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SEMICONDUCTOR STRUCTURE HAVING BOTH ENHANCEMENT MODE
GROUP III-N HIGH ELECTRON MOBILITY TRANSISTORS AND DEPLETION
MODE GROUP III-N HIGH ELECTRON MOBILITY TRANSISTORS

TECHNICAL FIELD
[0001] This disclosure relates generally to Group IlI-Nitride (Group 11I-N) enhancement
mode (E-Mode) High Electron Mobility Transistors (HEMTs) and more particularly to
semiconductor structures having both Group III-N E-Mode HEMTs and Group 11I-N

depletion mode (D-Mode) field effect transistors (FETs) on a common crystal substrate.

BACKGROUND OF THE INVENTION
[0002] As is known in the art, Group I1I-N high electron mobility transistors (HEMTs)
have high breakdown voltages, large electron saturation velocities, high intrinsic
polarization induced two-dimensional electron gas (2DEG) channels, and large conduction
band offsets. Group IlI-N materials in the wurtzite crystal structure exhibit spontaneous
and piezoelectric polarization due in part to structural deviations from the ideal tetrahedral
coordination along the (0001) axis (c-axis) and differences in the electronegativity
between the bonded group 111 and nitrogen atoms. The Group I1I-N include Indium Nitride
(InN), Gallium Nitride (GaN), Aluminum Nitride (AIN), Boron Nitride (BN) and all of
their associated alloys including Inx(AlyGai-y)1xN (where 0<x<1 and 0<y<1) and
B.(Inx(AlyGaiy)1-x)1--N (where 0<x<1 and 0<y<1 and 0<z<1); where x+y+z = 1. More
particularly, as is also know, transistors using the c-axis metal polar orientation of the
Group III-N materials are typically based on AlGaN/GaN heterostructure between a lower
GaN layer and upper AlGaN layer where at the GaN layer side of the AlGaN/GaN
heterojunction, or interface, a 2DEG channel forms to compensate the net polarization
charge created by the polarization discontinuity that exists at that heterojunction. In the
AlGaN/GaN heterojunction, the AlGaN layer is generally referred to as the topside barrier
layer separating the heterojunction from the gate electrode while the GaN layer serves as
the 2DEG channel layer wherein mobile charge resides. Group I1I-N HEMTs are typically
operated in depletion mode where a negative bias voltage is applied to the gate electrode
relative to the source electrode to deplete carriers in the 2DEG channel below the gate
electrode and turn off conduction between the source and drain electrodes; the gate

electrode being disposed between an ohmic source electrode and an ohmic drain electrode.
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[0003] An advantage of a Group 1II-N depletion mode device is that it can be readily
fabricated using a three terminal device structure whereby the gate electrode is formed
between an ohmic source electrode and an ohmic drain electrode. The channel below the
gate region of a Group 11I-N depletion mode device is conductive when the source, drain,
and gate electrodes are all grounded or equivalently held at the same bias condition. The
voltage biases on the gate and drain electrode voltages are quoted relative to the source
electrode. Therefore, when a three terminal Group III-N depletion mode device is
operated under a zero bias voltage condition, an equivalent bias is applied to both the gate
electrode and the source electrode such that no potential exists between the two electrodes.
When the drain electrode is biased negatively with respect to the source electrode and the
gate electrode is operated under zero gate bias voltage conditions in a Group I1I-N
depletion mode device, current will flow between the source and drain electrodes due to
the presence of the 2DEG channel in the structure. As the voltage at the gate electrode
becomes more negative with respect to the voltage at the source electrode, the carriers
under the gate electrode will start to deplete and the total current that can be transported
between the source and drain electrodes will begin to decrease. The minimum gate-to-
source voltage (Vgs) that is needed to create a conducting path between the source and

drain electrodes is called the threshold voltage.

[0004] As is also known in the art, it is sometimes desirable to form both D-Mode and E-
Mode HEMTs on the same crystal body, as in an integrated circuit chip. In one
application, for example, in the event of a specific type of failure, they need a 'Fail Safe
Switch' to inherently respond in a way that will cause no or minimal harm to other
equipment. Further, it is important to fabricate E-mode GaN-based transistors without
disturbing and sacrificing the performance of the existing D-mode GaN-based transistors.
An E-mode transistor requires a threshold voltage equal to, or greater than zero on the gate
electrode relative to the source electrode for current to flow between the source and the
drain electrode and under the gate electrode. More particularly, there is a need to
fabricate stable epitaxial gate structures for Group I1I-N enhancement mode fail safe
switches on the same wafer as high performance RF depletion mode devices, with
threshold voltages on the enhancement mode gate electrode relative to the voltage on the

source electrode greater than +1 Volt. E-mode devices typically need a threshold voltage
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of at least +1 V to protect the circuit from noise on the gate signal and the threshold

voltage needs to be stable over the operational lifetime.

[0005] E-mode AlGaN/GaN HEMTs with positive and stable threshold voltages have
been reported using p-type GaN gate electrodes; see a paper by Meneghini et al.,
Technology and reliability of normally-off GaN HEMTs with p-type gate, Energies 10,
153,2017. See also Materials Science in Semiconductor Processing 78 (2018) 96-106.
Review of technology for normally-off HEMTs with p-GaN gate by Giuseppe Greco et al.,
describing the use of a Mg doped GaN gate electrode (a p-type doped GaN electrode). See
also U. S. Patent No. 7,728,356 Issued June 1, 2010 Suh et al., P-GaN/AIGaN/AIN/GaN
enhancement-mode field effect transistor. These devices utilize a p-type GaN gate
electrodes with a magnesium (Mg) doped GaN layer between the AlGaN barrier layer and
a metal electrode. The Mg doping provides p-type conductivity in the Mg doped GaN
layer that raises the conduction band at the AlGaN/GaN interface and depletes carriers

from the 2DEG channel under the zero bias conditions.

[0006] However, the use of Mg to produce the p-type GaN for the gate electrode creates
processing issues in many fabrication facilities because Mg contaminates many types of

processing equipment that can otherwise be used for other processing steps.

[0007] As is also known in the art, beryllium doped GaN material displays insulating
behavior, see K. Lee et al., Compensation in Be-doped Gallium Nitride Grown Using
Molecular Beam Epitaxy, Material Research Society Symposium, Proc. Vol. 892 (2006).
The insulating characteristics of beryllium doped GaN layers have been used to mitigate
the effects of conductive buffer layers in GaN HEMTs, see D.F. Storm et al., Reduction of
buffer layer conduction near plasma-assisted molecular-beam epitaxy grown GaN/ AIN
interfaces by beryllium doping, Appl. Phys. Lett., 81, 3819, 2002. Theoretical calculations
of the actual ionization energy of substitutional beryllium in GaN over the years have
estimated the ionization energy to be anywhere from as low as 60 meV see Bernardini et
al., Theoretical evidence for efficient p-type doping of GaN using beryllium, arXiv:cond-
mat/9610108v2, 1997, to as high as 550 meV see J.L. Lyons et al., Impact of Group-11
Acceptors on the Electrical and Optical Properties of GaN, Jpn. I. Appl. Phys. 52, 081104,

2013. Beryllium interstitials in GaN also have been calculated to have a low formation
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energy and to be a double donor suggesting beryllium interstitials are likely to incorporate
during growth and lead to the compensation of substitutional beryllium acceptors in GaN
see C. G. Van de Walle et al., First-principles studies of beryllium doping of GaN, Phys.
Rev. B, 63, 245205, 2001. The possibility that beryllium may occupy interstitial as well
as substitutional sites may be another possible reason why beryllium doping does not

produce p-type conductivity.

SUMMARY OF THE INVENTION
[0008] In accordance with the present disclosure, an Enhancement-Mode HEMT is
provided having a gate electrode comprising: a layer, disposed between an electrically
conductive gate electrode contact and a gate region of the Enhancement-Mode HEMT,
such layer comprising: a Group III-N material, the Group III-N material having a
predetermined resistivity and a dopant disposed in the Group 11I-N material, such dopant:
providing the layer with a resistivity greater than the predetermined resistivity of the

Group III-N material; and depleting carriers from a 2DEG under the gate at zero gate bias.

[0009] In one embodiment, an Enhancement-Mode HEMT is provided having a gate
electrode comprising: a layer, disposed between an electrically conductive gate electrode
contact and a gate region of the Enhancement-Mode HEMT, such layer comprising: a
Group III-N material, the Group I1I-N material having a predetermined resistivity and a
dopant disposed in the Group I1I-N material, such dopant: providing the layer with a
resistivity greater than the predetermined resistivity of the Group III-N material, and
depleting carriers from a 2DEG under the gate when an applied gate voltage is less than a

threshold voltage, and the threshold voltage is equal to, or greater than zero..

[0010] In one embodiment, the dopant is beryllium.

[0011] In one embodiment, the dopant is Molecular Beam Epitaxy beryllium,

[0012] In one embodiment the doped Group 11I-N material comprises GaN or AlGaN,

[0013] In one embodiment, an Enhancement-Mode HEMT structure is provided having: a

crystal structure having a pair of stacked Group III-N semiconductor layers, the pair of
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stacked Group 1II-N semiconductor layers forming a heterojunction with a 2DEG channel
being formed in a lower one of the pair of stacked Group III-N layers; a source electrode
for supplying current to the 2DEG; a drain electrode for extracting current supplied from
the 2DEG; and a gate electrode, disposed between the source electrode and the drain
electrode and over a gate region of the upper one of the pair of stacked layers for
controlling the supplied current passing to the drain electrode; wherein such gate electrode
is disposed over the gate region. The gate electrode, comprising: an electrically conductive
gate electrode contact; a doped, Group I1I-N material, disposed between the electrically
conductive gate electrode contact and the gate region, such doped, Group I1I-N material
increasing resistivity of the Group IlI-N material and provides the HEMT with a threshold

voltage equal to, or greater than zero.

[0014] In one embodiment, the doped, Group I1I-N material forces the Fermi level in the
doped Group I1I-N material to reside close enough to the valance band edge to raise the
conduction band at the interface between the pair of stacked Group I1I-N semiconductor

layers to deplete carriers from the 2DEG channel under the gate region at zero gate bias.

[0015] In one embodiment, the doped, Group 111-N material is grown by Molecular Beam
Epitaxy (MBE).

[0016] In one embodiment, the doped, Group I11-N material is grown under Group 111 rich
surface conditions by Molecular Beam Epitaxy (MBE).

[0017] In one embodiment, the gate electrode comprises a single doped, Group 111-N

material.

[0018] In one embodiment, the doped, Molecular Beam Epitaxy Group I1I-N material

comprises Beryllium.

[0019] In one embodiment, an Enhancement-Mode HEMT structure is provided having a
gate electrode with a doped, Group 111-N material disposed between an electrically

conductive gate electrode contact and a gate region of the Enhancement-Mode HEMT
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structure, such doped, Group 1II-N layer increasing resistivity of the Group I1I-N material

and depleting the 2DEG under the gate region at zero bias.

[0020] In one embodiment, a method is provided for forming an Enhancement mode
HEMT, structure having an AlGaN/GaN structure to produce a 2DEG in the GaN portion
of the AlGaN/GaN structure, the method comprising: forming a gate structure for
Enhancement mode HEMT structure comprising: a beryllium doped, molecular beam
epitaxy layer formed under gallium-rich growth conditions to produce resistive material
that shifts the band structure in an AIGaN/GaN HEMT to produce positive threshold

voltages required for E-mode operation.

[0021] In one embodiment, the beryllium doped Group III-N layer is grown by MBE with
a predetermined gallium to nitrogen flux ratio selected to maintain more than a monolayer

of liquid gallium on the surface during the MBE growth.

[0022] In one embodiment, an Enhancement-Mode HEMT is provided having a gate
electrode with a doped, Group 1II-N material disposed between an electrically conductive
gate electrode contact and a gate region of the Enhancement-Mode HEMT, such doped,
Group III-N layer increasing resistivity of the Group I1I-N material and depleting carriers
from a 2DEG under the gate when an applied gate voltage is less than a threshold voltage,

and the threshold voltage is equal to, or greater than zero.

[0023] In one embodiment, a structure, comprising: a single crystal substrate; a Depletion
mode (D-mode) HEMT and an Enhancement mode (E-mode) HEMT formed on the single
crystal substrate; the Enhancement-Mode HEMT having a gate electrode with a doped,
Group III-N material disposed between an electrically conductive gate electrode contact
and a gate region of the Enhancement-Mode HEMT, such doped, Group IlI-N layer
increasing resistivity of the Group 1II-N material and depleting carriers from a 2DEG
under the gate when an applied gate voltage is less than a threshold voltage, and the

threshold voltage is equal to, or greater than zero.

[0024] In one embodiment, a method is provided for forming an Enhancement-Mode

HEMT, comprising: forming a gate electrode comprising: a layer, disposed between an
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electrically conductive gate electrode contact and a gate region of the Enhancement-Mode
HEMT, such layer comprising: a Group I1I-N material, the Group III-N material having a
predetermined resistivity; and depositing by molecular beam epitaxy, a dopant in the
Group IlI-N material, such dopant: providing the layer with a resistivity greater than the
predetermined resistivity of the Group 11I-N material; and depleting carriers from a 2DEG

under the gate at zero gate bias.

[0025] In one embodiment, a method is provided for forming an Enhancement-Mode
HEMT, comprising: forming a gate electrode comprising: a layer, disposed between an
electrically conductive gate electrode contact and a gate region of the Enhancement-Mode
HEMT, such layer comprising: a Group I1I-N material, the Group III-N material having a
predetermined resistivity; a depositing by molecular beam epitaxy, a dopant in the Group
I1I-N material, such dopant: providing the layer with a resistivity greater than the
predetermined resistivity of the Group 1II-N material, and depleting carriers from a 2DEG
under the gate when an applied gate voltage is less than a threshold voltage, and the

threshold voltage is equal to, or greater than zero.

[0026] The inventors, as a result of their experimentally generated data, recognized, that in
spite of the teaching of Meneghini et al., and Greco et al., that p-type doped GaN (Mg) for
the gate electrode (dopant that that will reduce the resistivity of the GaN) can be used to
deplete carriers in the 2DEG channel under zero bias conditions; Applicant uses a more
process friendly dopant, e.g., beryllium, which, while having the opposite effect on the
resistivity of GaN (i.e., the beryllium, which increased the resistivity of the GaN as
distinguished from Mg which reduced the resistivity of the GaN) was able to deplete

carriers in the 2DEG channel under zero bias conditions.

[0027] The inventors first questioned whether the GaN for the gate electrode was required
to have mobile p-type carriers, or whether it was sufficient to simply adjust the Fermi level
in the GaN for the gate electrode. The inventors recognized that beryllium GaN might pin
the Fermi level at an acceptor level, based on the various calculations of ionization energy
(Bernardini et al.,, Lyons et al., and Van de Walle et al., referenced above), but likely at a
higher energy level than Mg based on the lack of p-type conductivity in beryllium doped

GaN. Such recognition led to the first few experiments where the inventors were able to
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show that beryllium doped GaN for the gate electrode could actually deplete a 2DEG in an
AlGaN/GaN HEMT when grown by MBE under Ga-rich surface conditions. Prior to the
experiments, the inventors did not know if beryllium doped GaN would be able to deplete
an AlGaN/GaN 2DEG as there was no ability to know based on the prior art that the
inventors were, and are today, aware of as to exactly where and how efficiently beryllium
doped GaN would pin the bands for E-mode operation; in fact, even based on the success
of the experiments the inventors still do not know exactly where the bands are

pinned. Once beryllium doped GaN was shown to deplete an AlGaN/GaN 2DEG, the
inventors still did not know a priori what level of threshold voltage could be realized until
they processed and measured the first transistor structures. In this way, the inventors, as a
result of their experimentally generated data, recognized that one does do not need p-type
conductivity in GaN to alter the carrier concentration in a 2DEG as taught in the prior art
described above, but rather one needs to be able to sufficiently pin the Fermi level as can
be done with a resistive GaN material to alter the carrier concentration in a 2DEG and
therefore use beryllium as a dopant for the GaN; the use of beryllium in GaN being a more
process friendly dopant to use than Mg. More particularly, in one embodiment, the
beryllium having a doping concentration of 5x10'® /cm? was experimentally found by the
inventors to reduce the resistivity of the GaN from 100 Ohm-cm for undoped GaN to
2.2x10° Ohm-cm for the beryllium doped GaN and depletes carriers from a 2DEG under

the gate at zero gate bias.

[0028] To put it still another way, the inventors have disregarded the conflicting teachings
of the prior art discussed above and of which the inventors were, or are today, aware of as
to where the ionization energy of beryllium doped GaN lies with respect to the valance
band or whether it is highly compensated or not as in the above described publications and
experimentally determined and produced E-mode HEMTs with beryllium doped GaN
gates and determined that the beryllium doped GaN in the produced E-mode HEMTs did
not have p-type conductivity, but rather was insulating. The inventors then realized that in
a p-GaN gate E-mode GaN HEMT reported in for example Greco et al., the p-type
conductivity of the doped GaN was not responsible for depleting the carriers in the 2DEG
under zero bias, rather it was where the doping pinned the Fermi level with respect to the
valance band of the GaN that was important. Therefore, despite the fact that beryllium
doped GaN does not have p-type conductivity, and the actual Fermi pinning level of the
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beryllium dopant is not known to the inventors even today the inventors have, as a result
of their experimentally generated data, recognized that a resistive beryllium doped GaN
layer under the gate region of a GaN HEMT is an alternative material for fabricating E-

mode GaN devices.

[0029] The inventors thereby also recognized that by providing a layer of GaN doped
beryllium by molecular beam epitaxy under gallium-rich surface conditions produces
resistive material that shifts the band structure in an AIGaN/GaN HEMT to produce
positive threshold voltages required for E-mode operation. The inventors further
recognized that similar E-mode operation of GaN HEMTs realized with p-type GaN under
the transistor gate can still be realized if resistive GaN is used in place of the p-type GaN
as long as the Fermi level is pinned close enough to the valance band edge of the resistive
GaN to deplete all the carriers in the 2DEG at zero bias conditions. Metal-rich surface
conditions occur during MBE growth of Group I1I-N when a predetermined Group 111 to
nitrogen flux ratio is used to maintain more than a monolayer excess of the Group 111
elements on the surface during the growth. Metal rich surfaces typically reduce oxygen
incorporation and promote smoother surfaces than nitrogen rich growth surfaces in MBE
growth. Beryllium doping in GaN from 1x10'® /cm? to 1x10'° /cm? under gallium rich
surface conditions is possible for E-mode applications as higher doping levels begin to
create additional defects and disorder in the material and eventually lead to structural
degradation around 5x10" /cm? while doping levels below 1x10'® /cm? become inefficient
at shifting the band structure to realize E-mode operation. Further, the vapor pressure of
beryllium is low leading to no undesired background doping or chamber memory effects
for MBE growth. Still further, the growth of beryllium doped Group I1I-N under the gate
region by MBE also enables dual E-mode and D-mode devices to be realized on the same

wafer.

[0030] Thus, the inventors, as a result of their experimentally generated data, recognized
that the mobile hole carriers in Mg doped GaN are not required to make an E-mode device
and they, as a result of their experimentally generated data, recognized that beryllium
doping by molecular beam epitaxy under gallium-rich growth conditions produces
resistive material that is capable of shifting the band structure in an AlGaN/GaN HEMT to

produce positive threshold voltages required for E-mode operation. To put it another way,
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the inventors recognized that the benefits of the p-type GaN used under the transistor gate
for E-mode structures can still be realized if resistive GaN is used in place of the p-type
GaN as long as the Fermi level is pinned close enough to the valance band edge of the
resistive GaN to deplete all the carriers in a 2DEG at the AlGaN/GaN interface under zero

bias conditions.

[0031] Thus, the use of beryllium dopant in place of Mg doped GaN E-mode HEMTs
removed the problem of having to use Mg doping to produce E-mode HEMTs with its
potentially damaging effects on many types of processing equipment that can otherwise be

used for other processing steps.

[0032] The details of one or more embodiments of the disclosure are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the disclosure will be apparent from the description and drawings, and from

the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0033] FIG. 1 is a simplified diagrammatical sketch of a structure having both a D-Mode
HEMT and an E-Mode HEMT according to the disclosure;

[0034] FIG. 2A is a structure without beryllium doped GaN and a plot of capacitance
versus voltage of the structure showing the relative charge in a 2DEG of the structure

useful in understanding the E-mode HEMT of FIG. 1;

[0035] FIG. 2B is a structure with a 500A beryllium doped GaN layer and a plot of
capacitance versus voltage of the structure showing the relative charge in a 2DEG of the

structure useful in understanding the E-mode HEMT of FIG. 1;

[0036] FIG. 2C is a structure and a set of capacitance-voltage measurements for different
Alp2sGag.7sN layer thickness of the structure showing the relative charge in the 2DEG at
the interface of an AlGaN/GaN epitaxial material structure terminated with a 5S00A
beryllium doped GaN layer grown by MBE useful in understanding the E-mode HEMT of
FIG. 1;

10
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[0037] FIG. 2D is a structure and a set of capacitance-voltage measurements taken on the
surface of an epitaxially grown Group III-N structure terminated with an undoped GaN
layer, a 150A Alg25Gag7sN layer, and a 150A beryllium doped GaN layer grown by MBE
useful in understanding the E-mode HEMT of FIG. 1;

[0038] FIG. 2E is a schematic of a three terminal AlIGaN/GaN HEMT having a GaN
channel layer, an Alo.25Gao.7sN layer, ohmic contact pads for source and drain electrodes, a
Schottky gate metal contact, and a 500A beryllium doped GaN layer located directly
below the gate metal and in direct contact with the AlGaN layer; and a plot of the source-
to-drain current versus gate-to-source voltage of the three terminal AlIGaN/GaN HEMT for
different Alo.2sGao.7sN layer thicknesses useful in understanding the E-mode HEMT of
FIG. 1;

[0039] FIG. 2F is a sketch of a plan view of a mercury probe contact geometry used to
generate the plots in FIGS. 2A-2E;

[0040] FIGS. 3A- 3F are simplified diagrammatical sketches of the structure of FIG. 1
having both a D-Mode HEMT and an E-Mode HEMT of FIG. 1 at various stages in the

manufacture thereof according to the disclosure;

[0041] FIG. 4 is a simplified diagrammatical sketch of a structure having both a D-Mode
HEMT and an E-Mode HEMT according to an alternative embodiment of the disclosure;

[0042] FIGS. 4A- 4D are simplified diagrammatical sketches of the structure of FIG. 4
having both a D-Mode HEMT and an E-Mode HEMT of FIG. 4 at various stages in the

manufacture thereof according to an alternative embodiment of the disclosure;

[0043] FIG. 5 is a simplified diagrammatical sketch of a structure having both a D-Mode
HEMT and an E-Mode HEMT according to an alternative embodiment of the disclosure;

11
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[0044] FIGS. 5A- 5H are simplified diagrammatical sketches of the structure of FIG. 5
having both a D-Mode HEMT and an E-Mode HEMT at various stages in the manufacture

thereof according to an alternative embodiment of the disclosure;

[0045] FIG. 6 is a simplified diagrammatical sketch of a structure having both a D-Mode
HEMT and an E-Mode HEMT according to an alternative embodiment of the disclosure;

[0046] FIGS. 6A- 6C are simplified diagrammatical sketches of the structure of FIG. 6
having both a D-Mode HEMT and an E-Mode HEMT at various stages in the manufacture

thereof according to an alternative embodiment of the disclosure; and

[0047] FI1G. 7 is a simplified diagrammatical sketch of a structure having both a D-Mode
HEMT and an E-Mode HEMT according to an alternative embodiment of the disclosure.

[0048] Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

[0049] Referring now to FIG. 1, a semiconductor structure 10 is shown having a depletion
mode (D-mode) field effect transistor 12, here a D-mode HEMT, disposed in one portion
of the semiconductor structure 10, and an enhancement mode (E-mode) field effect
transistor 16, here a E-mode HEMT, disposed on another portion of the semiconductor
structure 10 structure laterally positioned adjacent to the depletion mode field effect
transistor 12, as shown. The depletion mode (D-mode) field effect transistor 12 and the
enhancement mode (E-mode) field effect transistor 16 are isolated by an isolation region
25, here either an etched region separating the two sections into as mesas or by ion

implanted particles.

[0050] The D-mode HEMT 12 includes a source electrode 26, a drain electrode 28 and a
gate electrode 34 disposed between the source electrode 26 and the drain electrode 28, as
shown. The E-mode HEMT 16 includes a source electrode 36, a drain electrode 38, and a
gate electrode 40 disposed between the source electrode 36 and the drain electrode 38, as

shown.

12
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[0051] More particularly, the semiconductor structure 10 includes a single crystal
substrate 18, here for example Silicon Carbide (SiC), and an epitaxially grown Group IlI-
N structure, here a pair of stacked, epitaxially grown Group I1I-N structure semiconductor
layers 20, 22, 24; layer 20 being one or more epitaxial grown Group III-N materials
forming nucleation and buffer regions of a HEMT structure, layer 22 being epitaxially
grown undoped Group III-N channel materials with lower resistivity than the layer 20
materials, here for example GaN, and layer 24 being epitaxially grown Group I1I-N barrier
material, here for example AlGaN, forming a heterojunction with 2DEG channel
(indicated by dotted line 23) in the GaN layer 22. It is noted that the layers 18, 20, 22 and
24 extend laterally under both the D-mode HEMT 12 and the E-Mode HEMT 16;
however, as will be described in more detail below, the portion of the 2DEG under the
gate electrode 40 of the E-mode HEMT 16 will be depleted of carriers under a zero bias
condition on the E-mode HEMT gate electrode 40. The gate electrode 40 includes a
beryllium doped GaN layer 42a in direct contact with a gate region 42 of the AlGaN layer
24 and an electrically conductive gate contact 42b in direct contact with the beryllium
doped GaN layer 42a. Here, an electrically conductive gate contact 42b is formed as a
sequence of metal depositions to form a Schottky contact to the Beryllium doped GaN
layer 42a.

[0052] More particularly, referring to FI1G. 2A, a structure 100 is shown in the upper
portion of FIG. 2A having a GaN channel layer 102, and an AlGaN layer 104, here 120A
thick, forming a heterojunction structure with a 2DEG being produced in the GaN layer
102, as shown. The lower portion of FIG. 2A is a plot of capacitance measurements of the
structure 100 obtained from a mercury probe capacitance-voltage (Hg CV) measurement
tool taken on the surface of the epitaxially grown Group I1I-N structure 100 terminated
with the GaN layer 102 being undoped and the AlGaN layer 104 being 120A thick
Alp25Gag.7sN. Polarization differences between the GaN layer 102 and the AlGaN layer
104 resulted in the accumulation of electrons near the interface of the two layers 102, 104
and the formation of a 2DEG, as indicated. The Hg CV plot shown in the bottom portion
of FIG. 2A was obtained by placing two Hg metal contacts on the upper surface of the
AlGaN layer 104, one of the contacts being a small circular dot and the second contact

being a much larger ring that surrounds the majority of the periphery of the small contact,

13
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and electrically insulated from, the smaller contact, as shown in FIG. 2F. A negative
direct current (DC) voltage was applied to the small contact and the larger ring contact
was kept at ground. At zero applied DC bias, the measured capacitance (C) at zero volts
can be modeled as a parallel plate capacitor with the contact area defined by the Hg dot
size and the separation determined by the location of the 2DEG below the upper surface of
the AlGaN layer 104. As the magnitude of the negative DC voltage increases, the carriers
in the 2DEG begin to deplete until a threshold voltage Vi is reached, the 2DEG is fully
depleted, and the capacitance drops by several orders of magnitude. The total charge in
the 2DEG in the GaN layer 102 was measured qualitatively by calculating the area under
the curve 110, which to a rough approximation is equal to the zero-volt capacitance
multiplied by threshold voltage Vtu. If the area of the Hg dot contact is well known, the
actual charge can be calculated from the area under the curve 110, although in practice
Hall Effect measurements are typically used for quoting sheet densities. For the structure
100, a charge density of 6.6x10'? /cm? was obtained from a contactless Hall Effect

measurement with a sheet resistivity of 500 €)/sq.

[0053] As an example of how effective the beryllium doped GaN is in depleting the 2DEG
charge, a 500A layer of beryllium doped GaN 108 (FIG. 2B) was grown on the surface of
the AlGaN layer 104. Structure 100 (FIG. 2A) and structure 100’ (FIG. 2B) were separate
growths with all of the respective layers being deposited at one time in an MBE reactor
without any interruption at the layer interfaces. The beryllium, gallium, and aluminum
were all deposited from effusion cells and the nitrogen was supplied from a commercial
RF plasma source. The growth temperature for the beryllium doped GaN layer 108 (FIG.
1B) was typically between 725°C and 750°C. Beryllium was simultaneously deposited
with the gallium and nitrogen sources at a GaN growth rate of around 1A/sec. The doping
density of the beryllium was targeted at 6x10'® /cm? as determined by prior secondary ion
mass spectroscopy calibrations of the growth system. The group I1I to group V flux ratio
was kept group Il rich so that the layer was formed in a metal rich growth regime with
excess gallium on the surface. At the end of the growth the excess Ga was thermally

desorbed from the surface.

[0054] Attempts to capture a Hg probe CV measurement plot, shown in the lower portion

of FIG. 2B, on the surface of structure 100’ resulted in no measureable capacitance values
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above the background noise of an Inductance-Capacitance-Resistance (LCR) meter, as
shown by the curve 110°, including the zero volt capacitance measurement. The inability
to measure a CV trace is consistent with the measurement of a sample without a 2DEG
indicating the 2DEG in structure 100” is fully depleted of carriers with the addition of the
500A beryllium doped GaN layer 108 grown by MBE. The Hg probe CV measurement
cannot be used to measure a positive threshold voltage as only the area under the Hg dot
contact is conductive at a positive DC voltage, but the measurement does identify when
the threshold voltage of a HEMT structure is greater than zero. A sheet resistivity greater
than 40,000 Q/sq. was measured for the structure 100’ by a Lehighton sheet resistivity
wafer mapping tool, Lehighton Electronics, Inc. Lehighton, PA 18235-0328 and
contactless Hall Effect measurements could not be obtained for the structure 100° due to

the high sheet resistivity.

[0055] FI1G. 2C shows, in the lower portion of FIG. 2C, a set of capacitance-voltage
measurements 110°” 110°” for different Alo.25Gao.7sN layer 104 thickness (T) showing the
relative charge in the 2DEG at the interface of an AIGaN/GaN epitaxial material structure
100” shown in upper portion of FIG. 2C terminated with a 500A beryllium doped GaN
layer 108> grown by MBE. When the AlGaN layer 104 is grown 220A thick, there is
considerable charge remaining in the 2DEG despite the addition of the 500A beryllium
doped GaN layer 108” as seen by the area remaining under the CV curve 110” and a
measurable sheet resistivity of 1,900 Q/sq. When the thickness of the AlGaN layer 104 is
reduced to 180A, the area under the corresponding CV curve 110” is likewise reduced
and the sheet resistivity increases to 9,100 Q/sq. When the thickness of the AlGaN layer
104 is reduced to 150A or thinner no measureable capacitance values above the
background noise of the LCR meter can be detected and sheet resistivity measurements of
over 40,000 Q/sq. are measured indicating the 2DEG is fully depleted for these AlGaN
layer 104 thicknesses. FIG. 2C illustrates there is a limit to the amount of charge that can
be depleted from the 2DEG using a beryllium doped GaN layer and that an Alg»sGag.7sN
thickness of less than 180A is required to produce a positive threshold voltage required for

use in an enhancement mode device.

[0056] FI1G. 2D, shows, in the lower portion of FIG. 2D, a capacitance-voltage

measurement taken on the surface of an epitaxially grown Group I1I-N structure 100°”
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shown in the upper portion of FIG. 2D terminated with an undoped GaN layer 102, a
150A Alo2sGao7sN layer 104, and a 150A beryllium doped GaN layer 108’ grown by
MBE. The doping density of the beryllium was targeted at 6x10'® /cm? as determined by
prior secondary ion mass spectroscopy calibrations of the growth system. The group 111 to
group V flux ratio was kept group 111 rich so that the layer was formed in a metal rich
growth regime with excess gallium on the surface. At the end of the growth the excess Ga
was thermally desorbed from the surface. The negative threshold voltage and area under
the CV curve 110 indicates that the 150A beryllium doped GaN layer 108" is not
sufficient to fully deplete the carriers from the 2DEG. Increasing the thickness of the
beryllium doped GaN layer 108> to 250A is sufficient to fully deplete all of the carriers in
the 2DEG and no measureable capacitance values above the background noise of the LCR
meter can be detected using the Hg probe CV tool. The transition from negative to
positive threshold voltages occurs when the beryllium doped GaN layer 108" is
somewhere between 150A and 250A at a beryllium doping level of 6x10' /cm?,
Additional structures were grown with the beryllium doped GaN layer 108”°” as thick as
350A and 500A with no measureable capacitance values above the background noise of

the LCR meter detected using the Hg probe CV tool.

[0057] The beryllium doped GaN layer grown under metal rich surface conditions appears
to be efficient at pinning the Fermi level near the valance band as only 6x10'8 Be
atoms/cm® is required in a 250A GaN layer to lift the conduction bands of the 2DEG

above the Fermi level.

[0058] FIG. 2E, shows, in the left portion of FIG. 2E, a schematic of a three terminal
AlGaN/GaN HEMT 100 having a 2DEG in the GaN layer 102, an Alp2sGao.7sN layer
104, ohmic contacts for source and drain electrodes, a gate electrode 120 having a
Schottky gate metal contact 122, and a 500A beryllium doped GaN layer 108" located
directly below the gate metal contact and in direct contact with the AlGaN layer 104,
Three different versions of the HEMT 100””” were fabricated with each version having a
different thickness for the Alo.2sGao.7sN layer 104. The fabrication started with three
blanket epi growths of the Group I1I-N material layers in an MBE system. The growths all
included an undoped GaN channel layer 102, an AlGaN barrier layer 104, and a beryllium

doped GaN layer 108”*”" grown under metal rich surface conditions. At the conclusion of
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each growth the excess Ga was thermally desorbed from the surface. The GaN growth rate
was around 1A/sec for all three layers and the doping density of the beryllium doped GaN
layer 108°”" was targeted at 6x10'8 /cm? for each growth as determined by prior
secondary ion mass spectroscopy calibrations of the growth system. The only difference
in the three growths was the length of time the AlGaN layer 104 was grown. The resulting
thickness of the AlGaN layer 104 for the three growths was 180A, 150A, and 1204, see
the left side portion of FIG. 2E.

[0059] The processing used to form the device 100””” was identical for all three wafers.
The gate electrode structure 120 was lithographically patterned on the wafer and the
beryllium doped GaN layer 108" was removed from the wafers using a plasma etch
process except for the regions located directly under where the gate metal 122 was to be
deposited. A mesa isolation etch was performed to isolate different devices. Ohmic metal
contacts were then patterned, deposited, and annealed followed by the deposition of the
gate metal 122 on the areas of the beryllium doped GaN layer 108"’ that were not etched.
The right side portion of FIG. 2E shows a plot of source-drain current versus applied gate
voltage from three terminal devices measured on each of the three wafers. The devices
were single finger gate transistors with 250 micron gate widths and measured with 10V
applied across the source and drain electrodes. The source-drain current 124 as a function
of gate voltage for the device fabricated from the growth with the 180A AlGaN layer 104
shows that the source-drain current 124 begins to increase above zero at around -0.2V on
the gate demonstrating weak depletion mode operation. A zero gate voltage position 130
on the plot is indicated by a vertical line 130. A source-drain current 126 as a function of
gate voltage for the device fabricated from the growth with the 150A AlGaN layer 104
shows that the source-drain current 126 begins to increase above zero at around +0.9V on
the gate demonstrating E-mode operation. A source-drain current 128 as a function of gate
voltage for the device fabricated from the growth with the 120A AlGaN layer 104 shows
that the source-drain current 128 begins to increase above zero at around +1.6V on the
gate demonstrating E-mode operation well in excess of 1.0V with the use of the MBE

grown beryllium doped GaN layer 1087,

[0060] For the integration of the E-mode HEMT with D-mode devices on the same wafer,

it is important that the beryllium doped GaN layers 108 can be regrown on an AlGaN
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layer 104 after a series of processing steps and still provide positive threshold voltages.

To demonstrate this point, a 120A Alo25Gao.7sN/GaN structure was grown by MBE,
removed the structure from vacuum, patterned photoresist on the surface of the AlGaN
layer 104, stripped the photoresist off the AlGaN layer 104, cleaned the surface of the
AlGaN layer 104 for 30 seconds with 1 HF : 100 H»>O followed by 1 minute with 1 HCI :
10 H>O, placed the structure back into the MBE system, heated the sample to 760°C,
performed a series of Ga cleans, lowered the temperature to between 725°C and 750°C,
and grown a 500A layer of 6x10'® /cm? beryllium doped GaN under Ga-rich surface
conditions on the AlGaN layer 104. The excess Ga on the surface was removed by thermal
desorption and the structure was cooled and removed from vacuum. Hg probe CV
measurements of the regrown structure show no measureable capacitance values above the
background noise of the LCR meter, indicating a positive threshold voltage for a structure

with regrown beryllium doped GaN is achievable.

[0061] Referring again to FIG. 1, and considering first the D-Mode HEMT 12 (FIG. 1),
source and drain electrode 26, 28 thereof are formed in ohmic contact to the GaN channel
layer 22 with source and drain contact regions 30, 32, respectively of the AlGaN layer 24.
The D-Mode HEMT 12 is here formed using any conventional processing to provide a D-
Mode HEMT having any desired electrical characteristic. It is noted that the AlGaN layer
24 is on, and in direct contact with the GaN layer 22 to form the 2DEG channel for a flow
of carriers passing laterally through the GaN channel layer indicated by the dotted line 23
in the GaN channel layer 22 between the source region 30 of the AlGaN layer 24 the drain
region 32 of the AlGaN layer 24 of the depletion mode field effect transistor 12, such flow
of carriers being controlled by the gate 34 disposed on the AlGaN layer 24 of the depletion

mode field effect transistor 12 between the source region 30 and the drain region 32.

[0062] The E-Mode HEMT 16 includes: source and drain electrode 36, 38, formed in
ohmic contact to the GaN channel layer 22 with source and drain contact regions 44, 46,
respectively of the AlGaN layer 24; and a gate electrode 40 with a Schottky metal contact
42b in contact with a beryllium doped GaN layer 42a in direct contact with the AlGaN
layer 24, the GaN gate contact region 42 having a lower bottom portion 42a extending into
an upper portion of the AlGaN layer 24 and an upper portion 42a extending above the
upper portion of the of the AlGaN layer 24, as shown.
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[0063] The D-Mode HEMT 12 and E-mode HEMT 16 are electrically isolated from one
another by ion implantation or etched regions surrounding each structure. The
semiconductor structure 10 also may include alignment markers 53, as shown, to assist

with processing.

[0064] Referring now to FIGS. 3A-3F, a semiconductor structure having the single
crystal substrate 18, semiconductor buffer layer 20, and the pair of stacked semiconductor

layers 22, 24, is provided, as shown in FIG. 1A.

[0065] Next, the mask alignment marker 53, here, for example a refractory metal marker,
is formed on the surface of the structure. The mask alignment marker 53 has been placed
between the regions where the D-mode HEMT 12 and the E-Mode HEMT are to be

formed, as shown FIG. 3B, but the actual location of alignment markers can be anywhere

within a reticle or placed as needed across a wafer.

[0066] Next, and referring to FIG. 3C, a hard mask 52, more particularly, a mask of a
non-reactive material, for example, a dielectric such as SiNx, Al203, SiOz or stable metal
or stacked combination that is non-reactive to the underlying AlGaN layer 24 at a
temperature of a subsequent MBE process at, for example, 700°C. For example, Al or Ti
would react at 700°C and degrade if not completely eliminate the 2DEG 23 under the Al
or Ti, whereas SiNx or SiO; will not alter the 2DEG 23 under the SiNy or SiO2 by more
+10%at MBE growth temperatures.

[0067] Next, and referring to FIG. 3D, the hard mask 52 is lithography patterned to have a
window 54 formed therein region where the gate electrode region 42 (FIG. 1) of the E-
mode HEMT gate electrode 40 is to be formed. The masked surface of the AlGaN layer 24
is etched by a dry plasma etch process to form a recessed gate trench 56 in the upper
portion of the AlGaN layer 24 so that only 50A to 180A of the AlGaN layer 24 remains,
which is typically 250A thick prior to the etch.

[0068] Next, referring to FIG. 3E, a doped Group I1I-N material is deposited on and
through the openings in the patterned hard mask layer 52. Here, the Group I1I-N material
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is GaN and the dopant is beryllium. Here for example 250A to 500A of beryllium doped
GaN (Be:GaN) is deposited using molecular beam epitaxy equipment, thereby deposing a
polycrystalline Be:GaN material 42p on the upper surface of the hard mask 52 and
forming the single crystal, epitaxial grown Be:GaN gate electrode layer 42a in the

patterned window 54, as shown.

[0069] Here, in this embodiment, the beryllium had a doping concentration of 5x10'? /cm?
in the GaN and was experimentally found by the inventors to reduce the resistivity of the
GaN from 100 Ohm-cm for undoped GaN to 2.2x10° Ohm-cm for the beryllium doped
GaN. Further, the Be:GaN material 42a depletes carriers from a 2DEG under the gate
region 42 at zero gate bias as denoted by the removal of the dashes in the depiction of the

2DEG 23 in FIG. 3E.

[0070] Next, and referring to FIG. 3F, the hard mask 52 is lifted off along with the
deposited polycrystalline Be:GaN material 42p leaving the single crystal, epitaxial grown

Be:GaN gate region 42a in the window 54 and in the recessed gate trench 56, as shown.

[0071] Having formed the epitaxial Be:GaN gate region 42, the D-Mode HEMT 12 (FIG.

1) and E-mode HEMT 16 are completed using any conventional processes.

[0072] Referring now to FIG. 4 a simplified diagrammatical sketch of a semiconductor
structure 10” having both the D-Mode HEMT 12 and an E-Mode HEMT 16’ according to
an alternative embodiment is shown. Here, after forming the structure shown, and
described above in connection with FIG. 3C a hard mask 52” is lithography patterned to
have a window 54’ formed therein region where the E-mode HEMT 16 is to be formed.
The surface of the exposed AlGaN layer 24 underneath the dry mask window 54 is
partially etched using a dry plasma etching process so that only 50A to 180A of the
AlGaN layer 24 remains in an AlGaN recess region 56’ after etching (FIG. 4A). The
AlGaN layer 24 is typically around 250A thick prior to the etching of the layer for the
fabrication of the D-Mode HEMT 12 and the thickness of the AlGaN layer 24 must be
reduced to below 180A in the region where E-mode HEMT 16’ is to be formed to produce
a positive threshold voltage.
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[0073] Next, referring to FIG. 4B, a doped Group I1I-N material is deposited on and
through the openings in the patterned hard mask layer 52°. Here for example 250A to
500A of beryllium doped GaN (Be:GaN) is deposited using molecular beam epitaxy
equipment, thereby deposing a polycrystalline Be:GaN material 42’p on the upper surface
of the hard mask 52’ and forming the single crystal, epitaxial grown Be:GaN gate
electrode layer 42°a in the patterned window 54°, as shown. The Be:GaN material 42’°a
depletes carriers from a 2DEG underneath the Be:GaN material 42” at zero gate bias as

denoted by the removal of the dashes in the depiction of the 2DEG 23 in FIG. 4B.

[0074] Next, and referring to FIG. 4C, the hard mask 52’ is lifted off along with the
deposited polycrystalline Be:GaN material 42°p leaving the epitaxial Be:GaN material

42’a in the AlGaN recess region 56°, as shown.

[0075] Next, and referring to FIG. 4D, the epitaxial Be:GaN material 42°a in the AlGaN
recess region 56’ is patterned lithographically and etched, here for example using a dry
plasma etching process, to form a structure having a lower base portion 42BASE and a
thicker, vertically projecting, mesa shaped, portion 42M, over where the epitaxial Be:GaN
gate region 42’ is to be formed, as shown. The thickness of the Be:GaN material 42’a in
the base portion 42BASE should be nominally as close to 0A as possible without etching
the AlGaN layer 24 below the base portion 42BASE. Etching into the AlGaN layer 24
below the base portion 42BASE will reduce the total current that can be passed in the
source and drain access regions of the E-Mode HEMT 16°.

[0076] Referring now to FIG. 4, the D-Mode HEMT 12 (FIG. 1) and E-mode HEMT 16
are completed using any conventional processes; here however, the source and drain
electrodes of the E-mode HEMT 16’ are formed on the Be:GaN base portion 42BASE and
in ohmic contact with the GaN channel layer 22 while the gate electrode 40’ is formed
with a Schottky metal contact 42b in direct contact with the vertically projecting, mesa

shaped, epitaxial doped Be:GaN portion 42M.

[0077] Referring now to FIG. 5 a simplified diagrammatical sketch of a semiconductor
structure 10”” having both the D-Mode HEMT 12 and an E-Mode HEMT 16” according to

an alternative embodiment is shown. Here, referring to FIG. 5A, after forming the
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structure shown, and described above in connection with FIG. 3C, a hard mask 62 is
lithography patterned to have a window 54’ formed therein region where the E-mode

HEMT 16’ is to be formed.

[0078] Here, referring to FIG. 5B, an ion implantation process is used to implant ions,
here for example nitrogen ions, into a region 70 of the Group 1II-N layers 20, 22, and 24
not covered by the hard mask 62 to make the Group III-N material electrically resistive.
The depth of the implanted region 70 is determined by the type of ion used and the
acceleration energy and should extend through the AlGaN layer 24, the GaN channel layer
22, and into the upper portion of the doped GaN buffer layer 20. The implanted region 70
terminates below the depth of the 2DEG channel 23 and minimizes mobile carrier
conduction in the portion of the 2DEG channel 23 below the E-mode HEMT 16°°, being

formed.

[0079] Next, referring to FIG. 5C, a layer of GaN 72 is grown by MBE over the upper
surface of the structure shown in FIG. 5B, followed by an MBE grown layer of AlGaN 74.
It is noted that the portions of the GaN layer 72 and the portions of the AlGaN layer 74
deposited on the hard mask form as polycrystalline layers 72p while the portions of the
GaN layer 72 deposited on the AlGaN layer 24 grow epitaxially and the portions of the
AlGaN layer 74 deposited on the GaN layer 72 grow epitaxially forming a 2DEG channel
indicated by the dotted line 73 in the GaN layer 72, as shown. It is noted MBE epitaxially

regrown GaN layer 72 is in direct contact with the ion implanted region 70.

[0080] Next, referring to FIG. 5D, the hard 62 is etched away using for example a
buffered oxide wet etch to remove a dielectric masking layer, along with the

polycrystalline layers 72p on the hard mask 62, as shown.

[0081] Referring now to FIG. 5E, a hard mask 76 is formed over the surface of the
structure. Again, the hard mask 76 is a non-reactive dielectric such as, for example, SiNx,

AlOs, SiO> or a stable metal.

[0082] Referring now to FI1G. 5F, the hard mask 76 is patterned with a window over the

portion of the AlGaN layer 74 where a gate electrode is to be formed, as shown, and using
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an etchant, here for example, a dry plasma etch process and a recess 78 is etched into the
upper portion of the AlGaN layer 74, as shown, so that only 50A to 180A of the AlGaN

layer 74 remains.

[0083] Referring now to FIG. 5@, a layer 80 of doped GaN, here Be:GaN, is grown by
MBE over the upper surface of the structure shown in FIG. 5F; it is noted that the portions
of the doped GaN layer 80 deposited on the hard mask 76 form as polycrystalline layer
80p while the portions of the doped GaN layer 80 deposited on the AlGaN layer 74 grow
epitaxially as single crystal GaN, as indicated.

[0084] Next, referring to FIG. 5H, the hard mask 76 is etched away, using for example a
buffered oxide wet etch to remove a dielectric masking layer, along with the
polycrystalline layer 80p on the hard mask 76, as shown. Next, referring to FIG. 5, the D-
mode HEMT and E-Mode HEMT processing is performed in parallel to form the structure
10° shown, having a D-Mode HEMT 12 with source, drain and gate electrodes 26, 28, 34,
respectively, as shown, and an E-Mode HEMT 16’ having source, drain and gate
electrodes 367, 38’ and 40”’, respectively, as shown; the gate electrode 40’ being formed
with a Schottky metal contact 82 in direct contact with the epitaxial doped Be:GaN

material 80.

[0085] Referring now to FIG. 6 a simplified diagrammatical sketch of a semiconductor
structure 10 according to an alternative embodiment is shown. Here, and referring to
FIG. 6A, after forming the structure shown, and described above in connection with FIG.
5B, a GaN layer 72 is grown by MBE in direct contact with the ion implanted region 70,
followed by the MBE growth of an AlGaN layer 74, and then the MBE growth of a doped
GaN layer 90, for example single crystal beryllium doped GaN (Be:GaN), as shown. The
AlGaN layer 74 must be kept thin enough so that the doped GaN layer 90 can deplete the
carriers in the 2DEG region 73’ that would otherwise form at the interface of the GaN
layer 72 and the AlGaN layer 74. It is noted that the portions of the GaN layer 72, AlGaN
layer 74 and the doped GaN layer 90 form as a polycrystalline layer 90p on the mask 62,
as indicated in FIG. 6A; however, the portions of the GaN layer 72, the AlGaN layer 74
and the doped GaN layer 90 deposited on the AlGaN layer 24 form as single Group I1I-N

layers.
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[0086] Next, referring to FIG. 6B, the hard mask 62 is etched away using for example a
buffered oxide wet etch to remove a dielectric masking layer, along with the

polycrystalline layer 90p on the hard mask 62, as shown.

[0087] Next, referring to FIG. 6C, the doped GaN (Be:GaN) layer 90 is patterned
lithographically and etched, here for example using a dry plasma etching process, to form
a structure having a lower base portion 90BASE and a thicker, vertically projecting, mesa
shaped, portion 90M, over where the epitaxial Be:GaN gate region is to be formed, as
shown. The thickness of the dope GaN (Be:GGaN) material 90 in the base portion 90BASE
should be nominally as close to 0A as possible without etching the AlGaN layer 74 below
the base portion 90BASE. Etching into the AlGaN layer 74 below the base portion
90BASE will reduce the total current that can be passed in the source and drain access

regions of the E-Mode HEMT 16,

[0088] Next, referring to FIG. 6, the D-mode HEMT 12 and E-Mode HEMT 16"’
processing is performed in parallel to form the structure 10°” shown, having a D-Mode
HEMT with source, drain and gate electrodes 26, 28, 34, respectively, as shown, and an E-
Mode HEMT 16°” having source, drain and gate electrodes 36, 38 and 40™’, respectively,
as shown; the gate electrode 40°” being formed with a Schottky metal contact 82 in direct
contact with the epitaxial doped GaN mesa portion 90M. It is noted that the GaN layer 72

serves as a channel layer and the AlGaN layer 74 serves as a barrier layer.

[0089] Referring now to FIG. 7 a simplified diagrammatical sketch of a semiconductor
structure 10" according to an alternative embodiment is shown. The structure is
fabricated in a similar manner as the alternative embodiments shown in FIG. 5 and FIG. 6,
where a fraction of the original 2DEG channel 23 is processed such that the 2DEG is no
longer electrically conductive and a new Group 1II-N structure is grown on the electrical
inactive 2DEG channel 23 for the purposes of forming an E-mode HEMT 16°””°. FIG. 7
shows that this processing allows for different channel materials 22°, 72’ and barrier
materials 24°, 74° to be used in a D-Mode HEMT 12’ and the E-mode HEMT 16°°”°. The
ability to use different layer constructions in E-mode and D-mode HEMTs on the same

wafer allows the materials to be tailored to provide a larger range electrical performance.
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[0090] It should now be appreciated, an Enhancement-Mode HEMT according to the
disclosure includes a gate electrode comprising: a layer, disposed between an electrically
conductive gate electrode contact and a gate region of the Enhancement-Mode HEMT,
such layer comprising: a Group III-N material, the Group III-N material having a
predetermined resistivity and a dopant disposed in the Group 11I-N material, such dopant:
providing the layer with a resistivity greater than the predetermined resistivity of the
Group III-N material; and depleting carriers from a 2DEG under the gate at zero gate bias.
The Enhancement-Mode HEMT may include one or more of the flowing features,
individually or in combination, to include: wherein the dopant is Beryllium; wherein the

dopant is Molecular Beam Epitaxy Beryllium.

[0091] It should now be appreciated, an Enhancement-Mode HEMT according to the
disclosure includes a gate electrode comprising: a layer, disposed between an electrically
conductive gate electrode contact and a gate region of the Enhancement-Mode HEMT,
such layer comprising: a Group III-N material, the Group III-N material having a
predetermined resistivity and a dopant disposed in the Group 11I-N material, such dopant:
providing the layer with a resistivity greater than the predetermined resistivity of the
Group III-N material, and depleting carriers from a 2DEG under the gate when an applied
gate voltage is less than a threshold voltage, and the threshold voltage is equal to, or
greater than zero. The Enhancement-Mode HEMT may include one or more of the flowing
features, individually or in combination, to include: wherein the dopant is Beryllium;

wherein the dopant is Molecular Beam Epitaxy Beryllium.

[0092] It should now also be appreciated, an Enhancement-Mode HEMT according to the
disclosure includes: a crystal structure having a pair of stacked Group 1II-N semiconductor
layers, the pair of stacked Group I1I-N semiconductor layers forming a heterojunction with
a 2DEG channel being formed in a lower one of the pair of stacked Group I1I-N layers; a
source electrode for supplying current to the 2DEG; a drain electrode for extracting
current supplied current from the 2DEG; and a gate electrode, disposed between the
source electrode and the drain electrode and over a gate region of the upper one of the pair
of stacked layers for controlling the supplied current passing to the drain electrode;
wherein such gate electrode being disposed over the gate region, such gate electrode,

comprising: an electrically conductive gate electrode contact; a doped, Group I1I-N

25



10

15

20

25

30

WO 2020/209971 PCT/US2020/022228

material, disposed between the electrically conductive gate electrode contact and the gate
region, such doped, Group I1I-N material increasing resistivity of the Group I1I-N material
and provides the HEMT with a threshold voltage equal to, or greater than zero. The
Enhancement-Mode HEMT may include one or more of the flowing features, individually
or in combination, to include: wherein the doped, Group I1I-N material forces the Fermi
level in the doped Group I1I-N material to reside close enough to the valance band edge to
raise the conduction band at the interface between the pair of stacked Group I1I-N
semiconductor layers to deplete carriers from the portion of the 2DEG channel under the
gate region at zero gate bias; wherein the gate electrode comprises a single doped, Group
[1I-N material; wherein the gate electrode comprises a single doped, Group 11I-N material;

wherein the doped, Molecular Beam Epitaxy Group 11I-N material comprises Beryllium.

[0093] It should now also be appreciated, an Enhancement-Mode HEMT structure
according to the disclosure includes: having a gate electrode with a doped, Group I1I-N
material disposed between an electrically conductive gate electrode contact and a gate
region of the Enhancement-Mode HEMT structure, such doped, Group III-N layer
increasing resistivity of the Group III-N material and depleting the 2DEG under the gate

region at zero bias.

[0094] It should now also be appreciated, a method is provided for forming an
Enhancement-Mode HEMT structure having a AIGaN/GaN structure to produce a 2DEG
in the GaN portion of the AlGaN/GaN structure, the method comprising: forming a gate
structure for Enhancement mode HEMT structure comprising: a beryllium doped,
molecular beam epitaxy layer formed under gallium-rich growth conditions to produce
resistive material that shifts the band structure in an AIGaN/GaN HEMT to produce
positive threshold voltages required for E-mode operation. The method may include the
feature wherein the beryllium doped Group III-N layer is grown by MBE with a
predetermined gallium to nitrogen flux ratio selected to maintain more than a monolayer

of liquid gallium on the surface during the MBE growth.

[0095] It should now also be appreciated, an Enhancement-Mode HEMT according to the
disclosure includes having a gate electrode with a doped, Group I11-N material disposed

between an electrically conductive gate electrode contact and a gate region of the
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Enhancement-Mode HEMT, such doped, Group I1I-N layer increasing resistivity of the
Group III-N material and depleting carriers from a 2DEG under the gate when an applied
gate voltage is less than a threshold voltage, and the threshold voltage is equal to, or

greater than zero.

[0096] It should now also be appreciated, a structure according to the disclosure includes:
a single crystal substrate; a Depletion mode (D-mode) HEMT and an Enhancement mode
(E-mode) HEMT formed on the single crystal substrate; the Enhancement-Mode HEMT
having a gate electrode with a doped, Group I1I-N material disposed between an
electrically conductive gate electrode contact and a gate region of the Enhancement-Mode
HEMT, such doped, Group 11I-N layer increasing resistivity of the Group I1I-N material
and depleting carriers from a 2DEG under the gate when an applied gate voltage is less

than a threshold voltage, and the threshold voltage is equal to, or greater than zero.

[0097] It should now also be appreciated, a method for forming an Enhancement-Mode
HEMT includes: forming a gate electrode comprising: a layer, disposed between an
electrically conductive gate electrode contact and a gate region of the Enhancement-Mode
HEMT, such layer comprising: a Group I1I-N material, the Group III-N material having a
predetermined resistivity; and depositing by molecular beam epitaxy, a dopant in the
Group IlI-N material, such dopant: providing the layer with a resistivity greater than the
predetermined resistivity of the Group 11I-N material; and depleting carriers from a 2DEG
under the gate at zero gate bias. The method may include the feature wherein the dopant

comprises beryllium.

[0098] It should now also be appreciated, a method for forming an Enhancement-Mode
HEMT includes: forming a gate electrode comprising: a layer, disposed between an
electrically conductive gate electrode contact and a gate region of the Enhancement-Mode
HEMT, such layer comprising: a Group I1I-N material, the Group III-N material having a
predetermined resistivity; a depositing by molecular beam epitaxy, a dopant in the Group
I1I-N material, such dopant: providing the layer with a resistivity greater than the
predetermined resistivity of the Group 1II-N material, and depleting carriers from a 2DEG

under the gate when an applied gate voltage is less than a threshold voltage, and the
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threshold voltage is equal to, or greater than zero. The method may include the feature

wherein the dopant comprises beryllium.

[0099] A number of embodiments of the disclosure have been described. Nevertheless, it
will be understood that various modifications may be made without departing from the
spirit and scope of the disclosure. For example, while Be doped GaN has been described,
it should be understood that other Group 11I-N doped material may be used such as doped
AlGaN. Similarly, the use of different Group Il1I-N channel and barrier layers than GaN
and Alo25Gao 7sN will require E-mode gate regions with different thicknesses for the
barrier layer and the beryllium doped Group I1I-N layers to achieve a desired threshold
voltage. Although SiC substrates have been used to illustrate various embodiments of the
disclosure, the disclosure does not depend on the use of any specific substrate and can be
applied to any D-Mode Group I1I-N HEMT material whether it is grown on a substrate,
for example, Si, Al203, and Group I1I-N, or if the HEMT is free-standing or mounted to
another substrate. Accordingly, other embodiments are within the scope of the following

claims.
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WHAT ISCLAIMED IS

1. An Enhancement-Mode HEMT comprising:

a pair of stacked Group Il1I-Nitride semiconductor layers, the pair of stacked Group I11-
Nitride semiconductor layersforming a heterojunction with a2DEG channel being formed in alower
one of the pair of stacked Group Il1-Nitride layers,

asource electrode disposed over an upper one of the pair of stacked Group I11-Nitride layers,

adrain electrode disposed over the same upper one of the pair of stacked Group I11-Nitride
layers; and

agate electrode disposed between the source el ectrode and drain el ectrode, the gate el ectrode
comprising:

a layer of Group-111 Nitride material having a dopant disposed between an electrically
conductive gate electrode contact and extending into the same upper one of the pair of stacked Group
I11-Nitride layers, such dopant providing the layer with a resistivity greater than a predetermined
resistivity of the Group I11-Nitride material, the gate electrode contact in Schottky contact with the
layer of Group-111 Nitride material and depleting carriers from the 2DEG channel under the gate
electrode at zero bias condition.

2. An Enhancement-Mode HEMT comprising:

agate electrode disposed between a source el ectrode and adrain el ectrode, the gate electrode
comprising:

a layer, disposed between an electrically conductive gate electrode contact and a pair of
stacked Group I11-Nitride semiconductor layers, the pair of stacked Group I11-Nitride semiconductor
layers forming a heterojunction with a 2DEG channel being formed in a lower one of the pair of
stacked Group Il1-Nitride layers, such layer comprising: a Group I11-N material, the Group I11-N
material having a predetermined resistivity and a beryllium dopant disposed in the Group I11-N
material, such beryllium dopant providing the layer with a resistivity greater than the predetermined
resistivity of the Group I11-N material, and depleting carriers from the 2DEG channel under the gate
el ectrode when an applied gate voltage is less than a threshold voltage.
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3. The HEMT recited in claim 1 wherein the dopant is Beryllium.

4. The HEMT recited in claim 1 wherein the dopant is Molecular Beam Epitaxy Beryllium.

5. The HEMT recited in claim 2 wherein the gate electrode extends into an upper one of the

pair of stacked Group Il1-Nitride semiconductor layers.

6. The HEMT recited in claim 2 wherein the beryllium dopant is Molecular Beam Epitaxy

Beryllium.

7. An Enhancement-Mode HEMT, comprising:

a crystal structure having a pair of stacked Group I11-N semiconductor layers, the pair of
stacked Group I11-N semiconductor layers forming a heterojunction with a 2DEG channel being
formed in alower one of the pair of stacked Group I11-N layers;

a source electrode for supplying current to the 2DEG channd!;

adrain electrode for extracting supplied current from the 2DEG channel; and

a gate electrode, disposed between the source electrode and the drain electrode and over the
pair of stacked Group I11-N semiconductor layers for controlling the supplied current passing to the
drain electrode;

such gate electrode comprising:

an electrically conductive gate electrode contact; and

a doped Group I11-N materia disposed between the electrically conductive gate electrode
contact and extending into an upper one of the pair of stacked Group I11-N semiconductor layers,
such doped Group I11-N material increasing resistivity of the Group I11-N material and providing the
HEMT with athreshold voltage greater than zero.

8. The HEMT recited in claim 7 wherein the doped Group I11-N materia forces the Fermi
level in the doped Group 111-N material to reside close enough to the valance band edge to raise the
conduction band at the interface between the pair of stacked Group I11-N semiconductor layers to
deplete carriers from a portion of the 2DEG channel under the gate electrode contact at zero bias

condition.
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9. The HEMT recited in claim 7 wherein the doped Group I1I-N material is grown by

Molecular Beam Epitaxy.

10. The HEMT recited in claim 7 wherein the gate electrode comprises a single doped Group
[11-N material.

11. The HEMT recited in claim 9 wherein the doped Molecular Beam Epitaxy Group I11-N
material comprises Beryllium.

12. An Enhancement-Mode HEMT structure comprising a gate electrode disposed between
a source electrode and a drain electrode, the gate electrode comprising:

a doped Group I11-N material disposed between an electrically conductive gate electrode
contact and extending into an upper one of apair of stacked Group I11-N semiconductor layers, such
doped Group I11-N layer increasing resistivity of the Group 111-N materia and depleting a 2DEG
channel under the gate electrode at zero bias.

13. An Enhancement-Mode HEMT comprising a gate el ectrode with alayer of doped Group
I11-N material disposed between an electrically conductive gate electrode contact and an upper one
of a pair of stacked Group I11-N semiconductor layers, such doped Group I11-N layer increasing
resistivity of the Group 111-N material and depleting carriers from a 2DEG channel under the gate
electrode when an applied gate voltage is |less than a threshold voltage, and the threshold voltage is
greater than zero, the doped Group |11-N layer having a thickness greater than 250 A and the upper
one of the pair of stacked Group I11-N semiconductor layers having athickness less than 180 A.

14. A structure, comprising:

asingle crystal substrate; and

a Depletion mode (D-mode) HEMT and an Enhancement mode (E—-mode) HEMT formed on
the single crystal substrate; the Enhancement-Mode HEMT having a gate electrode with a doped
Group I11-N material disposed between an electrically conductive gate electrode contact and
extending into an upper one of a pair of stacked Group IlI-N semiconductor layers of the
Enhancement-Mode HEMT, such doped Group I11-N increasing resistivity of the Group I11-N
material and depleting carriers from a 2DEG channel under the gate electrode when an applied gate
voltage isless than a threshold voltage, and the threshold voltage is greater than zero.
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