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BaF,/GaAs ELECTRONIC COMPONENTS

CROSS REFERENCE TO RELATED APPLICATION

This application is a continuation-in-part of copending United States patent

application Serial No. 08/246,206 filed on May 19, 1994.
BACKGROUND OF THE INVENTION

Materials used in semiconductor devices must have good semiconducting
properties, good electron mobility, and the ability to host an epitaxial insulating material.
Several materials are available which have good semiconducting properties and good
electron mobilities but which are unsuitable because a good epitaxial insulator cannot be
formed on them. Silicon, however, is widely used in semiconductor devices because
epitaxial silicon dioxide forms naturally on silicon and silicon dioxide is an insulator.
The disadvantage of silicon is that its mobility is not as high as in other semiconductors
and silicon dioxide is not the strongest insulator available. This means that compromises
in speed and performance are made when silicon is used in electronic devices.

Gallium arsenide (GaAs) is also a semiconductor and is used in some electronic
applications. A device made out of GaAs would be faster than the same device made out
of silicon because GaAs has an electron mobility that is considerably higher than that of
silicon. Unfortunately, there is no native insulating oxide suitable for GaAs electronic
devices.

Several materials have been used to provide insulating films on III-V compound
semiconductor devices. Some of these films were previously used on silicon

semiconductor devices. Examples include SiO,, Si;N,, Al,O,, and P,0; films. New films
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have also been developed specifically for the I1I-V compound semiconductors. For
instance, A.J. Shuskus (U.S. Patent No. 4,546,372) developed an essentially oxygen-free,
amorphous, phosphorous-nitrogen glass passivating film for III-V compound
semiconductors. Similarly, J. Nishizawa et al. (U.S. Patent No. 4,436,770) disclose new
gallium oxynitride and aluminum oxynitride insulating films for III-V compound
semiconductors. These materials have found only limited application.

It would be useful to provide a new insulating material in gallium arsenide circuit
elements which would provide advantages such as greater insulation and a high-break
down voltage.

SUMMARY OF THE INVENTION

Accordingly, an object of this invention is to provide gallium arsenic circuit
elements having high breakdown voltages.

Another object is to provide new, faster gallium arsenide circuit elements.

A further object of this invention is to provide new, improved gallium arsenide
metal insulator semiconductor field effect transistors (MISFETs).

Yet another object of this invention is to provide new, improved gallium arsenide
charge coupled devices (CCDs). |

Yet a further object of this invention is to provide effective capacitors for gallium
arsenide integrated circuits.

These and other objects of this invention are accomplished by providing:

gallium arsenide metal insulator semiconductor field effect transistors (MISFETs),
charge couple devices (CCDs), and integrated circuit capacitor which are basgd on an
insulator that is a single crystal epitaxial layer of barium fluoride grown or deposited

directly onto a single crystal gallium arsenide substrate wherein the barium fluoride layer
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is separated from the gallium arsenide substrate only by a thin ( ~12A) layer of barium
fluoride/gallium arsenide reaction product formed during the barium fluoride deposition
process. The single crystal gallium arsenide substrate may be a wafer or epitaxial layer of
gallium arsenide or a gallium arsenic based semiconductor alloy or a heterostructure of
super-lattice made of a combination of gallium arsenic based alloys.
BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects, and advantages of the present invention will
become better understood with regard to the following description, appended claims, and
accompanying drawings where:

FIG. 1 is a schematic drawing of a barium fluoride/gallium arsenide epitaxial
structure;

FIG. 2A is a schematic drawing of a depletion mode metal insulator semiconductor
field effect transistor (MISFET) containing the epitaxial structure of FIG. 1;

FIG. 2B is a schematic drawing of an enhancement mode MISFET containing the
epitaxial structure of FIG. 1;

FIG. 3 is a schematic drawing of a top view of the test set up used in example 6 to
measure the capacitance and the breakdown voltage of (100) oriented single crystal
epitaxial barium fluoride film; and

FIG. 4 is a schematic of a charge coupled device (CCD) containing of the epitaxial
structure of FIG. 1.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

The present invention is directed to the use of single crystal epitaxial layers of

barium fluoride as improved insulators in gallium arsenide circuit devices such as metal

insulator semiconductor field effect transistors (MISFETs), charge couple devices
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(CCDs), and circuit capacitors. The single crystal epitaxial barium fluoride insulator layer
1s grown directly onto the clean single crystal gallium arsenide substrate and has the same
crystal orientation as the substrate. The term single crystal gallium arsenide substrate
includes gallium arsenide single crystal wafers, gallium arsenide epitaxial layers
commonly known as epilayers on gallium arsenide single crystal wafers, doped gallium
arsenide epilayers on gallium arsenide single crystal wafers, epilayers of alloys of gallium
arsenide (for example, gallium aluminum arsenide, gallium indium arsenide, etc.) on
gallium arsenide single crystal wafers, heterostructures of super-lattice made of
combinations of alloys of gallium arsenide on gallium arsenide single crystal wafers,
doped or undoped gallium arsenide epilayers on any suitable substrate materials,
heterostructures of super-lattice made of combinations of alloys of gallium arsenide on a
suitable substrate material. The barium fluoride is deposited in ultrahigh vacuum at a rate
and temperature that allows the barium fluoride to react with the gallium arsenide to form
a uniform single crystal epitaxial layer of barium fluoride/gallium arsenide reaction
product which is one or two monolayers (about 12 A) thick. The reaction product layer
provides a surface upon which the single crystal epitaxial layer of barium fluoride will
then deposit in the same crystal orientation as the underlying gallium arsenide substrate.

Single crystal epitaxial barium fluoride film is formed by exposing a clean, hot
single crystal gallium arsenide substrate to barium fluoride vapor in ultrahigh vacuum
environment with low background pressure. The single crystal gallium arsenide substrate
bulk stoichiometry may be balanced, gallium rich, or arsenic rich. The single crystal

gallium arsenide substrate may be doped or undoped. However because the single crystal
gallium arsenide substrate is heated at from 500°C to 700°C for substantial periods of

time during the BaF, deposition, some doping operations may have to be done after the
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barium fluoride deposition to alter the doping profile of the doped areas. The single
crystal gallium arsenide substrate may have any of the conventional orientations including
(100), (111), and their equivalents. In the experiments and examples we used commercial
standard electronic grade polished and etched (100) and (111) oriented crystal wafers.

The commercial standard grade single crystal gallium arsenide substrate wafers
come with a polycrystalline oxide passivation layer that must be removed. The presence
of the polycrystalline passivation layer can be detected by analytical techniques like x-ray
photoelectron spectroscopy (XPS) and reflective high energy electron diffraction
(RHEED). The passivation layer will show oxygen in the XPS spectrum and a RHEED
diffraction pattern that shows scattered dots and concentric circles. Removal of the
passivation layer leaves the bare gallium arsenide surface whose smoothness is confirmed
by the RHEED pattern that shows ordered spots connected with streaks and the absence
of oxygen in the XPS spectrum. Conventional methods for removing the passivation
layer may be used. A preferred method is be annealing the gallium arsenide in a vacuum.
In the Examples, the single crystal gallium arsenide wafers were annealed ina VG
Semicon V8OH deposition chamber for one hour at 600°C in a vacuum of better than 1 x
10” millibar.

A critical part of this invention is the formation of a thin, uniform, single crystal,
epitaxial layer of barium fluoride/gallium arsenide reaction product on the surface of the
single crystal gallium arsenide substrate. The barium fluoride/gallium arsenide reaction
product is formed by exposing a clean, hot single crystal gallium arsenide substrate to
barium fluoride vapor in ultrahigh vacuum. The temperature of the single crystal gallium
arsenide substrate and the barium fluoride vapor flux rate are adjusted to allow the

complete formation of the uniform reaction product layer before a substantial amount of
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barium fluoride can be deposited. The thickness of the barium fluoride/gallium arsenide
reaction product layer is self limiting. After one or two monolayers (about 12A) of the
uniform reaction product layer is formed, the barium fluoride deposits as a single crystal
epitaxial layer of barium fluoride on the reaction product layer. If the barium fluoride is
deposited too rapidly before a uniform, single crystal epitaxial layer of barium
fluoride/gallium arsenide reaction product is completely formed, epitaxial growth of
barium fluoride will occur in those places where the reaction product is first completed
and an three dimensional island mode of barium fluoride growth will result. Channels
between the barium fluoride islands present paths of conduction that defeat the insulative
properties of the barium fluoride. This problem is avoided when, according to this
invention, care is taken to slowly deposit barium fluoride initially so that a uniform, single
crystal, epitaxial layer of reaction product is formed before substantial barium fluoride
epifaxial formation begins. When this care is taken, the barium fluoride will deposit as a
uniform, single crystal, epitaxial layer which is an excellent insulator.

The preferred method of producing the barium fluoride/gallium arsenide reaction
layer on the single crystal gallium arsenide substrate is illustrated by examples 1 and 4. A
standard commercial grade single crystal gallium arsenide crystal wafer is placed in a
standard substrate heater in a commercial molecular beam epitaxial (MBE) deposition
chamber model Semicon V8OH made by Vacuum Generators. The chamber is evacuated
to a background pressure of preferably less than 10°® millibars, more preferably less than
10° millibars, and still more preferably less than 10'° millibars and is trapped with liquid

nitrogen. The single crystal gallium arsenide wafer is heated for about an hour under
vacuum at a heater temperature of 600°C to remove the polycrystalline oxide passivation

layer from the single crystal gallium arsenide surface. Barium fluoride is then vapor
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deposited at a rate of 2.5A per minute onto the clean, hot single crystal gallium arsenide
substrate (600°C heater temperature). The barium fluoride deposition was continued
until the single crystal gallium arsenide reflective high energy electron diffraction
(RHEED) pattern gives way to the epitaxial barium fluoride RHEED pattern. This takes
about 5 minutes indicating that the barium fluoride/gallium arsenide reaction product
layer is about 124 thick after which the single crystal epitaxial barium fluoride layer is
deposited. If the single crystal gallium arsenide substrate surface has a (100) crystal
orientation, the single crystal epitaxial barium fluoride layer will have a three dimensional
(100) oriented structure as shown by RHEED pattern. On the other hand, if the single
crystal gallium arsenide substrate surface has a (111) crystal orientation, the single crystal
epitaxial barium fluoride layer will have a two dimensional (111) oriented structure as |
shown by RHEED pattern. The rate of deposition of barium fluoride must be slow
enough to allow the complete formation of the uniform, single crystal, epitaxial barium
fluoride/gallium arsenide reaction product layer before substantial amounts of barium
fluoride are deposited on the reaction product layer. Example 3 illustrates that when
barium fluoride is deposited at a rate of 25A per minute at 600°C (heater temperature)
from the beginning, the barium fluoride layer will grow as three dimensional islands with
current conducting channels in between. In contrast, example 1 shows that a barium
fluoride deposition rate of 10A per minute at 600°C (heater temperature) produces a
uniform, single crystal, epitaxial barium fluoride/gallium arsenide reaction product layer
upon which a uniform, single crystal, epitaxial layer of barium fluoride is formed.
Nevertheless, to assure the best quality, it is preferable to deposit the barium fluoride at a
rate of from 1 to 5 A per minute and more preferably at from 2 to 3 A per minute, and

most preferably at about 2.5A per minute. At a deposition rate of 2.5A per minute the
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uniform, single crystal epitaxial barium fluoride/gallium arsenide layer is formed in about
1 minute. Finally, the temperature given is the substrate heater temperature. As shown by
example 1, the substrate is at a somewhat lower temperature. This is true for other
commercial substrate heaters and is understood by those of ordinary skill in this art.
Moreover, heater temperatures over the range of from 500°C to 700°C produce the same
uniform, single crystal, epitaxial barium fluoride/gallium arsenide reaction product layer.
Substrate heater temperature ranges are preferably from 500°C to 700°C, more preferably

from 550°C to 650°C and still more preferably from 575°C to 625°C, and most preferably

at about 600°C. At heater temperatures near the lower end of the range, the deposition
rate is decreased to permit the complete formation of the reaction layer before a
substantial amount of barium fluoride is deposited.

The barium fluoride/gallium arsenide reaction product layer is too thin (about 124)
for a determination of the actual structure and stoichiometric composition to be made.
However, the same reaction product is consistently produced even at different substrate
heater temperatures over the range of 500°C to 700°C. Moreover, the reaction product
can be characterized by a number of physical properties. First, the RHEED pattern of the
reaction product is similar to that of BaF, (same symmetry, different spot shapes). Next,
XPS results indicate lower Ba 3d bonding energies than those of BaF,. Most important,
uniform single crystal, epitaxial barium fluoride is deposited on single crystal gallium
arsenide substrates that are coated with a uniform, epitaxial barium fluoride/gallium
arsenide reaction product layer under conditions that would have produced amorphous or
polycrystalline barium fluoride on a bare, clean single crystal arsenide substrate without
the reaction product layer. It is the deposition of the uniform single crystal, epitaxial

barium fluoride layer that confirms that the desired reaction product layer is present.
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X-ray photoelectron spectroscopy (XPS) analyses show that the uniform, single
crystal, epitaxial barium fluoride/gallium arsenide reaction product layer is free of
fluorine (fluorides). This indicates that the reaction mechanism involves the breaking of
the barium-fluorine bonds which allows the fluorine to escape or be removed and the
barium to react with the gallium arsenide surface. Any barium compound in which the
barium-anions bonds are broken under the above process reaction conditions should
produce the same reaction product as barium fluoride does. Examples of suitable
substitute barium compounds for barium fluoride include barium chloride (BaCl,), barium
iodide (Bal,), barium bromide (BaBr,), barium fluochloride (BaF, *BaCl,), barium
fluobromide (BaF, *BaBr,), barium hydride (BaH,), and barium peroxide (Ba0O,).
However, using a compound other than barium fluoride to produce the uniform reaction
product layer is less desirable than using barium fluoride. First, it requires that an
additional material vapor source be added with the resulting increase in complexity and
cost of the manufacturing system. Second, a step must be added to the process to remove
unreacted barium compound which would be an impurity in the final barium fluoride
insulator structure. This can be done by removing all vapor sources and continuing to
heat the coated substrate at the same temperature in the same vacuum until substantially
all the unreacted barium compound has been removed. Third, any unreacted barium
compound that remains will be an impurity in the final product. These problems are
avoided when barium fluoride is used to produce the reaction product. However the
uniform, single crystal reaction product layer is produced, it provides the surface onto
which a uniform, single crystal, epitaxial barium fluoride insulator layer is deposited.

Once the uniform, single crystal, epitaxial barium fluoride/gallium arsenide reaction

product layer has been formed on the single crystal gallium arsenide substrate, the
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deposition of a uniform, single crystal, epitaxial barium fluoride insulator layer becomes
simple. The rate of deposition of barium fluoride is no longer as critical. For instance,
example 4 shows that barium fluoride deposited at a rate of about 504 per minute (20 X
2.5 per minute) produces a uniform, single crystal epitaxial barium fluoride layer after
the reaction layer has been form. This is in direct contrast with example 3 where barium
fluoride deposited at 25A per minute at 600°C onto a bare single crystal gallium arsenide

substrate produces a barium fluoride layer having three dimension island growth with
channels in between. Recently, it has been discovered that uniform, single crystal
epitaxial barium fluoride can be formed by depositing barium fluoride vapor on uniform,
epitaxial barium fluoride/gallium arsenide reaction product coated substrates at
temperatures of 400°C, 300°C, and room temperature at deposition rates of 50A per
minute. The crystal orientation of the uniform, single crystal epitaxial barium fluoride
layer is the same as that of the single crystal gallium arsenide substrate. For example
uniform (100) oriented single crystal epitaxial barium fluoride layers are deposited on
(100) oriented single crystal gallium arsenide substrates and uniform (111) oriented single
crystal epitaxial barium fluoride layers are deposited on (111) single crystal gallium
arsenide substrates. This means that the intervening barium fluoride/gallium arsenide
reaction product layer is uniform and of the same crystal orientation as the single crystal
gallium arsenide substrate.

After the uniform epitaxial barium fluoride/gallium arsenide reaction product layer
is formed, the vacuum is maintained at a background pressure of preferably less than 107
millibars, more preferably less than 10° millibars, and still more preferably less than 10
millibars. The barium fluoride is deposited at a rate of preferably 1 to 100A per minute,

more preferably 1 to 50A per minute, and still more preferably 1 to 25A per minute.
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Single crystal epitaxial Jayers of barium fluoride grown at temperatures above
500°C contain small amounts of gallium on the order of 1 to 50 ppm. We have found that
these traces of gallium do not adversely affect the insulative properties of the barium
fluoride layer. As illustrated by example 5, gallium containing barium fluoride (1800A
thick) produced at 600°C has a capacitance of 48.0 + 2.0 pF, an average breakdown
voltage of 944,000 V/cm, and a dielectric constant of ~7.5 which is close to that of bulk

barium fluoride. Depositing barium fluoride on the uniform epitaxial layer of barium
fluoride/gallium arsenide reaction product at temperatures of 400°C or lower produces a

single crystal epitaxial barium fluoride layer that is free of gallium. However, the
insulating properties of the gallium-containing and the gallium-free barium fluoride layers
are the same. Therefore the term barium fluoride layer as used in describing the improved
devices (capacitors, MISFETs, CDDs, etc.) of this invention includes both
gallium-containing and gallium free barium fluoride.

FIG. 1 is a schematic drawing of a cross section of a basic structure comprising a
single crystal gallium arsenide semiconductor substrate 20, a uniform, epitaxial layer of
the barium fluoride/gallium arsenide reaction product 32 covering a portion of the surface
of the single crystal gallium arsenide substrate 20, and a uniform, single crystal epitaxial
barium fluoride insulator layer 34 which was deposited on the uniform epitaxial barium
fluoride/gallium arsenide reaction product layer 32. The uniform, epitaxial barium
fluoride/gallium arsenide reaction product layer 32 is about 124 thick. For electronic
devices the uniform, single crystal epitaxial barium fluoride insulator layer 34 will be
from about 150 to 10004 thick, but layers up to 25004 are easy to produce. In practice,
the electrical properties of the thin barium fluoride/gallium arsenide reaction product layer

32 may be ignored and the structure may simply be considered to be a single crystal
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epitaxial layer of barium fluoride 34 deposited on the single crystal gallium arsenide
substrate. This basic structure can be used to make integrated circuit capacitors, metal
insulator semiconductor field effect transistors (MISFETS), charge couple devices
(CCDs), and other types of gallium arsenide electronic devices requiring a metal insulator
semiconductor junction.

A structure of the type shown in FIG. 1 can be used as the dielectric portion of a
gallium arsenide semiconductor integrated circuit capacitor. Epitaxial barium fluoride is
formed on the gallium arsenide to provide the dielectric insulator element of the capacitor
and 2 metal electrodes are deposited on opposite surfaces of the epitaxial barium fluoride
to form a metal insulator metal (MIM) integrated circuit capacitor. Similarly, by
depositing one metal on top of the single crystal epitaxial barium fluoride layer and
another electrode on the gallium arsenide semiconductor a metal insulator semiconductor
(MIS) capacitor can be produced. A similar procedure can be used to produce an
semiconductor insulator semiconductor (SIS) capacitor.

The basic barium fluoride epitaxial insulator layer 34 single crystal gallium arsenide
semiconductor substrate 20 structure shown in FIG. 1 can also be used as the basis of an
improved gallium arsenide metal insulator semiconductor field effect transistor
(MISFET). The element may be used to make depletion mode MISFETSs as well as
enhancement mode MISFET's. This will include n-channel depletion mode MISFET's
p-channel depletion mode MISFET's, n-channel enhancement mode MISFET's, and
p-channel enhancement mode MISFET's. FIG. 2A is a schematic drawing representing a
depletion mode MISFET according to this invention. Shown are a single crystal gallium
arsenide semiconductor substrate 20 which has been doped to produce a source region 22,

a drain region 24, and a channel region 26 all of the same carrier type. The channel
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region 26 connects the source region 22 to the drain region 24. An ohmic (metal) source
electrode 28 is deposited onto the source region 22 and an ohmic (metal ) drain electrode
30 is deposited onto the drain region 24. An insulator epitaxial barium fluoride layer 34
is deposited on the surface of the single crystal gallium arsenide semiconductor substrate
20 over the channel region 26. A metal gate electrode 36 is deposited onto the barium
fluoride epitaxial layer 34 so that the barium fluoride layer 34 insulates the gate electrode
36 from the channel region 26. The thin barium fluoride/gallium arsenide reaction
product zone 32 is shown between the barium fluoride epitaxial layer 34 and the channel
region 26 of the single crystal gallium arsenide semiconductor substrate 20. The reaction
product zone 32 will not significantly affect the operation of the MISFET device. FIG.
2B is a schematic drawing representing an enhancement mode MISFET according to this
invention. The labeled parts are the same as in FIG. 2A except that the channel region 26
is doped with a different carrier type than that of the source region 22 and the drain region
24,

The relatively high temperature (500°C or above) of the present process, may
require that certain doping steps be performed after the barium fluoride epitaxial layer has
been grown. However, the single crystal gallium substrate under the barium fluoride layer
may be doped by using conventional ion beam implantation techniques. The dopant ions
will pass through the barium fluoride layer and be implanted in the single crystal gallium
arsenide substrate. The single crystal gallium arsenide substrate will then be annealed to
diffuse the dopant ions in the single crystal gallium arsenide substrate. For example, a
MISFET device may be produced by combining the present process within beam
implantation as follows. First, a barium fluoride epitaxial crystal insulator layer is grown

on a single crystal gallium arsenide substrate according to the process of this invention.
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Holes are left in the barium fluoride film for source and drain regions. The source and
drain regions are then doped according to conventional techniques. metal electrodes are
then deposited onto the source and drain regions. Next an ion beam is used to implant
dopant ions through the barium fluoride film into the channel region in the single crystal
gallium arsenide substrate. The metal electrodes protect the source and drain regions
from the ion beam. The single crystal gallium arsenide substrate is annealed to diffuse the
ion implanted dopant to complete the doping of the channel region.

The process and products of the present invention are designed to be used to
produce large scale integrated circuits. For example, this includes large scale computer
logic and control circuit arrays containing many depletion mode MISFETS, enhancement
mode MISFETs, MIM capacitors, etc. It also includes large scale memory arrays
containing many charge couple devices and associated circuitry.

FIG. 4 is a schematic drawing representing a charge coupled device (CCD)
according to this invention. Shown is a p-type single crystal gallium arsenide wafer 68
with or without an epitaxial layer of single crystal gallium arsenide. An insulator barium
fluoride epitaxial layer 66 is deposited onto the gallium arsenide wafer 68. The thin
barium fluoride/gallium arsenide reaction product layer 74 is shown between the barium
fluoride epitaxial layer 66 and the gallium arsenide wafer 68. The reaction product layer
74 will not significantly affect the operation of the charge coupled device. Metal gate
electrodes 60, 62, and 64 are deposited onto the barium fluoride epitaxial layer 66 so that
the barium fluoride layer 66 insulates the metal gate electrodes 60, 62, and 64 from the
p-type single crystal gallium arsenide wafer 68. The metal gate electrodes 60, 62, and 64
serve as gates for the charge transfer signals. When gate 62 has a higher (more positive)

voltage than gates 60 and 64, the charges 72 are concentrated in region 70 just below ge*
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62 which serves as a charge storage. When either gate 60 or 64 is pulsed to a higher
(more positive) voltage than gate 62 the charge 72 will be transferred to the pulsed gate.
The device shown in FIG. 4 is just an illustrative example of how to use the present
invention in charge couple devices, different schemes and layouts can be used for the
charge couple devices.

Finally, a useful intermediate product is produced by forming the uniform, thin
coating of barium fluoride/gallium arsenide reaction product on a single crystal gallium
arsenide substrate according to the method described above, and then removing the
barium fluoride vapor source and continuing to heat the substrate in the vacuum until any
unreacted barium fluoride is removed from the coating. Single crystal epitaxial barium
fluoride layers can then be deposited on the barium fluoride/gallium arsenide reaction
product layer by the methods described above. Moreover, by depositing the barium
fluoride vapor at a temperature of from room temperature to 400°C , or preferably from
room temperature to 300°C with the other conditions (deposition rate, vacuum) being the
same, a uniform, single crystal epitaxial barium fluoride insulator layer is formed which is
free of gallium ions.

As stated above, the term single crystal gallium arsenide substrate preferably
includes doped or undoped gallium arsenide single crystal wafers, doped or undoped
gallium arsenide epitaxial layers on gallium arsenide single crystal wafers, doped or
undoped epitaxial layers of gallium arsenide alloys (for example, gallium aluminum
arsenide, gallium indium arsenide, etc.) on single crystal gallium arsenide wafers,
heterostructures of super-lattice made of combinations of gallium arsenide alloys on
gallium arsenide single crystal wafers, doped or undoped gallium arsenide single crystal

epitaxial layers on suitable substrate materials, doped or undoped epitaxial layers of
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gallium arsenide alloys on suitable substrate materials, and heterostructures of
super-lattice made of combinations of gallium arsenide alloys on suitable substrate
materials. More preferably the single crystal gallium arsenide substrate includes doped or
undoped gallium arsenide single crystal wafers, doped or undoped gallium arsenide
epitaxial layers on gallium arsenide single crystal wafers, and doped or undoped gallium
arsenide single crystal epitaxial layers on suitable substrate materials. The gallium
arsenide alloys include those that are conventionally used in semiconductor devices.
Gallium arsenide alloy that are rich in gallium are preferred. The suitable substrate
materials include materials that provide physical support for a thin epitaxial layer of
gallium arsenide or gallium arsenide alloys without chemically or electrically interfering
with the operation of the epitaxial layer. For example, a thin single crystal epitaxial layer
of gallium arsenide on a hybrid semiconductor device or on a chemically inert, electrically
insulating circuit board structure. Thus, the single crystal gallium arsenide substrate need
not be a wafer but rather can be a thin epitaxial layer requiring support by a non-gallium
arsenide material.
EXAMPLE 1

The barium fluoride film was grown on single crystal gallium arsenide using a
standard procedure called molecular beam epitaxy (MBE). The film was grown inside a
commercial MBE deposition chamber made by Vacuum Generators (model V80-M). The
MBE system above has both Knudsen cells and e-beam sources and a 30 kV RHEED
system to monitor the film structure during film deposition. The substrate heater is

capable of holding up to 3 inch diameter wafers and control the substrate temperature to
within + 0.1°C at 1000°C and a maximum deviation of the temperature across the

substrate of +0.1°C. The temperature is controlled by using a thermocouple located
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inside the substrate heater. All temperatures quoted here are the substrate heater
thermocouple readings. Independent measurements of the sample temperatures done
using an optical pyrometer shows that when the thermocouple monitoring the substrate
heater read 750.0°C the substrate temperature was closer to 710.0°C + 0.5°C (0.5°C is the
accuracy of the optical pyrometer). Differences between the substrate temperature and the
thermocouple readings change with temperature. However reproducibility in the
thermocouple readings results in reproducibility in the growth conditions. The pressure
inside the MBE system is kept below 3.0X10"" mbars most of the time. When the
substrate and Knudsen cells containing the source are heated to the conditions for
deposition the pressure inside the chamber will rise to a pressure not above 1.0X107°
mbars. The single crystal gallium arsenide substrate used was a commercial (100)
oriented 2 inch diameter wafer with a carrier concentration of 3.0X10' carriers/cm® and
an arsenic to gallium concentration ratio of 50/50. The wafer was polished and etched
using standard industry procedures. Before deposition of the film the gallium arsenide
crystal was cleaned by standard heat treatment in ultrahigh vacuum. Then the gallium
arsenide crystal wafer was heated at 600°C until the electron diffraction pattern looked
"streaky". This took about 60 minutes.

Once the gallium arsenide was heat treated the substrate crystal (GaAs) was kept at

600°C + 1°C. The barium fluoride was heated in a standard Knudsen cell inside the

MBE system. The cell containing the barium fluoride was heated until 1050°C + 1°C.
This condition created a flux rate of approximate 10" atoms/(cm’xsec). When a
consistent flux was obtained, deposition of barium fluoride was achieved by opening
shutters located in front of both the barium fluoride source and the gallium arsenide

crystal. Deposition for 60 minutes yielded a barium fluoride film approximately 6004
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thick. After the desired barium fluoride film thickness was achieved (18004) the shutters
were closed and both the source and the gallium arsenide were cooled down to room
temperature (25°C) using a cooling rate of 0.5°C per second. Once the gallium arsenide
crystal with the barium fluoride film reached room temperature it was taken out of the
MBE system. A (100) oriented single crystal epitaxial film of barium fluoride was
produced.
EXAMPLE 2
The procedure of example 1 was repeated using a commercial standard electronic
grade polished and etched (111) oriented single crystal gallium arsenide wafer. In this
example the single crystal gallium arsenide wafer had the same carrier concentration
density (3.0X10" carriers/cm?) but the ratio of As to Ga was 52/48. A (111) oriented
single crystal epitaxial film of barium fluoride was produced.
EXAMPLE 3
The procedure of example 1 was repeated except the rate of barium fluoride
deposition was increased to 25A per minute. The resulting barium fluoride layer was
unsuitable as an insulator because three dimensional island growth had occurred with
channels between the islands.
EXAMPLE 4
The procedure of example 1 was repeated except that the barium fluoride deposition
rate was only 2.5A per minute and was stopped when the GaAs RHEED pattern gave way
to a three dimensional epitaxial BaF, RHEED pattern. This indicates the completion of
the epitaxial layer of barium fluoride/gallium arsenide reaction product. This happened in

less than 5 minutes.
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The presence of a barium fluoride/gallium arsenide reaction product layer is
demonstrate by the XPS spectra which showed new lines near the Ba 3d 3/2 and 5/2 peaks
as the barium fluoride was evaporated off. These peaks do not correspond to BaF,. The

reaction layer is not volatile at 600°C in vacuum.

Barium fluoride was then deposited at a rate of about 50A per minute onto the
barium fluoride/gallium arsenide reaction product layer to produce a uniform single
crystal epitaxial layer of barium fluoride on the substrate. This contrasts with Example 3
where barium fluoride deposition at a ratio of 254 per minute onto a clean (no reaction
product layer) gallium arsenide surface produced a barium fluoride layer containing three
dimensional islands and channels.

EXAMPLE 5

The procedure of example 1 was repeated until a (100) oriented single crystal
epitaxial film 1800A thick was produced. FIG. 3 is schematic top view of the test set up
shown are an array of 5 (five) gold dots 40 evaporated onto the (100) oriented single
crystal epitaxial barium fluoride film 34 and a corresponding array of 5 (five) gold dots 42
evaporated on to the adjoining edge of the (100) oriented single crystal gallium arsenide
substrate 20 not exposed to the barium flux. Adjacent gold dots 40 and 42 form pairs that
were used in the measurements. Indium-soldered gold wires were attached to the gold
dots 40 on the barium film 34 and to the gold dots 42 on the gallium arsenide substrate
20. Capacitance and breakdown voltage measurements were done on all five pairs of
adjacent gold dots (electrodes. Result s showed that capacitance values of 48.0 pF
between the barium film and the gallium arsenide with a maximum deviation of + 2.0 pF

were obtained. Breakdown fields ranging between 8.5 x 10° and 1.1 x 10° V/cm were
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obtained. The dielectric constant was found to be ~7.5, a value close to that of the bulk
material.
EXAMPLE 6

The procedure of example 1 was repeated except that the barium fluoride deposition
rate was only 2.5A per minute and was stopped when the GaAs RHEED pattern gave way
to a three dimensional epitaxial BaF, RHEED pattern. This happened in less than 5
minutes. The substrate temperature was then reduced to 500, 400, and 300°C and held for
30 minutes at each temperature while deposition of BaF, at 2.54 per minute continued .
The RHEED pattern was continuously monitored during this time. Other than a decrease
in the spot size and an increase in spot intensity, no change in the RHEED pattern was

detected. After depositing for 30 minutes at 300°C, the BaF, source temperature was

raised from 1000°C to 1100°C. The resultant flux gauge reading increased by a factor of
about twenty. (to about 50A per minute) The RHEED pattern, however, was not affected.
The film was then stored in the deposition chamber for four days. BaF, deposition was
resumed with a substrate temperature of 25°C and at the same range of flux gauge
readings. The RHEED pattern remained unchanged.

Obviously, numerous other modifications and variations of the present invention are
possible in light of the foregoing teachings. It is therefore to be understood that within the
scope of the appended claims the invention may be practiced otherwise than as
specifically described.

What is claimed is:



WO 95/32525 PCT/US95/05848

21
CLAIMS

1.  Aninsulator structure comprising:

A. a single crystal gallium arsenide substrate;

B. a uniform, epitaxial layer of a barium fluoride/gallium arsenide reaction product
covering a portion of the gallium arsenide substrate surface,

wherein the reaction product is characterized by the product of the reaction between
barium fluoride vapor and the clean single crystal gallium arsenide substrate surface

which is being heated at from 500°C to 700°C in a vacuum of less than 10® millibars

background pressure, wherein the barium fluoride vapor flux produces a barium fluoride

deposition rate of from 1 to 5A per minute on the single crystal gallium arsenide substrate

surface during the reaction; and
C. An electrically insulating, single crystal epitaxial layer of barium fluoride which
is deposited onto the uniform, epitaxial layer of barium fluoride/gallium arsenide reaction

product.

2. The insulator of claim 1 wherein the single crystal gallium arsenide substrate
surface was heated at from 550°C to 650°C during the formation of the barium

fluoride/gallium arsenide reaction product.

3. The insulator structure of claim 2 wherein the single crystal gallium arsenide
substrate surface was heated at from 575°C to 625°C during the formation of the barium

fluoride gallium arsenide reaction product.
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4.  The insulator structure of claim 1 wherein the barium fluoride was being deposited
at a rate of from 2 to 3A per minute during the formation of the barium fluoride/gallium

arsenide reaction product.

5. The insulator structure of claim 1 wherein the single crystal gallium arsenide
substrate is selected from the group consisting of gallium arsenide single crystal wafers,
gallium arsenide epitaxial layers on gallium arsenide single crystal wafers, epitaxial layers
of gallium arsenide alloys on single crystal gallium arsenide wafers, heterostructures of
super-lattice made of combinations of gallium arsenide alloys on gallium arsenide single
crystal wafers, gallium arsenide single crystal epitaxial layers on suitable substrate
materials, epitaxial layers of gallium arsenide alloys on suitable substrate materials, and
heterostructures of super-lattice made of combinations of gallium arsenide alloys on

suitable substrate materials.

6.  The insulator structure of claim 5 wherein the single crystal gallium arsenide
substrate is selected from the group consisting of gallium arsenide single crystal wafers,
gallium arsenide epitaxial layers on gallium arsenide single crystal wafers, and gallium

arsenide single crystal epitaxial layers on suitable substrate materials.

7. The insulator structure of claim 6 wherein the single crystal gallium arsenide

substrate is selected from the group consisting of gallium arsenide single crystal wafers.
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8.  The insulator structure of claim 6 wherein the single crystal gallium arsenide
substrate is selected from the group consisting of gallium arsenide single crystal epitaxial

layers on gallium arsenide single crystal wafers.

9.  The insulator structure of claim 1 wherein the single crystal gallium arsenide
surface has a (100) or equivalent orientation and the uniform epitaxial layer of barium

fluoride/gallium arsenide reaction product has the same orientation.

10. The insulator structure of claim 9 wherein the single crystal gallium arsenide

substrate surface has a (100) orientation.

11. The insulator structure of claim 1 wherein the single crystal gallium arsenide
surface has a (111) or equivalent orientation and the uniform epitaxial layer of barium

fluoride/gallium arsenide reaction product has the same orientation.

12. The insulator structure of claim 11 wherein the single crystal gallium arsenide

substrate surface has a (111) orientation.

13. An improved gallium arsenide metal insulator semiconductor field effect transistor
comprising a single crystal gallium arsenide semiconductor substrate having a source, a
drain, a channel connecting the source to the drain, and an insulator layer which is
deposited onto the channel and which separates the channel from a metal gate electrode

which controls the current in the channel, the improvement comprising:
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the insulator layer being a single crystal epitaxial layer of barium fluoride which is
separated from the single crystal gallium arsenide substrate by only a thin, uniform

epitaxial layer of barium fluoride/gallium arsenide reaction product.

14. The metal insulator semiconductor field effect transistor of claim 13 wherein the
single crystal gallium arsenide substrate is selected from the group consisting of gallium
arsenide single crystal wafers, gallium arsenide epitaxial layers on gallium arsenide single
crystal wafers, epitaxial layers of gallium arsenide alloys on single crystal gallium
arsenide wafers, heterostructures of super-lattice made of combinations of gallium
arsenide alloys on gallium arsenide single wafers, gallium arsenide single crystal epitaxial
layers on suitable substrate materials, epitaxial layers of gallium arsenide alloys on
suitable substrate materials, and heterostructures of super-lattice made of combinations of

gallium arsenide alloys on suitable substrate materials.

15. The metal insulator semiconductor field effect transistor of claim 14 wherein the
single crystal gallium arsenide substrate is selected from the group consisting of gallium
arsenide single crystal wafers, gallium arsenide epitaxial layers on gallium arsenide single
crystal wafers, and gallium arsenide single crystal epitaxial layers on suitable substrate

materials.

16. The metal insulator semiconductor field effect transistor of claim 15 wherein the
single crystal gallium arsenide substrate is selected from the group consisting of gallium

arsenide single crystal wafers.
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17. The metal insulator semiconductor field effect transistor of claim 15 wherein the
single crystal gallium arsenide substrate is selected from the group consisting of gallium

arsenide single crystal epitaxial layers on gallium arsenide single crystal wafers.

18. The metal insulator semiconductor field effect transistor of claim 13 which is a

depletion mode field effect transistor.

19. The metal insulator semiconductor field effect transistor of claim 18 which is an

n-channel depletion mode field effect transistor.

20. The metal insulator semiconductor field effect transistor of claim 18 which is a

p-channel depletion mode field effect transistor.

21. The metal insulator semiconductor field effect transistor of claim 13 which is an

enhancement mode field effect transistor.

22.  The metal insulator semiconductor field effect transistor of claim 21 which is an

n-channel enhancement mode field effect transistor.

23. The metal insulator semiconductor field effect transistor of claim 21 which is a

p-channel enhancement mode field effect transistor.
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24. The metal insulator semiconductor field effect transistor of claim 13 wherein the
single crystal gallium arsenide substrate surface has a (100) or equivalent orientation and

the single crystal epitaxial barium fluoride layer has the same orientation.

25. The metal insulator semiconductor field effect transistor of claim 24 wherein the
single crystal gallium arsenide substrate surface and the single crystal epitaxial barium

fluoride layer both are (100) oriented.

26. The metal insulator semiconductor field effect transistor of claim 13 wherein the
single crystal gallium arsenide substrate surface has a (111) or equivalent orientation and

the single crystal epitaxial barium fluoride layer has the same orientation.

27. The metal insulator semiconductor field effect transistor of claim 26 wherein the
single crystal gallium arsenide substrate surface and the single crystal epitaxial barium

fluoride layer both are (111) oriented.

28. The metal insulator semiconductor field effect transistor of claim 13 wherein the

thin, uniform epitaxial layer of barium fluoride/gallium arsenide reaction product is less

than 20A thick.

29. The metal insulator semiconductor field effect transistor of claim 28 wherein the
thin, uniform epitaxial layer of barium fluoride/gallium arsenide reaction product is less

than 154 thick.
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30.  Ina metal insulator metal capacitor for gallium arsenide integrated circuits the
improvement comprising:

the insulator being a single crystal epitaxial layer of barium fluoride which is
separated from a single crystal gallium arsenide substrate by only a thin, uniform

epitaxial layer of barium fluoride/gallium arsenide reaction product.

31.  The metal insulator metal capacitor of claim 30 wherein the single crystal gallium
arsenide substrate is selected from the group consisting of gallium arsenide single crystal
wafers, gallium arsenide epitaxial layers on gallium arsenide single crystal wafers,
epitaxial layers of gallium arsenide alloys on single crystal gallium arsenide wafers,
heterostructures of super-lattice made of combinations of gallium arsenide alloys on
gallium arsenide single wafers, gallium arsenide single crystal epitaxial layers on suitable
substrate materials, epitaxial layers of gallium arsenide alloys on suitable substrate
materials, and heterostructures of super-lattice made of combinations of gallium arsenide

alloys on suitable substrate materials.

32. The metal insulator metal capacitor of claim 31 wherein the single crystal gallium
arsenide substrate is selected from the group consisting of gallium arsenide single crystal
wafers, gallium arsenide epitaxial layers on gallium arsenide single crystal wafers, and

gallium arsenide single crystal epitaxial layers on suitable substrate materials.

33. The metal insulator metal capacitor of claim 32 wherein the single crystal gallium
arsenide substrate is selected from the group consisting of gallium arsenide single crystal

wafers.
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34. The metal insulator metal capacitor of claim 32 wherein the single crystal gallium
arsenide substrate is selected from the group consisting of gallium arsenide single crystal

epitaxial layers on gallium arsenide single crystal wafers.

35.  Animproved gallium arsenide charge couple device comprising a doped single
crystal gallium arsenide semiconductor substrate and an array of metal gate electrodes
which are separated from the surface of the substrate by an insulator layer, the
improvement comprising:

the insulator layer being a single crystal epitaxial layer of barium fluoride which is
separated from the doped single crystal gallium arsenide substrate by only a thin, uniform

epitaxial layer of barium fluoride/gallium arsenide reaction product.

36. The charge couple device of claim 35 wherein the single crystal gallium arsenide
substrate is selected from the group consisting of gallium arsenide single crystal wafers,
gallium arsenide epitaxial layers on gallium arsenide single crystal wafers, epitaxial layers
of gallium arsenide alloys on single crystal gallium arsenide wafers, heterostructures of
super-lattice made of combinations of gallium arsenide alloys on gallium arsenide single
crystal wafers, gallium arsenide single crystal epitaxial layers on suitable substrate
materials, epitaxial layers of gallium arsenide alloys on suitable substrate materials, and
heterostructures of super-lattice made of combinations of gallium arsenide alloys on

suitable substrate materials.
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37.  The charge couple device of claim 36 wherein the single crystal gallium arsenide
substrate is selected from the group consisting of gallium arsenide single crystal wafers,
gallium arsenide epitaxial layers on gallium arsenide single crystal wafers, and gallium

arsenide single crystal epitaxial layers on suitable substrate materials.

38. The charge couple device of claim 37 wherein the single crystal gallium arsenide

substrate is selected from the group consisting of gallium arsenide single crystal wafers.

39.  The charge couple device of claim 37 wherein the single crystal gallium arsenide
substrate is selected from the group consisting of gallium arsenide single crystal epitaxial

layers on gallium arsenide single crystal wafers.

40. The charge couple device of claim 35 wherein the single crystal gallium arsenide
substrate surface has a (100) or equivalent orientation and the single crystal epitaxial

barium fluoride layer has the same orientation.

41. The charge couple device of claim 40 wherein the single crystal gallium arsenide
substrate surface and the single crystal epitaxial barium fluoride layer both are (100)

oriented.

42. The charge couple device of claim 35 wherein the single crystal gallium arsenide
substrate surface has a (111) or equivalent orientation and the single crystal epitaxial

barium fluoride layer has the same orientation.
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43. The charge couple device of claim 42 wherein the single crystal gallium arsenide
substrate surface wherein the single crystal gallium arsenide substrate surface and the

single crystal epitaxial barium fluoride layer both are (111) oriented.

44. The charge couple device of claim 35 wherein the thin, uniform epitaxial layer of

barium fluoride/gallium arsenide reaction product is less than 20A thick.

45. The charge couple device of claim 44 wherein the thin, uniform epitaxial layer of

barium fluoride/gallium arsenide reaction product is less than 154 thick.

46. A coated substrate comprising:

A. a single crystal gallium arsenide substrate and

B. a uniform, epitaxial layer of a barium fluoride/gallium arsenide reaction product
covering a portion of the gallium arsenide substrate surface,

wherein the reaction product is characterized by the product of the reaction between
barium fluoride vapor and the clean single crystal gallium arsenide substrate surface
which is being heated at from 500°C to 700°C in a vacuum of less than 10® millibars
background pressure, wherein the barium fluoride vapor flux produces a barium fluoride
deposition rate of from 1 to 5A per minute on the single crystal gallium arsenide substrate
surface during the reaction, and further wherein the surface of the uniform, epitaxial layer
of barium fluoride/gallium arsenide reaction product is substantially free of unreacted

barium fluoride after the reaction is completed.
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47. The coated substrate of claim 46 wherein the single crystal gallium arsenide
substrate surface was heated at from 550°C to 650°C during the formation of the barium

fluoride/gallium arsenide reaction product.

48. The coated substrate of claim 47 wherein the single crystal gallium arsenide
substrate surface was heated at from 575°C to 625°C during the formation of the barium

fluoride gallium arsenide reaction product.

49. The coated substrate of claim 46 wherein the barium fluoride was being deposited
at a rate of from 2 to 3A per minute during the formation of the barium fluoride/gallium

arsenide reaction product.

50. The coated substrate of claim 46 wherein the single crystal gallium arsenide
substrate is selected from the group consisting of gallium arsenide single crystal wafers,
gallium arsenide epitaxial layers on gallium arsenide single crystal wafers, epitaxial layers
of gallium arsenide alloys on single crystal gallium arsenide wafers, heterostructures of
super-lattice made of combinations of gallium arsenide alloys on gallium arsenide single
crystal wafers, gallium arsenide single crystal epitaxial layers on suitable substrate
materials, epitaxial layers of gallium arsenide alloys on suitable substrate materials, and
heterostructures of super-lattice made of combinations of gallium arsenide alloys on

suitable substrate materials.

51. The coated substrate of claim 50 wherein the single crystal gallium arsenide

substrate is selected from the group consisting of gallium arsenide single crystal wafers,
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gallium arsenide epitaxial layers on gallium arsenide single crystal wafers, and gallium

arsenide single crystal epitaxial layers on suitable substrate materials.

52. The coated substrate of claim 51 wherein the single crystal gallium arsenide

substrate is selected from the group consisting of gallium arsenide single crystal wafers.

53. The coated substrate of claim 51 wherein the single crystal gallium arsenide
substrate is selected from the group consisting of gallium arsenide single crystal epitaxial

layers on gallium arsenide single crystal wafers.

54. The coated substrate of claim 46 wherein the single crystal gallium arsenide surface
has a (100) or equivalent orientation and the uniform epitaxial layer of barium

fluoride/gallium arsenide reaction product has the same orientation.

55. The coated substrate of claim 54 wherein the single crystal gallium arsenide

substrate surface has a (100) orientation.

56. The coated substrate of claim 46 wherein the single crystal gallium arsenide surface
has a (111) or equivalent orientation and the uniform epitaxial layer of barium

fluoride/gallium arsenide reaction product has the same orientation.

57. The coated substrate of claim 56 wherein the single crystal gallium arsenide

substrate surface has a (111) orientation.
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