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(57) ABSTRACT

A semiconductor device is provided that includes a substrate,
a first active layer disposed over the substrate, and a second
active layer disposed on the first active layer. The second
active layer has a higher bandgap than the first active layer
such that a two-dimensional electron gas layer arises between
the first active layer and the second active layer. A termination
layer, which is disposed on the second active layer, includes
InGaN. Source, gate and drain contacts are disposed on the
termination layer.
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TERMINATION AND CONTACT
STRUCTURES FOR A HIGH VOLTAGE
GAN-BASED HETEROJUNCTION
TRANSISTOR

RELATED APPLICATIONS

[0001] This application is a continuation of application Ser.
No. 13/066,200 filed Apr. 7, 2011, which is a continuation of
application Ser. No. 11/725,823 filed Mar. 20, 2007, which
applications are assigned to the assignee of the present appli-
cation. This application is related to copending U.S. patent
application Ser. No. 11/725,760, now U.S. Pat. No. 7,501,
670, entitled “Cascode Circuit Employing A Depletion-
Mode, GaN-Based Fet,” filed on Mar. 20, 2007 and herein
incorporated by reference in its entirety herein.

[0002] This application is also related to copending U.S.
patent application Ser. No. 11/725,820, entitled “High-Volt-
age GaN-Based Heterojunction Transistor Structure and
Method of Forming Same,” filed on Mar. 20, 2007 and herein
incorporated by reference in its entirety herein.

FIELD OF THE INVENTION

[0003] The present invention relates to a high voltage tran-
sistor heterostructure, and more particularly relates to a high
voltage gallium nitride (GaN) high electron mobility transis-
tor (HEMT).

BACKGROUND OF THE INVENTION

[0004] Gallium nitride (GaN) offers substantial opportu-
nity to enhance performance of electronic devices such as
high electron mobility transistors (HEMTs). The HEMT
behaves much like a conventional Field Effect Transistor
(FET), and the fabrication of HEMT devices is based on FET
architecture. However, HEMTs require a very precise, lattice-
matched heterojunction between two compound semicon-
ductor layers. In general, a GaN HEMT has a Schottky layer
and a GaN butfer layer deposited on a substrate and source,
gate, and drain contacts deposited on the Schottky layer.
[0005] The GaN-based HEMT device is capable of maxi-
mizing electron mobility by forming a quantum well at the
heterojunction interface between the AlGaN layer, which has
a large band gap, and the GaN layer, which has a narrower
band gap. As a result, electrons are trapped in the quantum
well. The trapped electrons are represented by a two-dimen-
sional electron gas in the undoped GaN layer. The amount of
current is controlled by applying voltage to the gate electrode,
which is in Schottky contact with the semiconductors so that
electrons flow along the channel between the source electrode
and the drain electrode.

[0006] As the market for HEMTS continues to grow, many
improvements remain desirable to enhance various operating
characteristics such as the breakdown voltage Vbr and the
leakage current 1. For example, one problem that remains to
be adequately addressed arises because the Schottky layer is
typically metallic and may be exposed to air during fabrica-
tion of the HEMT and/or during operation of the HEMT. By
exposing the Schottky layer to air, surface reactions such as
oxidation may occur on the surface of the Schottky layer.
These surface reactions may degrade the performance of the
HEMT and also decrease the effectiveness of passivation.
Passivation is the deposition of a dielectric material on the
surface of the HEMT in order to passivate, or fill, surface traps
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on the surface of the HEMT, thereby avoiding device degra-
dation due to these surface traps such as RF to DC dispersion.
[0007] Therefore, there remains a need for a high voltage
GaN HEMT structure that, among other things, has a repro-
ducible termination layer capable of preventing surface reac-
tions during fabrication and operation of the GaN HEMT.

SUMMARY OF THE INVENTION

[0008] In accordance with the present invention, a semi-
conductor device is provided that includes a substrate, a first
active layer disposed over the substrate, and a second active
layer disposed on the first active layer. The second active layer
has a higher bandgap than the first active layer such that a
two-dimensional electron gas layer arises between the first
active layer and the second active layer. A termination layer,
which is disposed on the second active layer, includes InGaN.
Source, gate and drain contacts are disposed on the termina-
tion layer.

[0009] In accordance with one aspect of the invention, the
first active layer comprises a group III nitride semiconductor
material. the first active layer comprises GaN.

[0010] Inaccordance with another aspect of the invention,
the second active layer comprises a group 11 nitride semicon-
ductor material.

[0011] Inaccordance with another aspect of the invention,
the second active layer comprises Al,Ga, N, wherein
0<X<l.

[0012] Inaccordance with another aspect of the invention,
the second active layer is selected from the group consisting
of AlGaN, AlInN, and AllnGaN.

[0013] Inaccordance with another aspect of the invention,
a nucleation layer is disposed between the substrate and the
first active layer.

[0014] Inaccordance with another aspect of the invention,
a semiconductor device includes a substrate, a first active
layer disposed over the substrate, and a second active layer
disposed on the first active layer. The second active layer has
a higher bandgap than the first active layer such that a two-
dimensional electron gas layer arises between the first active
layer and the second active layer. A termination layer is dis-
posed on the second active layer. The termination layer is
selected from the group consisting of Fe-doped GaN, Si-
doped GaN, FeN and SiN. Source, gate and drain contacts are
disposed on the termination layer.

[0015] Inaccordance with another aspect of the invention,
a semiconductor device includes a substrate, a first active
layer disposed over the substrate, and a second active layer
disposed on the first active layer. The second active layer has
a higher bandgap than the first active layer such that a two-
dimensional electron gas layer arises between the first active
layer and the second active layer. The second active layer
includes first and second recesses formed therein. A source
and drain contact are disposed in the first and second recesses,
respectively. A gate electrode is disposed over the second
active layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 shows one embodiment of a gallium nitride
(GaN) heterojunction structure incorporated in a high elec-
tron mobility transistor (HEMT).

[0017] FIGS. 2 and 3 show alternative embodiments of a
gallium nitride (GaN) heterojunction structure incorporated
in a high electron mobility transistor (HEMT).
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[0018] FIG. 4 shows another alternative embodiment of a
gallium nitride heterojunction structure incorporated in a
high electron mobility transistor (HEMT).

DETAILED DESCRIPTION

[0019] Itis worthy to note that any reference herein to “one
embodiment” or “an embodiment” means that a particular
feature, structure, or characteristic described in connection
with the embodiment is included in at least one embodiment
of the invention. The appearances of the phrase “in one
embodiment” in various places in the specification are not
necessarily all referring to the same embodiment Moreover,
the various embodiments may be combined in a multiplicity
of' ways to yield additional embodiments that are not explic-
itly shown herein.

[0020] The present invention relates to a high voltage, gal-
lium nitride (GaN) heterojunction structure incorporated in a
high electron mobility transistor (HEMT) 10 as illustrated in
FIG. 1. The HEMT 10 includes a substrate 12, a nucleation
(transitional) layer 18, a GaN buffer layer 22, an aluminum
gallium nitride (Al,Ga,;_,N; 0<X<1) Schottky layer 24, and a
cap or termination layer 16. Further, the HEMT 10 includes
source contact 27, gate contact 28, and drain contact 30.
[0021] The GaN heterojunction structure 10 is typically
fabricated using an epitaxial growth process. For instance, a
reactive sputtering process may be used where the metallic
constituents of the semiconductor, such as gallium, aluminum
and/or indium, are dislodged from a metallic target disposed
in close proximity to the substrate while both the target and
the substrate are in a gaseous atmosphere that includes nitro-
gen and one or more dopants. Alternatively, metal organic
chemical vapor deposition (MOCVD) may be employed,
wherein the substrate is exposed to an atmosphere containing
organic compounds of the metals as well as to a reactive
nitrogen-containing gas, such as ammonia, and a dopant-
containing gas while the substrate is maintained at an elevated
temperature, typically around 700-1100 C. The gaseous com-
pounds decompose and form a doped semiconductor in the
form of a film of crystalline material on the surface of the
substrate 302. The substrate and the grown film are then
cooled. As a further alternative, other epitaxial growth meth-
ods, such as molecular beam epitaxy (MBE) or atomic layer
epitaxy may be used. Yet additional techniques that may be
employed include, without limitation, Flow Modulation
Organometallic Vapor Phase Epitaxy (FM-OMVPE), Orga-
nometallic Vapor-Phase Epitaxy (OMVPE), Hydride Vapor-
Phase Epitaxy (HVPE), and Physical Vapor Deposition
(PVD).

[0022] To begin the growth of the structure, the nucleation
layer 18 is deposited on the substrate 12. The substrate 12 may
be formed from various materials including, but not limited
to, sapphire or silicon carbide (SiC). The nucleation layer 18
may be, for example, an aluminum rich layer such as Al,Ga,
xN, where X is in the range O to 1. The nucleation layer 18
operates to correct a lattice mismatch between the GaN buffer
layer 22 and the substrate 12. In general, a lattice mismatch is
created when the spacing between atoms of one layer does not
match the spacing between the atoms of an adjacent layer. As
aresult of the lattice mismatch, bonding between the atoms of
the adjacent layers are weak, and the adjacent layers could
crack, separate, or have a large number. of crystalline defects.
Therefore, the nucleation layer 18 operates to correct the
lattice mismatch between the GaN buffer layer 22 and the
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substrate 12 by creating an interface between the crystalline
structure of the substrate 12 and the crystalline structure of the
GaN buffer layer 22.

[0023] After depositing the nucleation layer 18, the GaN
buffer layer 22 is deposited on the nucleation layer 18, and the
Al,Ga, N Schottky layer 24 is deposited on the GaN buffer
layer 22. The two-dimensional conduction channel 26, which
is a thin, high mobility channel, confines carriers to an inter-
face region between the GaN buffer layer 22 and the Al,Ga, _
xN Schottky layer 24. The cap or termination layer 16 is
deposited on the Al,Ga, N Schottky layer 24 and serves to
protect the Al,Ga, N Schottky layer 24 from surface reac-
tions, such as oxidation, during fabrication and operation of
the HEMT 10. Because the Schottky layer 24 includes alu-
minum, oxidation occurs if the Al,Ga, N Schottky layer 24
is exposed to air and is not otherwise protected.

[0024] After growth of the epitaxial layers 18, 22 and 24
and the termination layer 16 on the substrate 12, the HEMT
10 is completed by depositing the source, gate, and drain
contacts 27, 28, and 30, respectively, on the termination layer
16. Each of the contacts 27, 28, and 30 are metallic contacts.
Preferably, the gate contact 28 is a metallic material such as
but not limited to nickel, gold, and the source and drain
contacts 27 and 30, are each a metallic material such as but not
limited to titanium, gold, or aluminum.

[0025] Inone embodiment of the invention the termination
layer 16 is an InGaN layer that is formed on the Al,Ga, N
Schottky layer 24. The InGaN layer 16 serves two purposes,
the first of which is to provide an upper layer that does not
include Al so that oxidation is reduced. Moreover, by using an
InGaN material instead of a material that includes Al, the
growth process may be simplified since Al-containing com-
pounds such as InGaAIN generally require higher growth
temperatures to provide adequate uniformity and smooth-
ness. In addition, the InGaN layer 24 slightly lowers the
potential barrier at the surface, which can reduce the build up
of surface charges and reduce the leakage current on the
surface of the structure.

[0026] In another embodiment of the invention the termi-
nation layer 16 is a flash layer comprising Al metal. A flash
layer is formed with a very short burst of material. This will
form a very thin (e.g., 1-2 monolayers of material) but even
coverage over the structure’s surface. The flash layer is gen-
erally performed in situ. To ensure that metallic Al is formed
and not AIN, the reactive nitrogen-containing gas (e.g.,
ammonia) that would otherwise be present when forming
AlN is absent. The Al flash layer may be formed at high or low
temperatures. After its formation, the Al can be subsequently
annealed to form a thin oxide layer. Since the Al flash layer is
very thin, it can be oxidized in its entirety, thus creating an
initial “native” oxide on the material which then protects the
Schottky layer 24 from undergoing any degradation of the
type that is often seen in processing. This can also act as an
additional barrier material for reduction of leakage currents
and increase in breakdown voltage, both of which are impor-
tant to HEMT performance. Instead of Al, the flash layer may
comprise other metals such as gallium or even indium. The
Ga or In flash layer can also be oxidized to form a uniform
“native” oxide on the structure.

[0027] Inyetother embodiments of the invention the cap or
termination layer 16 may be formed from other materials
such as highly Fe doped GaN, Si doped GaN, FeN or SiN.
These layers, which may be epitaxial, nonepitaxial or even
amorphous, can serve as initial passivation layers or as addi-
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tional barrier materials to reduce leakage currents and
increase breakdown voltages. For instance, the addition of Fe
to GaN results in a material that can reduce the leakage
current because the material is more insulating and reduces
electron mobility.

[0028] In other embodiments of the invention, a thin AIN
layer may be formed on the Al Ga, N Schottky layer 24.
This layer provides an additional Schottky barrier layer to
help modulate the charge more efficiently, thus reducing the
leakage current and increasing the breakdown voltage of the
device. The AIN layer may also serve as an initial passivation
layer for the structure, since the AIN can be easily wet etched
to deposit ohmic contacts. Alternatively, the AIN layer may be
oxidized to form a passivation layer.

[0029] In some embodiments, the termination layer 16 is
approximately 1 to 5 nanometers thick. Therefore, electrons
can easily tunnel through the termination layer 16. As a result,
the termination layer 16 does not increase the Schottky barrier
height between the gate contact 28 and the Al,Ga, N Schot-
tky layer 24, where the Schottky barrier height defines a
potential energy barrier encountered by electrons at the inter-
face of the gate contact 28 and the Al Ga, N Schottky layer
24. Further, the termination layer 16 does not affect the for-
mation of the source and drain contacts 27 and 30.

[0030] FIG. 2 shows yet another embodiment of the inven-
tion in which the ohmic contacts 27 and 30 are located in
recesses formed in the Al,Ga, ;N Schottky layer 24. The
recesses are formed by etching the Al,Ga, N Schottky layer
24 in accordance with conventional techniques. The recesses
may extend partially or completely through the Al,Ga, N
Schottky layer 24. For instance, in some cases the recess may
extend to a depth of about 5 to 15 nm deep, thereby allowing
a sufficient thickness of the Al,Ga, ;N Schottky layer 24 to
remain to create the channel layer 26. By recessing the con-
tacts in this manner the contact resistivity and the smoothness
of the surface is reduced to increase the penetration of the
metals deposited to form the ohmic contact. The increased
surface roughness results in better metal migration into the
semiconductor). For devices requiring low on-resistance, this
arrangement can be significant in achieving the lowest pos-
sible on-resistance. As shown in FIG. 4, this embodiment of
the invention may also employ a cap or termination layer such
as those discussed above. In this case the recesses in which the
contacts 27 and 30 are located will also extend through the
termination layer.

[0031] FIG. 3 shows another embodiment of the invention
in which the barrier layer 24 is formed from AllnGaN instead
of Al,Ga, ,N. For instance, as discussed in M. Asif Khan et
al., “Strain Energy Band Engineering in AlGalnN/GaN Het-
erostructure Field Effect Transistors,” GAAS99, Al In Ga,, .
x3»N junctions are employed which have a barrier thickness
less than 50 nm with alloy compositions that vary from x
equals 0.1 to 0.2 and y equals 0.00 to 0.02). Furthermore,
Khan et al. states that an Al/In ratio of 5 should be nearly
lattice matched to GaN, based on a linear interpolation of
lattice constants. By using AllnGaN the strain can be con-
trolled independently of the bandgap, thereby allowing the
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bandgap of the material to be altered with more freedom in
regards to critical thickness. For power devices this can be
critical to obtain the most charge in the channel without
unduly stressing the material and reducing device lifetime,
which might otherwise occur as the material relaxes over
time.

[0032] Although various embodiments are specifically
illustrated and described herein, it will be appreciated that
modifications and variations of the present invention are cov-
ered by the above teachings and are within the purview ofthe
appended claims without departing from the spirit and
intended scope of the invention. For example, while the
depletion mode FET has been described as a GaN-based
device, the invention more generally encompasses a depletion
mode FET that is formed from any Group III nitride com-
pound semiconductor in which the group I1I element may be
gallium (Ga), aluminum (Al), boron (B) or indium (In).

1-20. (canceled)

21. A method of fabricating high electron mobility transis-
tor (HEMT) comprising:

depositing a nucleation layer on a substrate;

forming a first active layer over the nucleation layer;

forming a second active layer over the first active layer, the

second active layer having a higher bandgap than the
first active layer such that a two-dimensional conduction
channel is formed in an interface region between the first
active layer and the second active layer;

forming a flash layer over the second active layer that

passivates a surface of the HEMT;

forming a gate contact disposed on the flash layer; and

forming a source contact and a drain contact respectively

disposed in first and second recesses that extend through
the flash layer into the second active layer.

22. The method according to claim 21, wherein the first
active layer comprises a group Ill nitride semiconductor
material.

23. The method according claim 21, wherein the first active
layer comprises GaN.

24. The method according to claim 21, wherein the second
active layer comprises a group III nitride semiconductor
material.

25. The method according to claim 24, wherein the second
active layer comprises Al,Ga, N, wherein 0<X<I.

26. The method according to claim 21, wherein the forming
of the flash layer is performed in situ in a reactive chamber
absent of a nitrogen-containing gas.

27. The method according to claim 26, wherein the flash
layer comprises Al without a nitrogen component.

28. The method according to claim 21 wherein the flash
layer comprises Ga.

29. The method according to claim 21 wherein the flash
layer comprises In.

30. The method according to claim 21 further comprising
annealing the flash layer.

31. The method according to claim 21 further comprising
oxidizing the flash layer.
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