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Technique For Perfecting the Active Regions of Wide Bandgap Semiconductor Nitride
Devices
Background of the Invention
Field of the Invention:

This invention pertains to wide bandgap electronic devices, such as high frequency
and high power devices; optoelectronic devices, such as visible light emitters to ultraviolet
lasers and detectors; and a method for making such devices.

Description of Related Art:

Wide bandgap semiconductor nitrides have demonstrated and continue to hold
significant promise in a wide range of device technologies. This family of semiconductors has
a tunable direct bandgap that ranges from 0.8 eV up to 6.2 eV, covering the IR, visible, and
UV portions of the electomagnetic spectrum making them well suited to optoelectronic
applications from visible light emitters; to UV lasers and detectors. It is this application area
that has received the most commercial attention to date, resulting in billion dollar LED
industries. Perhaps the largest promise from wide bandgap semiconductor nitrides is yet to be
fulfilled, that being in high frequency and high power electronics. The high breakdown fields
and moderate-to-high electron mobilities in these materials make them ideal for GHz
transistors and high voltage/high current power handling devices. Both areas are of critical
need to future systems, such as wide bandwidth communications and control, and the all-
electric ship.

Despite this considerable promise, a fundamental hurdle has limited progress in
realizing some of these device technologies. That hurdle is a lack of native substrate that

would permit homoepitaxy. Instead, wide bandgap semiconductor nitride films are grown
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heteroepitaxially on sapphire, silicon carbide, or other substrates. The lattice parameter and
thermal coefficient of expansion difference between host substrate and nitride thin film
result in the creation of stress and stress-relieving dislocations. These dislocations, or
extended defects, propagate vertically in the film and can provide a vertical leakage path
through layers grown for device applications. Further, these and related defects result in
compensated films that make it difficult to controllably dope the material at low levels
consistent with blocking layers in high power devices.

These challenges have stimulated research in novel methods of growing the material
to reduce or eliminate the extended defects. These defect reduction efforts can be categorized
into two techniques: epitaxial lateral overgrowth and growth on etch delineated surfaces.
Epitaxial lateral overgrowth involves the masking of a continuous III - V nitride surface with
either a silicon dioxide or a silicon nitride mask, growing up through the openings and then
laterally over the masked area. Low defect material for devices is found in the wings that
grow over the masked area; hence devices must be placed in these select areas. Growth on
etched substrate surfaces of sapphire and silicon carbide, inter alia, has also been used to
reduce stress and extended defect densities. In this technique as well, only a small fraction of
the grown material is useful and available for device fabrication. In both cases, the height
variation of the wafer surface becomes considerable and it is necessary to fabricate devices on
top of this topography, a challenge for any lithographic process. Such approaches are not
suitable for large area power devices and are inefficient for any integrated device
manufacturing technology.

Objects and Brief Summary of the Invention

An object of this invention is a method for making electronic devices characterized by
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a low reverse bias leakage current and significantly reduced extended defect densities.
Another object of this invention is growing electronic devices in fewer steps.
Another object of this invention is fabrication of electronic devices in absence of an

etching step involving the active material.

Another object of this invention is fabrication of vertically conducting electronic
devices with controlled growth rate and a means to reduce extended defect density.

Another object of this invention is to pattern a mask material by creating openings
that extend to the substrate during fabrication of an electronic device and growing material
in the openings.

Another object of this invention is a way to enhance thickness of active material
without causing cracking therein.

These and other objects of this invention can be attained by depositing a mask
material on a substrate; patterning the mask material to form openings in the mask material
extending down to the clean substrate; cleaning the substrate; growing active material in the
openings thus availing of confined growth; and stripping the mask material from the substrate
to form an electronic device with low reverse bias leakage current and reduced extended
defect density.

Brief Description of the Drawings

Fig. 1 is a schematic illustration of some electronic devices that can be positively
impacted by this invention.

Fig. 2 is a schematic flow diagram of the patterned growth process of this invention,
which includes Figs. 2(a) to 2(d).

Fig. 3 is a transmission electron micrograph of an electronic device fabricated
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pursuant to the invention herein illustrating the reduction of dislocation density in the
patterned growth region.

Fig. 4 illustrates scanning electron micrographs of patterned growth mesas with
atomically smooth sidewall facets.

Fig. 5 is a plot of Diode Current against Diode Bias Voltage showing low reverse bias
leakage current of an unpassivated diode fabricated pursuant to the invention herein as
compared to leakage current of a diode fabricated pursuant to a typical prior art fabrication
procedure.

Detailed Description of the Invention

The invention disclosed herein pertains to an electronic device and to a method for
making it with substantially reduced extended defect densities in the active region of the
device through the use of patterned and confined growth. Furthermore, the disclosed
technique is highly amenable to the fabrication of arrays of such devices, as might be
important in the formation of UV imaging systems, light emitting diode or laser arrays, or
power diodes. As the fabrication steps are compatible with the formation of integrated
devices, heterogeneous integration is possible thus enabling “smart power” systems with
integrated control electronics and ultra-high speed computing electronics with integrated
optical interconnects. Smart power systems are power systems where their operation,
maintenance and regulation are controlled automatically. As used herein, the term “defect”
pertains to an extended defect in crystallographic structure of a material.

More particularly, this invention pertains to an electronic device, which may be
vertically or horizontally conducting, and to a fabrication method for making the electronic

device that is characterized by confined epitaxy of active material resulting in a low
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dislocation density that results in low reverse bias leakage current. Since leakage current is
related to extended defect or dislocation density, reduction in defect density results in a
desired reduction of leakage current. As used herein, the term “active material” refers to that
portion of the device structure where current flow is controlled.

The fabrication method is characterized by the steps of depositing a mask material on
a substrate; patterning the mask material to form openings in the mask material and thus
expose the substrate; cleaning the exposed substrate to render it “epi-ready” ; growing in the
openings p- type, n— type, and/or undoped layers of the active material; stripping the mask
material from the substrate; and depositing electrical contacts using usual contact procedures.
The patterning step is carried out to form holes or spaces in the mask material that extend
down to the top surface of the substrate within which the electrical device is grown. The
resulting electronic device has a lower dislocation density and a lower reverse bias leakage
current. The lower leakage current is a prerequisite for high voltage/current power handling
devices, particularly vertically conducting electronic devices, such as pn and pin diodes,
thyristors (not illustrated in Fig. 1), heterogeneous bipolar transistors (HBT), static induction
transistors (SIT), and vertical field effect transistors (VFET), illustrated in Fig. 1.

General outline of one embodiment of the fabrication method of the electronic device
is outlined in Fig. 2. The first step, shown in Fig. 2(a), involves the deposition of a mask
material 12 on the substrate 14 of interest. The substrates typically are square, rectangular or
circular, although they can be of any desired shape. The substrates are typically about 5 cm in
diameter and at least about 330 um thick. The substrates can be sapphire, diamond, silicon
carbide, gallium nitride, or any other material, including but not limited to lithium

aluminate, gallium arsenide, lithium gallate, and silicon. Typically, the substrate is either
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sapphire or silicon carbide.

One can deposit a several micron thick nitride layer, such as gallium nitride, on a
substrate as a starting layer to allow for homoepitaxial growth before depositing the mask
material. When depositing gallium nitride starting layer on silicon carbide substrate,
mismatch in lattice parameters is 4 % and when depositing gallium nitride on a sapphire
substrate, the lattice mismatch is 14 %. Deposition of the starting layer on a suitable substrate
is made by metalorganic chemical vapor deposition to a thickness of about 3 microns, or by
any other suitable technique to any desired thickness. When gallium nitride (GaN) is the
starting layer and the substrate is sapphire, the gallium nitride precursors may be
trimethylgallium and ammonia or any other suitable precursor. The starting layer is not
separately identified in Figs. 2(a) - 2(d).

It should be understood that the starting layer is not a requirement. The mask material
can be deposited directly on the bare substrate, with similar expected results.

The mask material can be deposited on the substrate in any manner desired. Growth
of mask material using atmospheric pressure oxides and sputtered oxides can be used, as well
as other known techniques. The mask material layer should be continuous and sufficiently
dense so as not to allow nucleation through pin holes. Key issues in the selection of a mask
material is its ability to remain stable at epitaxial growth temperature which eliminates all
resists, its chemical inertness to the growth precursors so that the precursors do not stick or
react with the mask material, and for it to be chemically different from the growth material to
allow selective wet chemical etch.

The substrate is coated with a starting layer, such as gallium nitride, and the mask

material, such as silicon dioxide, is then deposited and patterned, as shown in Fig. 2(b),
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creating openings 16 in the mask material. The patterning procedure involves coating the
deposited mask material with a thin layer of several hundred angstroms thick of an electron
or photon sensitive resist, such as polymethylmethacrylate, which is processed using standard
lithographic techniques to leave resist only in areas that will not ultimately be grown upon.
This sequence of steps is used if subtractive etch of the mask material is to be employed;
however, if lift-off procedure is to be used, then the resist material is deposited before the
mask material.

The cleaning step, which is used to clean exposed substrate surfaces in the openings,
involves immersion of a patterned sample in a cleaning solution for a sufficient time to
remove organic and inorganic contaminants. Cleaning solution can be a dilute, about 10 -
20 % by volume, aqueous sulfuric acid solution. A clean surface is obtained when it is
possible to see no debris with an optical microscope and to see atomic or crystallographic
steps or ledges in the substrate using an atomic force microscope.

The amount of open area on a substrate is important and should be adhered to since
benefits of this invention are obtained when growth of the active material is done in a
confined space. Open area, for purposes herein, is defined as a percentage of holes or open
area devoid of any resist or mask material to total area of the substrate. When open area is
between what is believed to be the approximate limits of 1 % and 99 %, growth of the active
material with reduced defect density resulting in an electronic device with reduced reverse
bias leakage current can be attained.

After cleaning the substrate surface or the starting layer, the sample can be again
cleaned in a conventional way using standard solvent series ultrasonic technique immediately

before placed into growth reactor to grow the active material 18 shown in Fig. 2(c). Growth
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of the active material, such as gallium nitride, is done in a reactor by epitaxial growth.

Prior to growing the active material in the reactor, the reactor is evacuated in
controlled fashion. Temperature is then slowly ramped up to the growth temperature in a
mixture of ammonia and hydrogen. When growing gallium nitride from the precursor
trimethylgallium or any other suitable gallium-containing precursor, growth temperature is
1025°C +/- 25 and pressure is about 150 Torr although a much wider range of temperature
and pressure is possible. The growth should be maintained at a reasonable rate for reduction
of defects. Typical growth rate is about 1 um/hr and should be maintained below about 1 00
pum/hr in order to reduce the defects in conformity with objectives of this invention, although
higher rates are possible. The open area and growth rate are interdependent in this respect and
should be maintained within the approximate ranges, given above, for the purpose of
reducing defect density.

Once growth temperature is stabilized, flow of the gallium nitride precursor trimethyl
gallium, or any other suitable gallium precursor, is introduced to commence the selective
growth of gallium nitride in the holes or openings. After about 5 minutes, the
trimethylgallium precursor is shut off and temperature of the sample is ramped down to room
temperature in a mixture of ammonia, or any other suitable nitrogen source, and hydrogen or
other suitable inert gas with or without hydrogen. After the sample reaches room
temperature, the reactor chamber is opened and the sample is removed.

After attaining the desired growth in the reactor and reaching room temperature, the
sample is removed from the reactor and the mask material remaining on the substrate is
conventionally removed in the manner disclosed above. The sample can then be probed

electrically for diode performance evaluation or subjected to additional steps for passivation
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and ohmic contact metalization. In this connection, Fig. 2(d) illustrates four electrical
contacts 20 on substrate. The electrical contacts 20 can be of any suitable material, or a
mixture thereof, however, nickel-gold, particularly 200 A thick nickel and 1500 A thick gold,
are suitable.

Another embodiment of the fabrication method involves the use of the lift-off
procedure of removal of the resist and the mask material. This other embodiment differs from
the earlier embodiment only in the way certain materials are removed from the substrate. In
the earlier embodiment, removal is accomplished with subtractive etching whereas here, it is
done by the lift-off procedure. In this embodiment, characterized by the lift-off procedure,
the substrate is cleaned before any processing using standard solvent series which may
include but is not limited to ultrasonic clean using trichloroethane, isopropanol and de-
ionized water. The substrate is then coated with aresist material which is processed using
standard lithographic techniques to leave the resist only in areas that will ultimately be grown
upon. This is followed by a blanket uniform coating of the dielectric thin film mask material
deposited over the entire substrate covering the resist material using, e.g., atmospheric
pressure chemical vapor deposition or reactive sputtering. The sample is then subjected to an
acetone bath, or another suitable conventional bath, which causes the photoresist to dissolve
and to remove the dielectric thin film mask on top of it leaving a patterned dielectric mask
with openings extending to the substrate corresponding to growth areas.

The openings in the mask are further cleaned, as noted earlier, in a dilute 10 %-20 %
by volume aqueous sulfuric acid solution. The patterned sample is then subjected to a solvent
series cleaning procedure, already described, and loaded into the reactor for deposition of the

active material in the openings, thus undergoing confined growth.
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After confined epitaxy, the sample is immersed in a conventional buffered oxide etch
for a few minutes to remove the mask material. Purpose of the mask is to provide for the
confining growth of the active material.

Having described the invention, the following example is given as a particular
embodiment thereof and to demonstrate the practice and advantages thereof. It is understood
that the example is given by way of illustration and is not intended to limit specification or
the claims in any manner.

Example I

This example illustrates confined growth of an electronic device fabricated by the
use of the lift-off procedure for removing resist and oxide mask materials in the growth areas.

Pursuant to the objectives herein, the substrate used was a sapphire disk 5 cm in
diameter and 330 - micron thick coated with a 3- micron thick layer of gallium nitride
starting layer that was cleaned before any processing using a standard solvent series ultrasonic
cleaning. The polymethylmethacrylate resist of several hundred angstroms thickness was
spun on the substrate, and processed using standard lithographic techniques that left the
resist only in areas that were ultimately to be grown upon. A blanket mask coating 1000
angstroms thick of the dielectric thin film silicon dioxide was uniformly deposited on the
resist using reactive sputter deposition. The principal purpose of the mask material herein
was to provide confined growth of the gallium nitride active material. The sample was then
subjected to an acetone bath which caused the photoresist to dissolve and to remove the mask
on top of the resist, thus leaving a patterned mask with openings in it. The openings of the
mask were further cleaned in a dilute aqueous 10-20% by volume sulfuric acid solution. The

patterned sample was then subjected to a solvent series cleaning procedure in an ultrasonic
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bath, as described in connection with cleaning of the substrate before being inserted into the
growth reactor, and loaded into the metalorganic chemical vapor deposition chamber where
gallium nitride semiconductor thin film was conventionally grown in the openings in the
mask at a rate of about 1 pm/hr to a thickness of about 5000 A.

Growth of gallium nitride in the openings of the mask involved controlled evacuation
of reactor and slow ramping of the temperature of the sample to the growth temperature of
1013 °C in a mixture of ammonia and hydrogen. Once growth temperature was stabilized, a
flow of the gallium precursor trimethylgallium was introduced to commence the growth of
gallium nitride in the openings. After 5 minutes of the growth, flow of trimethylgallium was
shut off and temperature of the sample was ramped down to room temperature in the mixture
of ammonia and hydrogen. After temperature of the sample reached room temperature, the
chamber was opened and the sample removed. Removal of the dielectric mask material was
completed by immersing the sample in a conventional buffered oxide etch for 5 minutes..

The sample was then probed electrically for diode performance evaluation which
included establishing a contact on top of the confined growth and a contact on the substrate,
then applying a voltage between the contacts while measuring the current flow.

The fabricated sample, as described above, had a reduced defect density on the order
of one magnitude, as verified by the transmission electron micrograph of Fig. 3 and a reduced
leakage current, as shown in the the graph of Fig. 5. The sample also had atomically (<10 A)
smooth side surfaces as shown in Fig. 4 where the left scanning electron micrograph is a
1400 X magnification of the growth mesas and the right micrograph of Fig. 4 is a 3400 X
magnification of a growth mesa. Fig. 5 shows reverse bias leakage current below 1x10?

amps, which is a great deal below that of the prior art depicted by curve 22. In Fig. 5, curve
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24 denotes the turn-on voltage for such devices. The smooth mesa surfaces shown in Fig. 4
facilitate passivation, reduce electron scattering, and contribute to stability of the grown
active material.

It is an important advantage that the surfaces created by the fabrication method
disclosed herein are atomically flat (less than 10 A). Such surfaces are shown in the scanning
electron micrographs of Fig. 4. Flatness of the surfaces enhances the effectiveness of
passivation coatings via better bonding arrangements and is critical to the creation of high
efficiency light emitting and laser diodes with edge emission.

The measured current-voltage characteristics of pn junction diodes created using the
novel method are illustrated in Fig. 5 and elsewhere. It should be noted that the reverse bias
leakage current, which is likely to be most affected by the presence of extended defects, is
extremely low. It should also be noted that the electronic device used to construct the plot of
Fig. 5 was unpassivated such that surface leakage currents could contribute to the
measurement.

The reduction in strain achieved by the method disclosed herein results in reduced
extended defect densities, as already noted. These extended defects have a deleterious effect
on doping efficiency and the thickness of layers that can be achieved before cracking. By
rapidly reducing the number of the defects, resulting films have a lower background doping
concentration that leads to more controllable and efficient doping. The thicker films also
permit large blocking layers required for high voltage power devices. For instance, a
thickness of about 35 um of the active material is required to block 6 KV.

Electronic devices, fabricated as described above, are useful in ultra high frequency

operation of 1-100 GHz at high power density of 2-10 W/mm of gate periphery. For high
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voltage blocking devices, all of which have leakage current, a specific example of the benefit
provided by the invention herein is for increased blocking capacity.

The samples made in conformance with confining growth, as described above, can be
subjected to an additional step of conventional passivation or growth of an oxide or another
layer on the surface of the grown gallium nitride to provide electrical stability by isolating the
transistor surface from electrical and chemical conditions in the environment. Passivation
reduces reverse current leakage, increases breakdown voltage, and enhances power
dissipation rating. A silicon nitride film of 500 A typically provides the intended passivation
but other materials and thicknesses may be suitable.

The samples made in the manner disclosed herein are at some point subjected to
ohmic contact metalization, which is carried out in a conventional manner. In this respect,
electrical contacts consisting of a layer of 200 A of nickel and a layer of 1500 A of gold
thereon have been found to provide the desired contact.

While presen;ly preferred embodiments have been shown of the novel electronic
device and fabrication method therefor, and of the several modifications discussed, persons
skilled in this art will readily appreciate that various additional changes and modifications
may be made without departing from the spirit of the invention as defined and differentiated

by the following claims.
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What is claimed:
1. A method of making a device comprising the steps of:

(a) depositing a dielectric thin film mask material on a semiconductor substrate
surface;

(b) patterning the mask material to form openings therein extending to the substrate
surface;

(c) growing active material in the openings;

(d) removing the mask material to form the device with reduced extended defect
density; and

(e) depositing electrical contacts on the device.
2. The method of claim 1 including the étep of cleaning the exposed substrate surface to make
it ready for epitaxial deposition of the active material.
3. The method of claim 2 including the step of depositing a resist material on the substrate
surface before depositing the mask material; developing the resist material and removing and
the mask material to create the openings where the active material is grown.
4. The method of claim 1 including the step of doping the active material.
5. ‘The method of claim 1 including the steps of depositing a resist material on the mask
material and developing the resist material, said patterning step including removal of the
mask material and the resist material to cre;te the openings.
6. The method of claim 1 wherein open area on the substrate surface is in the approximate

range of 1 % to 99 %.

7. The method of claim 2 wherein the substrate surface includes a thin film of a starting
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material.

8. The method of claim 7 wherein the starting material is the active material.

9. The method of claim 3 including the step of cleaning the substrate surface coated with the
resist material and the mask material.

10. The method of claim 1 wherein the substrate surface is a thin film of the active material to
allow for growth of the active material thereon.

11. The method of claim 6 wherein growth of the active material in the openings is at a rate of
approximately 1 pm/hr to 30 um/hr.

12. The method of claim 2 wherein thickness of the deposited mask material is in the
approximate range of 1000 A to 2000 A.

13. The method of claim 2 wherein the substrate surface is selected from the group consisting
of sapphire, diamond, silicon carbide, lithium aluminate, and lithium gallate; the mask
material is selected from the group consisting of silicon dioxide and silicon nitride; and the
active material is selected from the group consisting of gallium nitride, aluminum gallium
nitride and indium gallium nitride.

14. The method of claim 2 wherein the resist is selected from positive, negative and mixtures
of the resists .

15. A device having reduced extended defect density comprising a substrate, a semiconductor
active material deposited on said substrateand having atomically smooth surfaces, and
electrical contacts on said device.

16. Device of claim 15 wherein said substrate is selected from the group consisting of
sapphire, diamond, silicon carbide, lithium aluminate, and lithium gallate; and said active

material is selected from the group consisting of nitrides that have a tunable direct bandgap in
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the approximate range of 0.8 eV t0 6.2 eV.

17. Device of claim 15 wherein said active material is selected from the group consisting of
gallium nitride, aluminum gallium nitride and indium gallium nitride.

18. Device of claim 15 that can operate at frequency in the approximate range of 1 GHz to
100 GHz and power in the approximate rang of 2 W/mm of gate periphery to 10 W/mm of
gate periphery, wherein said substrate is selected from the group consisting of sapphire and
silicon carbide and said active material is selected from the group consisting of gallium
nitride, aluminum gallium nitride and indium gallium nitride.

19. Device of claim 15 that has reverse bias leakage current below 1x10®° amps wherein
said substrate is selected from the group consisting of sapphire and silicon carbide and said
active material is selected from the group consisting of gallium nitride, aluminum gallium
nitride and indium gallium nitride.

20. Device of claim 19 wherein said electrical contacts are selected from suitable metallic.

materials.
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