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A permeable base transi
stor (30) including a metal base 
layer (34) embedded in a semi
conductor crystal (32) to separate 
collector (38) and emitter (40) re
gions and form a Schottky barrier 
with each. The metal base layer 
has at least one opening (37) 
through which the crystal semi 
conductor (32) joins the collector 
(38) and emmitter (40) regions 
Ohmic contacts (42,44) are made 
to the emitter (40) and collector 
(38) regions. The width of all ope
nings (37) in the base layer (34) is 
of the order of the zero bias deple
tion width corresponding to the 
carrier concentration in the ope
ning. The thickness of the metal 
layer (34) is in the order of 10% if 
this zero bias depletion width. As 
a result, a potential barrier in each 
opening limits current flow over
the lower portion of the bias ran
ge. With increasing forward base bias the potential in the openings, which is lower than along the metal of the base layer (34), is 
lowered sufficiently to permit substantial increase in the barrier limited current flow from the collector (38) to emitter (40) .A  
method of fabricating this transistor as well as methods for forming integrated circuit structures are also disclosed. Metal and 
other layers may be selectively embedded in semiconductor crystal. Embedded metal layers may serve as interconnections bet
ween devices. Devices may be in a stacked configuration.
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Description

5 Technical Field
This invention relates to semiconductor devices

and circuits and their manufacture. In particular, 
the invention relates to a transistor having high 
current and voltage gain at frequencies into the •

10 submillimeter region of the electromagnetic spectrum 
and to a high packing density integrated circuit.

Background Art
An integrated circuit can contain thousands 

of transistor devices on a single minute chip of 
15 semiconductor crystal because of the advanced mini

aturization used in current semiconductor technology.
But the limits imposed by conventional transistor 
structures and circuit geometry are quickly being 
approached. An object of this invention is to pro- 

20 vide a transistor devic^-having operating character
istics more favorable than those of any previously 
known devices which is particularly suitable for use 
in very high packing density integrated circuits.
A further object of this invention is to provide a 

25 fabrication technique which allows for high density 
packing of transistor devices and their interconnec
tions in integrated circuits.

A conventional bipolar transistor consists of a 
three layer pnp or npn semiconductor sandwich. These 

30 semiconductor layers form the emitter, base and collector 
of the device. In its operation, voltage bias is
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applied across the pn junctions at the interfaces 
of those layers through ohmic contacts made to each 
layer. Bipolar transistors are generally designed 
so that/ when the emitter—base junction is forward 

5 biased/ the current in the base is carried mostly by 
minority carriers (electrons or holes) which are 
injected from the emitter. Almost all of the in
jected current carriers pass through the base layer 
and are swept into the collector, forming the collector

10 current (I ). The injected current at low current 
C 1density is an exponential function of the bias

voltage (VBE) applied to the emitter base junction
so that the transconductance g = t /<)v „) I V,,-. = constantIn C

increases exponentially with voltage and becomes 
15very large. Even at high injection levels the 

transconductance can increase with increasing 
injection but the increase is not as rapid as at low 
injection levels. A major advantage of the bipolar 
transistor is the very high transconductance that 

20 can be achieved for a given emitter-base junction 
area. A major limitation of the bipolar transistor 
is the time delay associated with the minority 
carrier transport in the base layer, which is respons
ible for charge storage delay. This delay presently 

25 limits the maximum frequency of oscillation of 
practical bipolar devices to approximately 20 GHz.

The metal base transistor is believed to have 
great potential because of its predicted high fre
quency performance. It is similar to the npn trans- 

30 istor except that the p layer is replaced by a metal 
to eliminate minority carrier charge storage in the 
base. The disadvantage of this device has been that 
the injected electrons experience considerable scat
tering as they pass through the metal layer. The
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result is a low ratio of collector current to
emitter current c(, even though the transconductance
g can still be relatively high. The low indicates low -m
current gain and is a disadvantage in many applications,

5 such as for example use in a digital computer circuit.
A metal gate transistor having high current 

gain was described by Joseph Lindmayer in the Pro
ceeding of the IEEE, 1964, page 1751. In order-to 
explain the high current gain of the device, the 

10 author postulated that the metal gate had random "weak 
points" through which the semiconductor layers are 
attached. However, the transconductance of the device 
gm was low. Presumably, the ratio gm/C^e was also 
very low and the device was thus not appropriate for 

15 high frequency applications. A cutoff frequency 
of 10 MHz was reported.

In field effect transistors (FET) there is no 
minority carrier injection under normal operation.
The device consists of a conducting channel made of 

20 semiconductor material with ohmic contacts at both
ends. The channel passes near one or more electrodes or 
between two electrodes in such a way that voltage 
applied to the electrodes causes a modulation of 
the resistance of the channel. In an FET, as electrons 

25 or holes pass through the channel they do not pass over 
a barrier; rather, their potential always decreases 
as they move from source to drain. There are several 
types of FETs depending on the ga,te structure. The 
gate can be a pn junction (JFET), a Schottky barrier 

30 diode (MESFET) or a metal oxide semiconductor diode 
(MOSFET). Also, other configurations with gates 
buried in semiconductor material have been discussed 
in the literature, such as the gridistor and the 
analog transistor.
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There are a number of modes for biasing FET 
devices. In all cases the transconductance is a 
function of the current in the channel, but is never 
as large, per unit of current,'as is possible in a bi- 

5polar transistor. It is generally believed from calcu
lation and experiments noted in the literature that the 
highest FET transconductance is achieved with a gate 
length which is several times larger than the channel 
thickness. Because there is no minority carrier injection 

lOwith reverse gate bias, the maximum frequency of oscillation 
extends to 100 GHz and is limited by factors other 
than minority carrier injection.

The static induction transistor (SIT) is another 
three terminal device which can be used at microwave 

15 frequencies. The definition of this device is, at 
this writing, somewhat imprecise and in fact sub
stantial overlap currently exists between what is 
labelled as SIT operation by some and FET operation 
by others. The SIT in its most common form includes 

20 a grid of p-type semiconductor material interposed 
between n-type source and drain regions. Voltage 
applied to the grid (or gate) controls the current 
flowing from the drain to the source. When the 
gate is negatively biased with respect to the source 

25 the control mechanism is the modulation of a potential 
barrier. When the gate is forward biased with respect 
to the source the control mechanism becomes a com
plicated combination of potential barrier modulation, 
conductance modulation and charge accumulation effects.

30 These effects vary with device geometry and are
largely responsible for the current semantic confusion 
connected with this device. Other versions of the 
SIT incorporate Schottky-bar-rier gate contacts fab
ricated on the same surface of the semiconductor as 

35 the source contact or fabricated in channels along 
side the source contact.

- 4 -
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Although high frequency performance has been 
predicted for SIT devices, each version suffers from 
some disadvantage. In SIT's with p-type gate struc
tures solid-state diffusion and series resistance 

5 limit the minimum dimensions achievable, which in 
turn limits the frequency of use to the low end of 
the microwave spectrum. Moreover, forward bias 
operation produces minority carrier injection and 
all of the associated deleterious time delay and*

10 diffusion capacitance effects. Other configurations 
in which gate structures are fabricated on the source 
surface of the device suffer a geometrical limitation 
in that it is impossible to make the channel thickness 
much smaller than the emitter contact width. This 

15 limitation limits the current handling capability of 
these structures and also increases the parasitic 
series source resistance.

A primary object of the present invention is to 
provide a transistor device which incorporates the 

20 advantages of all of the above devices while avoid
ing their disadvantages. The device of the present 
invention has available power gain even at very 
high frequencies in the order of 500 GHz. The 
transconductance of the device increases exponen- 

25 tially with base bias at low bias levels. The power- 
delay product for the transistor can be two orders 
of magnitude lower, that is better, than for the 
best equivalently sized FETs. The device also con
sumes a small surface area and lends itself to stacked 

30 transistor configurations to reduce the chip area 
required for each logic gate circuit. Because of 
its excellent high frequency performance, the device 
also has high potential in microwave systems. The 
device has lower noise than either the FET or the 

33 bipolar transistor.

- 5 -
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As already noted, miniaturization of integrated 
circuits is limited by circuit geometry as well as 
by the individual devices. In virtually all large 
scale integrated circuits, interconnections between 

5 devices are formed along one surface of the semi
conductor chip. These interconnections must be 
large enough to provide a low resistance path; 
they thus require a considerable surface area.
Also, with all contacts to the transistors at 

10 the chip surface, the transistors themselves must 
be surface devices; and that is a major limitation 
to prior circuits.

A further object of this invention is to pro
vide a fabrication technique and circuit elements 

15 which permit stacking of devices with a reduction 
in surface area requirements.
Disclosure of the Invention

The preferred transistor embodiment of the in
vention includes a metal base layer embedded in 

20 semiconductor crystal material to separate collector 
and emitter regions and form a Schottky barrier 
with each. The metal base layer has at least one 
opening therein through which a crystal semiconduc
tor joins .the collector and emitter regions. Ohmic 

25 contacts are made to the emitter and collector regions. 
The width of all openings in the base layer is of the 
order of the zero bias depletion width corresponding 
to the carrier concentration in the opening. The 
thickness of the metal layer is in the order of 10%

3° of this zero bias depletion width. As a result, a 
potential barrier in each opening limits current flow 
over the lower portion of the bias range. With in
creasing forward base bias the potential in the 
openings, which is lower than that along the metal 

35 of the base layer, is lowered sufficiently to permit 
substantial increase in the barrier limited current 
flow from the collector to emitter.

- 6 -
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In order to realize a very large ratio of transconduc
tance to base emitter capacitance, the total opening area 
should be at least 10 percent of the total area of the 
metal base layer and preferably at least 50 percent, and 

5 the shape of the openings should be in the form of slits.
In one embodiment, a plurality of openings 

having uniform widths are uniformly spaced across 
the transistor device.

In another embodiment, a plurality of devices 
10 are formed on a single crystal and a single metal 

base layer. The openings of the devices have uni
form widths for uniform operating characteristics.

The transistor embodying this invention may 
be formed with at least two sets of interleaved 

15 fingers forming the base layer. With each set 
connected to a separate input, a logic circuit, 
mixer, or gain control amplifier can be constructed.

In a method of fabricating the transistor 
device of the invention, a metal base layer is 

20 provided on a single semiconductor crystal. Slits 
are formed in the base layer to expose the under
lying semiconductor crystal. The underlying single 
crystal is then further grown over the metal base 
layer.

25 The fabrication method can be extended to pro
vide a unique integrated circuit structure. A layer 
of material can be selectively embedded in single 
crystal semiconductor by providing wide, continuous 
regions which are to be left exposed and narrow or 

30 noncontinuous regions which are to be embedded.
The lateral, crystal growth is not sufficient to 
embed the wide continuous regions, but the lateral 
growth across narrow regions and from openings in 
the noncontinuous regions is sufficient to totally

- 7 -
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embed those regions. By selectively embedding metal 
layers within a crystal, transistor devices, inter
connections and isolating Schottky barriers can 
be formed in a crystal, but areas can be left ex- 

5 posed for interconnection to metal patterns formed 
over the newly grown crystal.

Using the selective embedding technique, devices 
can be stacked within the crystal with some inter
connections totally embedded. By further providing 

10 semiconductor crystal of both n and p types,
stacked complementary transistor circuitry can be 
fabricated.

The embedded interconnections may be extensions 
of metal base layers in transistor devices and of 

15 ohmic contacts. Preferably, the interconnections 
lie in isolation regions formed by bombardment of 
the semiconductor material by protons or heavier par
ticles. In particular, the isolation regions are formed 
by proton bombardment of gallium arsenide.

20 Brief Description of the Drawings
The foregoing and other objects, features, and 

advantages of the invention will be apparent from 
the following more particular description of pre
ferred embodiments of the invention, as illustrated 

25 in the accompanying drawings in which like reference 
characters refer to the same parts throughout the 
different views. The-drawings are not necessarily 
to scale, emphasis instead being placed upon illus
trating the principles of the invention.

30 Fig. 1 is a perspective view, partially broken
away, of a transistor device embodying the present 
invention;

- 8 -
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Fig. 2 is a side view of the transistor device 
of Fig. 1 as viewed from the right of that figure;

Fig. 3A is a schematic illustration of donor 
atoms and the depletion region in a section of the 

5transistor devices of Figs. 1 and 2 with no applied 
bias voltages, and Figs. 3B-3G indicate the charge 
density, electric field and potential barrier for 
that device;

Fig. 4A is a schematic illustration similar 
10 to Fig. 3A after a collector to emitter biasing 

voltage is applied, and Figs. 4B and C are poten
tial barrier diagrams for that device;

Fig. 5A is a diagram of the potential barrier 
across the transistor of Figs. 3 and 4 with a base 

15to emitter bias voltage applied, and Fig. 5B is a 
corresponding maximum potential barrier diagram;

Fig. 6A is a diagram of the potential barrier 
across the device of Figs. 3 and 4 with a high base 
to emitter bias applied, and Fig. 6B is a correspond- 

20 ing maximum potential diagram;
Figs. 7A-7D are equipotential contour maps of a 

single cell of a device at no base voltage, low volt- 
age, moderate voltage and high voltage;

Figs. 8A-8D are charge ratio contour maps corre- 
25 sponding to the conditions of Figs. 7A-7D;

Figs. 9A-9D are contour maps of constant current 
density for 'the component of current flowing normal 
to the emitter contact corresponding to the conditions 
of Figs. 7B -7D;

30 Fig. 10 is a schematic illustration similar to
Fig. 3A for a device having a slit which is too wide 
for barrier limited current flow at zero base voltage;

Figs. 11A-11C are graphs of the actual collector 
characteristics of two tested transistors embodying 

35 the present invention;

- 9 -
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Fig. 12 is a graph of the collector character
istics of the device according to computer analysis 
of a model of the device?

Fig. 13 is a graph of current density in the 
5 metal base void according to computer analysis;

Fig. 14 is a graph of the A  factor of the 
device according to computer analysis;

Fig. 15 is a graph of gain verses frequency 
comparing transistor performance to that of an 

10 FET according to computer analysis;
Fig. 16 is a cross sectional view of a pre

ferred form of a single transistor device;
Fig. 17 is a perspective view of the device 

of Fig. 16, partially broken away;
15 Fig. 18 is a cross sectional view of a modified

form of the single transistor device in which base 
leads are connected at each end of the base fingers;

Fig. 19 is a perspective view of the collector 
and base leads to the device of Fig. 18;

20 Fig. 20 is a plan view of the metal base layer
of a three transistor module;

Fig. 21 is a cross sectional view of a trans
istor module having the metal base layout of Fig. 20;

Fig. 22 is a plan view of the metal base of 
25 a single transistor module;

Fig. 23 is an electrical schematic diagram of 
a NOR gate which may be implemented by the present 
invention?

Fig. 24 is a cross sectional view of a semi- 
30 conductor module implementing the logic circuit of 

Fig. 23;
Fig. 25 is a circuit diagram of a conventional 

memory cell in a static random access memory;
Fig. 26 is a stacked PBT configuration imple- 

35 menting the circuit of Fig. 25;
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Fig. 27 is a plan view of the metal base of a 
permeable base transistor having two sets of inter
leaved base fingers to provide a logic circuit, mixer 
or gain control amplifier;

5 Fig. 28 is a section of a stacked logic element
having a current saturated or negative resistance load;

Fig. 29 is a section of a stacked logic device
having a negative resistance load;

Fig. 30 is a single transistor device formed
10 on a semi-insulating substrate;

Fig. 31 is an implementation of the OR gate of 
Fig. 23 on a semi-insulating substrate;

Fig. 32 is a cross sectional view of a module 
with a single crystal region being grown epitaxially

15 over the metal base layer;
Fig. 33 is a plan view of a metal base pattern

used in the method of Fig. 32;
Fig. 34A-C illustrates several steps in forming 

a metal base grid in another method of fabricating a PBT;
20 Fig. 35 is a plan view of the metal base and

metal isolation pattern used in the method of Fig. 32;
Fig. 36 is a cross sectional view of a module 

during fabrication in which the crystal lattice is 
perferentially etched to assist in formation of a

25 metal base grid;
Fig. 37 is a cross sectional view of a module 

during fabrication similar to that of Fig. 36 but 
with the metal base layer shadow deposited to form 
angular base fingers;

30 Fig. 38 is a cross section of a module during
fabrication in which an amorphous crystal layer is 
deposited over the metal base layer and then re
crystallized to form the single crystal structure;

Fig. 39 is a cross section of a module during
35 fabrication in which tapered fingers having a cross 

section are deposited in etched grooves in the semi
conductor crystal and then overgrown with semiconductor 
material;
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Fig. 40 is a circuit diagram of a known 
direct coupled logic circuit including two inverters 
in series;

Fig. 41 illustrates a step in the fabrication 
5 of the circuit of Fig. 40 in which the base regions 
are formed on the semiconductor substrate;

Fig. 42 illustrates another step in the - 
fabrication of the circuit of Fig. 40 in which 
the noncontinuous regions of the metal pattern 

10 are overgrown with semiconductor crystal;
Fig. 43 illustrates the next fabrication 

step in which the exposed metal pad is etched to 
provide slots;

Fig. 44 illustrates an alternative means for 
15 preventing overgrowth of a region of the metal 

pattern;
Fig. 45 illustrates a subsequent fabrication 

step in which collector contacts and an inter
connection to the lower metal pattern are made;

20 Fig. 46 illustrates the final fabrication
steps in which upper contact pads and a connecting 
bus are provided;

Fig. 47 is a circuit diagram of a circuit 
similar to Fig. 40 except that the resistive loads'

25 are replaced with transistor devices;
Fig. 48 illustrates the formation of collector 

contacts for the circuit in Fig. 47;
Fig. 49 illustrates the next fabrication steps 

in which the collectors are overgrown with semi- 
30 conductor and slots are etched into the exposed 

contact pads;
Fig. 50 illustrates yet another fabrication 

step for the circuit of Fig. 47 in which the base 
layers of the load transistors are applied;

- 1 2 -
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Fig. 51 is a circuit diagram of an inverter 
using complementary transistor devices;

Fig. 52 is a circuit of a NAND gate using 
complementary devices;

5 Fig. 53 is a circuit diagram of a NOR gate
using complementary devices;

Fig. 54 is a cross sectional view of a 
complementary permeable base transistor circuit 
for the inverter of Fig. 51;

10 Fig. 55 is a cross sectional view of a CPBT
circuit for the NAND gate of Fig. 52;

Fig. 56 is a cross sectional view of a CPBT 
circuit for the NOR gate of Fig. 53;

Fig. 57 illustrates a first step in the 
15 fabrication of the NAND gate of Fig. 55;

Fig. 58 illustrates the first overgrowth of 
semiconductor crystal in fabrication of the gate 
of Fig. 55;

Fig. 59 illustrates a subsequent fabrication 
20step in which a Schottky isolation layer and a 
PBT base layer are formed;

Fig. 60 is an illustration of a subsequent fabrica
tion step in which a collector contact is formed;

Fig. 61 is an illustration of a subsequent 
25 step in which slots are etched into connecting pads 

left exposed through the overlying crystal;
Fig. 62 illustrates yet another fabrication step 

in which base layers are formed in the p-type crystal;
Fig. 63 illustrates the final fabrication 

30 steps in which upper contact pads and a connecting 
bus are formed;

Fig. 64 is a cross sectional view of a CPBT 
NAND gate as shown in Fig. 52 formed on a semi- 
insulating substrate and with the p and n—type regions 

35 side by side;

- 1 3 -
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Figs. 65 and 66 illustrate two steps in the 
fabrication of a capacitive device using the 
techniques of this invention?

Figs. 67 and 68 illustrate two steps in the 
5 fabrication of an inductive device using the 

techniques of this invention.
Fig. 69 is a cross-sectional view of another im

plementation of the circuit of Fig. 52;
Fig. 70 is a cross-sectional view of a photo-

10 transistor;
Fig. 71 is a cross-sectional view of a photo

transistor at the end of a light guide.

Best Modes of Carrying Out the Invention
A permeable base transistor (PBT) 30 embodying 

15 the present invention is shown in Fig. 1 and 2. It 
comprises a single crystal semiconductor 32 in which a 
metal base layer 34 is embedded. The metal base layer 
includes a plurality of uniform and electrically 
connected fingers 36 spaced by openings 37 to 

20 form a grate. The openings are filled with the 
host semiconductor. The metal base layer 34 and 
regions 37 separate the single crystal 32 into a 
collector region 38 and an emitter region 40.
Collector and emitter ohmic contacts 42 and 44 are 

25 applied to the outer surfaces of those regions.
The semiconductor crystal 32 is doped with a 

donor impurity so that it forms an n-type semi
conductor. The metal base layer 34 provides an 
equipOtential surface which forms a Schottky barrier 

30 with the crystal as can be best understood with 
reference to the illustration of Fig. 3a . a posi
tive fixed charge is provided by the ionized donor 
atoms and current is carried by electrons.

- 1 4 -
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There is a well understood and generally ac
cepted tendency for the electrons near the metal 
base layer 34 to migrate into the metal until equil
ibrium is reached between the metal and the semi- 

5 conductor. As a result, a region largely depleted 
of electrons and having only the positive space 
charge of the donor ions is formed. This is the 
region between the broken lines in the illustration 
of Fig. 3A. Outside of this depleted region a 

10 transition is made to an electrically neutral re
gion in which both electrons and donor ions exist 
in equal numbers. The resultant net charge density along 
a section through a metal finger is illustrated in 
Fig. 3B. As shown, the electrons which have migrated 

15 into the metal cause the metal to be negatively
charged; whereas the positive ions remaining in the 
crystal cause the crystal to be positively charged.

An electric field is created by these two charge 
regions as indicated by the small field lines in 

20 Fig. 3A and by the electrical field diagram of Figs.
3D and 3E. The electrical field lines from the ions 
in the emitter region 40 result in a positive field 
(left-to-right), whereas the field lines from the ions 
in the collector result in a negative field. Because 

25 the direction of the force is opposite to that of the 
electric field for negative charges, it can be seen 
from Fig. 3A that the electric field in both the 
emitter region 40 and the collector region 38 acts 
to repel the negatively charged electrons from the base. 

30 This repelling of charge carriers can be seen as the 
potential barrier of Fig. 3F. The potential barrier 
from the metal extends across a depletion width WD>

- 1 5 -
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The width of openings 37 between the metal fingers 
36 is on the order of the zero bias depletion width.
Thus, the effect of the barrier extends across the 
semiconductor regions in the openings 37 for a base 
to emitter bias ranging from large reverse bias to 
moderate forward bias depending on the opening size 
and the carrier concentration therein. However, as 
shown in Fig. 3F, the barrier height between the emitter 
and collector is less in the regions 37 than it is at 
the surface of the metal fingers. This change in maxi
mum barrier height in the semiconductor along the 
base layer is illustrated in Fig. 3G. The maximum 
barrier is along the metal surface and then through 
the center of the regions 37. As can be seen in Fig.
3G, there are depressions in the potential barrier at 
each of the openings. The depressions do not drop to 
zero potential; but since the opening width is in the 
order of the zero bias depletion width there does result a 
significant reduction in potential in those openings.

As will be shown, like the bipolar transistor,
this device controls the current with a barrier.
Thus, the conventional notation for the bipolar
transistor has been adopted —  the three terminals
are labeled emitter, base and collector. For a
device using n type semiconductor, the common
emitter configuration is used in this description,
and positive or negative voltages applied between
base and emitter (V_„), are referred to as forwardat*
(positive) or reverse (negative) base voltage, re
spectively. For an n-type device low base voltages 
are the least positive or most negative which give 
low collector current. Similarly the voltage applied
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an n-type device and is referred to as the collector 
voltage. Base and collector voltage may also be 
termed base and collector bias.

When a positive voltage is applied to the collec- 
5 tor, and with base voltage ranging from large negative 

to moderate forward bias levels, the electric field 
and the depletion width in the collector region 38 
become larger as shown in Fig. 4A. ' For moderate 
collector voltage the potential barrier created by 

10 the metal base 36 remains and allows only the 
electrons with sufficient thermal energy to flow 
through from emitter to collector. Consequently, the 
current is limited by the potential energy barrier 
which is controlled by the base to emitter voltage.

15 Both the emitter depletion region and the barrier
height are reduced slightly by increases in the collec
tor voltage, but at moderate collector to emitter 
voltages they are still sufficiently large to provide 
the barrier indicated in Fig. 4B and Fig. 4C. It is 

20 only at relative high collector voltages that the 
barrier resulting from the base layer can be reduced 
sufficiently to permit substantial amounts of electron 
flow through the openings in the metal base.

With a moderate collector voltage, the device 
25 operation can be classified into four modes with 

respect to base voltage. At sufficiently low base 
voltage levels (mode 1) the collector current is 
limited solely by the potential barrier in the 
openings between emitter and collector. For much 

30 more positive values of applied base voltage (mode 
the collector current is limited primarily by the 
accumulation of a negative space charge on the 
collector side of region 37. Mode 2 is the inter
mediate operation between modes 1 and 3 where

- 1 7 -
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collector current is limited by a combination of 
a substantial potential barrier and negative space 
charge. Finally in mode 4 the base is forward 
biased to the point where more than 5% of the 

5 emitter current flows into the base metal.
As voltage is applied to the metal base layer with 

respect to the emitter, the potential barrier is 
reduced as shown in Figs. 5A and B. With the appli
cation of only a relatively small base voltage (mode 1)

10 the potential at the center of the openings is reduced 
and a large number of electrons can diffuse over the 
barrier. For example, a change in the base to emitter 
voltage of .1 volts will increase the current by a 
factor of approximately twenty depending on the speci- 

15 fic device design. In fact, betcause of the Maxwell- 
Boltzmann energy distribution of the electrons, the 
current flow varies exponentially with small forward 
changes in base to emitter voltage.

At higher base voltages (mode 3), the potential 
20 barrier at the center of regions 37 vanishes as shown 

in Figs. 6A and 6B. At that point, the current flow 
from the emitter to the collector becomes space charge 
limited;, that is, the accumulation of negative charge 
on the collector side of region 37 acts as a retarding 

25 force on additional electron flow from the emitter 
contact. It should be noted that in this mode of 

- operation, there is still a current limiting depletion 
region surrounding the metal of the base layer and 
there is little flow of electrons toward that metal.

30 The current flow into the base metal is thus negligably 
low and the ratio of collector current to emitter current 
remains near unity. Only at exceptionally high base biasing
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voltage (mode 4) is the emitter depletion region re
duced sufficiently so that there is high electron 
flow into the base metal. For modes 1 and 2 the ratio 
of collector current to emitter current (c<) is essen- 

5 tially 1, while for mode 3 the oC may drop to .95, 
and for mode 4oCis below .95.

The four modes of operation can be understood 
in more detail by looking at contour maps of the 
electron potential of a typical device, Figs. 7A-D.

10 Each of the diagrams shows the cross-section of one 
cell of a device 39 in Fig. 2. A voltage of +1 
volt has been applied to the collector in each of 
Figs. 7A-D. The base voltage has been adjusted to 
0, .3, .4, .5 volt in Figs. 7A-7D, respectively.

15 The contour lines give the electrical potential in 
volts, and a negative potential indicates an electron 
barrier. In Fig. 7A and B there is an electron 
barrier for a base voltage of zero and .3 volts.
In Figs. 7C and 7D, there is a barrier only along the 

20 edges of the opening.
The space charge accumulation effects can be 

seen in detail from the contour maps of the ratio of 
electron charge to donor ion charge given in Figs.
8A-D. Figs. 8A-D are for bias conditions identical 

25 to Figs. 7A-D. A charge ratio of zero represents a 
charge depleted region, and a charge ratio of 1 rep
resents a neutral region. In Fig. 8A, with no base 
bias, the regions near the collector and emitter 
contacts are neutral, having a charge ratio of 1,

30 whereas the region around the metal is depleted, 
having a charge ratio of near zero. With reference 
to the previous qualitative discussion, the zero bias
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5

emitter depletion width can be loosely defined as 
the distance from the metal base layer to that part 
of the emitter region having a charge ratio of .95 
in Fig. 8A. More precisely, the depletion width can 
be defined for n type semiconductor as

2£ i r o
w <vbi - v

KT
q~ )

10

15

where
S - dielectric constant r = permittivity of free space

=■ charge of an electron
ND = donor concentration
V, .= built in voltage biK = Boltzmann constant 
T = absolute temperature 
V = applied bias voltage
For gallium arsenide at room temperature, 

equation can be reduced to

WD = 3.787 x 10 ’ / 5V

this

where is given in donor atoms per cubic centimeter, 
20 built in voltage Vfai is given in volts and WD is

given in micrometers. The built in voltage is about 
the same as the Schottky barrier potential and is 
typically .7 volts.

As an increasing forward voltage is applied to 
25 the base, Figs. 8A-D, more and more electrons accumu

late in the collector region. This accumulation 
limits the diffusion of electrons through the opening 
even though there is no longer a significant barrier 
in Figs. 8C and D. The accumulation also reduces 

30 the electric field which could otherwise tend to 
help pull electrons through the opening; therefore, 
the flow of carriers is termed space charge limited. 
When space charge limited, the collector current no 
longer increases exponentially with base bias as it 

35 does in the barrier limited mode. s'"£13 E. £.4 
c m pi
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Figs. 9A-D gives the component of the current 
density (xlO amp/cm ) in the direction from emitter 
to collector corresponding to the respective Figs. 7 
and 8. As was described earlier, only a small current 

5 can pass over the barrier for relatively high barrier 
heights. As increasingly forward voltage is applied 
to the base, the current density increases. Also it 
is apparent that the width of the current conducting 
region increases and the electron barrier around the 

10 metal is reduced.
It can be seen from the above discussion that the 

width of the semiconductor region 37 is critical to 
the operation of the permeable base transistor.

As shown in Fig. 10, if the opening width for the 
15 metal base layer were substantially greater than twice 

the zero bias depletion width of the Schottky barrier, 
there would be a channel region through the opening 
which would include a significant number of mobile 
charge carriers at zero base voltage, and significant 

20 current would flow at low collector voltage levels.
If the opening were not too wide, the application of 
reverse base to emitter bias could cause a barrier to 
form across the opening and thus limit the collector 
current flow. But if the opening were too large,

25 avalanche breakdown would occur in the region of the 
opening before the barrier could form. The opening 
width must therefore be sufficiently small so that at 
the most negative desired operating base voltage and 
at low collector voltage all points in the opening are 

30 within the depletion region of the Schottky junction. 
Otherwise, collector current flow would not be barrier 
limited.

On the other hand, the width of region 37 must 
be sufficiently large to ensure high, barrier-limited
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current flow therethrough with virtually no current 
flow into the base metal. This results in a high ratio 
of collector current to emitter current, that is anoCof 
about one. A large forward base voltage does reduce 

5 the barrier enough for space charge limited flow to 
occur, but the very high collector current level and 
transconductance achieved with the barrier limited 
flow in modes 1 and 2 is not then lost when moving 
into mode 3. Finally, it is recognized that at ex- 

10 tremely high base voltage, the base current will flow 
into the base metal and oCwill degrade rapidly.

It is important that substantially all openings 
in the base layer have nearly the same width. Too 
close spacing between any pair of fingers 36 would 

15 result in only a very small depression in the potential 
barrier at that opening, and little current would 
flow through that opening relative to the other open
ings. Thus, any region of the device having an 
opening with a lesser width would contribute a relatively 

20 small transconductance but would still add to the base- 
emitter capacitance of the device. This would degrade 
the high frequency performance of the device.

Although the absolute limits of the slit, or 
opening, width are dependent on a number of variables,

25 it can be said that as the opening width is reduced to 
10% of the zero bias depletion width of the semiconduc
tor in the region of the opening 37 the high oCof the 
device is lost at high collector current densities.
As the width is increased to over twice the zero bias 

30 depletion width of the metal semiconductor Schottky 
barrier,, the potential barrier in the opening at zero 
base to emitter bias is lost and the transconductance 
of the device becomes relatively small. Within those 
limits, the width is in the order of the zero bias 

35 depletion width.
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Within the above range, the slit width should be 
precisely controlled to provide the desired operating 
characteristics of the device. In particular, for a 
high gain, high frequency device, the slit width must 

5 be less than about one zero bias depletion width.
If one defines the saturated collector current 

as the value of collector current where drops to .95, 
for a fixed grate period, increasing the opening 
width increases the saturated collector current. Also,

10 an increased slit width decreases the threshold base 
voltage for a given collector threshold current and
decreases output impedance.

A power amplifier requiring negative base voltage 
for cutoff can be constructed by providing many slits 

15 with an equal and uniform slit width of near twice 
the zero bias depletion width. In that case, at zero 
base voltage a collector voltage can draw barrier 
limited current through the slits. Negative base 
voltage can increase the potential barrier through 

20 mode 1 operation to a virtual current cutoff. Positive 
base voltage decreases the barrier further for even 
greater current flow in operating modes 2 and 3.

Another parameter which effects the device char
acteristics is the carrier concentration. As that 

25 concentration increases the saturated collector current 
increases. The threshold base voltage for a given 
threshold collector current decreases with increased 
concentration because the potential barrier at the 
center of the opening is reduced. High carrier concen—

30 tration reduces output impedance and decreases trans
conductance while increasing collector current.
Various impurity concentration gradients within the semi
conductor material may■improve or degrade performance.
For example, the carrier concentration can be reduced 

35 at the base grate by ion implantation. This increases
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the depletion width. Dimensional related pattern 
noise which causes current nonuniformity can then be 
reduced by increasing the dimensions of the device.
Or the dimensions can be left small to increase

5 f and q at a loss of maximum saturated current den- T m ,sity. By increasing the carrier concentration m  the
emitter relative to the collector, the transconduc
tance of the device may be increased. By decreasing 
the collector carrier concentration, the output impe- 

10 dance may be increased.
This thickness of the metal base layer is another 

important design parameter. A thick metal layer advan
tageously reduces base resistance; and a low base 
resistance is necessary to ensure that the entire layer 

15 becomes more nearly like an equipotential surface. Un
fortunately, the thicker metal layer causes a thicker 
barrier, and that decreases the transconductance of 
the device because of the two dimensional effects in 
the region of the opening 37. However, a thicker base 

20 layer also increases output impedance which may be de
sirable in some applications. If the thickness is 
greater than the zero bias depletion width in the semi
conductor in the region 37, transconductance is too low. 
For optimum unity current gain frequency f^ “ 9m/2ffCbe' 

25 the base metal thickness should be less than 10% of 
this zero bias depletion width of the semiconductor 
of region 37. The unity current gain frequency, fT, 
monotonically increases with decreasing base thickness; 
but at a thickness of less than 1% of the zero bias 

30 depletion width base resistance will very likely be 
too high. Thus the base layer thickness should be 
between 1% and 100% of the zero bias depletion width; 
that is, it should be in the order of 10% of that width.

With a very thin base layer, electrons may be 
injected through the metal fingers as well as through 
the barrier between the fingers. Thus the device

35
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opera tes as a barrier limited device but also demon
strates the operation of a conventional metal base 
transistor. This current flow through the metal 
allows for increased current flow.

5 The transconductance of the device is primarily
dependent on the thickness of the base metal immedi
ately adjacent the opening 37. Thus the base resistance 
can be held low while maintaining a high transconduc
tance by tapering a thick metal base to provide sharp 

10 edges along the opening (Fig.39 ) .
The thin metal base layer is an important dis

tinguishing feature of this device over the FET. The 
length of the conventional FET gate region is large 
relative to the channel thickness. During normal 

15 operation, the channel region is partially depleted,
and that length of semiconductor material which is not 
depleted acts as a variable resistance element. A 
barrier across the gate region only forms at cutoff.
The resistance value is inversely related to the thick- 

20 ness of the charge carrying channel formed between
depleted regions. With the present device, the resist
ance through the openings is kept to a minimum by using 
a thin metal layer. Current is controlled over a 
large part of the dynamic range by a potential barrier,

25 not by the channel thickness of a length of conduct
ing semiconductor material.

Computer analyses of short gate-length field 
effect transistors have been made. They indicate 
that as one reduces the channel length in an FET,

30 current flow through the channel becomes space charge 
limited and thus less responsive to the gate voltage.
This results in a decreasing transconductance g , orm
gain. By reducing the gate length of an FET to less
than one-half its width, one would only expect a

35 very low transconductance, g /I , which is a measurem c
of the ratio of gain to input power.
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The transconductance can be increased while 
decreasing the base resistance by cooling the de
vice as by cryogenics.

The very poor short-gate FET can be redesigned 
5 in accordance with this invention to provide a PBT 

with its exceptional performance characteristics. If 
one considers an analysis in which the length of an 
FET gate is reduced to less than half its open channel 
thickness, the normalized transconductance drops to a 

10 very low number much less than one volt The analysis 
can then be continued to produce a PBT by properly dimen
sioning the opening in the metal base layer and the 
thickness of that layer and by providing a proper 
carrier concentration m  the semiconductor. Having 

15 seen the normalized transconductance drop to such a 
low level, one can observe an increased normalized 
transconductance as the device begins to behave as 
a PBT. The decrease and increase in normalized trans
conductance results from the shift from a variable 

20 resistance mode of operation, through a space charge 
limited mode, to a barrier dominated mode of opera
tion. The increase in normalized transconductance 
"to a value over about two volts 1 with a thin metal 
layer can be seen as a measure of the relative effect 

25 on current of the Schottky barrier and charge accumula- 
ti6n. One can then consider the PBT to be a device 
in which the thickness of the metal base layer is no 
greater than one-half the width of the base opening 
and which further has a sufficient barrier limitation 
on current flow to provide the normalized transcon— 
ductance of at least two volts
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From the above analysis it can be seen that a 
device need not have a complete barrier at zero 
base bias. Some reverse biasing may be required 
to build the barrier at the center of an opening.

5 Such a device would likely have a relatively low 
normalized transconductance, about two volts~\ .but 
that transconductance is enough to indicate signifi
cant barrier effect. That barrier effect would make 
the device better than one which is primarily space 

10 charge limited, as indicated by the improved normal
ized transconductance. The normalized transconductance 
can be further improved toward a theoretical limit 
by decreasing the dimensions or the carrier concen
tration. That theoretical limit is believed to be 

15 about 40 volt
Another important design parameter is the per

cent of open area in the total area of the metal base 
layer across the active portion of the device. If 
the total area of openings is less than about 50 per- 

20 cent of that total base area, the base-emitter
capacitance, C^, .becomes large relative to the trans
conductance. The ratio of transconductance to base 
emitter capacitance C^, is an important factor in 
determining the speed of the device. At about 10 per- 

25 cent open area, the PBT has a frequency response com
parable to that of the best FETs.

Other dimensions worth noting are the emitter 
thickness and the collector thickness. The emitter 
thickness should be greater than the depletion width 

30 at all operating conditions so that the charge ratio 
increases to one inside the crystal without being 
influenced by the emitter ohmic contact. If the 
emitter contact were closer to the base layer, it
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might squeeze the depletion area and thus increase 
the emitter capacitance of the device. If, on the 
other hand, the emitter thickness were increased 
substantially beyond the depletion width, the emitter 

5 resistance might be unduly increased.
The collector region 38 should be sufficiently 

thick that the collector contact does not disturb 
the collector depletion region at the maximum 
collector voltage. A collector which is too thin 

10 may reduce output impedance, increase collector capa
citance, and reduce the maximum collector voltage.

As stated, the performance of the device depends 
on the dimensional parameters of base metal thickness, 
grating period, slit width and thickness of the semi- 

15 conductor above and below the base metal and also 
on the carrier concentration. If the above dimen
sional parameters are decreased by the same factors 
and the carrier concentration is increased to main
tain a constant product of length times the square root 

20 of carrier concentration, then the unity current gain 
frequency, f̂, = gm/2lTCj3e increases as the .85 power of 
the carrier concentration. If, in addition, the length 
of the base fingers is scaled with the other dimensional 
parameters, the maximum frequency of oscillation in- 

25 creases with carrier concentration in the same way.
From this, it can be seen that for optimum performance 
at high frequencies, a high carrier concentration to
gether with small physical dimensions are required.

A significant feature of the device thus far de- 
30 scribed is that the openings are in the form of slits 

to define a grate. Other opening arrangements such as 
holes in a mesh are practicable; however, such arrange-
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ments may not offer the high transconductance to 
capacitance ratio of the grate. As compared to a 
mesh, the slits provide a very high percentage of 
open area in the total base area. Thus there is a 

5 larger area of high current density but barrier 
limited current flow is maintained. The slits need 
not be linear, but may be concentric circles or any 
other pattern.

Examples of metal grate base layers for various 
10 carrier concentrations in gallium arsenide semi

conductor material include the following. For a
14concentration of 4 x 10 electrons per cubic centimeter, a

Ograte may include one micrometer strips 1000A thick 
with opening widths of one micrometer. For a carrier 

15 concentration of 1 x 10^, the grate may include
Ostrips having widths of 2,000A with a thickness of

O O200A spaced by 2,000A openings. For a carrier
18 0 °concentration of 1 x 10 , 200A slits 20A thick,

O
spaced by 200A openings are suggested. The suggested 

20 dimensions for a silicon device would be close to
those for gallium arsenide.

An early sample of a gallium arsenide (GaAs)
permeable base transistor (PBT) embodying this inven
tion has been tested and found to have the collector 

25 characteristics shown graphically in Figs. 11A and B.
The characteristics of a more recently tested device 
are shown in Fig. 11C. It can be seen from those 
graphs that the transconductance of the device in
creases exponentially with collector current which 

30 can occur only if there is barrier limited flow.
The devices operated at low collector current with anoC 
9f 0.998.
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A computer analysis based on Poisson's equation, 
the current flow equation, the continuity equiation, 
and a range of assumed velocity field relations for 
gallium arsenide indicates that collector character- 

5 istics as shown in Fig. 12 can be attained in future 
devices. Points labeled A, B, C, D correspond to 
diagrams A-D of Figs. 7 , 8  and 9.

The same computer analysis provides the Fig. 13 
graph of current density against base to emitter 

10 voltage across a base opening. The current density is 
on a logarithmic scale; thus the straight lines below 
about 10* amps per square centimeter (A/cm*) indi
cate an exponential increase in current density 
with base voltage over a large dynamic range. At 

15 about 104 A/cm2, the current density near the center 
of the opening begins to demonstrate a lesser increase 
with base voltage. This is an indication that the 
current density at this point becomes space charge 
limited rather than barrier limited.

20 The high current gain of the device according
to the computer analysis is shown in Fig. 14. It 
can be seen that the ratio of collector current to 
emitter current remains very near one up to at least 
.5 volts of base to emitter bias.

25 The computer analysis also indicates a very
high gain over a wide frequency range. As shown 
in Fig. 15, the maximum stable gain (MSG) and 
maximum available gain (MAG) are substantially 
better than the best prior gallium arsenide FET's 

30 of comparable current carrying capability.
Finally, for an assumed logic inverter gate 

the analysis suggested a power-delay product, that 
is the product of propagation delay and power dissi
pation per gate, of less than one femto-Joule.
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A preferred single transistor configuration is 
shown in Figs. 16 and 17. In this device, an emitter 
contact 48 is applied to a heavily doped n+ region 46 
to form an ohmic contact. As before, a metal base 

5 grate 50 is embedded in the n-doped semiconductor 
crystal to divide collector and emitter regions. 52 
and 53. Contact is made to the base layer by base 
contact 54, and ohmic contact 56 is provided for the 
collector region. The collector contact 56 may be 

10 connected to other transistor devices in a multi- 
transistor module in a common emitter configuration. 
To isolate this transistor device from others in 
the module, the gallium arsenide crystal is proton 
bombarded to form the insulating region 58 sur- 

15 rounding the emitter and collector regions 52 and 
53. This means of isolating the transistors makes 
gallium arsenide a preferred semiconductor material, 
as does the high mobility and high peak velocity 
of electrons in .that semiconductor.

20 In modified form of the transistor device shown
in Figs. 18 and 19, base contacts 54' and 54'' ere 
connected to opposite ends of the metal base grid 
50. These contacts are connected in common to one 
side of the device as shown in Fig. 19. This arrange- 

25 ment reduces base resistance and the collector-to-base 
feedback capacitance of the device.

By arranging the metal base layer as shown in 
Fig. 20, an integrated circuit module having a 
plurality of transistor devices can be formed as 

30 shown in Fig. 21. Each transistor device of the 
integrated circuit includes a metal base layer 
embedded within a single crystal to separate the 
crystal into emitter and collector regions. The 
base layers 60, 62 and 64 include respective slits 

35 66, 68 and 70 defined by fingers 72, 74 and 76.

OMPI
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If any two transistors are to have the bases con
nected in a circuit, a connecting strip 78, shown 
in broken lines in Fig. 20, may be provided. The 
respective active regions 80, 82 and 84 of the three 

5 transistor devices are isolated by proton bombarded 
regions 86, 88, 90 and 92. Isolation may also be 
provided by bombardment with other heavy particles.

As in the previous embodiments, the width of 
the slit is in the order of the emitter depletion 

10 width at the Schottky barrier. For uniform per
formance, it is important that the various trans
istor devices of a module which have the same 
function have equal, uniform slit widths and equal 
carrier concentrations. To provide scaled currents 

15 in selected devices, the lengths of the metal base 
fingers and the corresponding dimension of the active 
region can be varied. For example, by increasing 
the length or number of the fingers 72 the current flow 
through that transistor can be increased without 

20 changing the current density or other operating 
characteristics of the device.

To provide devices having different threshold 
voltage logic levels or other characteristics the slit 
width or carrier concentration can be different. For uni- 

25 form operating characteristics, the widths should be uniform.
A module including a single transistor device, 

that device having a single slit 102 in a metal 
base layer 104, is shown in Fig. 22. This device 
may have particular application to traveling wave 

30 amplification of a microwave signal. As before, 
the single slit 102 has a width in the order of
the emitter depletion width. The length of the slit 
should be several wavelengths. The outer regions of 
the semiconductor would be proton bombarded as before.
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The transistor device embodying the present 
invention has particular applicability to stacked 
transistor configurations. For example, the NOR 
logic gate of Fig. 23, which has three transistors 

5106, 108 and 110, can be fabricated as shown in 
Fig. 24. As shown in that figure, the devices are 
formed in two layers. The emitter contact of 
transistor 110, for example, also serves as the 
collector contact of transistor 106. Each transistor 

10 is controlled by its own permeable metal base. Be
cause transistor 110 is used as a saturating load or 
current source which is on at zero bias and has a 
high output impedance, it will have a different struc
ture from transistors 106 and 108. The openings of 

15 the metal can be the same size but the metal should 
be thicker and the carrier concentration higher. Con
nections may be made from other gates through 
internal leads or from outside of the crystal in 
a manner such as that shown in Fig. 17.

20 Fig. 25 is a circuit diagram of a conventional
■ memory cell for a static random access memory. The 
circuit includes a flip-flop circuit formed of two 
transistors 130 and 132 and load devices 134 and 136. 
Information can be read into and out of the flip- 

25 flop by transistors 138 and 140 addressed by word 
line 142 and bit lines 144 and 146.

The circuit of Fig. 25 is readily implemented 
by the stacked permeable base transistor configu
ration shown in Fig. 26. In that cross section, con- 

30 necting leads which would be buried behind or in front 
of the devices shown are indicated by narrow connect
ing lines. The load elements 134 and 136 may be 
high resistance metals embedded in the semiconductor 
crystal or they may be stacked elements such as shown 

35 in Fig. 24 but located in separate stacks in the circuit.

\7l P n
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Fig. 27 shows the base layer of a permeable base 
transistor having two sets of interleaved fingers in 
the base layer, each set being connected to a sepa
rate input. By proper design of the transistor 

5 dimensions and by connection of appropriate signals 
to the two base inputs, this device can serve as 
an AND or an OR logic gate, as a frequency mixer, 
or as a gain control amplifier.

To use the circuit of Fig. 27 as a logic gate, 
lObinary logic signals are applied to each base input.

By properly controlling the finger and space widths 
and the carrier concentration, an AND or an OR gate 
can be made. For fixed optimum finger and space 
widths, the device will change from an OR to an AND ■ 

15 gate as the carrier concentration in the base region 
is decreased. For an optimum carrier concentration 
and fixed grating period the device will change from 
an OR gate to an AND gate as the finger width in
creases. The transistor device could be connected 

20 in a stacked configuration with an appropriate load 
device as discussed above.

In communication circuits, it is common prac
tice to apply two signals of given frequencies to a 
mixer, or modulator, to produce an output signal of 

25 a third frequency. One input is said to modulate 
the output due to the other to provide the output 
frequency. By applying signals having respective fre
quencies f^ and f^ to respective sets of base fingers 
148 and 150 and with appropriate filtering at the 

30 collector terminal, a mixed signal having a frequency 
of the form nf^-mf2 can be extracted, where n and m 
are integers.

- 3 4 -
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The device of Fig. 27 can also be used as a gain 
control amplifier. An AC signal applied to one set 
of base fingers is amplified by a factor determined 
by the signal on the other set of base fingers. Thus,

5 a DC signal can be applied to the other set and by 
varying that DC signal the gain to the AC signal can 
be adjusted.

The stacked transistor configurations reduce 
the surface area of semiconductor chips along with 

10 the concomitant surface effects. Such configurations 
are made feasible by the metal base layer for each 
device. A patterned metal layer can serve as base 
regions/ collector ohmic contacts/ emitter ohmic con
tacts and interconnecting leads, all of which are em- 

15 bedded in a single crystal. There is no need for a
semiconductor base region to be connected at the crystal 
surface. Rather, a metal base layer continues as an 
interconnecting lead completely inside the crystal.
Areas of the metal which serve as ohmic contacts 

20 can be coated with a thin layer of silicon, germanium, 
sulfur, selenium or other doping element which will 
diffuse into the GaAs during film growth and conse
quently form the ohmic contact.

Figs. 28 and 29 show other load devices which 
25 may be used in a stacked configuration. In Fig. 28, 

an n-type saturated resistance current limiting 
device is formed over the PBT. In Fig. 29 a negative 
resistance device is formed by a pn tunnel junction 
positioned over the PBT.

30 As shown in Fig. 30, the device need not be 
supported on a conducting substrate. In Fig. 30, a 
device is formed on a semi-insulating substrate 152.

- 3 5 -
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36

An emitter or collector grate 154 is formed on that
substrate and may be connected to a contact 156. The
base grate is embedded in the crystal formed over
the emitter or collector grate and is connected to

5 a base contact 160. Finally, a collector or emitter
contact 162 contacts the upper surface of the device.

/Fig. 31 shows a NOR gate such as that shown in 
Fig. 23 formed on a semi-insulating gallium arsenide 
substrate. In that module, a load device 164 is 

10 positioned between two PBT's 166 and 168. An em
bedded grate 170 serves as the common collector 
to the two PBT's.

In order to produce high quality semiconductor 
devices of the type just described, the metal base 

15 layer should be embedded in a single crystal semi
conductor material. Although faults will exist 
in any crystal, the single crystal should be sub
stantially fault free. To that end, various 
methods may be used.

20 The method of Fig. 32 was used to fabricate
the device whose characteristics are indicated in 
Fig. 11. For the device of Figs. 11A-B, a single 
crystal wafer of gallium arsenide is doped

18 ■an-type with silicon to 1 x 10 cm-3. The
25 wafer is then used as an n+ substrate 111 which is 

placed in a AsCl^-Ga-l^ vapor phase epitaxial 
crystal growth system. A layer 112 of gallium arsenide 
doped n-type with sulfer to about 1 x 1016/cm3, 
is grown 1.5 um thick. Other techniques such as 

30 liquid phase epitaxy, molecular beam epitaxy or 
metal organic epitaxy could also be used to form 
•-the gallium arsenide layer. Other dopants for the n- 
type could be used such as selenium, silicon germanium 
and telurium.
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A sputtered layer of tungsten is then deposited
Oon the gallium arsenide to a thickness of 250 A.

This layer has a sheet resistance of approximately
* O25lt/square. A 900A thick layer of photoresist is then 

applied and exposed with laser holography to form,
Oafter development, a 3200 A period grating pattern 

having a line width and spacing of approximately 
1600 A each. Using the photoresist as a mask, the 
tungsten is etched in a CF^ plasma to form a tung
sten grating pattern 113 having similar dimensions to 
the photoresist pattern.

There are a number of other techniques for 
generating metal gratings on gallium arsenide.
Metals other than tungsten which could be used 
include aluminum, molybdenum, tantalum, zirconium, 
osmium, iridium, ruthenium and others. The metal 
can be deposited by evaporation, molecular beam 
epitaxy, sputtering, or vapor phase deposition.
The grating pattern can be defined by holography,
X-ray lithography, electron beam lithography or 
combinations of these. The metal pattern can be 
formed by lift-off, etching, shadowing or a combin
ation of these. The optimum device would utilize a
single crystal metal base layer with low resistance./

Again using photoresist as a mask, the tungsten 
grating is etched away in most areas of the wafer 
except for an array of rectangular patches 30 x 50 
pm. Using photoresist lift-off techniques a 10 pm 
wide and 50 pm, long shorting bar 114 is formed along 
one edge of each patch to short together the grating 
lines in the patch. This results in a tungsten 
pattern as shown in Fig. 33. The pattern includes 
several thousand patches each with 150 fingers.

OThe fingers are each approximately 1600A wide and
o20 yum long with 1600A spaces between them.
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The wafer is then placed back into the epitax
ial crystal growth system to form a layer 115 of 
gallium arsenide over the tungsten grating by the method
shown in Fig. 32. The grating lines are purposely 

5 oriented on the crystal such that the crystal growth 
rate is large in the direction indicated by the - 
arrows in Fig. 32 and somewhat smaller in the verticle 
direction. Thus, the single crystal grows laterally 
over the tungsten strips at a faster rate than it 

10 grows vertically. Specifically, the tungsten
may be deposited on a crystal surface which is within 
three degrees of being perpendicular to the (100) 
direction, a slow growth direction. The tungsten 
strips are aligned 10° off the (110) direction. The 

15 result is a lateral growth at a rate of about two times 
higher than the vertical growth rate. The tungsten 
shorting bar is made large enough so that, despite 
the high lateral growth rate, some of the tungsten 
still shows through a hole in the- gallium arsenide 

20 overlayer after growth is completed.
Once again all of the available growth techniques 

could be used for covering the tungsten grating with 
a layer of gallium arsenide, including vapor phase 
epitaxy, molecular beam epitaxy, and liquid phase 

25 epitaxy.
The layer which is grown over the grating has 

u 16a carrier concentration of 1 x 10 and a thickness 
of 1.5,pm and is once again doped with sulfur.
Other dopants could be used, such as selenium,

30 silicon or germanium.
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From the above description of the fabrication 
method, several points should become evident. First, 
the crystal and base metal should be relatively 
nonreactive with each other, even at the crystal 

5 growth temperatures, so that the amount of contam
inating compounds formed between the two materials 
is small relative to the amount of the original 
materials. Also, the metal should be rela
tively nonreactive to the chemistry of the growth 

10 process. Further, the growth process should be 
such that there is no appreciable amount of 
nucleation and growth of the crystal directly on 
the metal base. Such would result in a poly
crystalline layer above the metal base and would 

15 adversely affect the performance of the device.
The next step in the fabrication is the form

ation of a gold plated ohmic emitter contact to 
the back of the n substrate. The collector 
contacts are applied to each device separately 

20 on the front side of the wafer using alloyed gold 
germanium. A collector contact is a 6 x 40 pm 
rectangle located above the finger area of the 
tungsten comb.

The collector contacts are then plated to a 
25 thickness of 2.5 pm to provide a proton bombard

ment mask. The bombardment schedule is 1 x 1013 per 2cm at 400 KeV. The bombardment serves to make 
the GaAs an insulator around the collector and emit
ter regions of the device and produces a vertical 

30 geometry, which maintains a vertical current flow 
as shown in Figs, 16 and 17. The device fabrication 
is brought to completion by sputtering a layer of 
titamium over the entire surface followed by a 
layer of gold and another layer of titanium. 50 pm 
x 70 pm gold pads are then plated using photoresist
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as a mask. The pads are arranged in pairs and are 
aligned to contact the collector ohmic contact and 
the tungsten shorting pad respectively. The 
Ti-Au-Ti layer is then etched away everywhere out- 

5 side the bonding pad area. The bonding pads lie 
then mostly on gallium arsenide which has been made 
insulating by proton bombardment.

The method of Fig. 32 was also used to fabricate 
a second device whose electric characteristics are 

10 given in Fig. 11C. However, for this device the 
tungsten gratings were made in a different way. As 
before a gallium arsenide n+ substrate was used, 
and an n-type layer having a concentration of 
1 x 10^/cm^ was grown uniformly over the surface.

15 This surface was then coated with polymethyl
methacrylate ' (PMMA), a known X-ray sensitive 
resist. An X-ray mask composed of 3200A period 
grating having equal lines and space . was fabricated 
according to the scheme described by Flanders and 

20 Smith, J. Vac. Sci. Technol. 15(3), May-June, 1978, 
pp. 995 and 1001.

The X-ray mask was placed in contact with the 
sample using an electrostatic field and placed in a 
vacuum system with an X-ray source. This structure 

25was then illuminated with (48.8A) X-rays from a 
direction perpendicular to the surface. The vacuum 
and mask were then removed from the sample and the 
PMMA image was developed resulting in the PMMA structure 
117 of Fig. 34A. 300A of tungsten 119 was then deposited

30on this structure as in Fig. 34B. The PMMA was dis
solved, leaving the tungsten grating on GaAs in Fig. 34C. 
The process just described is commonly known as the 
lift-off process.
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Once the tungsten gratings are in place on the 
gallium arsenide the comb pattern was formed as before 
to provide the base regions for the transistors as 
shown in Fig. 35. The combs in this case are surrounded 

5 on the surface by tungsten gratings 121 with small 
breaks 123 between devices in a column. The grating 
aids in crystal growth by providing a uniform environ
ment. The wafer was placed in the epitaxial reactor 
as described earlier. All of the succeeding steps were 

10 the same as those described earlier.
In the method illustrated by Fig. 36, etching 

of the metal base layer is not required to provide 
the strips. Rather, the underlying crystal is formed 
with a striated surface and the metal 125 is deposited 

15 selectively in accordance with the orientation of the 
surface. Then, the underlying single crystal is grown 
over the metal strips as in the method of Fig. 32.

The relief structure of the crystal can be formed 
by any known preferential etch. This preferential etch 

20 will tend to produce a structure with fewer irregulari
ties than the photo resist grating. The metal is de
posited with a directed deposition process such as E- 
beam evaporation or ion beam sputterinq. The period 
of the relief structure can be controlled with great 

25 precision. The plane angles can be measured after
etching and the direction of deposition can be modified 
accordingly. As a result, the transverse dimensions 
of the metal pattern can be controlled with a greater 
precision than could otherwise be obtained.

20 As shown in Fig. 37, the metal layer 127 can be
shadow deposited at the apex of and on each side of 
each ridge of the striated surface. The resulting 
base structure offers several advantages. It provides
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a much lower base resistance than could otherwise be 
obtained in a flat metallic grating. It also allows 
convenient control of the width of the semiconductor 
openings by means of controlling the angle at which 

5 the directed deposition is made. Thus, better control 
from sample to sample is provided.

The method of Fig. 38 is particularly suitable 
for embedding the metal base layer within a single 
crystal where there is a tendency for the metal and 

10 crystal to react during the epitaxial growth technique. 
For example, where silicon is the crystal material, 
silicides are easily formed with the base metal at 
epitaxial growth temperatures. In accordance with 
the method of Fig. 38', the strips 116 are formed on 

15 a single crystal substrate 118 as before by etching 
of a continuous metal layer. Then, an amorphous 
or polycrystalline silicon layer 120 is deposited over 
the metal strips and the single crystal layer 118.
This layer is then scanned by a laser in the 

20 direction indicated by the arrow. The laser forms 
a molten or nearly molten zone 122 which scans 
across the substrate and results in the re
crystallization of the silicon layer 120 to 
epitaxially form a single crystal. The laser 

25 recrystallization occurs quickly enough to mini
mize' the reaction between the metal and silicon 
thereby minimizing the formation of silicide.

In the method of Fig. 39, grooves are etched 
into the semiconductor crystal. Then metal 129 

30 is deposited in those grooves to form the base 
layer fingers. The thick central regions of the 
fingers provide a low base resistance while the 
. tapered edges along the slits in the resultant
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base layer keep the transconductance of the device 
high. With the base region pointing toward the 
collector/ the device has the same advantages 
as that of Fig. 37.

5 Note that, in each of the above methods,
each opening in the base layer advantageously 
provides a starting surface for the growth of 
single crystal semiconductor material over the 
layer. Thus an upper region can be grown over a 

10 base layer to virtually any controlled thickness.
A wide range of crystal orientations are also 
possible. The method thus has benefits beyond 
that of providing the active device of the inven
tion. As will be discussed below, it may also be 

15 used to grow the crystal over wide connecting leads, 
ohmic contacts and isolating Schottky barriers. 
Openings are formed in such leads and the like to 
facilitate crystal growth from the lower region 
to them. Of course, the embedded leads and the 

20 like need not be totally embedded. Wide, con
tinuous portions are left exposed for external 
connections.

In previous methods of embedding metal base 
layers in semiconductor crystal such as shown in U. S. 

25 patents 3,322,581; 3,372,069; 3,425,879, the minimum 
thickness of crystalline overgrowth was dependent on 
establishing a lateral growth rate much higher 
than the growth rate of epitaxial thickness. Even 
though the lateral rate of growth can be quite high 

30 in some crystallographic directions there are limits 
and the requirement of a specific direction of 
orientation places restraints on the technology, 
making it less flexible and thereby limiting its 
usefulness. This can be stated by the following 

35 equation:
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T = Gmin V J max
where T . is the minimum thickness of single crystal m mmaterial which can be formed of the amorphous material. 

is the vertical or thickness growth rate and
is the maximum ratio between the lateral

max
growth dimensions w of the area to be overgrown and 
the growth rate Gw in the direction of W.

With the present method layers of arbitrarily 
small thickness can be grown over crystalline or 

10 amorphous films if only the crystalline or amorphous 
layer is perforated or slotted. The overgrowth 
tends to be smoother and more uniform if the perfor
ations or slots are uniform in size and opening and 
are periodic in spacing.

15 Slits are actually preferred to other types of
perforations such as circles or squares. Crystal 
facets always form along slow growth planes when grow
ing from openings and lateral growth rate G is fastwuntil the crystal growth reaches one of those facets.

20 Slits can be oriented slightly off any of the many
slow growth planes such that the growth from the center 
region of the slit is fast. As a result, the facets 
form first at the ends of the slit and, because of 
the angles of the facets from the slits, the growth 

25 from the center of the slit is at first not interrupted. 
Where the slits are periodically spaced side-by-side 
the fast crystal growths from the center of two slits 
meet before they reach slow growth facets. In contrast, 
fast growth from a short hole would quickly reach end 

30 facets, and for fast growth from two holes to meet the 
holes would have to be very close together. Thus, with 
slits reasonably spaced, one can obtain fast lateral 
growth to form a thin, smooth layer.
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This technique using perforations does not 
require large lateral growth rates, and therefore 
in certain cases it will eliminate the need for 
special crystallographic orientations. In fact 

5 in some cases it may be desirable to orient the 
crystal so that the lateral growth rate is of the 
same order as the thickness growth rate. This" 
requirement may come about because it is often the 

• case for semiconductors that the rate of incorpora- 
10 tion of impurities varies with growth rate. Smooth, 

thin layers of the single crystal layers are still 
possible even though lateral growth rate is low if the 
openings or slots are placed close together, and the 
concentration of impurities in these growth layers 

15 are likely to be more uniform since the growth rates 
are more equal in all directions.

Another advantage of the perforated technique 
is that it provides greater flexibility when used 
for an integrated circuit. If, for example, some 

20 areas of the metal film over the gallium arsenide 
are left continuous while other areas are perforated 
or slotted, openings in the overgrown single crystal 
layer can be created. The openings expose the under
lying metal film wherever the lateral growth rate is 

25 too low to cover over the film.
Another example of this crystal embedding 

technology begins with a grating formed uniformly 
over a surface of a gallium arsenide wafer. The 
grating might be removed in some areas. The remain- 

30 ing tungsten may then serve as a base or ohmic con
tact region for a PBT or an interconnecting conductor. 
On some of the remaining tungsten grating areas thin 
film patches of Si02 may be formed. The Si02 patches
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are specially sized and arranged on the wafer so that 
crystal overgrows completely except in the area of 
the Si02. The Si02 which is exposed through the open
ings in the overgrown layer can be removed to expose 

5 the underlying tungsten grating. Contact can then 
be made to the tungsten grating by applying another 
grating on the freshly grown surface across and down 
into the opening and on the freshly grown surface. If 
new Si02 patches are applied in appropriate areas, the 

10 wafer can then be overgrown as before, and the regions 
which were not overgrown before because of the pro
tecting Si02 now have gallium arsenide exposed and 
therefore quickly fill with gallium arsenide. The inter
connect is now buried in the gallium arsenide crystal.

15 This sequence can then be continued for enough layers 
to form an entire integrated circuit. With the selec
tive use of proton bombardment, one can then isolate the 
active devices by creating insulating regions of 
gallium arsenide around the interconnects.

20 Use of the above-described method of fabricating
integrated circuits by selectively embedding of metal 
in the semiconductor crystal will now be described 
with respect to specific examples.

The tungsten pattern is then formed on the surface of 
the gallium arsenide as shown in Fig. 41. The fingers 210

Fig. 40 shows two inverters in series in a direct
25 coupled logic circuit. It includes two transistors 

200 and 202 and two load resistors 204 and 206. The 
cricuit can be fabricated by the method illustrated 
in Figs. 41-46. The first layer of gallium arsenide 
crystal 208 of Fig. 41 n type epitaxial is already 
in place on an n+ silicon doped gallium arsenide substrate.
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on the left come from somewhere else on the integrated 
circuit and serve as the input and the base of permeable
base transistor 200. The second set of fingers 
212 to the right form the base of the second 

5 permeable base transistor and are connected to a 
large contact pad 214. The contact pad is designed 
so that during the epitaxial growth step which fol
lows the pad is not overgrown with gallium arsenide.
The overgrowth over the pad is minimized if the 

10 pad is large relative to the lateral growth rate 
from the edges of the pad. The fingers, however, 
are narrow enough so that they are overgrown. The 
result of epitaxial growth of the second layer 216 
from the first is shown in Fig. 42. The tungsten 

15 pad 214 is exposed through the openings in the 
gallium arsenide epitaxial layer. The two epi
taxial layers 208 and 216 have a doping concentra
tion which provides the proper operating character
istics for the PBT's. The tungsten 214 exposed 

20 through the opening is slotted as in Fig. 43 using 
a mask and a tungsten etch. The original epitaxial
layer 208 shows through the tungsten slots.

An alternative method for forming the slotted 
tungsten of Fig. 43 is partly illustrated in Fig.

25 44. The tungsten fingers are extended into the con
tact area. Then a pad 218 of silicon dioxide or 
some other material different from tungsten or 
gallium arsenide is formed over the fingers. The 
pad 218 prevents overgrowth in that region during 

30 growth of the second layer 216. The slots through 
the tungsten down to the gallium arsenide can 
be formed by simply removing the silicon dioxide. xn
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a third method of forming the slotted tungsten of 
Fig. 43/ the tungsten fingers are extended into the 
contact area and they are completely overgrown with 
gallium arsenide. Next, a preferential etch which 

5 attacks gallium arsenide but not tungsten is used to 
etch down to expose the tungsten grating in the contact
area.

In the next step a second tungsten pattern 
is formed as shown in Fig. 45. The fingers 220 inter- 

10 connect to the tungsten layer below and also form 
the collector contact. The tungsten fingers 222 
form the collector of-the second transistor and lead 
away to some other part of the integrated circuit.
This layer must not be simply tungsten because it 

15 must form an ohmic contact to the gallium arsenide.
It may be deposited so that it contains some other 
element such as silicon or germanium or it may be a 
multi-layered structure of tungsten and some other 
element.

Another epitaxial layer 224 is grown to 
completely cover all of the previous tungsten. The 
slots formed in the pad 114 allow the gallium arsenide 
to grow up through that area. The growth rate in 
depressions in the crystal is larger than the 
growth rate on flat surfaces; thus, when growth 
is complete the surface may have a flat, smooth 
appearance. The advantage of the smooth top sur 
face is that additional logic circuit wires or leads 
or another layer or logic may be added on top of the 
filled region without complications of shorting and 
without passing over steps. This last epitaxial layer 224 
has a carrier concentration which is appropriate to provide 
a resistor, a saturable resistor or a negative re-
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sistor as the load to the inverter gates. The 
collector contact pads 226 and 228 are applied and 
they provide proton bombardment masks to finish the 
transistor structure. The proton bombardment pro—

5 vides insulating gallium arsenide surrounding the 
interconnects. Finally, interconnecting lead 230 
is formed.

A second example of circuits which could be 
constructed using crystal embedded circuits is shown 

10 in Fig. 47. In this circuit two pairs of stacked 
transistors 232, 234 and 236, 238 are involved. The 
top transistors 234 and 238 act as saturated loads.
The construction of this circuit would be the same 
as the previous one through Fig. 43. Then the 

15 process would continue as in Fig. 48.
The collector contacts 239 and 241 of the 

lower transistors 232 and 236 now have large pads 
240 and 242 attached to the tungsten ohmic contact 
fingers. In the next step a level and smooth over- 

20 growth is made everywhere except over the pads. Then, 
the slots are once again etched as in Fig. 49. The 
base layers 244 and 246 with interconnects are 
applied as in Fig. 50. Here the tungsten metal layer 
provides a Schottky barrier instead of an ohmic contact. 

25 Finally, but not shown, the final epitaxial layer is 
grown, and the collector contacts are applied. Once 
again the contacts provide the proton bombardment mask. 
The collector contacts can now be connected together 
and to the B+ supply bus as before.

30 Many other circuits could be conceived using
these fabrication techniques and other devices not 
shown could be constructed in the circuit including 
resistors, diodes, capacitors and inductors.

Several features of the above technique can 
35 be summarized as follows:
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1. Areas of tungsten which are narrow, per
forated or slotted are covered during gallium 
arsenide epitaxy if the spacing between perforations 
is small enough relative to the film thickness

5 desired. The size of the spacing required is also 
a function of crystal orientation.

2. If some areas of tungsten are perforated 
or slotted and some are not, the unperforated areas 
may not grow over and may then provide holes in

10 the gallium arsenide layer for interconnects.
3. After the interconnects are made the holes 

and interconnects can be completely grown over with 
single crystal gallium arsenide if the perforations 
are formed in the previously unperforated areas.

15 4. Metal wires and connections between wires
can be embedded inside a single crystal. The two 
wires which form the connection can be in the same 
plane or in two different planes.

The logic inverter gates of Figs. 40 and 47 
20 use what is commonly referred to as direct coupled 

logic. Direct coupled logic utilizes a very simple 
circuit and is commonly used in NMOS and PMOS tech
nology, but it does not work well with biopolar devices. 
Direct coupled circuits made with bipolar transis- 

25 tors suffer from current hogging where one of several 
transistors driven from the same drive transistor 
turns on first and consumes so much current that the 
other transistors do not turn on. The PBT does not 
have the current hogging problem because of the Schottky 

30 barrier in the base.
There is another type of circuit which could 

also be used for PBT logic gates —  the complementary 
logic or complementary PBT (CPBT). This type of 
circuit is similar to the circuits commonly referred 

35 to as CMOS, and if the supply voltage is held to .1 to
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.2 volts below the Schottky barrier height, these cir
cuits have the advantage of lower power dissipation, 
as little as 1/100 of the power dissipation as the 
circuits of Pigs. 40 and 47. Two types of transistors 
are required, one with a base Schottky barrier to n- 
type semiconductor and the other with a base Schottky 
barrier to p-type semiconductor. The bias polarities 
and internal electric fields are reversed in the p-type 
device because the base metal forms a Schottky barrier 
to p-type material. The current carriers are now 
holes instead of electrons, and the fixed charge in 
Fig* 3 is negative instead of positive.

An inverter and NAND and NOR gates for CPBT cir
cuits are shown in Figs. 51, 52 and 53. A greater 
number of different gallium arsenide and tungsten 
layers are required to fabricate the CPBT structure 
when compared to the previous structures. This occurs 
because complementary transistors are required and 
because there are more transistors in the logic gate 
circuits. The cross-sectional views of chips having 
each of the circuits of Figs. 51, 52 and 53 are given 
in Figs. 54, 55 and 56, respectively.

• In Fig. 54, the transistor 250. is formed in 
the n-type crystal over the n+ substrate. A p-type 
crystal is grown over the n-type crystal and the 
base metal of the transistor 248 is embedded in 
that crystal.

In Fig. 55, the two transistors 256 and 258 
are formed by sandwiching the two base layers be
tween three n-type layers of semiconductor crystal.
This is possible because the emitter of the trans
istor 256 and the collector of transistor 258 are 
in common. The same semiconductor layer is used 
for the common emitter and collector and no central
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ohmic contact is required. The two p-type transistors 
252 and 254 are formed in separate stacks with trans
istor 254 positioned over the n-type transistors.
This leaves an unused transistor block 253. That 

5 block would act as a short circuit but for an embedded 
insulator or Schottky barrier 255. The barrier 255 
is embedded using the technique of this invention' 
but the slots in the layer need not be the same 
as those necessary for a PBT. Rather, smaller 

10 slots provide for better isolation.
Fig. 56 shows the NOR gate of Fig. 53. Trans

istors 260 and 262 are provided in a three layer p- 
type stack over the n-type transistor 264. N—type 
transistor 266 is provided in a separate stack.

15 So long as no connection is made to the upper con
tact 268, isolation is not necessary in the unused 
block 270.

Together, the cross-sections in Figs. 54-56 
show six layers of gallium arsenide and five layers 

20 of metal. The identically numbered layers have
identical electrical properties and could be combined 
and aligned in the final circuit. The inverter of 
Fig. 54 has the same layer structure as the NAND gate, 
and with combinations of these two all of the logic 

25 functions can be achieved.

ities than n-type, PBTs made with p-type material 
are slower than n-type devices having the same 
carrier concentration and dimensions. Also, when stacking 

30 ing two devices such as 256 and 258, transistor 
258 is in the emitter circuit of transistor 256 
and this - increases its emitter resistance. This 
causes the stacked pair, to be slower than a single 
transistor. Considering both of the above factors

Since p-type gallium arsenide has lower mobil-

w ipo
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in choosing between NAND and NOR gates, the optimum 
choice for speed is the NAND gate configuration 
of Figs. 52 and 55. The n-type transistors are 
stacked to more nearly match the slower speed of 

5 the p-type transistors. This avoids the stacked 
p-type transistors of Figs. 53 and 56, the slowest 
combination. On the other hand, NAND/inverter 
logic requires complicated circuits, and fewer
inverters would be required if the NAND and NOR 

10 gates could be used together in one integrated 
circuit. This could be accomplished with six 
layers of gallium arsenide as labeled in Figs.
55 and 56 and five interleaving metal layers.
Six metal layers are required if a semi-insulating 

15 substrate is used. In some types of integrated 
circuits this could result in a considerable 
space savings.

A fabrication sequence for the NAND gate will 
now be given with reference to Figs. 57-63. The 

20 fabrication begins with an n+ gallium arsenide sub
strate 217 with an n-type expitaxial layer 274 
already grown. The n-layer has a carrier concen
tration appropriate for the grate spacing which 
will be used in the metal layers which follow.

25 in Fig. 57 a tungsten metal pattern 276 is applied 
to the gallium arsenide layer 274 and forms an 
input from another region of the integrated cir
cuit and a Schottky barrier for the base region 
278 of the PBT 258. The large area pad 280 

30 provides the interconnect between layers in sub
sequent steps. Arrangements could be used for 
the interconnects such as shown in Figs. 41-50.
The grate regions are then overgrown with single 
crystal gallium arsenide layers 282 shown in Fig. 58. 

35 The gallium arsenide is n-type and of the appropriate
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concentration for the PBTs. The tungsten pad 280 .
does not grow over and shows through the opening.
In. Fig 59 tungsten is applied for the base region 284 
of PBT 256/ for the input pad 286 from another region 

5 of the integrated circuit and for the isolation region 
288. An n-type layer 290, whose concentration is appro
priate to finish out PBT 256, is then grown, as in 
Fig. 60. The tungsten pattern 292 is applied for the 
collector contacts to PBTs 252, 256 and 258 and for 

10 output to another region of the integrated circuit.
In order to make ohmic contact to the n-type material 
beneath the tungsten an ultra thin layer of germanium 
may be applied before the tungsten is applied. As a 
result, during the high temperatures of epitaxial 

15 growth an ohmic contact forms. The collector contact 
292 is overgrown with p-type gallium arsenide layer 
294 as shown in Fig. 61. The layer makes ohmic con
tact with the collector and has a carrier concentration 
appropriate for PBTs 252 and 254. Although the holes in 

20 the gallium arsenide caused by the interconnect pads 
280 and 286 shrink in size during each overgrowth 
step the holes remain open so that tungsten shows 
through. The tungsten in the holes is then per
forated to expose the single crystal gallium 

25 arsenide below. In Fig. 62 the base tungsten re
gions 296 and 298 are applied for PBTs 252 and 254 
with interconnects to the perforated pads 280 and 286.
In Fig. 63 the final p-layer 200 is grown and >a metal
ohmic c-ontact pad 302 for the-power supply is placed over 

30 the stacked PBTs. A second pad 304 is placed over 
PBT 252. Both pads also serve as masks for proton 
bombardment. Finally power supply bus 306 is con
nected to other parts of the integrated circuit.

In the fabrication process for the CPBT it 
35 is desirable to have barrier heights between the 

metal and semiconductors which are nearly equal for 
both n and p-type PBTs and which have values which are

- 5 4 -

'<5uREA//>
OMPI
V.'IPO



WO 81/00489 PCT/US80/00997

betweefr .5 and 1 volt. In order to achieve this, 
some special processing may be required to control 
the interface between the metal and the semiconductor.
For example, to increase the barrier between tungsten 

5 and p-type gallium arsenide a small amount of indium 
may be required at the metal semiconductor interface• 
Another example is to increase the barrier height 
between tungsten and gallium arsenide with a thin 
layer of oxide (100A) at the metal semiconductor 

10 interfaces. The ohmic contacts may also require some 
special treatment to the interface between metal 
and gallium arsenide. Metal to p-type contacts may 
require a p—type dopant such as cadmium, magnesium, 
zinc, or beryllim at the metal semiconductor interface. 

15 Similarly, metal to n-type may require n-type dopants 
such as germanium at the interface.

It is possible to achieve even higher densities 
for the NAND gate of Fig. 52. In the device of Ficj.
69, transistors 252 and 254 have been combined into 

20 one block thereby eliminating one stack. The grate of 
what was the base of transistor 254 in Fig. 55 is 
divided in half along the direction of the grating 
lines so that the left two fingers are connected to
gether to form one input and the right two fingers 

25 form another. The dotted line represents an imaginary 
line dividing the two transistors.

The stacked configuration for the CPBT which 
has just been described is very compact because of the 
stacked design. Much of the area consumed by the source 

30 and drain contacts of a normal MOSFET structure has 
been eliminated because the circuit is multi level. 
However, the PBT logic circuits which have been de
scribed can also easily be formed on an insulating 
substrate to make them more like MOSFET structures.

- 5 5 -
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This is accomplished by replacing the n+ substrate with 
an insulating substrate and placing a metal layer 
between the substrate and the n-type crystal. The extra 
metal layer would be an ohmic contact to the emitter 

5 of the PBTs. The emitter could also easily be brought 
out to the top surface similar to the schematic of 
Fig. 30.

Another embodiment for a CPBT is given in 
Fig. 64. In this case a semi-insulating substrate 

10 308 is used and the collector metallization 310 is
applied first. Three n-type layers are then grown 
with- two tungsten base layers therebetween using a 
process similar to that described above. Ion 
implantation can then be used to create p-type regions 

15 for PBTs 252 and 254. Selective epitaxy could also 
be used to create the localized p and n-type regions.
The advantages of this type of structure include a 
lower stray capacitance and possibly easier fabrica
tion .

20 There are obviously other circuit elements
which can be constructed. For example, in Figs. 65 
and 66 the fabrication of a capacitor is given.
In Fig. 65 tungsten is applied over single crystal 
GaAs 312 in a fingered pattern 314 as one plate of 

25 the capacitor. The fingers are provided as a noncon- 
tinuous region to allow overgrowth with a thin layer 
of gallium arsenide. The first layer is overgrown 
with gallium arsenide layer 316, and a tungsten 
fingered pattern 318 is placed as the second plate 

30 of the capacitor. GaAs could be grown over the i 
second plate if desired. The capacitor could be 
made on the same wafer as and in parallel with other 
parts of the above described integrated circuits.
Proton bombardment would make the gallium arsenide 

35 between the capacitor into an insulator.
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An inductor could be made in Figs. 67 and 68.
In Fig. 67 a coil 320 is made with tungsten on 
single crystal gallium arsenide substrate 322. An 
interconnect pad 324 is provided in the center.

5 When the coil is overgrown with gallium arsenide 
326 the pad shows through an opening in the center 
as in Fig. 68. A second coil 328 is then applied 
in the same direction as the first and connection 
is made in the center. Once again, protons can 

10 make the gallium arsenide insulating and gallium 
arsenide can be grown over the second coil.

A resistor can easily be made with thin 
narrow tungsten lines. By adding oxygen or other 
impurities to the tungsten its resistivity can be 

15 raised to greater than 100 ohms per square for
Olayers 300A thick. Meander line resistors having 

resistances of 10,000Acan be buried inside of 
insulating crystals.

Diodes can also be easily incorporated in 
20 this technology as is apparent from the structure 

of the PBT which can be considered as two back-to- 
back diodes.

It is possible to make a configuration of the 
permeable base transistor so that light can enter 

25either the emitter or collector regions or both as 
shown in Figs. 70 and 71. Even though the light 
generates minority carriers, when properly designed 
the fields in the device will quickly sweep them into 
the base contact. Such a device allows the light to 

30 enter only in regions where there are electric
fields which can move the electrons to the base contact.
In the case of the n-type.PBT, the holes which are swept 
into the base contact will modulate the base voltage

- 5 7 -
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which will in turn modulate the current through the 
device. The advantage of the optical permeable base 
transistor is high speed when reasonably high light 
power is available and high gain at frequencies below 

5 100 MHz.
Fig. 69 shows an n-type PBT having an n+ 

layer 340 which serves as an emitter contact. Metal 
contact 342 connects the n+ contact through a load 
resistor R to the base contact 344. Light enters 

10 the emitter region through the thin n layer 340.
The concentration and the thickness of the emitter 
layer are designed to allow the electric field from 
the Schottky barrier depletion region to penetrate 
to the n+ layer.

15 in Fig. 71 the PBT has been buried in an optical
waveguide and light enters from the left waveguide 
346. In this case the light is below the band edge 
and hole-electron pairs are generated with the 
Franz Keldis effect by applying a large collector 

20 bias.
While the invention has been particularly shown 

and described with reference to preferred embodiments 
bbereof t it will be understood by those skilled in 
the art that various changes in form and details 

25 may be made therein without departing from the
spirit and scope of the invention as defined by the 
appended claims. For example, the structure des
cribed and claimed has particular application to 
three-contact transistor devices. However, varia- 

30 tions in the structure of the active semiconductor 
device may be made, for example, by adding a 
screening electrode between the metal base layer 
and the collector contact.

- 5 8 -
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Claims
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1. An active semiconductor device comprising a thin 
metal base layer embedded in a semiconductor single 
crystal and providing a metal-semiconductor 
potential barrier between emitter and collector 
regions, the improvement of:

the metal base layer having at 
at least one opening therein through 
which semiconductor single crystal ex
tends, substantially all of the openings 
being dimensioned such that the ratio 
of metal layer thickness to opening 
width is less than one-half to permit 
barrier limited current flow there
through within an operating range of 
base biasing, the barrier being 
sufficient at some base biasing level 
to virtually eliminate current flow 
through the openings, the normalized 
transconductance 9m/Ic of the device 
being greater than 2 volt ^ over a 
range of collector current.

2. An active semiconductor device comprising a thin 
metal layer embedded in semiconductor single crystal 
material to separate single crystal regions and 
form a potential barrier, the improvement of:

the metal layer having at least 
one opening therein through which semi
conductor crystal material joins the
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crystal regions/ substantially all 
openings in the metal layer having 
the same controlled width in the order 
of the zero bias depletion width of 
the barrier; and

the thickness of the metal layer . 
being in the order of 10% of the zero bias 
depletion width.

3. A transistor device comprising:
single crystal semiconductor 

material having emitter and collector 
regions; and

a metal base layer embedded in 
the single crystal semiconductor 
material/ the metal base layer having 
at least one slit opening therein 
through which single crystal semi
conductor material joins the emitter 
and collector regions, the width of 
substantially all slits in the active 
portion of the base layer being in 
the order of the zero bias emitter 
depletion width of a potential bar
rier between the metal and semi
conductor .

4. A transistor device comprising a thin metal base 
layer embedded in a semiconductor crystal be
tween emitter and collector contacts and provid
ing a metal - semiconductor potential barrier, 
the improvement of:

- 6 0 -
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the metal base layer having a 
plurality of slit openings therein 
through which single crystal semi
conductor material joins the emitter 
and collector regions, the width of 
substantially all slits in the active 
portion of the base layer being uniform 
and equal and in the order of the zero 
bias depletion width of the barrier;

the thickness of the metal base 
layer being in the order of 10% of 
the zero bias depletion width; and

the device having large barrier 
limited current flow within an 
operating range of base biasing.

5. An active semiconductor device as claimed in 
Claim 1 or 2 wherein the opening or openings
are slits.

6. An active semiconductor device as claimed m  
Claim 5 wherein the opening widths are less 
than the zero bias depletion width m  the semi
conductor and are greater than 10% of that 
depletion width.

7. An active semiconductor device as claimed in 
Claim 1, 2, 3 or 4 wherein the metal base layer 
includes at least two sets of interleaved metal 
fingers, each set being connected to a separate
input.

'<§ X J R E a 7 / '
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8. An active semiconductor device as claimed in 
Claim 1, 2, 3 or 4 wherein the total open area 
of the metal base layer is at least about 10 
percent of the total area of the metal base 
layer across the active portion of the device.

9. An active semiconductor device as claimed in 
Claim 1 or 2 wherein a plurality of openings 
having uniform widths are uniformly spaced ; 
across the device.

10. An active semiconductor device as claimed in 
Claim 1 or 2 having only a single opening in 
the metal base layer.

11. An active semiconductor device as claimed in 
Claim I, 2, 3 or 4 wherein the opening widths 
are greater than 10 percent of the zero bias 
depletion width in the semiconductor and less 
than twice the zero bias depletion width.

12. An active semicondcutor device as claimed in 
Claim 11 wherein the opening widths are less 
than the zero bias depletion width.

13. An active semiconductor device as claimed in 
Claim 1 or 2 including a concentration gradient 
in the semiconductor crystal.
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15.

16.

17.

v

18. 

19.

A plurality of semiconductor devices as claimed 
in Claim 1 or 2, at least some of the inter
connections between devices being extensions of 
metal base layers and also being embedded in the 
semiconductor material.

A plurality of semiconductor devices as claimed 
in Claim 1 or 2 in a stacked configuration 
within the semiconductor material.

A plurality of semiconductor devices as claimed 
in Claim 15 wherein two stacked devices share a 
common semiconductor region.

A plurality of semiconductor devices as claimed 
in Claim 15 wherein at least some of the inter
connections between devices are completely em
bedded within the semiconductor material.

A plurality of semiconductor devices as claimed 
in Claim 17 wherein the embedded interconnec
tions include extensions of metal base layers 
and ohmic contacts.

A plurality of semiconductor devices as claimed 
in Claim 18 wherein the semiconductor material 
is gallium arsenide and transistor devices are 
isolated by proton bombardment of the gallium 
arsenide.
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20. A plurality of semiconductor devices as claimed 
in Claim 15 including a metal layer forming a 
Schottky barrier in an unused semiconductor 
region below a semiconductor device to provide 
isolation.

21. A plurality of semiconductor devices as claimed 
in Claim 1 or 2 including complementary devices 
formed in adjacent n and p type regions.

22'. An active semiconductor device comprising: 
an emitter semiconductor region; 
a collector semiconductor region; 
a base region including at least two 

sets of interleaved control fingers extend
ing across the device between the emitter 
and collector regions, each set being connected 
to a separate input to control current flow 
between the emitter and base regions.

23. An active semiconductor device as claimed in 
Claim 22 wherein the interleaved fingers are 
metal and are spaced by a width in the order 
of the zero biased depletion width of a Schottky 
barrier formed between the fingers and the semi
conductor regions and the fingers have a thick
ness in the order of 10 percent of the zero bias 
depletion width of the semiconductor between the 
fingers.
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25.

26.

27.

. 28.

29.

An active semiconductor device as claimed in 
Claim 22 or 23 wherein the carrier concentration 
in the semiconductor regions and the finger and 
interspacial widths are such that the device 
functions as a logic circuit.

An active semiconductor device as claimed in 
Claim 22 or 23 including an AC input to each 
of the sets of interleaved fingers such that 
one input modulates the output due to the other 
input.

An active semiconductor device as claimed in 
Claim 22 or 23 including a DC input to one set 
of fingers to provide gain control with respect 
to an AC input to the other set of fingers.

A single semiconductor chip integrated circuit 
comprising a plurality of devices, at least 
some of the interconnections between devices 
being totally embedded within the semiconductor 
chip.

A single semiconductor chip integrated circuit 
as claimed in Claim 27 wherein the devices' are 
in a stacked configuration.

A single semiconductor chip integrated circuit 
as claimed in Claim 27 wherein the interconnec
tions have openings therein through which semi
conductor crystal has been grown.
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30. A single semiconductor chip integrated circuit 
as claimed in Claim 27 including interconnec

* the contacts being embedded between devices.

31# A single semiconductor chip integrated circuit 
as claimed in Claim 27 or 30 wherein devices 
are isolated by heavy particle bombardment of 
the semiconductor material.

32. A single semiconductor chip integrated circuit 
as claimed in Claim 21 or 3Q wherein the semi
conductor material is gallium arsenide and 
transistor devices are isolated by proton bom- 

5, bardment of the gallium arsenide.

33'. A single semiconductor chip integrated circuit
as claimed in Claim 27 including current limit
ing devices in one layer associated in a 

t stacked configuration with transistor devices
'3 in another layer.

34. A single semiconductor chip integrated circuit 
as claimed in Claim 33 wherein the current 
limiting devices are saturated resistors.

35. A single semiconductor chip integrated circuit
, as claimed in Claim 27 including negative re

sistance devices in one layer associated in a 
stacked configuration with transistor devices
in another layer.

tions which are extensions of ohmic contacts
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36. A single semiconductor chip integrated circuit 
as claimed in Claim 27 including devices hav
ing metal base layers embedded in the semicon
ductor, at least some of the embedded inter
connections being extensions of those metal- 
base layers.

37. A single semiconductor chip integrated circuit 
as claimed in Claim 27 wherein stacked devices

J share a common semiconductor region.

38. A single semiconductor chip integrated circuit
as claimed in Claim 27 including an embedded 
non-semiconducting layer serving as isolation for

I a device.

39. A single semiconductor chip integrated circuit
as claimed in Claim 38 wherein the non-semicon- 
ducting layer is metal and forms a Schottky 
barrier with the semiconductor.

i *.
40. A single semiconductor chip integrated circuit 

as claimed in Claim 38 wherein the non-semicon-
i ducting layer is an insulator.
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41. A method of embedding a layer of material in 
a single crystal comprising:

providing a single crystal 
substrate;

providing a layer-of material 
on the single crystal substrate 
with small, uniformly dimensioned 
and uniformly spaced openings in 
that layer to expose portions of 
the substrate; and

epitaxially growing the single 
crystal from the exposed portions 
of the substrate over the layer 
of material.

42. A method of embedding a layer of material in
a single crystal as claimed in Claim 41 wherein 
the layer of material is deposited relative 
to the crystal orientation to provide a much 
greater rate of crystal growth laterally across 
the layer than away from the crystal substrate.

43. A method of embedding a layer of material in
a single crystal as claimed in Claim 42 wherein 
the layer of material is deposited on a gallium 
arsenide crystal surface which is within three 
degrees of being perpendicular to the (100) 
direction.
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44. A method of embedding a layer of material in
a single crystal as claimed in Claim 41 wherein 
openings are not provided in portions of the 
layer and those portions remain exposed after 
the epitaxial growth of the single crystal.

45. A method of embedding a layer of material in
a single crystal as claimed in Claim 41 wherein 
the layer is provided by forming a striated 
relief structure on a semiconductor surface 
and depositing the material on both sides of 
ridges of the relief structure by a directed 
deposition, the transverse dimension of the 
deposition on each ridge being limited by the 
shadow of an adjacent ridge.

46. A method of embedding a layer of material in
a single crystal as claimed in Claim 41 wherein 
the single crystal is grown over the layer of 
material by depositing an amorphous or poly
crystalline layer over the layer and scanning 
that layer with an electromagnetic beam to re
crystallize the layer as a single crystal from 
the first region.

47. A method of embedding a layer of material in
a single crystal as claimed in Claim 41 wherein 
the single crystal is grown over the layer of 
material by vapor phase epitaxy.

48. A method of embedding a layer of material in a 
single crystal as claimed in Claim 41 wherein the 
openings are side-by-side slits.

OMPI
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49. A method as claimed in Claim 41 wherein the 
layer of material is a non-semiconducting 
layer and that layer serves as isolation for 
a device.

50. A method as claimed in Claim 49 wherein the 
non-semiconducting layer is metal and the layer 
forms a Schottky barrier with the semiconductor.

51. A method as claimed in Claim 49 wherein the 
non-semiconducting layer is an insulator.

52. A method as claimed in Claim 41 for fabricating
a transistor device wherein the layer of material 
is a metal base layer of the transistor.

53. A method of fabricating a transistor device com
prising:

growing a single semiconductor 
crystal to form a first region of 
the transistor;

providing a metal base layer 
on a surface of the crystal, the 
metal base layer having slits
therein; and

growing a single semiconductor 
crystal from the first region over 
the metal base layer to provide a 
second region of the transistor.
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55.

’ 56.

57.

A method of fabricating a transistor device as 
claimed in Claim 53 wherein the metal base 
layer is provided by forming a striated re
lief structure on a semiconductor surface/ and 
coating both sides of ridges of the relief 
structure by a directed metal deposition, 
the transverse dimension of the deposition 
on each ridge being limited by the shadow of 
an adjacent ridge.

A method of fabricating a transistor device as 
claimed in Claim 53 wherein the single semi
conductor crystal is grown from the first 
region over the metal base layer by depositing 
an amorphous or polycrystalline layer over the 
metal base layer and scanning that layer with 
an electromagnetic beam to recrystallize the 
layer as a single crystal from the first region.

A method of fabricating a transistor device as 
claimed in Claim 53 wherein the second region 
is grown by vapor phase epitaxy.

A method of fabricating a transistor device 
comprising:

growing *a single semiconductor 
crystal to form a first region of 
the transistor;

providing a metal base layer 
on a surface of the crystal;

removing portions of the 
metal base layer to provide openings 
therein to expose the underlying 
semiconductor crystal; and
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growing a single semiconductor 
crystal from the first region over 
the metal base layer to provide a 
second region of the transistor.

58. A method of fabricating a transistor device as
claimed in Claim 57 wherein the removed portions 
of the metal base layer form slits in that layer.

59 A method of fabricating integrated circuits 
including the selective embedding of layers 
of material comprising:

providing a first layer of 
single crystal semiconductor 
material;

forming a first pattern of 
other material over the semi
conductor crystal layer, the 
pattern including wide, contin
uous regions of the other 
material to inhibit further 
crystal growth and including 
narrow regions or noncontinuous 
regions having openings therein 
to permit further crystal growth; 
and

growing a second layer of 
single crystal material from 
the first layer, the crystal 
growing over and embedding 
narrow or noncontinuous regions 
but leaving the wide continuous 
regions exposed.
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60.

1
61. .

6 2 .

, 63.

64.

The method of fabricating integrated circuits 
as claimed in Claim 59 wherein the first pattern 
includes noncontinuous electrically conducting 
regions in electrical contact with continuous 
electrically conducting pads.

'A method of fabricating integrated circuits 
as claimed in Claim 59 - wherein the first pattern 
includes conductive fingers extending from con
ductive pads.

A method of fabricating integrated circuits as 
claimed in Claim 60 or 61 further including the 
step of forming a second conductive pattern 
over the second layer of single crystal material, 
the second pattern having electrical connections 
with the conductive pads.

A method of fabricating integrated circuits as 
claimed in Claim 62 wherein the. second pattern 
includes narrow or noncontinuous regions and 
further including the step of growing a third 
layer of single crystal material from the second 
layer, the crystal growing over and embedding 
the narrow or noncontinuous regions.

A method of fabricating integrated circuits as 
claimed in Claim 63' further comprising the step 
of etching the pads of the first pattern to 
make those pads noncontinuous prior to growing 
the third layer of single crystal material.
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'65- A method of fabricating integrated circuits as 
claimed in Claim 59 wherein the first pattern 
includes electrically conductive noncontinuous 
regions, at least one end of which are covered 
by continuous pads.

gg:. A method of fabricating integrated circuits
as claimed in Claim 59 wherein the first pat
tern includes conductive fingers at least one 
end of which are covered by pads.

67 A method of fabricating integrated circuits as 
claimed in Claim 65 or 66 further including the 
step of removing pads from the first pattern 
and forming a second pattern over the second 
layer of single crystal material, the second 
pattern including electrical connections to 
exposed fingers in the first pattern.

68- A method of fabricating integrated circuits as 
claimed in Claim 67 wherein the second pattern 
includes narrow or noncontinuous regions and 
further comprising the step of growing a third 
layer of single crystal material over the second 
layer, the crystal growing over and embedding 
the narrow or noncontinuous regions of the 
second pattern.
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69* A method of fabricating integrated circuits as 
claimed in Claim 59 wherein the first pattern 
is formed by forming a striated relief 
structure on a semiconductor surface and 
coating both sides of ridges of the relief, 
structure by a directed metal deposition, 
the transverse dimension of the deposition 
on each ridge being limited by the shadow of 
an adjacent ridge.

70* A method of fabricating integrated circuits as 
claimed in Claim 59 wherein the second layer 
of single crystal material is formed by de
positing an amorphous or polycrystalline layer 
over the pattern and scanning that layer 
with an electromagnetic beam to re- 
crystallize the layer as a single crystal 
from the first region.

71. A method of fabricating integrated circuits as 
claimed in Claim 59 wherein the second layer
of single crystal material is grown by vapor 
phase epitaxy.

.72. A method of fabricating integrated circuits as 
claimed in Claim 59 wherein the openings are 
side-by-side slits.

- 7 5 -
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73. A method of selectively embedding a material 
in a single crystal comprising:

providing a first layer of 
single crystal material;

forming a pattern of 
other material over the first 
layer of single crystal, the 
pattern including wide, con
tinuous regions of the other 
material to inhibit further 
crystal growth and including 
narrow regions or noncontinuous 
regions having openings therein 
to permit further crystal growth; 
and

growing a second layer of 
single crystal material from the 
first layer, the crystal growing 
over and embedding the narrow or 
noncontinuous regions but leaving 
the wide, continuous regions ex
posed.

74 . A method of selectively embedding a material 
in a single crystal as claimed in Claim 73 
wherein the openings are side-by—side slits.

- 7 6 -
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