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FABRICATING A GALLIUM NITRIDE DEVICE WITH A DIAMOND LAYER

BACKGROUND
Gallium Nitride (GaN) has electrical and physical properties that make it highly

suitable for high frequency (HF) devices such as microwave devices. The HF devices
produce a high amount of heat requiring a heat spreader to be attached to the HF devices
to avoid device failure. One such heat spreader is diamond. A hot filament chemical
vapor deposition (CVD) process has been used to form diamond that is used on GaN
layers. Generally, these diamond layers are not deposited directly onto the GaN layers
but onto some other material (e.g., silicon, silicon carbide, and so forth) that is eventually

disposed with the GaN layer.

SUMMARY

In one aspect, a method includes fabricating a device. The device includes a
gallium nitride (GaN) layer, a diamond layer disposed on the GaN layer and a gate
structure disposed in contact with the GaN layer and the diamond layer.

In another aspect, a device includes a GaN layer, a diamond layer disposed on the
GaN layer and a gate structure disposed in contact with the GaN layer and the diamond
layer.

In a further aspect, a method includes disposing a diamond layer onto a first
surface of gallium nitride (GaN), removing a portion of the diamond layer exposing the
first surface of the GaN and forming a gate structure in contact with the first surface of

the GaN and the diamond layer.
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DESCRIPTION OF THE DRAWINGS
FIG. 1A is a diagram of an example of a Gallium Nitride (GaN) layer with a first
diamond layer and a second diamond layer.
FIG. 1B is a diagram of another example of the GaN layer with the first diamond
5 layer and the second diamond layer.
FIG. 2 is a flowchart of an example of a process to fabricate the GaN layer with
the first diamond layer and the second diamond layer.
FIGS. 3A to 3D are diagrams corresponding to the process of FIG. 2.
FIG. 4 is a flowchart of another example of a process to fabricate a GaN layer
10 with the first diamond layer and the second diamond layer.
FIGS. 5A to 5H are diagrams corresponding to the process of FIG. 4.
FIG. 6 is a flowchart of an example of a process for depositing diamond on
another surface.
FIGS. 7A to 7F are diagrams corresponding to the process of FIG. 6.
15 FIG. 8 is a flowchart of another example of a process for depositing diamond on
another surface.
FIGS. 9A to 9D are diagrams corresponding to the process of FIG. 6.
FIG. 10 is an example of a device with diamond layers.
FIG. 11 is another example of a device with diamond layers.

20 FIG. 12 is a graph depicting thermal performance with diamond coatings.

DETAILED DESCRIPTION
Hot filament chemical vapor deposition (CVD) processes have been used to form

diamond layers of less than 1 mil that are used on gallium nitride (GaN) layers. To be



10

15

20

WO 2010/075125 PCT/US2009/068180

effective as a heat spreader, diamond layers must be greater than 2 mils. Moreover, the
hot filament CVD process by its very nature produces a blackish-color diamond which is
contaminated with material used in the hot filament CVD process such as tungsten, for
example. In general, these “dirty” diamond layers that are produced have a lower
thermal conductivity than pure diamond. In general, the thermal conductivity of
diamond layers using the hot filament CVD process is about 800 to 1000 Watts/meter —
Kelvin (W/m-K).

A microwave plasma CVD process has been known to produce much thicker
diamond layers on the order of 4 mils or greater at a much faster rate than the hot
filament CVD process. Moreover the diamond layers are purer than the hot filament
CVD process producing diamond layers having a thermal conductivity greater than 1500
W/m-K. In one example, the thermal conductivity of diamond produced using the
microwave plasma CVD process is twice the thermal conductivity of diamond produced
using the hot filament process. However, the CVD processes including the microwave
plasma CVD process is relatively unknown with respect to direct deposition onto GaN.
For example, the deposition of diamond using hot filament CVD is typically done onto
some other material (e.g., silicon, silicon carbide, and so forth) that is eventually is
disposed with the GaN layer. Since the deposition of diamond directly onto to GaN
using the microwave plasma CVD process is relatively unknown, the costs of developing
and testing a reliable and successful processes to deposit diamond directly onto the GaN
is extremely expensive. One way around the cost and expense of developing a process to
deposit diamond directly onto GaN, is to deposit diamond using the microwave plasma
CVD process onto an inferior diamond layer that was fabricated using the hot filament

CVD, for example.
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As used herein GaN layers may include pure GaN, doped GaN or GaN combined
with other elements (e.g., AlGaN) or any combination thereof. Silicon substrates may
include pure silicon, doped silicon, silicon dioxide, silicon carbide or any combination of
silicon with other elements or any combination thereof.

Referring to FIGS. 1A and 1B, in one example, a structure 10 for use in forming
a device (e.g., a high frequency device, a high electron mobility transistor (HEMT), a
microwave device and so forth) includes a second diamond layer 12, a first diamond
layer 14 adjacent to the second diamond layer and a GaN layer 16 adjacent to the first
diamond layer. In this configuration, heat produced by GaN layer 16 pass through a heat
spreader formed by the first and second diamond layers 12, 14. In another example, a
structure 20 uses to form a device (e.g., a high frequency device, a HEMT transistor, a
microwave device and so forth) is similar to the structure 10 but includes an interlayer 22
between the first diamond layer and the GaN layer 16. The interlayer 22 is needed
because the fabrication of diamond directly onto GaN is not easy process much less
predictable or consistent. The interlayer 22 may be simply an adhesive holding the first
diamond layer 14 to the GaN 16 or a silicon-type structure onto which diamond may
easily be disposed. Sometimes the interlayer 22 has a thermal conductivity less than that
of the diamond layers 12, 14 so that it holds heat more; or put another way, the heat
transference from the GaN layer 16 is impeded by the interlayer 22. Thus, minimizing
the interlayer 22 or not having the interlayer at all as in the structure 10 is preferred.

Referring to FIGS. 2 and 3A to 3D, one process to fabricate a GaN layer with a
first diamond layer and a second diamond layer is a process 100. The hot filament CVD
process is used to deposit a first diamond layer 14 (e.g., a layer of 5 to 20 microns thick)

onto a silicon-on-insulator (SOI) substrate 122 (102) (FIG. 3A). The insulator (not
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shown) (e.g., silicon dioxide) is removed from the SOI substrate 122 leaving a silicon
substrate 122°, for example (104) (FIG. 3B). The microwave plasma CVD is used to
deposit a second diamond layer 12 onto the first diamond layer 14 (108) (FIG. 3C). GaN
is grown onto the remaining SOI substrate, the silicon substrate 122 (112) (FIG. 3D).

Referring to FIGS. 4 and 5A to 5H, another process to fabricate a GaN layer with
a first diamond layer and a second diamond layer is a process 200. GaN 16 is grown on
a first substrate 230 (202) (FIG. 5A). In one example, the first substrate may be silicon
carbide, silicon or sapphire. A silicon layer 232 (e.g., silicon, silicon carbide and so
forth) is disposed onto the GaN (204) (FIG. 5B). In one example, the silicon layer 232 is
attached to the GaN 16 using an adhesive. In another example, the silicon layer 232 is
grown onto the GaN 16. In other examples, other materials such as glass may be used
instead of the silicon layer 232. The first substrate 230 is removed (208), for example,
through etching leaving a GaN/silicon structure 250 (FIG. 5C). A hot filament CVD is
used to deposit a first layer of diamond 14 onto a second substrate 234 (212) (FIG. 5D).
For example, the second substrate 234 is a silicon substrate 500 microns thick. A
microwave plasma CVD process is used to deposit a second diamond layer 12 onto the
first diamond layer 14 (218) (FIG. 5E). The second substrate 234 is removed (218), for
example, through etching (FIG. 5F). The first and second diamond layers 12, 14 are
attached to the GaN/silicon structure 250 (224) (FIG. 5G). For example, the first
diamond layer 14 is attached to the GaN 16 using an adhesive. The silicon layer 232 is
removed (228), for example, through etching (FIG. 5H).

Referring to FIG. 6 and 7A to 7F, a further process to fabricate a GaN layer with
diamond layers is a process 300. Process 300 is similar to process 200 except a third

diamond layer 316 is disposed on a first GaN surface 302 (e.g., a top surface) (FIG. 7F)
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opposite a second GaN surface 304 (e.g., a bottom surface) (FIG.7F) that has the first
and second diamond layers 14, 12. For example, processing blocks 202, 204 and 208 are
performed as in process 200. In particular, the GaN 16 is grown on the first substrate
230 (202) (FIG. 7A), the silicon layer 232 is disposed onto the GaN 16 (204) (FIG. 7B);
and the first substrate 230 is removed (208), for example, through etching leaving the
GaN/silicon structure 250 (FIG. 7C).

The silicon/GaN structure 250 is immersed in a solution and subjected to
ultrasound (302). By treating the surface prior to deposition (e.g., a processing block
314), the diamond layer 316 has a better chance of forming on the GaN 16 during
deposition. In one example, the solution is an isopropyl alcohol solution that includes
diamond particles (e.g., nano-diamond particles (10'9 m)).

The third diamond layer 316 is disposed on the silicon/GaN structure 250 (314)
(FIG. 7D). For example, the microwave plasma CVD process is used to deposit the third
diamond layer 316 onto the GaN 250 at temperatures from about 600 °C to about 650 °C.
The silicon layer 232 is removed (228), for example, through etching (FIG. 7E).

The first and second diamond layers 14, 12, formed using process blocks 212,
214 and 218, for example, are attached to the remaining GaN/diamond structure to form
a diamond/GaN/diamond/diamond structure 360 (334) (FIG. 7F). For example, the first
diamond layer 14 is attached to the GaN 16 using an adhesive. The first diamond layer
14 is attached to the second surface 304 opposite to the first surface 302 disposed with
the third diamond layer 316. By having a diamond layer 316 disposed on opposite
surfaces from the diamond layers 12, 14, heat is more effectively pulled away from

devices formed from the diamond/GaN/diamond/diamond structure 360.
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Referring to FIG. 8 and 9A to 9D, a still further process to fabricate a GaN layer
with diamond layers is a process 370. A silicon carbide/GaN structure 380 (FIG. 9A)
that includes a GaN layer 16 and a silicon carbide layer 382 disposed with the second
surface of the GaN 16. The silicon carbide/GaN structure 380 is immersed in an
isopropyl alcohol solution with nano-diamond particles (e.g., a solution used in
processing block 312) and an ultrasound is performed (372). A third diamond layer 316
is disposed on the GaN 16 (374) (FIG. 9B). The silicon carbide layer 382 is removed,
for example, through etching (376) (FIG. 9C). The first and second diamond layers 14,
12 are formed using processing blocks 212, 214, and 218, for example. The first and
second diamond layers 14, 12 are attached to the GaN/diamond 350 to form the
diamond/GaN/diamond/diamond structure 360 (334) (FIG. 9D).

Referring to FIG. 10, the diamond/GaN/diamond/diamond structure 360 may be
used to fabricate devices such as a high frequency device, a high electron mobility
transistor (HEMT), a microwave device and so forth. For example, the diamond layer
316 may be integrated directly into the devices and used not only to remove heat but
function as a dielectric, for example, used in capacitance. For example, the dielectric
constant of diamond is about 5.7 which is close to the dielectric constant of about 7 for
silicon nitride films commonly used in GaN devices; however, diamond films have a
greater thermal conductivity than the silicon nitride films. In some examples, portions of
the diamond layer 316 are removed (e.g., using oxygen plasma) and the surface 302 of
the GaN 16 becomes exposed.

In one example, a device 400 (e.g., a HEMT device) includes a source 404, a
drain 406 and a gate 408 (e.g., a T-Gate) that are deposited in a metallization step onto to

the surface 302 of the GaN layer 16. The gate 408 is formed in the diamond layer 316
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after removal of portions of the diamond layer thereby exposing the GaN. In this
example, the removal of portions of the diamond layer 316 splits the diamond layer into
two diamond layers 316a, 316b each having a width W. In this configuration, the
diamond layers 316a, 316b may function as a dielectric layer and a heat spreader by
removing the heat away from the gate 408. In some examples, the widths of the
diamond layers 316a, 316b may not be equal. In one example, portions of the gate 408
are adjacent to and in contact with the diamond layers 316a, 316b and other portions of
the gate 408 form gaps 410a, 410b (e.g., air gaps) between the gate and the diamond
layers 316a, 316b. In one example, gate 408, the gaps 410a, 410b, the diamond layer
316a, 316b form capacitance structures. One of ordinary skill in the art would be aware
of several methods to form these gaps 410a, 410b. For example, prior to metallization to
form the gate 408, a material (e.g., photoresist) may be on the surface of the diamond
layer 316. After the gate 408 is formed, the material is removed forming the gaps 410a,
410b. In other examples, the device 400 does not include gaps 410a, 410b so that the
gate 408 is directly on the surface of the diamond layers 316a, 316b. In still further
examples, other materials may fill gaps 410a, 410b that may or may not contribute to
capacitance.

Referring to FIGS. 11 and 12, a device 400° is similar to the device 400 with the
GaN layer 16 including an AlGaN layer 412 and a pure GaN layer 416. Other GaN-type
materials may be added to the GaN layer 416 than the AlGaN 412. The GaN layer 416
may also be replaced with doped GaN or other GaN-type materials. The third diamond
layers 316a, 316b are used to significantly reduce temperatures at the gate 408 by
spreading the heat away from the gate. A graph 500 depicts the effects of heat as a

function of the width, W, of the diamond layer 316a or 316b using the device 400°. A
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distance, D, between the gate 408 and the source 404 is 1.875 microns and a distance, G,
between the diamond layers 316a, 316b is .25 microns. A curve 502 represents a .05
micron layer of diamond and a curve 504 represents a .25 micron layer of diamond. The
.25 micron diamond coating allows a 20% increase in output power and reduces thermal
resistance by 15% (>25°C at 5 W/mm) than not having a diamond layers 316a, 316b.
The .05 micron diamond coating reduces thermal resistance by 10% (>25°C at 5 W/mm)
than not having a diamond layers 316a, 316b.

The processes described herein are not limited to the specific embodiments
described herein. For example, the processes are not limited to the specific processing
order of the process steps in FIGS. 2, 4, 6 and 8. Rather, any of the processing steps of
FIGS. 2, 4, 6 and 8 may be re-ordered, combined or removed, performed in parallel or in
serial, as necessary, to achieve the results set forth above.

While the invention is shown and described in conjunction with a particular
embodiment having an illustrative product having certain components in a given order, it
is understood that other embodiments well within the scope of the invention are
contemplated having more and fewer components, having different types of components,
and being coupled in various arrangements. Such embodiments will be readily apparent
to one of ordinary skill in the art. Other embodiments not specifically described herein
are also within the scope of the following claims.

What is claimed is:
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1. A method, comprising:
fabricating a device comprising;:
a gallium nitride (GaN) layer;
a diamond layer disposed on the GaN layer; and
5 a gate structure disposed in contact with the GaN layer and the diamond

layer.

2. The method of claim 1 wherein the fabricating further comprises depositing
the diamond layer onto the GaN layer.
10
3. The method of claim 2 wherein the depositing comprises depositing the

diamond layer onto the GaN layer using a microwave plasma chemical vapor deposition

(CVD.

15 4. The method of claim 2 wherein the depositing comprises depositing a

diamond layer that is greater than 1,000 Angstroms.

5. The method of claim 2 wherein the diamond layer is a first diamond layer,
wherein depositing the first diamond layer further comprises depositing a first

20 diamond layer onto a first surface of the GaN, and
further comprising disposing a second diamond layer onto a second surface of the

GaN layer opposite the first surface of the GaN layer.

10
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6. The method of claim 5 wherein disposing a second diamond layer onto a
second surface of the GaN layer opposite the first surface of the GaN layer comprises
attaching to the second surface of the GaN layer a second diamond layer having a first
thermal conductivity and a third diamond layer disposed thereto having a second thermal

5 conductivity greater than the first thermal conductivity.

7. The method of claim 1 wherein fabricating a device comprising the GaN layer
comprises fabricating a device comprising a GaN layer comprising at least one of

undoped GaN, doped GaN or GaN combined with another element.

10
8. The method of claim 1 wherein fabricating a device comprises fabricating one
of a high frequency device, a high electron mobility transistor (HEMT) or a microwave
device.
15 9. A method comprising:
disposing a diamond layer onto a first surface of gallium nitride (GaN);
removing a portion of the diamond layer exposing the first surface of the GaN;
and
forming a gate structure in contact with the first surface of the GaN and the
20 diamond layer.
10. The method of claim 9 wherein the diamond layer is a first diamond layer,
and

11
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further comprising attaching a second diamond layer to a second surface of the

GaN opposite the first surface of the GaN.

11. The method of claim 9, further comprising fabricating at least one of a high
frequency device, a high electron mobility transistor (HEMT) or a microwave device

from the diamond/GaN structure.

12. The method of claim 9 wherein removing a portion of the diamond layer
exposing the GaN surface comprises removing a portion of the diamond layer using

oxygen plasma.

13. The method of claim 9 wherein disposing a diamond layer comprises

depositing a diamond layer.

14. The method of claim 13, further comprising performing an ultrasound on the
GaN immersed in a solution comprising nano-diamond particles prior to depositing the

diamond layer.

15. The method of claim 9, further comprising:
growing GaN on a first substrate;
disposing a layer of material onto the GaN; and

removing the first substrate.

12
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16. The method of claim 15 wherein growing GaN on a first substrate comprises

growing GaN on one of silicon carbide, silicon or sapphire.

17. The method of claim 15 wherein disposing a layer of material onto the GaN

5 comprises disposing one of a silicon layer or a glass layer.

18. The method of claim 15, further comprising removing the layer of material to

form a diamond/GaN structure.

10 19. A device, comprising:
a gallium nitride (GaN) layer;
a diamond layer disposed on the GaN layer; and

a gate structure disposed in contact with the GaN layer and the diamond layer.

15 20. The device of claim 19 wherein the diamond layer is a first diamond layer,
wherein the gate and the first diamond layer are disposed on a first surface of the
GaN layer, and
further comprising a second diamond layer having a first thermal conductivity
and disposed on a second surface of the GaN layer opposite the first surface of the GaN.
20
21. The device of claim 20, further comprising a third diamond layer having a
second thermal conductivity greater than the first thermal conductivity and disposed on

the second diamond layer.

13
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22. The device of claim 19, further comprising an interlayer disposed between

the second diamond layer and the GaN layer.

23. The device of claim 19 wherein the second diamond layer is greater than 2

5 mils and the first diamond layer less than 1 mil.

24. The device of claim 19 wherein the device is one of a high frequency device,

a high electron mobility transistor (HEMT) or a microwave device.

10 25. The device of claim 19 wherein the GaN layer comprises at least one of

undoped GaN, doped GaN or GaN combined with another element.

14
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