

may be applied by evaporation or thermal oxidation tech-
‘Plate 19 forms the other plate of

_niques onto body 15a.
the capacitor and is pro
‘material onto layer 18.

ided by evaporating & conductive
" Gold and aluminum have been

. “mesas” on the wafer.

Junction areas for the transistors,

component vahues.
formed by properly shaped

diodes, and capacitors are

A specific illustration of an electronic circuit embody-
ing the principles of the invention is shown in FIGURE
6a. As shown, a thin wafer of single crystal semicon-
ductor material containing a diffused p-n jupction has
been processed and shaped to include a complete and

-“integrated multivibrator clactronic circuit formed essen-~

10

found to be satisfactory materials for the plate 19.-

Ohmic contact 172 is made to the body of sémiconductor
* material 15a and contact to plate 19 may be made by

any suitable electrical contact {not shown). Capacitors’

“formed in the manner described in connection with FIG-

20

"URE 2a have been found.to exhibit much more stable

charsicteristics than pure junction capacitors, that is, pn
junction capacitors, and, of course, may be fabricated as
* separate elements or components. : .
Capacitors produced in thé manner of FIGURE 2 are
also diodes, and must therefore be properly polarized in

‘25

the circuit. Non-polar capacitors may be made by con-- ‘

necting {wo such areas back-to-back, Althongh junction
. capacitors have a marked voltage dependence,
pendence is present to a lesser degree for low voltages in
the non-polar configuration, )

Resisior and capacitor designs may be .combined to

form a distributed R-C network. .Such is shown in FIG-
IURE 3, wherein a wafer 20 of p-type conductivity having

an n-type conductivity diffused layer 21 formed therein.

is provided with a broad area contact 22 on the face and
spaced contacts 23 on the opposite face. These networks
are useful for low pass:filters, phase shift networks, cou-
pling elements, etc. Their parameters may be caiculated
from the. equations above.
general type are also possible. .
Transistors and diodes may be formed on a wafer, as
described by Lee in “Beli System Technical Journal,” vol.
. 35, p. 23 (1956). This Teference describes a transistor,
as shown in FIGURE 4, which has a collegtor region 25,

- a diffused p-n junction 26, & base layer 27, an emitter
contact 28 for a rectifying conngction with base layer
27 and base and collector contacts 29 and 36, respectively.
The bage layer 27 is formed as a mesa of small cross sec-
 tion. A diode of similar design is shown in FIGURE 5,
and consists of a region 35 of one type conductivity, a

Other. configurations. of this

such de- -
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‘they occupy in the

tially in one surface of the wafer. The. regions of the

-wafer have beon marked with symbols representative of

the circuit element functions that are performed in the
various regions. FIGURE 66 shows a wiring diagram of
the various circuit functions in the relationship which
wafer of FIGURE 6a4. A more con-
ventionally drawn cireuit
7 with the circuit values actually used.- The multivibra-
tor cifcuit shown In FIGURES 6a, 6b and 7 will be
described g8 illustrative of the processing techniques em-

"ployed. First, a semiconducting wafer, preferably silicon

proper resistivity is lapped and
polished on one side. For this design, 3 ohm-cm. p-type
germaniuvm was used. The wafer was then subjected to
ani antimony diffusion’ process which produced an n-type
layer on the surfage about 0.7 mil deep. The wafer was
then cut fo the proper size, 0,200 inch x 0.080 inch and
the unpolished surface was lapped to give a wafer thick-

or germaninm, of the

-ness ‘of 0.0025 inch,

Gold plated Kovar leads 50 were attached by alloying
to. the wafer in the proper positions (as shown). Kovar
is a trade name for an iron-nickel-cobalt -alloy, Gold:
was fthen evaporated through a mask to provide the areas
5154 .which provide ohmic contact with the n region,
such zs the transistor base connections and the capacitor
confacts. Aluminum was evaporated through a properly
shaped mask to provide the trapsistor emitter arcas 56,
which form rectifying contacts with the n layer,

‘The wafer was then coated with a photosensitive resist
or lacquer, such as Eastman Photo Resist, supplied by
Eastman Kedak Company, and exposed-through a nega-
tive to a light, The lacquer image remaining after
development was used as a resist for etching the wafer

_ to the proper shaps. In particular, this eiching forms a

45

slot through the wafer to provide isolation between Ry
and R, and the rest of the circuit and also shapes 21l of
the resistor areas to the previously calculated configura-
tion, Bither chemical etching or electrolytic etching may
be used, although electrolytic etching appears to be pref-

" erable.

50

mesa region 36 of opposite conductivity type with a pn -

* -diffused junction formed therebetween and contacts 37
and 38 {o each region.
_Small inductances, suitable for

high frequéncy use, may

also be made by shaping the semiconductor as evidenced -

by FIGURE Sa which shows a spiral of semiconductor
material. It is also possible to prepare photosensitive,
photoresistive, solar. cells and other like components
utilizing the considerations outlined above,

Although all of the circuit clements have been de-
scribed in terms of a single diffused layer, it is quite
possible to use a double diffused structure.
diffusion may be employed to form both n-p-n and p-n-p
_structures. Morcover, .any suitable substances caa be
used for the semiconductor materials, conductivity pro-
ducing impurities, and contact materials; and suitable and
known processing can be exploited in producing the above
cirenit designs. o .

Because all of the circnit designs described above can

«

iti]
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Thus, double

05

70

be. formed from 4 single material, a semiconductor, it is .

possible by physical and elecirical shaping to integrate
all of them into a single crystal semiconductor wafer con-
taining a diffused p-n junction, or junctions, and to process

the wafer to provide the proper circuit and the correct

16

After this step, the photoresist was removed with a
solvent and the mesa areas 60 masked by the same photo-
graphic process. The water was again immersed in
etchant and the n layer completely removed in the
exposed areas. A chemical etch is considered preferable.
The photoresist was then removed.

_ Gold wires 70 were then thermally bonded to the ap-
propriate areas to complete the connections and a final
clean-up etch given. . Instead of using the gold wires 70
in making electrical connections, connections may be
provided in other ways.. For example, an insulating and
inert material such as silicon oxide may be evaporated

_onto the semiconductor -circnit wafer through a mask

cither to cover the wafer completely except at the points
where electrical contact is to be made thersto, or to cover

~ only selected portions joining the points to be electrically

connected. . Electrically conducting material such as gold .
may then be laid down on the insulating material to make
the necessary electrical circuit connections.

After testing, the circuit may be hermetically sealed,
if required, for protgction against contamination.. The
finished device was smaller by several orders of magni-
tude than any others which have previously been pro-
posed.. Because the fabrication steps required are quite. -
similar to those now used in manufacturing transistors
and because of the relatively small number of steps re-

105/194

diagram is shown in FIGURE . .
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quired, these devices are intierently inexpensive and re-
liable, as well as compdct, : :
A further illustration of the process heréof is shown
in FIGURES 8a-8c. FEach arca of the single crystal
semiconductor wafer has been marked with a symbol
for the circuit. element which it represents.
illustrates the use of resistors, transistors, and a dis-
tributed R-C hetwork to form a complete phase shift
oscillator, :

“Tt must be emphasized that the two embodiments de-

scribed above ars merely two of innumerable circuits

- which ¢an be fabricated by the techniques of the present

{nvention, There is no limit upon the complexity or
configuration of circuits which can be made in this man-

ner. While there i3 2 limit upon the lypes and values

of components which can be made in a limited space,
the invention hereof nevertheless represents a remarkable
improvement over the prior art, As evidence of the
advance in the art accomplished by the present jnvention,
it is possible using the techniques described above to

&

passive circuit component s 40 cldngale(.i resistor regipn;
and said semiconductor material immediately underlying -

. said thin layers of the active component defines the col-

This unit -

10
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achieve component densities of greater than thirty mil-

_ lion per cubic foot as compared with five bundred thou-

sand per cubic foot which is the highest component den-
sity attained prior to this invention.

‘Although the invention has been shown and described
in terms of specific embodiments, it will be evident that
changes and modifications-are possible which do not in

_ fact depart from the inventive concepts taught herein.

Hence, such changes and modifications are deemed to

.fall within the purview of the invention.

What is claimed 15:

1, In an integrated circuit having a plurality of elec-
trical circuit components in a wafer of single-crystal semi-
conductor material, a plurality of junction transistors de-
ficed in the wafer, each transistor including thin layers
of semiconductor material of opposite conductivity-types
adjacent one major face of the wafer providing a base
and an emitter region which overlic a collector region,
the base-emitter and base-collector junctions of each of
said transistors extending wholly to said one major face,
a plurality of thin clongated regions of the wafer ex-
hibiting substantial resistance to provide semiconductor

25
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lector region of the junclion transistor.

5, An integrated circuit according to claim 3 which
further comprises: at least one other active circuit com-
ponent provided in the wafer and including at least two
thin layers of semiconductor material of opposite con--
ductivity-types extending to said one major face “with
p-n junctions of such other active circuit component ¢x-
tending wholly to said one mejor face; and at least one -
other passive eircuit component. provided in the wafer
and including at least one discrete region of the semi-
conductor material which is spaced on said one major
face away from the thin layers of the at least one other
active component. : :

6. An integrated circuit according to claim 5 wherein -
said discrete regions of said passive circuil components
inchude thin surface-adjacent regions at sald one major
face of the wafer. . : ]

7, An integrated circuit according to claim 3 wherein
the at least one discrete region of the passive circuit com-
ponent- includes a thin surface-adjacent layer of semi-
conductor material, - .. :

.8. An integrated circuit according io claim 7 wherein -
the passive circuit component is aresistor.

9. An integrated circuil according to claim 3 wherein
at least one of sald circuit components includes a thin
layer of dieleciric material overlying said one major face
of the wafer with a thin layer of conductive material over-
lyirig the dielectric material.

10. A semiconductor device comprising: a body of -
single-crystal semiconductor mater{al; an active circuit
component provided adjacent one major face of the body
and including thin regions of the semiconductor material
which extend to said one major face; each of such regions

" being of different conductivity than adjoining semiconduc-

tor material with the interface between each such region
and other of the semiconductor material of the body cx-
tending wholly to said orie major face; a passive circuit

component provided in the body by a discrete portion of |

" the semiconductor material which is spaced from the

resistors, the elongated regions being spaced on said one °

major face from the transistors, and conductive means
connecting selected ones of the elongated regions to
regions of selected ones of the transistors,

2. In a semiconductor device which includes a single-
crystal semiconductor wafer: a junction transistor pro-
vided adjacent one major face of the wafer by thin layers

_of semiconductor material of opposite conductivity types

overlying one another and extending to said one major
face with the emitter-base and base-collector junctions of

- the transistor extending wholly to said one major face;

and a resistor provided in the wafer by a discrete elon-
pated region of the semiconductor material which g
spaced from the transistor on said one major face.

3, An integrated circuit comprising & wafer of semi-
conductor malerial containing a plurality of electrical cir-
cuit components including at least one active circuit com-
ponent and at Jeast one passive circuit component, the
active circuit component.-including at least two thin layers
of semiconductor material of opposile conductivity-types
extending to one major face of the wafer with p-n junc-
tions of the active circuit component extending wholly
1o said one major face, the passive circuit component in-
cluding at least one discrete region of the semiconductor

. material of the wafer which is spaced on said one m_zijor
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active circuit component on said one major face, substan-
tial electrical impedance existing through the body be-
tween said thin regions of the active circuit component
and the discrete portion of the passive circuit component.

i1, A semiconductor: device according to claim 10
whereln at least part of said substantial electrical im-'
pedance is exhibited by at least one p-n junction within
the wafer. )

12. An integrated circuit comprising a wafer of single--
crystal semiconductor material having a plurality of elec-
trical circnit components therein, the components inciud-
ing an active circuit component which comprises thin re-
gions of semiconductor material of opposite conductivity-
types closely adjacent one major face of the wafer with
p-n junctions betwcen such thin regions extending wholly

" 1o said one major face, the components further including

€0
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face away from the thin layers of the active component,

substantial electrical impedance béing exhibited between .

the semiconductor material contiguous to the at least one
discrete region of the passive component and semiconduc-
tor material immediately underlying said thin layers of
the active component, ]
4. An integrated circuit-according to claim 3 wherein
said active circuit component is a junction transistor, said

75
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2 semiconductor resistor provided by a discrete elongated
reglon of the wafer which is spaced on said one major
face from the active circuit component, and a conductive
Jead conmecting ‘an end of the elongated region to one
of the thin regions of the active circuit component. -
13. In an integrated circuit having a plurality of cir-
cuit components in a wafer of single-crystal semiconduc- -
tor material, a pair of junction transistors defined in the -
wafer-with each transistor including thin layers of alter- -
niate conductivity type adjacent one major face of the
wafer providing a base and an emitter region which over-
lie & collector region, the base-emitter and collector-base
junctions of each of said transistors extending wholly to
said one major face, elopgated semiconductor means de-~
fined in the wafer and exhibiting substantial resistance to
provide load resistor means for the pair of transistors,
first conductive means connected to the collector region
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- of one of the transistors and to an end of the elongated
semiconductor means, second conductive means con-
nected fo the collector rogion of the other one of the
transistors and to an edd of the slongated semiconductor
means, means including contacts to the emitter regions
of the tramsistors and to the elongated semiconductor

- means for applying operating bias to the transistors and
means including separate contacts on said base regions
for applying inputs to said pair-of transistors,

‘14, In an integrated circuit according to-claim 13 first
and second elongated semiconductor regions defined in
the wafer and exhibiting substantial resistance to provide
base resistors for the pair of transistors, and conductive
‘means separately connecting an’end of the first elongated
region to the base reglon of one of the transistors and an
end of the second elongated region to the base region of
the other of the transistors. :

15. An integrated circuit ahving a plurality of electrical
circuit components in a wafer of single-crystal semicon-
ductor malterial, at least one of the components being an
active - circuit component which includes thin layers. of
_semiconductor material of alternate conductivity types de-
fined in the wafer adjacent one major face thercof with
p-n junctions of such active circuit component extending
wholly to said one major face, at least one of the com-
ponents being a passive citcuit component which includes
at least one discrete region defined in the wafer, the
passive circuit component being spaced on said one major
face from the active circuit component, substantial elec-
trical impedance being exhibited through the wafer be-
tween the active circuit component and the passive circuit
component, a- plurality of interconnections between se-
lected ones of the electrical circuit components, the circuit
components and interconnections being so arranged and
constructed as to allow; upon. the application of electrical
power, the performance within the structure of an electri-

19
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cal function equivatent to the function performed by a _

plural element electrical network.

16. An integrated circuit comprising a wafer of single-
crystal semiconductor material containing n plurality of
electrieal circuit components defined in the wafer, the
circuit components including an active circuit component
which comprises at feast two thin regions of the wafer of
opposite conductivity-types each extending to one major
face with the junction between each such thin region and

_other semiconductor material of the wafer extending to
said one major face, the circuit components further in-
cluding a passive circuit component which comprises at
least one discrete region of the semiconductor material,
the discrete region being spaced on said one major face
from the thin regions of thé active circuit’ component,
non-common regions of the active and passive circuit com-
_ponents being interconnected to form at least part of an
_electrical circuit, , A
17. In a semiconductor device according to claim 2,
- sald thin layers of said junction transistor being portions
of a raised mesa-shaped part of said one major face.

18. An integrated circuit according to:claim 3 wherein
said active circuit component ig a junction transistor with
said two thin layers being the base and emitier regions
of said junction transistor, the emitter region being sub-

40
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face, & base contact being positioned on said base region
spaced from the émitter region. )

19, An integrated circult according to claim 18 where-
in said discrete region of the passive circuit component
includes a .thin surface-adjacent layer of semiconductor
material of conductivity-type opposite that of subjacent
semiconductor material, an ohmic contact is provided on

“said surface-adjacent Jayer, and a conductive lead connects

such ohmic contact to said base contact,

20, A semiconductor device according to claim 10
whierein said passive circuit component provided in the
body by said discrete portion of the semiconductor mate-
rial includes a thin surface-adjacent portion of the semi-
conductor material at said one major face of the body,
such thin portion being of conductivity differing from
subjacent semiconductor material.

21. A semiconductor device according to claim 20
wherein separate electrical contacts are provided on at
least two of said .thin regions of the active circuit com-
ponent on said ome major face, wherein a contact is
provided on said thin surface-adjacent portion on said one
major face, and wherein conductive means interconnects
said contact on said surface-adjacent portion with one of
said contacts on said thin regions of the active circuit
component, . ) . .

22, In an integrated circuit according to claim’ 13 said
elongated semiconductor means being a single clongated
region of the semiconductor material with said first and
second conductive means being separately connected to
opposite ends of such elongated region and with said
means for applying operating bias being connecied to a
centrally located portion of such clofgatéd region.

23. In an integrated circuit according to claim 13 said
means for applying inputs to said pair of transistors in-
cludes separate coupling means connecting the first con-
ductive means to-the contact on the base region of said -
one of the transistors ard connecting the second conduc-

‘tive means to the contact on the base region of said other

one of the transistors, ‘
24. An integrated circuit according to claim 16 wherein
said discrete yegion of the passive circuit component in-

" cludes a thin surface-adjacent region of conductivity type

46
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stantially smaller than the base region on said one major ’

opposite to that of subjacent semiconductor material.

25, An integrated circuit according to claim 24 wherein -
said passive circuit component is a P-2 junction capaci-
tor. . '
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SEMICONDUCTOR PHASE, SHIFT OSCILLATOR
AND DEVICE ‘ :

Hurwick Jobnson, Prineeton, N. J., assigacr to Radio
Corporation of America, a corporation of Delaware

Application 'May 21, 1953, Serial No, 356,407
10 Claims. (Cl 250—36)

This invention pertains to semiconductor devices and
particularly to semiconductor phase-shift oscillators and
devices.

One basic form of semiconductor device s known as
& P-N junction transistor and comprises a bhody of semi-
conductor material of one type of conductivity having two
zones of opposite conductivity material formed therein
and separated therefrom by rectifying barriers. A base
electrode is in ohmic contact with the semiconductor body
and the two zones are operated as emitter and collector
electrodes. In operation of a transistor, the emitter elec-
trode injects minority charge carriers, either holes or
electrons, into the semiconductor body where they are
collected by the collector electrode, The flow of cur-
rent between the emitter and collector slectrodes is in-
fluenced by the electrical condition of the semiconductor
body which is determined by the electrical potential ap-
plied fo the base electrode. -

In the electron tube art, it is well known that a tube
may be operated, in a suitable circuit, as a phase-shift
oscillator. In such cirenits, a resistance-capacity phase
shifting network is connected between the output and the
input of an amplifter tube, the circuit being proportioned
to provide a 180° phase shift at the desired oscillation
frequency, In accordance with the invention, a fransistor
may be similarly operated in .snch an extérnal phase-
shifting cireuit. Also in accordance with a preferred em-
bodiment of the invention, a semiconductor phase-shift
oscillator is incorporated in a unitary body whereby much
of the circuitry of the conventional phase-shift oscillator
is eliminated. .

Accordingly, an important object of this invention is
to provide a semiconductor device of new and improved
form,

Another object is to provide a new and improved semi-
conductor device capable of functioning as a phase-shift
oscillator.

A further object is to provide a novel phase-shift os-

cillator in a vnitary semiconductor body. ]

In general, the purposes and objects of this invention
are accomplished by providing a semiconductor body hav~
ing a portion thereof formed as a transistor and an-
other portion formed as a controllable phase shift (for
example, resistance-capacitance) network or delay Hns,
the two portions being related and interconnected to
provide the desired function. ) . ’

The invention is deseribed in greater detail with ref-
erence to the drawing wherein: :

Fig. 1 is a sectional, elevational view. of one embodi-
ment of the invention;

Fig, 2 is an elevational view of a semiconductor crystal.

utilized in preparing a sscond embodiment of the inven-

tion; . , :
Fig. 3 is a sectional, elevational view of said second

embodiment of the invention; and, :

Fig. 4 is a sectional, elevational view of ,a third em.-

‘bodiment of the invention.
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Similar elements are designated by similar reference
characters throughout the drawing, )

Referring to Figure 1, a semiconductor device 10 ac-
cording to the invention comprises a body 12 of semi-
conductor materinl of germanium, silicon or the like of
N-type or P-type conductivity. The body includes a first
portion 14 which comprises sither an N-P-N or P-N-P
transistor. For example, the body 12 may be N-type
germanium and the portion 14 may comprise a P-N.P
transistor having an N-type body 16 and kaving one P-
type region 18 intended to be operated as an emifter elec-
trode and another P-type region 20 intended for opera-
tion as a collector electrode. Configuous or integral
with the N-type body portion 16, according to the inven-
tion, is a portion 22 of semiconductor material which is
formed and operated as a resistance-capacifance phase
shift network or delay line, The phase shift network 22
includes, as resistor elements, a plurality of filamentary
portions 24 of the same type of conduectivity as the tran-
sistor body 16, i, e, N-type. The phase shift network
also includes, as capacitor elements, regions 26 which
alternate with the filamentary portions 24 and which com-
prise P-M junctions. Hach of the P-N junctions- 26 in-
cludes a portion 28 of the N-type body 12 and a zone
30 of P-type material separated from each other by a
reclifying barrier 32. The last portion of the phase
shift network may be either a filamentary region 24 or a
P-N junction region 26, preferably the former.

In the preparation of the device 10, the basic element
is the semiconductor body 12 which may be in the form
of an elongated crystal of N-type germanjum. The semi-
conductor crystal is provided with the P-N junction
regions 26 and the P-N junction emitter and collector
clectrodes 18 and 20 by any suitable method. One such
method is described by C. W. Mueller in his copending
U, 8. patent application, Serial No., 294,741, filed June
20, 1952, and assigned to the assignee of -this. applica-
tion, Briefly, according to Mueiler's method, disks or
pellets of a suitable jmpurity material are alloyed into
opposite surfaces of the N-type crystal 12 to form -thin
layers of P-type material which are separated from.the
N-type body by rectifying barriers. Generally, accord-

ing to this alloying method, adjacent to the P-type layers

are regions of material which are an alloy of the im-
purity material and the material of the crystal and do
not have semiconducting properties. * If the semicon-

_ductor crystal is of N-type material, the impurily sub-

stance may. be any one of indium, aluminum, gailivm,

‘boron or zinc or an alloy of any of theses.. If the

crystal 12 is of P-type material, the Impurity disk may
be any one or a combination of phosphorus, arsenic,
antimony, bismuth, sulfur, selenium or tellurium, Affer

_the P-N junction portions have been formed and the
- necessary crystal surface treatment has been provided,

the crystal may be provided with the filamentary re-
sistance elements 24 by means of an etching operation or
by means of an abrading operation such as sandblasting.
If desired, the filamentary portions may be formed be-
fore the P-N junctions are prepared in the crystal.

In operation of the device 19, the emitter region or
electrode 18 is connected to ground and the collector
electrode 28 is biased in the reverse direction in conven-
tional fashion by a connection to the negative terminal of

“& battery 34, the positive terminal of which is connected

to ground. - 'A -load device, for example a load imped-
ance 36 is connected in series with the collector electrode
and the battery 34, ~'The end of the load impedance con-
nected to the collector electrode has a lead 37 which is

.connected to a suitable output ufilization device.. The

same end of the load impedance is also connected by a

.foedback lead 38 to the Iast clement-of the phase shift

network or delay line 22, According to the Iavention,
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1

_ 3,029,366 ,
MULTIPEE SEMICONDUCTOR ASSEMBLY
Kurt Lehovee, Williamstown, Mass,, assignor to Sprague
Electric Company, North Adams, Mass.; a corporation

of Massachusetts
Filed Apy. 22, 1939, Ser, No, 505,249
T Claims. (CL 317—101)

This invention relates to a multiple semiconductor as-
sembly, and more patticularly .to a plurality of semi-
conductive devices produced on a single semiconductor
slice. Still more particulaily, this invention relates to
the micro-miniaturization of semiconductor assemblies
by the preparation of several iransistors and related de-
vices on a single semiconductor slice, and the utilization of

2

tailed -description when réad in comjunction with the

accompanying drawing, wherein: - 5 S
~FIGURE 1 is a diagrammatic- perspective view of a~ .

- multiple semiconductor assembly constructed in-accord-

10

15

the resistive and capacitive properties of regions in that

slice. oo

The present day miniaturization of electronic compo-
nents has reached a state of art that may now be termed
“micro-miniaturization,” which may be defined as the

26

assembly of a plurality of complementary components in- -

an exiremely small volume. = Considerable activity has
been expended in micro-miniaturizing circuils in which a
plurality of transistors is employed. This micro-miniaturi-
zation activity has included the concept of direct coupling

25

between stages of some particular types of transistors; e.g,, -

surface-barrier and alloy-junction transistors have prop-
erties that permit their nse in so-called common-emitter
configurations in which the voltage at the collector of one
transistor may be high enoungh to cause saturation at the
base of the next transistor in the circuit. An article en-
titled, “Directly Coupled Tramsistor Circuits” by R. H.
Beter, W. .E. Bradley, R, B. Brown and M. Rubinoff,
which was published in Blectronics for June 1955, dis-
closes the concept of employing a common-emitter tran-
sistor amplifier having more than one base connected to a
single collector., Others in the art have suggesied proc-

_region semiconductor sHee of FIGURE 4.

30

ance with- this invention, with electrical cireuit wiring
attached thersto to actomplish the circuit shown in FIG- .
URE 3; . ;

FIGURE 2 is a diagrammatic eross-section of the mul-
tiple semiconductor assembly taken along.line 22 in
FIGURE 1; in order to establish a clearer picture of the

electrical interconnection of the various semiconductive

components, FIGURE 2 is not a true cross-section of
FIGURE 1, in that the contacts at the front surface of
the -assembly of FIGURE 1 have been shown again on -
the diagrammatic cross-section .of FIGURE 2, although
it should he understood that these contacts are not in the
plane 2—2.of FIGURE 1 ’ ) o

FIGURE 3 is a schematic diagram of a chain of direct - -

coupied amplifiers which may be assembled on a single
semiconductor slice of the configuration shown in FIG-.

_URE 1 in aécordance with this invention;

© FIGURH 4 is a diagrammatic cross-sectional view .
through a. multiple region semiconducting slice such as'

may be used in the construction of another embodiment - -

of the multiple semiconductor assemblies according to this
invention; and  ~ . | E Y L
FIGURE 5 is a diagrammatic plan view of the multiple- -

In general, the objects of this invention: are attained by
a multiple semiconductor assembly.in which a plurality -
of semiconductor components are prepared on the same
serhiconductor slice in such a manner as to ensure clec-
trical separation of the terminals. of the individual semi-
conducting components. Since these .semiconducting
components will be tiansistors in many cases, the follow-

. ing description will be directed specifically to transistors .

esses for producing a plurality of p-n junctions in a single -

semiconductor body; &.g., G. K, Teal U.S. Patent 2,727,-,
840 and R. N. Hall U.S. Patent 2,822,308,

However,
preat difficulty has been experienced in reaching the ob-
jective of a generally acceptable multi-transistor assembly
on a single semiconductor body, because transistors so-
produced have been electrically connected through the
semiconductor slice. For example, in transistors of the
alloy-junction type wherein the semiconductor shee of
homogeneous impurity concentration represents the base
of the transistor, all transistors in ‘a multi-transistor as-
sembly are connected to a commeon base, which is not a
desirable configuration for many circuit applications.

A further example of ‘the restricted nature of prior art
multi-transistor assemblies is fonnd in my U, S. Patent
2,779,877 issued Tanuary 29, 1957, which discloses and

claims a signal translating device comprising a semicon- ©

ductive crystal of the symmetrical grown junction type

45

_ Therefore, any desired degree of: electric insulation be-
tween two components assembled on'the same stee ¢an . |-

5O

b5

having two fused junctions dispesed inwardly from op-

It is an object of this invention to overcome these and
other deficiencies of the prior art. ' i

It is a further object of this invention to produce an as-
sembly having a plurality of semiconductive components
on a single semiconductor slice, and to provide a sufficient
degree of electrical insulation between these semiconduc-
tive components through the semiconductor glice so as to

60

85

permit a circuit designer to have substantial freedom in

the interconnection of the components.

It is a still further object of this invention to produce

an assembly having 4 plurality of transistors together with
other components such as capacitors, resistors and diodes
on a single semiconductor shice. '

+

70

These and other objects of this invention will beconie "

more apparent upon consideration of the following de-

118/194

.although the concept of the invention applies also to™- .
other components, such as capécitors, resistors and diodes, :

‘More particnlarly the objects of this invention are at. °
tained by utilizing a semiconductor slice having a ‘séries
of p-n junctions that are so constructed and arranged
that a-transistor may be produced on each of a plurality
of regions that are separated from one another by at least
one additional p-n junction.’ - o

It is well known that a p-n jonction has a high imped- - -}
-ance to eleciric cirrent, particularly if biased in the so-’

called “blocking direction,” or with .no -bias applied.

be achieved by having a sufficiently large number of p-n
junctions-in series between thé two semiconducting regions
on which sald components are assembled. For most cir-
cuits, one to three p-n junctions will be sufficient to achieve -

the desired degzee of insulation. These p-n junctions may- . =
be placed quite closely -to.each other, However, it s

often required that they are placed sufficiently far apart -
from each other that the multiple p-n junction structure

-used for -electric insulation should not act as an active

semicondncting’ efement such as a tramsistor -or a four- .
layer npnp diode. In order to assure this condition, it is

" required: that the region beiween.two junctions is-wider

than a small multiple of the diffusion length of the mi-

‘novity carriers in said region. The diffusion length s the.

square. root of the diffusion constant multiplied by the .
lifetime of these minority carriers. For instapce,.assum- -

ing a diffusion constant of 40 cm.? per second and a life- * -~

time of l.rpjcrosecond, g diffusion length of 60104 cm.
or gpproximately 2 mils results, and-a separation -of 4

anils between the two junctions will bg sufficient to avoid = -

any appreciable interaction by carrier injection beiweén

‘the two junctions delineating said region. . L

) Iq a restricted form of thig Invention, the obj‘écfs ar
attained by a multiple transistor assembly. comprising-a




06 225E X i@ khdoc B : 119/194

March 20, 1962 J. A. HOERNI 3,025,589
WETHOD OF MANUFACTURING SEMICONDUGTOR DEVICES

Filed May 1, 1959

F16-2
/////7///

2} FIG 3 /9

—p q_\’_

F16-5 »

F/G-G y
et , - {/\»W 7
2 =L _ 7
NS - I ,

;16 7

[

INVENTOR. -
JEAN B, S oERNE

BY

el F allw

ATTORNEYE.

119/194




United States Patent O

06 355k X JEFdoc H : 120/194

3,025,589

Patented Mar. 20, 1862

fice

1

" 3,025,582
METHOD OF MANUFACTURING
SEMICONDUCTOR DEVICES
Jean A. Hoerni, Los Altos, Calif, assignor, by mesne
ssignmients, to Fairchild Camera and fnstrument Cor-
poration, Syosset, N,¥., a corporation of Delaware
Filed May 1, 1959, Ser. No. 816,388
11 Claims, (Cl 29—25.3)

The present invemiion- relates to an improvement in
the manufacture of semiconductor devices including tran-
sistors and to an improved transistor structure. More
particularly, the invention relates, as to the method there-
of, o the control of semiconductor diffusing and mask-
ing to the end of producing an improved diffusion transis-
tor having fully protected junctions and maximized ex-
posed surfaces for chmic contact attachment.

Advancements in transistor technology have in part
been directed to the production of very small sized transis-
tor structures, inasmuch as minute semiconductor geom-
etries are reguired for high frequency applications of
transistors. While the well known point-contact transis-
tor is adapted for high frequency work, yet cerfain lm-
itations aitach to this type of transistor and consequently
jonction transistors have been developed for use In the
high frequency range. One type of juncton transistor
which is particularly well adapted for high frequency ap-
plications is the double-diffused silicon iransistor, and
althongh the present invention is adapted for use with
other types of transistors it is with respect to double-
diffused silicon transistors that the following description
is referenced. .

As tegards the manufacture of double-diffused silicon
iransistors, and in fact any minute transistor structure,
difficulty is encountered in providing a sufficient exposed
area of the base material for attachment of an ohmic
contact thereto. By maintaining the extremely small ele-
ment dimensions required of the transistor, there resuits
only a minute thickness of base material exposed between
the base-collector-junction and the emitter-base junction
on a iransistor surface. Conventjonzl transistor utility re-
guires the provision of ¢lectrical contacts to the individual
transistor elements or portions, and thus it is necessary
for the dimensions of the base portion to be made suffi-
cient fo altach such contacts, In certain instances fhis
limitation upon the size of the base portion is highly
undesirable, inasmuch as conventional manufacturing
practices produce a base thickness in proportion to the
exposed base width.

Another difficulty arising from the limited sizo neces-
sary for transistors to snitably operate at very high fre-
quencies is encountered in the difficnlty of protecting the
transistor junction. This is particularly noted in the at-
tachment of electrical contacts to the transistor pottions
inasmuch as very minute variations in the placement of
clectrical conductors or chmic contacts o the transistor
may well result in electrically shorting of the transistor
junction, whexreby the transistor structure is unsuited for
use and must be rejected. This latter problem is com-
pounded by the necessity in high-frequency transistors of
employing an ohmic contact which substantially entirely
cavers the exposed surface of each of the elements in
order to minimize the spreading resistance thereof. Con-
ventional plating methods are nnsuited for the provision,
of such ohmic contacts io within fractions of a millimeter
from the tramsistor junction, as is normally required for
{ransistor structures capable of operating at very high
frequencies. Not only is the probiem of providing suit-
able ohmic contacts to the transistor portions a major one,
but also the possible damage or other types of inadvertent
electrical shorting of the iransistor junctions during manu-
facturing processes is of major importance in limiting the
number of rejects in any manufacturing process. Addi-
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tionally, long range contamination of transistor junctions
may be & cause of drifting and deteriorization of transis-

-tor characteristics, :

There have been developed for high frequency appli-
cations transistors of the "mesa® design wherein undesir-
able laferal extensions of the Dase-collector junction are
removed by etching to produce transistors of very small
dimensions. Although mesa transistors have found wide
acceptance jn the art, the junction exposed by the etch-
ing, as well as the other junction, is particularly vulner-
able to contamination or degradation during subsequent
portions of the manufacturing process. In accordance
with the present invention there is produced a transistor
having the minute dimensions of the mesa type, but with

-the unit at all times completely embedded in the semi-

conductor. In the process hereof, the transistor junctions
are at afl times fully protected by an oxide layer or coat-
ing formed simultaneously with the junction during diffu-
sion at high temperatures so that no contamination of
the transistor junctions during or after manufacture is
possible, In this manner one of the major causes of
transistor failure is entirely precluded. . )

The present Invention provides a method of transistor
manufacture overcoming the above-noted problems as
well as others prevalent in the art. In the manufacture
of transistors it is not upcommon for the semiconducting
material to become oxidized on the exterior surfaces
thereof, and it is conventional during manufacture to re-
move this outside coating as by etching, although it has
been proposed ot leave a certain portion of this coating
upon the transistor surface 85 a protection for portions

- thereof. The present invention provides, as integral steps
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in the manufasture of transistors, the control of the ex-
tent and position of semiconductor coating which serves
the purpose of thereby delineating the exact lateral con-
figuration of materials diffused into the semiconducting
material and furthermore to provide a subsequent pro-
tection for the transistor sarface. In accordance with the
present invention it s possible not only to limit the ex-
tent of impurities diffusion in a semiconductor during the
formation of different types of semiconductor, but fur-
thermore, by the addition and subtraction of a masking
layer or coating upon exposed transistor surfaces, it is
herein possible to provide a precisely controlled area of
any -particular transistor material wpon a common fran-
sistor surface. Jn addition, and in accordance with the
present jnvention, there is herein provided, by the reten-
tion of a protective coating vpon exposed transistor sur-
faces, means for preventing electrical shorting of transis-
tor junctions and/or damage thersto during fabrication
and manufacture of the transistor devices.

1t is an object of the present invention to provide an
improved method of manufactoring semiconductor de-
vices wherein maximum surface protection of a device is
afforded. .

It is another object of the present invention to pro-
vide an improved method of manufacturing semiconduec-
tor devices wherein precise conirol is attained over lateral
extent of diffused impurities therein.

It is a forther object of the present invention to provide
ant improved method of ransistor manufacture employing

‘masking for controlling the extent of base surface area

of minute double-diffused transistors,

It is yet another object of the present fnvention 1o pro-
vide a method of transistor manufacture including the
addition of further masking to Iimit the diffusion of a
second impurity in double-diffused transistors for maxi-
mizing the base surface -area available for ohmic con-
tacts, and additionally protecting transistor surfaces.

It is still another object of the present inventicn to

provide an improved semiconducting device having a
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SEMICONDUCTOR DEVICE
Jean A, Hoerni, Los Altos, Calif., assigaor, by mesne as-
signments, to Fairchild Camera and Instroment Cor-
poration, Syosset, N.Y., ‘2 corporation of Delaware .
Original application May 1, 1959, Ser, No, 810,388, Di-
vided and thly application May 1%, 1960, Ser. No.

30,256
¢ Claims, (Cl 317—234)

This application is a division of my copending applica-
tion Serial No. 810,388, filed May 1, 1959, and now Patent
No. 3,025,589,

The present invention relates to an improvement in
semiconductor devices including transistors and to an im-
proved transistor strecture, More particularly, the inven-
tion relates to an improved diffusion transistor having fully
protected junctions and maximized exposed surfaces for
ohmic contact attachment,

Advancements in fransistor technology have in part
been directed to the production of very small sized fran-
sistor structures, inasmuch as minute semiconductor ge-
omelries are required for high frequency applications of
transistors. While the well known point-contact transistor
is adapted for high frequency work, vet certain limitations
attach to this type of {ransistor and consequently junction
transistors have been developed for use.in the high fre-
quency range. One type. of junction iransistor which is
particularly weli adapted for high frequency applications
is the double-diffised silicon transistor, and although the
present invention is adapted for use with other types of
transistors it is with respect to double-diffused silicon
transistors that the following description is referenced.

As regards the manufacture of double-diffused silicon
transistors, and in fact any minute transistor structure,
difficulty is encountered in providing a sufficient exposed
area of the base material for attachment of an ohmic
contact thereto. By maintaining the extremely small ele-
ment dimensions required of the transistor, there resulis
only a mimete thickness of base material exposed. between
the base-collector junction and the emitter-base junction
on a transistor surface. Conventional transistor ntility re-
guires the provision of electrical contacts to the indjvidual
transistor elements or portions, and thus it is necessary for
the dimensions of the base portion to be made sufficient
to altach such contacts. In certain instances this limita-
tion upon the size of the base portion is highly undesirable,
inasmuch as conventional manufacturing practices produce
a base thickness in proportion to the exposed base width.

Another difficulty arising from the limited size neces-
sary for fransistors to suitably operate at very high fre-
quencies is encountered in the difficulty of protecting the
transistor junction. - This is particularly noted in the at-
tachment of electrical contacts to the fransistor portions
inasmuch as very minute variations in the placement of
electrical conductors or ohmic contacts to the transistor
may well result in electrically shorting of the transistor
junction, whereby the transistor structure is unsuited for
vse and must be rejected. This latter problem is com-
pounded by the necessity in high-frequency transistors of
employing an ohmic contact which substantiaily entirely
covers the exposed surface of each of the elements in or
der to minimize the spreading resistance thereof. Conven-
tional plating methods are unsuited for the provision of
such ohmic contacts to within fractions of a millimeter
from the tramsistor junction, as is normally reguired for
transistor structures capable of operaling at very high
freguencies. Not only is the problem of providing suit-
able ohmic contacts to the transistor portions a major one,
bat also the possible damage or other types of inadvertent
electrical shorting of the transistor junctions during man-
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ufacturing processes is of major importance in limiting
the number of rejects in any manufacturing process. Ad-
ditionally, long range contamination of transistor june-
tions may be a cause of drifting and deterioration of tran-
sistor characteristics. ' :

There have been developed for high frequency applica-
tions transistors of the “raesa” design wherein undesirable
Iateral extensions of the basc-collector junction are re-
moved by etching to produce transistors of very small di-
mensions.  Although mesa transistors have found wide ac-
ceplance in the art, the junction exposed by the etching,
as well as the other junction, is particularly valnerable to
contamination or degradation during subsequent portions
of  the manufacturing process, In accordance with the
present invention there js produced a fransistor having the
minute dimensions of the mesa type, but with the transistor

" junclions at all times fully protected by an oxide layer or
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cogting formed simulianeously with the junction during
diffusion at high temperatures so that no contamination of
the transistor junctions during or after manufacture is
possible. In this manner, one of the major causes of
transistor failure is entirely precluded; ]

It is an object of the present invention to provide an
improved semiconducting device having a protective coat-
ing thereover except for ohmic contact areas,

Tt is a still further object of the present invention to pro-
vide an improved transistor struclure having a laterally ex-
tended base surface for ohmic contact thereto, and includ-
ing covered junction and exposed tramsistor surfaces,

Various other possible objects and advantages of the
present invention will become apparent to those skilled in
the art from the following description of the present inven-
tion. Althongh the invention is herein iHlustrated with re-
spect to particular preferred embodiments thereof, no lim-
jtation is intended thereby, and reference is made to the
appended claims for a precise delineation of the true scope
of the present invention.

The present invention is particularly well adapted {o
diode units as well as multi-element units, Although the
problems encountered in high frequency friode transistors
are. normally mors troublesome than those found in the
diode art, yot the present invention provides material ad-
vantage diede semiconductors, Furthermore, although
as previously noted, the present invention ‘may be em-
ployed with a variety of semiconducting materials, vet ac-
tual use thereof has been primarily directed (o silicon tran-
sistors and thus the following description is referenced
thereio, :

The invention is illustrated in the accompanying draw.
ings wherein: '

FIG, 1is a plan view of a wafer of semiconducting ma-
terial having the masking layer thereof removed within
the illustrated circles;
© FIGS. 2, 3, and 4 ave sectional views through a semi-
conducting diode deviee, at separate stages of manufac-
turé thereof, in accordance with the present invention;

FIGS. 5, 6, 7, 8 and 9 are sectional views through a tri-
ode semiconducting device or transistor, showing same at
separate stages of manufacture, in accordance with the
present invention; and

Fi1G, 10 is a sectional view through a transistor in ac-
cordance with the present inventioh, )

Reference is made to FIGS. -1 to 4, wherein thers is
illustrated a diode semiconducting device, at various
stages of manufacture thereof, in accordance with the
present invention, There is illustrated in FIG. 1 a wafer

- 13 formed of a semiconducting material such as silicon

having, for example, an N-type impurity therein., This
wafer 11 has formed thereon as a step of the present in-
vention, a coating 12 entirely-covering the upper surface

. of the wafer. Preferably, this coating is foimed of a
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This invention relates to electrical circuit structures
incorporating semiconductor devices. Its principal ob-
jects are these: to provide improved device-and-lead
strnetures For making electrical connections to the variotis
semiconductor regions; to make unitary cireuit structures
more compact and more easily fabricated in smalf sizes
than has heretofore been feasible; and to facilitate the
inclusion of numerous semiconductor devices within a
single body of material, . .

In brief, the present invention utilizes dished junctions
extending to the surface of a body of extrinsic. semicon-
ductor, an insulating surface layer consisting essentially
of oxide of the same semiconductor extending across the
junctions, and leads in the form of vacuum-deposited or
otherwise formed metal strips extending over and ad-
herent to the insulating oxide layer for making electrical
connections to and betwcen various regions of the semi-
conductor body without shorting the junctions.

The invention may be-better understood from the fol-
lowing illustrative description and the - accompanying
drawings. T .

Fig. 1 of the drawings is a greatly enlarged plan view
of a transistor-and-lead structure embodying principles
of this invention; : .

Fig. 7 is a section taken along the ling 2—2 oE. Fig. 1;

Fig. 3 is a greatly enlarged plan view of a mulii-device
sermiconductor-and-Jead structure embodying principies of
this invention; . .

Fig. 4 is a section taken along the line 4—4 of Fig. 3;

Fig. 5 is a simplified equivalent circuit of the structure
shown in Figs. 3 and 4, with additionad éirenit elements
external to said siructure represented by broken lines;

Fig. 6 is a greatly enlarged plan view of another tran-
sistor-and-lead structure embodying principles of the
invention; .

Fig. 7 is a section taken along the line 7—7 of Fig. 6.

Figs. 1 and 2 illnstrate one exampie of a structure ac-
cording to this invention. A single-crysial body of semi-
conductor-grade silicon, represented ai 1, bas a high-
quality surface 2, prepared in accordance with known
{ransistor technology. Within the body 1 there are high-
resistivity regions, designated I in the drawing, composed
gither of high-purity silicon having so few donor_ and
acceptor impurities that it is a good insulator at ordinary
temperatures and an intrinsic semiconductor at elevated
temperatures, or of somewhat less-pure silicon containing
a trace of n material such as gold that diminishes the
effect of donor and acceptor impurities by greatly re-
ducing the carrier concentrations. - - .

Elsewhere within body i, there aie extrinsic N-iype and
extrinsic P-type regions, designated N and P respectively,
formed in the well-known manner by diffusing N-type
and P-type dopants through surface 2 into the crystal, with
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appropriate masking fo limit the dopant to the. desired -

arcas. The smailest and uppermost N-type'regiqn con-
stitutes an emitter layer of the transistor; ‘This ethitter
fayer overlies a somewhat larger P-type regio,nrwhis:h
constitutes the base layer of the transistor, The base
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layer, in turn, overlies a still larger N-type reglon which
constifutes the collector layer of the transistor. Belweecn
the emitter and base layers there is a dished, P-N junc-
tion 3, having a circular edge which extends to surface 2
and there completely surrounds the emitter, Between
the base and collector layers there is a dished, P-N junc-
tion 4, having a circular edge that extends to surface 2
and there completely surrounds the base, The thick-
ness of the emitter and base layers has been exaggerated
in the drawings: in actual practice each of these layers
is but a few microns thick, The collector layer generally
is considerably thicker, and in the example illustrated
extends completely through the body 1 so that contact
thereto may be made from the back side. Thus, the three
extrinsic semiconductor layers described form a transistor
cquivalent to previously known types of double-diffused
junction transistors.

During diffusion of the donor and acceptor impurities
into the semiconductor, at elevated temperature in an
oxidizing atmosphere, the surface of the silicon oxidizes
and forms an oxide layer 5, often one micron or more
in thickness, congenitally united with and covering sur-
face 2. This layer may consist chiefly of silicon dioxide,
or of disproportionated silicon suboxide, depending upon
the temperature and conditions of formation. In any
event, the oxide surface layer is durable and firmly adher-
ent to the semiconductor body, and furthermore it is a
good electrical insolator.

According to common prior practice in manufacturing
diffused-junction transistors, the semiconductor body was
deoxidized by chemical eiching prior to deposition of
metal contacts on the sémiconductor surface.  According
to the present invention, only selected portions of the oxide
layer are removed, ds illustrated in Figs. 1 and 2, for ex-
ample, while other portions of the oxide layer are Jeft
in place to serve as insulation for electrical leads used
in making connections to and between the several semi-
conductor regions. :

In particular, poitions of the remaining oxide film
extend across-the edges of the P—N junctions at the sur-
face of the semiconductor body, to facilitate the making
of electrical connections from one side of a junction to
another without shorting the junction. Thus, as illus-
trated in Figs, 1 and 2; the remaining oxide film com-
prises a tongue 5’ that crosses the edge of junction 4, and
another tongue 5 that crosses the edges of both junc-
tions 3 and 4. On thie other hand, at least a portion of
the surface over each of the emitter and base layers must
be cleared to permit the formation of base and emitter
contacts.

A convenient and highly accurate way to remove only
selected poriions of the oxide film is to use photoengraving
techniques. The photoengraving resist is placed over the
oxide-coated surface, and this is then exposed through a
master photographic plate having opaque areas cor-
responding to the areas from which the axide is to be
removed. Tn the usual photographic developing, the un-
exposed resist is removed; and chemical etching can then
be employed to remove the oxide layer from the unex-
posed arcas, while the exposed and developed resist serves
as a mask to prevent chemical etching of the oxide areus
that are to be left on the semiconductor surface,

A discoid, metal, emitter contact 6 is adherent to sur-
face 2, wholly within the edge of junction 3, centered
upon and in electrical connection with the emitter re-
gion of the iransistor. Electrical connections to this
cmitter contact are made through a metal strip 7 ex-
tending over and adherent to oxide layer 5, The strip
7 extends over the tongue 5 of the insulating oxide

. layer across the junctions 3 and 4, and thus provides

" an elecirical connection extending from one side of the
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composite structure inward to the ceniral emitter con-
tact, without shorting any of the transistor junctions.
The base contact is a G-shaped, metal sirip 8, adherent
to surface 2 wholly between the cdges of junctions 3 and
4, substantially concentric with the emitter contact 6 and
substantially encircling the junction 3. It will be noted
that tongue 5" and lead 7 extend between the two ends
of the G-shaped contact 8, so that lead 7 and the emitter
contact are effectively insulated from the base contact
oven though the base contact substantially surrounds the

emitter junction. Rlectrical connection to contact 8 is’

made through a metal strip 9 extending over and ad-
herent to the insulating oxide layer 5. Strip 9 extends
over tongue 5 across the coilector junction 4, and thus
provides an electrical connection from one side of the
composite strueture fato the basc layer, which in this em-
bodiment is completely surrounded by the collector lay-
er at the surface 2, without shorting the collector junc-
tion 4. : .

Various methods may be employed for forming the
base and emitter contacts and leads, By way of example,

_ the contacts and leads ¢an be deposited in the configura-

tion shown by direct vacuum evaporation of aluminum,
or other suilable contact metal, through a mask of suit-
able size and shape.” Alternatively, a metal coating may
be deposited over the entire upper surface of the com-
posite structure, and the unwanted metal then removed
by known photoengraving lechniques to leave only the
contact-and-lead configuration shown, After the contacts
have been deposited upon surface 2 of the semiconductor,
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the structure is usually heated to form an alloy at the .

metal-silicon interface so that good, ohmic contact be-
tween the metal and the silicon is obtained. )

It will be noted that regions of high-resistivity silicon
are made to underlie portions of the leads 7 and 9. The
principal purpose in this is to reduce the shunt capacitance
between the leads and the semiconductor body. Other-
wige, an undesirably high shumnt capacitance may exist
in some cases since the extrinsic semiconductor regions

" are fairly good conductors, and the insulating layer 5

has a thickness of only one to two microns. The high-
resistivity reglons act essentially as insulators rather than
as conductors, and thus reduce the area of closely spaced
conductors that lead to high shunt capacitances, - Of
course, in cases where the shunt capacitance is not ex-
cessive for the purposes desired, use of high-resistivity
regions as disclosed is not required.

The transistor structure is completed by an electrical
contact to the collector layer, which may take the form
of a metal coating 10 plated over the entire back side
of the silicon body, )

Even in a single transistor, as illustrated in Figs, 1 and
2, the composite semiconductor-and-lead structure pro-
vided by this invention has significant advantages. Ac-
cording to prior practice, elecirical conmection to the
base and emitter contacts had to be made by fastening
wires directly to the contact areas,” This led to certain
manufacturing difficulties, particularly in the case of small
devices wherein, for exainple, the emitter region might
be only a few mils in dismeter and a few microns in
thickness. Merely to position the emitter lead on the
emitter contact in such small structures required the
use of microscopes and micro-manipulators; and the use

of any considerable pressure or considerable heat in mak--

ing the joini permanent could cause sufficient damage fo
destroy the transistor. -

By means of the present invention, the leads 7 and
9 can be deposited at the same time and in the same
matiner 26 the contacts themselves. Furthermore, leads
7 and 9 can be made as large as may be desired at the
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point where wires or other external circuit elemenis are -
to be attached; nnd such attachments can be made at a .

distance from the active elements of the transistor proper,

so that the chances of damage to the transistor are sig-

nificantly reduced,
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Further advantages accrue when it is desired to in-
corporate mors than one circuit device into a single body
of semiconductor. In this way exceptlonally compact
and rupged circuits can be constructed, One example of
sur(:ih4a multi-device structure is illustrated in Figs, 3
and 4, .

-A single-crystal body 11 of silicon, largely P-type, has
a high-guality surface 12 prepared in sccordance with
well known iransistor technology, The other side of body
11 is plated with a metal coating 13, which serves as an
electrical contact to the largest P-type region and as a
ground plane for the electrical circuit, Various circuit
elements may be formed within and on this body of sili-
con. N-type and P-type dopanis, restricted to specific
areas by known masking technigues, are diffused through
surface 12 to form a plurality of N-type and P-type ex-
trinsic semiconductor regions, separated from the under-
lying P-type region and from each other by a plurality
of dished, P-N junctions of various diameters and depths,
all having, in this particular example, circular edges ¢x-
tending to surface 12 and there surrounding the over-
lying semiconductor regions.

Toward the left end of the structure illustrated in Figs,
3 and 4, there will be found an N-type region overlying

-a small P-type region and separated therefrom by a dished

junction 14. The small P-type region overlics another
N-type region; and the underlying N-type region in turn
overlies the large, grounded P-type region and is sep-
arated therefrom by a dished junction 15. The junction
between the two intermediate layers is shorted by con-
tact 17. Consequently, this structure provides two recti-
fying junctions connected in serles, each equivalent fo a
crystal diode, ‘

- Blectrical connection to the upper N-type regionm is
made through a discoid, metal contact 16, adherent to
surface 12, wholly within junction 14 and substantially
centered upon the N-type region. ZElectrical contact to
the two regions between junctions 14 and 15 is made
through a C-shaped metal contact 17, adherent to surface
12, wholly between the edges of junctions 14 and 18,
concentric with contact 16 and substantially encircling
the edge of junction 14, which extends to the surface 12,

Proceeding toward the right in the drawings, there will
be found another MN-type region, separated from the
ubnderlying, grounded, P-type region by a dished junc-
tion 18, Rlecirical connection to the N-type region in
this case is made through a discoid, metal contact 19,
adherent to surface 12 and substaniially centered inside
the edge of junction 18, which extends to the surface of
the semiconductor. .

Toward the right end of the structure illustrated, there
will be found a small N-type region overlying a P-type
region and separated therefrom by a dished -junction
20. The. last-mentioned P-iype region in turn overlies a
larger N-type region and is separated therefrom by a
dished junction 21. The N-ype region below junction
21 in turn overlies the grounded P-type region and is sep-
arated therefrom by a dished junction 22. In this case,
the width of the P-type region belween junctions 20 and
21 is less than a diffusion length, so that a substantial
proportion of the eleciroms that cross junction 20 are
collected by junction 21. The result is an N-P-N
junction transistor, in which the small N-type region over-
lying junction 20 acts as the emitter, the P-type region
between junctions 20 and 21 acts as the base, and the
N-type region belween junctions 21 and 22 acts as the
coltector.  The widih of the last-menttioned N-type region
is greater than a diffusion length, and consequently there
is little interaction between junctions 21 and 22, As will
be explained hereinafter, jurction 22 is normally Teverse-
biased and acts much as a capacitor in the overall cir-
cuit, It serves the important function of isolating ihe

_collector of the {ransistor from the grouaded, underlying,

6

P-type region.
Flectrical connections to the three active regions of the
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transistor are made as follows: A discoid, metal contact
23 is adherent to surface 12, wholly within the edge of
junction 29, centered upon and- in electrical -connection
with the emitter layer of the tramsistor. A C-shaped
contact 24 is a metal strip adherent 1o surface 12 between
junctions 20 and 21, substentially surrounding the circu-
lar edge of junction 20 that extends to the surface of the
semiconductor body, This contact overlies and is in
electrical connection with the base layer of the transistor,
Another and larger Gshiaped chntact 25; which overlies
and is in"electrical conmection ‘With' the ‘collector layer,
is likewise in the form of a metal strlp, adherent to sur-
face 12 between junctibns 21 and 22, and surrounding
the circular edge of collector junction 21 that extends to
the surface, . o

Still another contact is provided upon and adherent o
surface 12, This is the discoid, metal contact 26, di-
tectly upon and in electrical connection with the grounded
P-type layer, for the purpose of providing 2 ground
terminal at the upper surface of the composite strue-
ture, .

Except for the contacts described above, the entire
surface 12 is covered with an insulating layer 27 of
oxidized silicon, generally about one micron thick. This
insulating layer may be formed upon the exposed sup-

face of the silicon during diffusion of the N-type and P--

type dopants inlo the silicon, at elevated -temperatures
and in'an oxidizing atmosphere. ‘The presence of water
vapor will enhance oxidation of the siliéon. Preférably,
in accordance with this invention and contrary to’ prior
practice, after diffusion is completed the oxide layer is
never removed from the silicon, except for the areas {o
be covered by the contacts herein described, The con-
tact areas are cleared by photoengraving, after which
the contact metal can be deposited by various kmown
processes, €.g., by the vacuum deposition of an alumi-
num film covering both the cleared ‘and -oxide-coated
areas. Afterwards, unwanted metal can be removed
from the oxide-coated areas by photoengraving.- The
aluminum contacis may be alloved to the silicon to make
ohmic contacts in a known manner.

The ecircuit struciure is completed by providing metal
strips extending over and adherent to the insulating oxide
fayer 27 and making clectrical connections to and be-
tween the various contacts heretofore described. These
metal strips may be deposited by vacuum evaporation
and deposition, and may conveniently be parts, of the de-
posited film from which contacts are made. The leads
come from portions of the {ilm that are deposited onto
the oxide film and are thereby insulated from the semi-
conductor body. As hereinbefore explained, photoen-
graving can be used to remove the unwanted metal, leav-
ing only the leads and contacts.

In the structure illustrated, there {s an input lead 28
electrically connected to contact 17, and an output lead
39 electrically connected to contact 25, A lead 30 inter-
connects contacts 16 and 19;-if desired, lead 30 can be
made sufflciently thin and narrow to have an appreciabls
resistance, and thereby serve as a resistance element in
the circuit. A. similar lead 31 intercohnects coniacts 19
and 24, and still another lead 32, which may be made to
have an appreciable resistance if desired, interconnects
contacts 23 and 26.

The solid lines in Fig, 5 represent the simplified, equiva-
jent circuit for the structure shown in Figs. 3 and 4, while
the broken lines in Fig. 5 represent typical external cir-
cuit components added for purposes of explanation.
The solid-line parts ate ideniified by reference numbers
identical to the reference numbers of corresponding paris
in the structure of Figs. 3 and 4, with the addition of a
prime 1o the reference numbers in Fig. 5. )

Any desired source of an amplitude-modulaed, A-C.
signal is represented at 34 in Fig. 5. This A-C. signal
is applied between the “input lead 28’ and the ground
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plane 13 of the physical structure shown in Figs. 3 and
4, Lead 28 conducts the signal through contact 17 into
the two layers between junctions 14 and 15, As hercin-
before explained, each of the junctions 14 and 15 per-
forms essentially the functions of a crystal diode recti-
fier, as schematically represented at 14° and 15", Rig. 5.

Thus, as is evident from the equivalent circuit shown in
Fig. 5, the input signal is rectified or detected by the
junctiohs 14 and 15, to provide af contact 14 a signal
essentially corresponding to the modulation envelope of
the inpui signal, Becanse of its appreciable resistance,
lead 30 acts as a circuit resistor, represented in Fig, 5 as
30’ Tt will be noted that the polarity of rectifying junc-
tions 14 and 15 is such that the signal supplied to con-
tact 1% has a D.-C. component of the polarity required
to reverse-bias junction 18, Hence, the voltage across
junction 18 js always in the high-resistance direction of
the junction, and there is no appreciable current flow
across this junction. However, -there are charge layers
on both sides of the junction which form a capacitance,
as is well known, and therefore the circuit function of
junction 18-is to provide a capacitance, represented in
Fig. 5 at 18, The value of this capacitance can be
made greater or ‘less, as desired, by increasing or de-
creasing the area of jumétion 18,

Lead 31 has an appreciable resistance and therefore
acls as a clrcuit resistor, represented at 31, Fig, 5. This
leads to the base contact 24 of the traansistor, shown at
24’ in Fig. 5. The emitter contact of the transistor is
connected through lead 32 and contact 26 to the grounded
P-type semiconductor region. This is represented in
Fig, 5 by the emitter terminal 23’ connected through
resistor 32" to the ground line 13‘. The value of the
resistor 32 is the sum of the resistances of contacts 23
and 26, lead 32, and the current path through the P-typs
layer between contact 26 and ground plane 13,

Normal operation of the N-P-N tranmsistor requires
that the N-type collector be supplied with a relatively
positive voltage, as is accomplished in the equivalent
circuit illustrated in Flg. 5 by the external voltage sup-
ply 36 connected to the collector terminal 25' through
any appropriate load 35. It is evident that this supply
voltage reverse-biases junction 22, and therefore, for
reasons already explained, the junction 22 acts essential-
ly as a capacitor, represented at 22’ of the equivalent
circuit shown in Fig. 5.

"1t should now be apparent that the siructure shown
in Pigs. 3 and 4 comprises, within a single, rugged, com-
pact . unit, detector, filtering, and transistor-amplifier
stages, It is believed to be evident that the principles
of this invention make feasible the consiruction of an
endless variety of circuit combinations, including com-
binations much more elaborate and complex than the
simple circnit employed for purposes of itlustration, all
within a highly compact and rugged, essentially unitary,
solid body, '

Figs, 6 and 7 show an example in which the emitter
and base contacts are parallel strips. A single-crystal
body 37 of silicon contains a P-type, emitter layer over-
lying an N-type, base layer and separated therefrom by
a dished junction 38, which extends to the upper surface
of the semiconductor and there surrcunds the P-type,
emitter layer. - In this case, the edge of junction 3§ does
not form a.circle at the surface, but forms an elongated,
closed figure. The N-type, base layer overlies a P-type,
collector layer and is separated therefrom by a flat junc-
tion 39. . '

~The emitter confact 40 is a straignt strip of metal,
vacuum-deposited or otherwise placed upon the npper
surface of the silicon, and preferably alloyed thereio to
form an ohmic contact, The base contact 41 is a similar
strip of metal, parallel to contact 40, The edge of junc-
tion 38 extends between the two contacts, and around

connection 13, corresponding to lead 28 and ground g contact 40, as shown, The collector contact 42 may be
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a metal layer plated omto the botiem surface of the
silicon,

Except for the areas covered by contacts 40 and 41, '

the upper surface of the silicon js covered by an insulat-
ing oxide layer, congenitally united with the silicon and

*.actually formed by heating the silicon in an oxidizing at-
mosphere. The oxide layer completely covers the edge

of junction 38, and protecls the junction against acci-
dental shorting in addition fo providing imsulation be-
tween the electrical leads and the silicon, .

Electrical connection to conlact 40 s made by a metal
strip 43, extending over apd firmly adherent toltbe
oxide layer. Elecirical coniiection to contact 41 is made
by @ metal strip 44, similarly extending over and firmly
adherent to the oxide layer. These metal strips can be
formed by vacuum deposition through a mask, or by
platiog the entire surface and then removing unwanted
metal by photoengraving, or by any other method pro-
viding metal strips that adhere securely to the-oxide
surface,

The invention in its broader aspects is not limited to
the specific examples illustrated and described. What
is claimed is: :

1. A semiconductor device comprising a body of semi-
conductor having a surface, said body containing adja-
cent P-type and N-type reglons with a junction therebe-
tween extending to said surface, two closely spaced con-
tacls a adherent lo said surface upen opposite sides of
and adjacent to one portion of said junction, an insulat-
ing layer consisting essentially of oxide of said semicon-
ductor on and adherent to said surface, said layer ex-
tending across & different portion of said junction, and
an electrical connection to one of sald contacts com-
prising a conductor adherent to said layer, said con-
ductor extending from sald one contact over said layer
across said different portion of the junctiom, thereby
providing electrical connections to both of the closely
spaced contacts. i

2. A semiconductor device comprising a body of ex-
trinsic semiconductor having a surface, said body con-
taining adjacent P-type and N-type regions, one overly-
ing the other, with & junction therebetween extending to
said surface and there completely encircling said over-
lylag region, the underlying one of said regions extend-
ing to said surface and there surrounding said junction,
a first metal contact adheront to said surface in ohmic
electrical conneetion with said overlying region, an in-
sulating layer consisting essentially of oxide of said semi-
conductor united with said surface and extending across
said junction, a metal strip adherent to said layer, said
strip being electrically comnected to said first contact
and extending therefrom over said layer across said
junction, and a second metal contact adherent to said
surface in ohmic elecirical connection with said underly-
ing region, said second contact substantially encircling
said junction from one side of said sirip to the other.

3, A semiconductor device comprising a body of
exirinsic semiconductor having a surface, said body con-
taining adjacent P-type and N-type regions with a dished
junction therebetween having a substantially circular
edge at said surface,. a discold metal contact adherent
to snid surface whollv within and substantially con-
centric with said edpe, a C-shaped metal contact ad-
herent to said surface and substantially concentric with
said discoid contact, said G-shaped contact being wholly
ouiside of and substantially encircling said edge, said
C-shaped contact having two ends defining a gap there-
between, an insulating layer consisting of oxide of sajd
semiconductor on said surface extending through said
gap and across said junction, and a metal strip over and
adherent {o sald layer extending through said gap and
across said junction to said discoid contact, said contacts
being in dircct electrical connection with respective ones
of said regions, and said metal strip being in direct elec-
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ttioal connection with said discoid contact but spaced and
jnsulated from the ends of sald C-shaped contact.

4, A -diffused junction transistor comprising a body of
exirinsic silicon having a surface, said body containing
adjacent base and emitter regions, with a discoid emitler
junction therebetween - having a substantially circular
edge at said surface encircling said emitter region, a
discoid metal contact to said emitter region adherent to
said surface wholly within said edze, a C-shaped metal
‘contact to said basé region adherent to said surface and
substantially encircling said edge, said C-shaped contact

“having two ends defining 4 gap therebetween, an insulai-

ing layer of oxidized silicon on sald surface, said layer
being congenitally united with sald body and extending
across said junction, and & metal strip -adherent to said
layer, said strip extending from said discoid contact over
said layer across said junction and between said ends
forming an electrical connection to said emilter region.

3. A semiconductor device comprising a single-crystal
body of semiconductor material having a surface, said
body coniaining a high-resistivity region and extrinsic
P-type and extrinsic N-type regions with a P-N junction
therebetween extending to sald surface, a metal contact
10 one of said extrinsic regions adherent to said surface,
an insulating layer consisting essentially of oxide of said
material on said surface, said layer being congenitally
united with said body and extending across said junction,
and. an electrical connection to said contact comprising
1 metal strip adherent to said layer, said strip extending
from said contact over said layer across said junction,
said high-resistivity region underlying a portion of said
strip, reducing the shumt capacitance between said strip
and said body. -

6. A semiconductor device tomprising a body of semi-
conductor having a surface, said body containing adjacent
P-type and N-type regions, one overlying the other, with
a junction therebetween extending to said surface, a fitst
metal contact adherent to said surface in electrical con-
nection 10 said overlying region, a sccond metal.contact
in electrical connection with the underlying one “of said

. regions, an insulating layer consisting essentially of oxide
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of said semiconductor on-said surface, said layer being
congenitally united with said body and extending across
said junctlon, an electrical connection to said first con-
tact comprising a metal strip adherent to said layer, said
strip extending from said first conmtact over said layer
across said junction, and circvit means for applying be-
tween said strip and second contact a D.C. voltage of the
polarity that reverse-biases said junction, so that said
junction acts as a capacitor connected between said strip
and said second contact.

7. A semiconductor device comprising a body of ex-
trinsic semiconducior having a surface, said body com-
taining adjacent, first, seccond and third regions, one over-
lying the other, P-type and N-type alternately, with a
first, dished, P=N junction between said first and second
regions having an edpe extending to said surface and
there surrounding said first region, and a sccond, dished,
P--N junclion between said second and third regions ex-
tending to said surface and there surrounding said second
region, a first metal contact adherent to said surfage in
electrical connection with said first region, a second nietal
contact adherent to said surface in electrical connection
with said second region, a third metal centact in elec-
trical connection with said third region, an Insulating
layer consisting essentially of an oxide of sald semicon-
ductor’ on said surface, said layer being congenitally
united with said body and exiending across both of said
junctions, an electrical connection to said first contact
comprising a first metal strip adherent to said layer, said

" first strip extending from said first contact over said layer

76

across both of said junctions, and an electrical connection
to said second contact comprising a sccond metal strip
adherent to said layer, said second strip extending from
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9.
said second contact over sald layer across sald second
junction, . -

8. A semiconductor device as in claim 7, wherein said
second contact is a G-shaped metal sirip substantially
encircling said first junction, and said third contact is a
larger G-shaped metal strip adherent to said surface and
substantially enefrcling said second junction.

9, A semiconductor device comprising a body of ex-
trinsic semiconductor having a surface, said body con-
taining a plurality of dished, P-N junctions each having
an edge extending to said surface and there surrounding
and defining an enclosed region of seid semiconductor, 8
plurality of metal contacts adherent to said surface In
electrical connection with respective ones of said enclosed
regions, an insulating layer consisting essentially of oxide
of sald semiconductor on said surface, sald layer being
congentially united with said body and extending across a
plurality of said junctions, and electrical interconnections
between said contacts comprising metal strips adherent to
said layer and extending over said layer across a plu-
rality of said junctions. .
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10. A semiconductor device comprising.a body of ex-
trinsic semiconductor having a surface, said body con-
taining adjacent P-type and N-type regions with a dished
junction therebetween, said junction having an edge that
extends to said surface and there forms an elongated,
closed figure, firat and second contacts in the form of
parallel metal strips adherent to said surface, said first
confact being wholly within and said second contact
wholly without said edge of the junction, an insulating
layer consisting of oxide of said semiconductor on said
surface and extending across said junction, and a metal
strip adherent to said insulating layer and extending there-
over across said junction to connect physically and elece
trically with said first contact.
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