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Semiconductor Devices with Field Plates

TECHNICAL FIELD
[0001] This invention relates to semiconductor electronic devices, specifically
devices with field plates.
BACKGROUND
[0002] To date, modern power semiconductor devices, including devices such as

power MOSFETs and Insulated Gate Bipolar Transistors (IGBT), have been typically
fabricated with silicon (Si) semiconductor materials. More recently, silicon carbide (SiC)
power devices have been researched due to their superior properties. III-Nitride (ITI-N)
semiconductor devices are now emerging as an attractive candidate to carry large currents
and support high voltages, and provide very low on resistance, high voltage device operation,
and fast switching times. A typical III-N high electron mobility transistor (HEMT), shown in
Figure 1, comprises a substrate 10, a channel layer 11, such as a layer of GaN, atop the
substrate, and a barrier layer 12, such as a layer of AlyGa; N, atop the channel layer. A two-
dimensional electron gas (2DEG) channel 19 is induced in the channel layer 11 near the
interface between the channel layer 11 and the barrier layer 12. Source and drain electrodes
14 and 15, respectively, form ohmic contacts to the 2DEG channel. Gate 16 modulates the
portion of the 2DEG in the gate region, i.e., directly beneath gate 16.

[0003] Field plates are commonly used in III-N devices to shape the electric field in
the high-field region of the device in such a way that reduces the peak electric field and
increases the device breakdown voltage, thereby allowing for higher voltage operation. An
example of a field plated III-N HEMT is shown in Figure 2. In addition to the layers
included in the device of Figure 1, the device in Figure 2 includes a field plate 18 which is
connected to gate 16, and an insulator layer 13, such as a layer of SiN, is between the field
plate and the barrier layer 12. Field plate 18 can include or be formed of the same material as
gate 16. Insulator layer 13 can act as a surface passivation layer, preventing or suppressing
voltage fluctuations at the surface of the III-N material adjacent to insulator layer 13.

[0004] Slant field plates have been shown to be particularly effective in reducing the
peak electric field and increasing the breakdown voltage in III-N devices. A III-N device
similar to that of Figure 2, but with a slant field plate 28 is shown in Figure 3. In this device,
gate 16 and slant field plate 28 are formed of a single electrode 29. Insulator layer 23, which

can be of SiN, contains a recess which defines at least in part the shape of electrode 29.
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Herein, insulator layer 23 will be referred to as “electrode defining layer 23”. Electrode
defining layer 23 can also act as a surface passivation layer, preventing or suppressing
voltage fluctuations at the surface of the III-N material adjacent to electrode defining layer
23. The gate 16 and slant field plate 28 in this device can be formed by first depositing
electrode defining layer 23 over the entire surface of barrier layer 12, then etching a recess
through the electrode defining layer 23 in the region containing gate 16, and finally
depositing electrode 29 at least in the recess.

[0005] In many applications in which III-N devices are used, for example high power
and high voltage applications, it can be advantageous to include a gate insulator between gate
16 and the underlying ITI-N layers in order to prevent gate leakage. A device with a slant
field plate and a gate insulator is shown in Figure 4. This device can be achieved by a slight
modification to the process for the device in Figure 3. For the device in Figure 4, the recess
in electrode defining layer 23 is only etched part way through the layer (rather than all the
way through the layer), after which electrode 29 is deposited. In this device, the portion of
electrode defining layer 23 which is between gate 16 and the underlying III-N layers serves

as a gate insulator.

SUMMARY
[0006] In one aspect, a I1I-N device is described that includes a IT1I-N material layer,
an insulator layer on a surface of the I1I-N material layer, an etch stop layer on an opposite
side of the insulator layer from the ITI-N material layer, an electrode defining layer on an
opposite side of the etch stop layer from the etch stop layer from the insulator layer and an
electrode. A recess is formed in the electrode defining layer and the electrode is formed in
the recess.
[0007] For all devices described herein, one or more of the following may be
applicable. The electrode can include a field plate. The field plate can be a slant field plate.
A portion of the recess in the electrode defining layer can have angled walls with at least a
portion that is at a non-perpendicular angle to a main surface of the etch stop layer, the angled
walls defining the slant field plate. The non-perpendicular angle can be between about 5
degrees and 85 degrees. The insulator layer can be a passivation layer. The insulator layer
can be formed of an oxide or nitride. The insulator layer can be about 2-50 nanometers thick.
The insulator layer can have a capacitance per unit area of about 0.8-40 millifarads / meter’.

The electrode defining layer can be formed of an oxide or nitride. The electrode defining
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layer can be at least about 100 nanometers thick. A combined thickness of the insulator
layer and the electrode defining layer can be sufficient to substantially suppress dispersion.
The etch stop layer can be between about 1 and 15 nanometers thick. The etch stop layer can
be formed of aluminum nitride. The electrode defining layer and etch stop layer can be
formed of different materials. The etch stop layer and insulator layer can be formed of
different materials. The recess can be formed in the etch stop layer.

[0008] In some implementations, the I1I-N device is a diode. The diode can include
one or more of the following features. The recess can be formed in the insulator layer. A
first portion of the I1I-N material layer can have a first composition and a second portion of
the III-N material layer can have a second composition, wherein a difference between the
first composition and the second composition forms a 2DEG channel in the I1I-N material
layer. The diode can include a cathode, wherein a portion of the electrode is an anode, the
anode forms a substantially Schottky contact to the III-N material layer, and the cathode is in
electrical contact with the 2DEG channel. The recess can extend into the I1I-N material layer
and the electrode is in a portion of the recess in the III-N material layer. The recess can
extend through the 2DEG channel. A threshold of a first region of the device can be greater
than about -15V, wherein the first region comprises a portion of the device which is between
an anode region and the cathode and is adjacent to the anode region. A thickness of the
insulator layer can be sufficient to prevent leakage currents greater than about 10
microamperes/millimeter from passing through the insulator layer during device operation.
The electrode can be an anode electrode and the device can further comprise a cathode.
[0009] In some implementations, the device is a HEMT. The HEMT may include
one or more of the following features. A first portion of the I1I-N material layer can have a
first composition and a second portion of the IT1I-N material layer can have a second
composition, wherein a difference between the first composition and the second composition
forms a 2DEG channel in the ITI-N material layer. The device can include source and a drain,
wherein a portion of the electrode is a gate, and the source and the drain are in electrical
contact with the 2DEG channel. A device threshold voltage can be greater than about -30V.
A thickness of the insulator layer can be chosen such that the device threshold voltage is
greater than about -30V. A thickness of the insulator layer can be sufficient to prevent
leakage currents greater than about 100 microamperes from passing through the insulator
layer during device operation. The electrode can be a gate electrode and the device can
further comprise a source and a drain. The device can be a FET, where a dynamic on-

resistance as measured when the device is switched from the OFF state, with a source-drain
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bias of about 800 V or less, to the ON state, is equal to or less than 1.4 times a DC on-
resistance.

[0010] Any one of the devices described herein may include multiple field plates.
Devices with multiple field plates can include the following features. The electrode defining
layer and the etch stop layer can be a first electrode defining layer and a first etch stop layer,
the device can further comprise a stack on an opposite side of the first electrode defining
layer from the first etch stop layer, wherein the stack comprises a second etch stop layer and a
second electrode defining layer. A recess can be formed in the stack, and a portion of the
clectrode overlies the stack. A second insulator layer can be between the first electrode
defining layer and the second etch stop layer. The device can include a second electrode,
wherein a second recess is formed in the second electrode defining layer and in the second
etch stop layer, and the second electrode can be formed in the second recess. The second
electrode can be electrically connected to the first electrode. The device can include a
plurality of stacks, wherein a recess is formed in each stack, and an electrode is formed in
cach recess. The device can be an enhancement-mode device or a depletion-mode device.
[0011] In another aspect a method of forming a IT1I-N device is described. The
method includes applying an insulator layer on the surface of a ITI-N material layer. After
applying the insulator layer, an etch stop layer is applied on the insulator layer. After
applying the etch stop layer, the electrode defining layer is applied on the etch stop layer.

The electrode defining layer is etched to form the recess, wherein the recess is defined at least
in part by a wall that is not perpendicular to a surface of the etch stop layer. The etching step
uses an etchant that is selective to etching the electrode defining layer at a faster rate than the
etch stop layer. A conductive material is deposited in the recess and on an exposed portion of
the electrode defining layer.

[0012] One or more implementations of the method can include one or more of the
following features. The method can include etching the etch stop layer to extend the recess in
the electrode defining layer to the insulator layer. Etching the etch stop layer can include wet
etching. Etching the electrode defining layer can include dry etching or a Fluorine-based dry
etch. An etch process used to etch the etch stop layer may not substantially etch the electrode
defining layer or the insulator layer. The etch process can etch the etch stop layer with a
selectivity of about 10:1 or higher. Etching the electrode defining layer can result in the
electrode defining layer having angled walls with at least a portion that is at a non-
perpendicular angle to a main surface of the etch stop layer. The non-perpendicular angle can

be between about 5 degrees and 85 degrees. An etch process used to etch the electrode
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defining layer may not substantially etch the etch stop layer. The etch process can etch the
electrode defining layer with a selectivity of about 10:1 or higher.

[0013] Gate insulators typically need to be made thin to maintain an adequate
coupling between the gate and 2DEG channel, and typically the thickness of the gate
insulator must be controlled to a high degree of precision in order to ensure reproducibility of
the device threshold voltage and other device parameters. The techniques described here may
result in sufficiently precise control of the gate insulator thickness, especially when a very

thin gate insulator is required, and thus reproducible manufacturing using this process may be

possible
DESCRIPTION OF DRAWINGS
[0014] Figures 1-4 are schematic cross-sectional views of [1I-N HEMT devices of the
prior art.
[0015] Figure 5 is a schematic cross-sectional view of a IITI-N semiconductor

transistor containing a gate insulator and a slant field plate.

[0016] Figures 6-11 illustrate a method of forming the II1-N semiconductor transistor
of Figure 5.
[0017] Figure 12a is a schematic cross-sectional view of a III-N semiconductor

transistor containing a gate insulator and slant field plates.

[0018] Figures 12b and 12¢ are graphs showing on-resistance versus drain voltage for
ITI-N semiconductor transistors.

[0019] Figure 13 is a schematic cross-sectional view of a III-N semiconductor
transistor containing a gate insulator and slant field plates.

[0020] Figures 14 and 15 are schematic cross-sectional and plan views, respectively,
of a III-N semiconductor diode containing a slant field plate.

[0021] Figure 16 is a schematic cross-sectional view of a III-N semiconductor diode

containing a slant field plate.

[0022] Like reference symbols in the various drawings indicate like elements.
DETAILED DESCRIPTION
[0023] Semiconductor devices, such as HEMTs and diodes, are described which can

be manufactured reproducibly. The devices all include slant field plates, and some also
include a gate insulator between a gate and underlying semiconductor layers. The use of

slant field plates can result in devices with superior properties for high-voltage switching
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applications, such as high breakdown voltage and minimal dispersion at high voltage
operation, while the gate insulator, when included in transistor structures, can result in
reduced gate leakage. Furthermore, the manufacturing process for the devices can be
reproducible using conventional semiconductor device fabrication processes. The
semiconductor devices can be III-Nitride or ITI-N semiconductor devices, and so devices
described herein include III-N semiconductor layers. Methods of forming the devices are
also described.

[0024] Figure 5 shows a schematic illustration of a ITI-Nitride device, i.c., a III-
Nitride HEMT. As used herein, the terms I1I-Nitride or III-N materials, layers, devices, etc.,
refer to a material or device comprised of a compound semiconductor material according to
the stoichiometric formula Al,In,Ga,N, where x+y+z is about 1. The device includes a
substrate layer 10, which can include or be formed of silicon, sapphire, GaN, AIN, SiC, or
any other substrate suitable for use in III-N devices. In some implementations, a substrate is
not included. For example, in some implementations the substrate is removed prior to
completion of device fabrication. III-N layers 11 and 12, which are formed on top of
substrate 10, are III-N materials that form the basis for the HEMT device. III-N layers 11 and
12 have different compositions, the compositions chosen such that a 2DEG channel 19 is
induced in layer 11, which is hereby referred to as “channel layer 11”. Some or all of the I1I-
N material in layer 12 has a bandgap which is larger than that of channel layer 11, so layer 12
is hereby referred to as “barrier layer 12”. In some implementations, channel layer 11 is GaN
and barrier layer 12 is AlyGa; 4N, where x is between 0 and 1. It is understood that
modifications to the ITI-N material structure can be made, as long as the resulting structure is
one with which a III-N HEMT or other III-N device, such as an HFET, MISHFET, MOSFET,
MESFET, JFET, CAVET, POLFET, HEMT, FET, diode, or another device can be formed.
For example, additional IT1I-N layers can also be included, such as a ITI-N buffer layer
between the substrate 10 and the overlying III-N layers, or an AIN layer between the channel
layer 11 and barrier layer 12. The III-N layers can be oriented in the [ 0 0 0 1] (III-face or
Ga-face C-plane) polar direction, the [ 0 0 0 1bar ] (N-face) polar direction, or any other
polar, semi-polar, or non-polar orientation. In some implementations, the barrier layer 12 is
between the substrate 10 and the channel layer 11, such as when the ITI-N materials are
oriented in a [ 0 0 0 1bar ] direction or in a nitrogen-terminated semi-polar direction or in a
non-polar direction. As such, while the uppermost III-N layer, i.e., the III-N layer furthest
from the substrate, is shown in Figure 5 to be the barrier layer 12, in some implementations

the uppermost III-N layer can be the channel layer 11 or another I1I-N layer.
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[0025] The device structure can be designed such that the resulting IT11-N device is a
depletion-mode device, such that the 2DEG channel 19 is induced in the gate region and
access regions of channel layer 11 when zero voltage is applied to the gate relative to the
source. Or, the III-N device can be an enhancement-mode device, such that the 2DEG
channel 19 is induced in the access regions but not the gate region of channel layer 11 when
zero voltage is applied to the gate relative to the source, and a positive voltage must be
applied to the gate to induce a 2DEG in the gate region of channel layer 11. As used herein,
the term “gate region” refers to the region in the III-N materials directly beneath gate 16, i.e.
between the two vertical dashed lines in Figure 5. The term “access regions” refers to the
regions of the device which are on either side of the gate region and between the source and
drain electrodes 14 and 15, respectively. Thus, the access regions can be at least partially
beneath the slant field plate 28.

[0026] In some implementations, the III-N layer structure in the gate region is
different from that in the access regions (not shown). For example, the access regions can
include III-N layers that are not included in the gate region, or vice-versa. In some
implementations, the uppermost III-N layer is recessed in the gate region (not shown). The
recess in the uppermost I11-N layer can extend part way through the layer, such that a portion
of the uppermost I1I-N layer is removed in the gate region. Or, the recess can extend all the
way through the uppermost ITI-N layer and into the III-N layer directly beneath the
uppermost I1I-N layer, such that all of the uppermost I1I-N layer and a portion of the layer
below the uppermost IT1I-N layer are removed in the gate region. Additional examples of I1I-
N layer structures for III-N devices can be found in U.S. patent application number
11/856,687, filed September 17, 2007, U.S. patent application number 12/102,340, filed April
14, 2008, U.S. patent application number 12/324,574, filed November 26, 2008, U.S. patent
application number 12/108,449, filed April 23, 2008, U.S. patent application number
12/332,284, filed December 10, 2008, U.S. patent application number 12/368,248, filed
February 9, 2009, and U.S. patent application number 11/856,695, filed September 17, 2007,
all of which are hereby incorporated by reference.

[0027] Source and drain electrodes 14 and 15, respectively, which are formed on
opposite sides of the gate region, contact the 2DEG channel 19 in channel layer 11. A gate
insulator layer 22 is adjacent to the uppermost IT1I-N surface and extends at least from the
source electrode 14 to the drain electrode 15. When an uppermost III-N layer is the same
layer in both the gate and access regions, as is the case for the device shown in Figure 5, the

uppermost III-N surface refers to the surface of the uppermost III-N layer which is opposite
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the substrate 10. In some implementations, an uppermost I1I-N layer in the gate region is
different from that in the access regions, and in these implementations the uppermost IT1I-N
surface includes all surfaces of uppermost I1I-N layers which are on a side of the device
opposite the substrate, including any vertical or angled surfaces that may result from steps,
recesses, or discontinuities in uppermost I1I-N layers.

[0028] Gate insulator layer 22 is formed of any insulating film that can be made thin,
such as less than about 50 nm, such as less than or about 22 nm, 18 nm, or 15 nm, in order to
insure sufficiently high gate capacitance, while preventing substantial current from flowing
from the gate 16 to the drain electrode 15 through the 2DEG channel 19. For example, gate
insulator layer 22 can be about 2-50 nm thick, can be formed of SiO, or SiN, and can be
deposited by methods such as chemical vapor deposition (CVD), metalorganic chemical
vapor deposition (MOCVD), high-temperature chemical vapor deposition (HTCVD)
sputtering, evaporation, or other suitable deposition techniques. In some implementations,
gate insulator layer 22 is formed of a high permittivity (high-K) dielectric such as HfO,,
Ti,Os, or ZrO,. A high-K dielectric results in a higher gate capacitance as compared to the
case when a lower permittivity dielectric of the same thickness is used. Consequently, when
a high-K dielectric is used, gate insulator layer 22 may not need to be made as thin as when a
lower permittivity dielectric is used. For example, when a high-K dielectric is used, it may
be possible to achieve a sufficiently large gate capacitance if the thickness of the gate
insulator layer is about 2000 nm or less, about 1000 nm or less, or about 500 nm or less.
[0029] Gate insulator layer 22 can be made thick enough to prevent substantial
leakage currents, i.e., leakage currents greater than about 100 microamperes, from flowing
through gate insulator layer 22 during device operation. For example, it may be necessary to
make gate insulator layer 22 thicker than about 2 nm to substantially suppress leakage
currents. In some implementations, the device is a depletion mode device (i.e., the device
threshold voltage is less than 0V), and the thickness of gate insulator layer 22 is chosen such
that the device has a threshold voltage of about -30V or greater (i.e., less negative), such as
between about -30V and 0 V. The threshold voltage of the device is the maximum voltage at
which the 2DEG in the gate region is substantially depleted of charge, i.e., has a charge
density less than about 1% of the maximum 2DEG charge density in the device. In other
implementations, the thickness of gate insulator layer 22 is chosen such that the capacitance
per unit area of the layer is about 0.8-40 millifarads / meter”.

[0030] Since gate insulator layer 22 directly contacts the uppermost III-N surface in

the device access regions, it can also be capable of serving as an effective surface passivation
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layer, either on its own or in combination with the overlying layers in the access regions, as
will be described below. As used herein, a “passivation layer” refers to any layer or
combination of layers grown or deposited on top of uppermost ITI-N layers in a I[II-N device
which can prevent or suppress voltage fluctuations at the uppermost III-N surface in the
access regions during device operation. For example, a passivation layer may prevent or
suppress the formation of surface/interface states at the uppermost I1I-N surface, or it may
prevent or suppress the ability of surface/interface states to trap charge during device
operation.

[0031] In ITI-N devices, voltage fluctuations at uppermost I1I-N surfaces, often caused
by the charging of surface states during device operation, are known to lead to undesired
effects such as dispersion. Dispersion refers to a difference in observed current-voltage (I-V)
characteristics when the device is operated under RF or switching conditions as compared to
when the device is operated under DC conditions. A thin, e.g., 22 nm, SiN layer deposited by
MOCVD has been shown to form a particularly effective gate insulator for III-N devices
while simultaneously serving as an adequate passivation layer in the access regions when
combined with appropriate overlying layers 21 and 23, as will be described below.

[0032] In some implementations, an etch stop layer 21 is formed in the device access
regions directly adjacent to gate insulator layer 22, on top of which is formed an electrode
defining layer 23. The electrode defining layer 23 has a recess located between the source
clectrode 14 and drain electrode 15, i.e., in the region between the device access regions. In
some implementations, the etch stop layer 21 is also recessed in this region. An electrode 29
is conformally deposited in the recess. The electrode 29 overlies the gate region and extends
towards the drain electrode 15 such that a portion of electrode 29 overlies a portion of
clectrode defining layer 23. The portion of electrode 29 that overlies the gate region, i.c., is
between the two vertical dashed lines, is the gate 16, and the portion of electrode 29 adjacent
to gate 16 on a side closest to drain electrode 15 is a slant field plate 28. In some
implementations, the portion of electrode 29 extending towards drain electrode 15 overlies at
least a portion of sidewall 24 of clectrode defining layer 23 but does not overlie the non-
slanted portion of electrode defining layer 23 (not shown). That is, the entire portion of
electrode 29 that extends towards drain electrode 15 is contained within the recess in
electrode defining layer 23. In other implementations, electrode 29 is entirely contained
within the recess in electrode defining layer 23 and overlies at least a portion of sidewall 24.
[0033] As is apparent from Figure 5, the shape of the slant field plate is in part
defined by the shape of the recess, i.c., the profile of sidewall 24 of electrode defining layer
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23. As used herein, a “slant field plate” is a field plate for which at least a portion of the
underlying surface defining the shape of the field plate is at an angle between about 5 degrees
and 85 degrees, such as between about 10 degrees and 70 degrees, relative to the uppermost
ITI-N surface in the gate region. For example, slant field plate 28 in Figure 5 is defined to be
a slant field plate if angle 25 is between about 5 degrees and 85 degrees. Additionally,
sidewall 24 does not need to have a linear profile, it can have a profile which is linear,
parabolic, or some other shape, as long as at least a substantial portion of sidewall 24 is at an
angle of between about 5 degrees and 85 degrees relative to the uppermost I1I-N surface in
the gate region. In some implementations, the angle of the substantial portion of the
underlying surface defining the shape of the field plate, relative to the uppermost I1I-N
surface in the gate region, is between about 30 and 45 degrees.

[0034] The portion of electrode defining layer 23 that is on the side of the gate closest
to the source electrode 14 can also be sloped in the region adjacent to electrode 29, where the
slope in this region is defined by angle 26. The slope in this region can be constant or can
vary. In some implementations, angles 25 and 26 are about the same, whereas in other
implementations they are different. It can be advantageous for the sidewall whose slope is
given by angle 26 to be steeper than sidewall 24, as this can reduce the gate-source
capacitance. In some implementations, angle 26 is between about 45 and 90 degrees, such as
between about 80 and 90 degrees.

[0035] In order to form an electrode defining layer 23 with a sidewall 24 that meets
the specifications required for the formation of a slant field plate and simultaneously allow
for a gate insulator layer 22 for which the thickness in the region below gate 16 can be
controlled with sufficient accuracy, the following fabrication procedures can be used. After
deposition or growth of gate insulator layer 22 on a series of III-N layers, etch stop layer 21 is
deposited over the entire structure, after which electrode defining layer 23 is deposited
everywhere over etch stop layer 21. Next, an etch process with the following properties is
used to remove a portion of the material of electrode defining layer 23, which resides above
the gate region. The etch process etches the material of electrode defining layer 23 and yields
sidewalls such as those described for sidewall 24, but it does not substantially etch the
material of etch stop layer 21. In some implementations, the etch process etches the material
of electrode defining layer 23 at a substantially higher rate than it etches the material of etch
stop layer 21, such as at least about 10 times higher a rate or between about 10 and 10,000
times higher a rate. In other words, the etch process etches electrode defining layer 23 with a

selectivity of about 10:1 or higher. In one implementation, the etch process is a dry etch,

10
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such as reactive ion etching (RIE) or inductively coupled plasma etching (ICP), wherein the
etch mask includes two layers of photoresist, i.e., a double-layer resist process, where in the
unmasked regions the underlying photoresist layer undercuts the overlying photoresist layer.
A complete description of this process can be found in the article “HIGH BREAKDOWN
VOLTAGE ACHIEVED ON ALGAN/GAN HEMTS WITH INTEGRATED SLANT FIELD
PLATES”, published by Dora et. al. in IEEE Electron Device Letters, Vol 27, No 9, pp 713-
715, which is hereby incorporated by reference throughout. In another implementation, the
etch process is a dry etch, such as reactive ion etching (RIE) or inductively coupled plasma
etching (ICP), wherein the photoresist used as an etch mask has a slanted sidewall and can
also be etched by the dry etch technique used.

[0036] Next, a second etch process with the following properties is used to remove a
portion of the material of etch stop layer 21 which resides above the gate region. The second
etch process etches the material of etch stop layer 21, but it does not substantially etch the
material of gate insulator layer 22. The second etch process may etch the material of etch
stop layer 21 at a substantially higher rate than it etches the material of gate insulator layer
22, such as at least about 10 times higher a rate or between about 10 and 10,000 times higher
rate. In some implementations, the second etch process also cannot substantially etch the
material of electrode defining layer 23.

[0037] Etch stop layer 21 can be formed of an insulating material, such as AIN, SiN,
SiO,, or another insulating material, which has a different composition or is a different
material than that of gate insulator layer 22. The different materials or compositions allow
for the selectivity of the etching steps. Specifically, etch stop layer 21 can be formed of a
material for which an etch process exists that can etch the material of etch stop layer 21
without substantially etching any of the material of gate insulator layer 22. For example,
when gate insulator layer 22 is formed of SiN, etch stop layer 21 can be formed of AIN,
because a KOH-based wet etch, which does not substantially etch SiN, can be used to etch
AIN. Furthermore, if etch stop layer 21 is thin, such as less than about 15nm, such as about
Snm, substantial lateral etching of etch stop layer 21 can be prevented. Lateral etching can
result in an undercut beneath electrode defining layer 23 in the region adjacent to gate 16. If
an undercut is present in this region, then it is possible that the uppermost I1I-N surface will
not be sufficiently passivated in the region directly below the undercut, which can lead to
undesirable effects such as dispersion. In some implementations, etch stop layer 21 is formed

of AIN deposited by sputter deposition and is about 5nm thick.
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[0038] Electrode defining layer 23 is formed of an insulating material, such as AIN,
SiN, or Si0O,, which has a different composition or is a different material than that of etch
stop layer 21. The different materials or compositions allow for the selectivity of the etching
steps. Specifically, electrode defining layer 23 can be formed of a material for which an etch
process exists that can etch the material of electrode defining layer 23 and yield sidewalls
such as those described for sidewall 24 while not substantially etching the material of etch
stop layer 21. For example, when etch stop layer 21 is formed of AIN, electrode defining
layer 23 can be formed of SiN, since a Fluorine-based dry etch exists which etches SiN, does
not substantially etch AIN, and can yield sidewalls such as those described for sidewall 24
when an appropriate photoresist etch mask, as previously described, is used. Additionally, in
order to optimize the reduction in peak electric field that results from the slant field plate,
electrode defining layer 23 can be about 100nm thick or thicker, such as between about
100nm and 200nm thick, such as about 120nm thick. The optimal thickness for the electrode
defining layer 23 depends in part on the operating voltage of the device within the circuit or
module in which it is used. For example, if a larger operating voltage is to be used, it may be
advantageous to have a thicker electrode defining layer 23, such as between about 200 nm
and 2000 nm. In some implementations, electrode defining layer 23 is formed of SiN
deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD) and is about 120 nm
thick.

[0039] Gate insulator layer 22, etch stop layer 21, and electrode defining layer 23 in
combination can form a suitable passivation layer in the device access regions. Gate
insulator layer 22, which is adjacent to the uppermost IT1I-N surface, can prevent or suppress
the formation of surface/interface states at the uppermost III-N surface, or it can prevent or
suppress the ability of surface/interface states to trap charge during device operation. To
adequately prevent or suppress dispersion caused by surface/interface states at the uppermost
ITI-N surface, gate insulator layer 22 may need to be about 2 nm thick or thicker. However,
making gate insulator layer 22 thicker can reduce the device transconductance, thereby
degrading device performance.

[0040] To prevent voltage fluctuations at the surface of electrode defining layer 23 on
a side opposite the etch stop layer 21 from causing substantial dispersion, the combined
thickness of the electrode defining layer 23 and the gate insulator 22 can be sufficiently large,
such as about 100 nm thick or thicker. The minimum combined thickness of these two layers
that can be required to substantially suppress dispersion depends on the operating voltage

(i.e., the maximum voltage difference between the source and drain during operation) of the
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device. For example, for operation up to about 50 V, the combined thickness can be about
120 nm or thicker, for operation up to about 300 V, the combined thickness can be about 800
nm or thicker, and for operation up to about 600 V, the combined thickness can be about 1800
nm or thicker. Since it can be desirable for the thickness of the gate insulator layer 22 to be
small, such as about 20 nm, the thickness of the electrode defining layer 23 can be almost as
large as or about the same as the minimum combined thickness of the two layers. Because
thick individual layers can be difficult to fabricate, it may be necessary to form additional
layers in order to achieve the minimum combined layer thicknesses required to substantially
suppress dispersion at higher operating voltages. Such devices are shown in Figures 12a and
13 and are further described below.

[0041] In conventional IT1-N devices, a single SiN layer, that is, a layer that is not
used in combination with an etch stop layer or electrode defining layer, of thickness greater
than about 30 nm has been shown to be a suitable passivating layer in many cases. A thicker
single SiN layer can result in improved passivation, or in effective passivation at higher
device operating voltages, as compared to a thinner single SiN layer. For the device of Figure
5, it has been shown that suitable passivation can be achieved for device operation up to
about 50 V when a 2-50 nm MOCVD grown SiN layer is used for gate insulator layer 22, a 1-
15 nm AIN layer deposited by sputter deposition is used for etch stop layer 21, and a 100-200
nm SiN layer deposited by PECVD is used for electrode defining layer 23. Tt has also been
shown that increasing the thickness of the etch stop layer 21 can cause the device to
experience greater dispersion, thus degrading the device performance. For example, devices
were fabricated for which the only parameter which was varied was the thickness of the AIN
etch stop layer 21. These devices exhibited increased dispersion for increased thickness of
the AIN etch stop layer 21.

[0042] A TII-N device with a slant field plate and a gate insulator can also be achieved
by omitting the etch stop layer 21 in Figure 5 and choosing a material for the electrode
defining layer 23 that can be etched by an etch process that selectively etches the material of
electrode defining layer 23 without substantially etching the material of gate insulator layer
22. However, the structure of Figure 5 may be advantageous as compared to this structure
because it can be difficult to find a material for gate insulator layer 22 which serves as a
suitable gate insulator for III-N devices while at the same time serving as an etch stop layer
for the material of electrode defining layer 23 and simultaneously serving as a suitable

passivation layer in conjunction with the material of electrode defining layer 23.
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[0043] A method of forming the device in Figure 5 is illustrated in Figures 6-11.
Referring to Figure 6, a series of III-N layers which at least includes a channel layer 11 and a
barrier layer 12 is formed on a substrate 10, resulting in the formation of a 2DEG 19 in
channel layer 11. The III-N layers can be grown epitaxially by a method such as MOCVD,
MBE, HVPE, or another method. Next, as seen in Figure 7, gate insulator layer 22 is formed
on top of the series of ITI-N layers. Gate insulator layer 22 can be grown or deposited by
methods such as MOCVD, PECVD, high temperature CVD (HTCVD), sputtering,
evaporation, or another method. In some implementations, gate insulator layer 22 is formed
by a similar or the same method as the III-N layers, and can be formed in the same step. For
example, the III-N layers and gate insulator layer 22 can all be deposited or grown by
MOCVD.

[0044] Next, referring to Figure 8, gate insulator layer 22 is removed in the region
containing source and drain electrodes 14 and 15, respectively, and source and drain
electrodes 14 and 15, which contact the 2DEG 19, are formed by a method such as
evaporation, sputtering, PECVD, HTCVD, or another method. In some implementations,
source and drain electrodes 14 and 15 are formed prior to the formation of gate insulator layer
22.

[0045] Referring to Figure 9, etch stop layer 21 is then formed atop gate insulator
layer 22, on top of which is formed clectrode defining layer 23. Next, as seen in Figure 10,
an etch mask 17, such as photoresist, is deposited atop electrode defining layer 23 in the
regions shown, and clectrode defining layer 23 is etched in the unmasked regions using a
technique that etches the material of electrode defining layer 23 but does not substantially
etch the material of etch stop layer 21. The etching results in slanted sidewalls 24 in the
etched region. Thus, the etch can stop precisely at the interface of electrode defining layer 23
and etch stop layer 21. Referring to Figure 11, etch mask 17 is removed, and etch stop layer
21 is etched in the gate region using a technique that etches the material of etch stop layer 21
but does not substantially etch the material of etch electrode defining layer 23 or of gate
insulator layer 22. The etch stop layer has a main surface, which is the surface that interfaces
with the electrode defining layer and is exposed when the electrode defining layer is etched
through. Thus, the etch can stop precisely at the interface of etch stop layer 21 and gate
insulator layer 22. Finally, electrode 29, which includes gate 16 and slant field plate 28, is
formed, resulting in the device shown in Figure 5.

[0046] In one implementation of the device shown in Figure 5, the ITI-N layers and
gate insulator layer 22 are all grown by MOCVD and are formed in a single growth step.
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Gate insulator layer 22 includes or is formed of SiN and is about 22 nm thick. Etch stop layer
21 includes or is formed of AIN which is deposited by evaporation or sputtering and is about
5 nm thick. Electrode defining layer 23 includes or is formed of SiN, is deposited by
PECVD, and is about 120 nm thick. Etch mask 17, shown in Figure 10, is photoresist and is
patterned in such a way that the sidewall is substantially slanted. Alternatively, the etch mask
can be a double-layer photoresist, where the underlying photoresist layer is undercut relative
to the overlying photoresist layer. Electrode defining layer 23 is removed in the gate region
using a Fluorine-based dry etch, such as RIE or ICP, which etches SiN, does not substantially
etch AIN, and yields sidewalls such as those described for sidewall 24 in Figure 5 when a
photoresist with substantially sloped sidewalls or a double-layer photoresist is used as an etch
mask. Etch stop layer 21 is removed in the gate region using a KOH-based wet etch which
etched AIN but does not substantially etch SiN.

[0047] Devices such as the one shown in Figure 5 with a single field plate have been
fabricated for which the dynamic on-resistance (as measured when the device is switched
from the OFF state, with a source-drain bias of up to 40V, to the ON state) is no more than
1.2 times the DC on-resistance (Ron). The average DC Roy for a saturation current of 50
mA/mm was found to be about 11.5 ohm-mm, while the average dynamic Roy, measured
when the device was switched while a source-drain bias of 40V was applied, was found to be
about 11.9 ohm-mm. In semiconductor transistors used in switching applications, dispersion
can lead to an increase in the dynamic on-resistance of the device. In devices without a slant
field plate such as that in the device of Figure 5, dispersion can lead to dynamic on-
resistances that are too large for the application in which the device is being used. Dispersion
in the device of Figure 5 can be kept sufficiently small, i.c., dispersion is substantially
suppressed, such that the dynamic on-resistance is acceptable for the device applications.
[0048] A schematic diagram of a device which includes a gate insulator and two slant
field plates is shown in Figure 12a. The device of Figure 12a is the same as the one shown in
Figure 5, but further includes an insulator layer 32, a second etch stop layer 31, a second
electrode defining layer 33, and an electrode 39 which includes a second slant field plate 38.
As compared to the device of Figure 5, the addition of a second slant field plate 38 can
further decrease the peak electric field in the device during device operation, thereby further
increasing the device breakdown voltage and decreasing dispersion, or resulting in
sufficiently low dispersion at higher voltages than may be possible with the device of Figure

S.
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[0049] The second electrode defining layer 33 and second etch stop layer 31 can be
similar to those of electrode defining layer 23 and etch stop layer 21, respectively. That is,
the second electrode defining layer 33 can be formed of an insulating material, such as AIN,
SiN, or SiO,, which has a different composition or is a different material than that of the
second etch stop layer 31. Additionally, the second electrode defining layer 33 can be
comprised of a material for which an etch process exists that can etch the material of
electrode defining layer 33 and yield slanted sidewalls, such as those described for sidewall
24 in Figure 5, while not substantially etching the material of the second etch stop layer 31.
For example, when the second etch stop layer 31 is AIN, the second electrode defining layer
33 can be SiN, since a Fluorine-based dry etch exists which etches SiN, does not substantially
etch AIN, and can yield sidewalls such as those described for sidewall 24 in Figure 5 when a
suitable photoresist etch mask is used. In some implementations, the second electrode
defining layer 33 is between about 10 nm and 1000 nm thick, such as about 500 nm thick. In
some implementations, the second electrode defining layer 33 is formed of SiN deposited by
Plasma Enhanced Chemical Vapor Deposition (PECVD) and is about 500 nm thick.

[0050] The second etch stop layer 31 can be formed of an insulating material, such as
AIN, SiN, or Si0O,, which has a different composition or is a different material than that of the
underlying insulator layer 32 and different from that of the second electrode defining layer
33. The second etch stop layer 31 can be comprised of a material for which an etch process
exists that can etch the material of etch stop layer 31 without substantially etching any of the
material of the underlying insulator layer 32 or of the second electrode defining layer 33. For
example, when the underlying insulator layer 32 and the second electrode defining layer 33
are SiN, the second etch stop layer 31 can be AIN, since a KOH-based wet etch which does
not substantially etch SiN can be used to etch AIN. Furthermore, the second etch stop layer
31 can be thin, such as less than about 15 nm, such as about 5 nm thick, in order to prevent
substantial lateral etching of the second etch stop layer 31 that can result in an undercut
beneath the second electrode defining layer 33. In some implementations, the second etch
stop layer 31 is formed of AIN deposited by sputter deposition and is about 5 nm thick.
[0051] A method of forming electrode 39 and the adjacent layers in the device of
Figure 12a is similar or the same to that described for the formation of the electrode 29 and
the adjacent layers in the device of Figure 5. Additionally, electrode 39 and electrode 29
(labeled in Figure 5 but not in Figure 12a for convenience) can be electrically connected,
either externally or on the device periphery, such that the second slant field plate 38 is a gate-

connected field plate (not shown). As used herein, two or more contacts or other items are
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said to be “electrically connected” if they are connected by a material which is sufficiently
conducting to ensure that the electric potential at each of the contacts or other items is
intended to be the same, i.¢., is about the same, at all times. Furthermore, additional slant
field plates, which can also be gate-connected field plates, can be added to this device using a
similar or the same process and structure described for electrode 39 and the adjacent layers.
[0052] Insulator layer 32, which can be SiN, separates clectrode 39 from electrode 29
and can protect electrode 29 from being damaged when the second etch stop layer 31 is
etched. In some implementations, insulator layer 32 is not included, in which case electrode
39 can be directly connected to electrode 29 within the active device area.

[0053] In one implementation of the device shown in Figure 12a, the ITI-N layers and
gate insulator layer 22 are all grown by MOCVD and are formed in a single growth step.
Gate insulator layer 22 is SiN and is about 22 nm thick. Etch stop layer 21 includes or is
formed of AIN, deposited by evaporation or sputtering, and is about 5 nm thick. Electrode
defining layer 23 is SiN, deposited by PECVD, and is about 120 nm thick. Etch mask 17,
shown in Figure 10, is formed of photoresist and is patterned in such a way that the sidewall
is either substantially slanted or has an undercut so that a trench with slant sidewalls can be
defined in the underlying electrode defining layer 23. Electrode defining layer 23 is removed
in the gate region using a Fluorine-based dry etch, such as RIE or ICP, which etches SiN,
does not substantially etch AIN, and yields sidewalls such as those described for sidewall 24
in Figure 5 when a suitable photoresist etch mask is used. Etch stop layer 21 is removed in
the gate region using a KOH-based wet etch which etched AIN but does not substantially etch
SiN. Insulator layer 32 is SiN, deposited by PECVD, and is about 200 nm thick. The second
etch stop layer 31 is AIN, deposited by evaporation or sputtering, and is about 5 nm thick.
The second electrode defining layer 33 is SiN, deposited by PECVD, and is about 500 nm
thick. The second electrode defining layer 33 is etched using a Fluorine-based dry etch, such
as RIE or ICP, which etches SiN, does not substantially etch AIN, and yields sidewalls such
as those described for sidewall 24 in Figure 5 when a suitable photoresist etch mask is used.
The second etch stop layer 31 is etched using a KOH-based wet etch which etches AIN but
does not substantially etch SiN.

[0054] Devices such as the one shown in Figure 12a with two slant field plates have
been fabricated for which the dynamic on-resistance (as measured when the device is
switched from the OFF state, with a source-drain bias of up to 200 V, to the ON state) is no
more than 1.2 times the DC on-resistance (Rox). The average DC Roy for a saturation

current of 50 mA/mm was found to be about 11.5 ohm-mm, while the average dynamic Roy,
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measured when the device was switched while a source-drain bias of 200V was applied, was
also found to be about 11.5 ohm-mm. In semiconductor transistors used in switching
applications, dispersion can lead to an increase in the dynamic on-resistance of the device. In
devices without multiple slant field plates such as those in the device of Figure 12a,
dispersion can lead to dynamic on-resistances that are too large for the application in which
the device is being used. Dispersion in the device of Figure 12a can be kept sufficiently
small, i.e., dispersion is substantially suppressed, such that the dynamic on-resistance is
acceptable for the device applications.

[0055] Devices similar to the one shown in Figure 12a, but with three slant field
plates, have been fabricated for which the dynamic on-resistance (as measured when the
device is switched from the OFF state, with a source-drain bias of up to 600 V, to the ON
state) is no more than 1.2 times the DC on-resistance (Ron). A graph showing average Rox
versus drain voltage V4 for these devices is shown in Figure 12b. The average DC Roy for
these devices was about 170 milli-ohms, while the average dynamic Ron, measured when the
device was switched from the OFF state, with a source-drain bias of 600 V, to the ON state,
was found to be about 200 milli-ohms.

[0056] Devices similar to the one shown in Figure 12a, but with four slant field
plates, have been fabricated for which the dynamic on-resistance (as measured when the
device is switched from the OFF state, with a source-drain bias of up to 800 V, to the ON
state) is no more than 1.4 times the DC on-resistance (Ron). A graph showing average Rox
versus drain voltage V4 for these devices is shown in Figure 12¢. The average DC Roy for
these devices was about 1000 milli-ohms, while the average dynamic Ron, measured when
the device was switched from the OFF state, with a source-drain bias of 800 V, to the ON
state, was found to be about 1400 milli-ohms.

[0057] Another device, which includes a gate insulator 22 and two slant field plates
28 and 38, is shown in Figure 13. This device is similar to the one shown in Figure 12,
except that the two slant field plates 28 and 38 are connected to one another in the active
device area and can be formed with a single metal deposition. For example, electrode 49,
which includes the device gate 16 as well as slant field plates 28 and 38, can be deposited in a
single step. This can be advantageous as compared to the device of Figure 12a, since the
manufacturing process can be simplified and the gate resistance may be reduced.

[0058] Electrode 49 and the layers adjacent to electrode 49 in the device of Figure 13
can be formed as follows. Gate insulator layer 22, first etch stop layer 21, first electrode

defining layer 23, second etch stop layer 31, and second electrode defining layer 33 are all
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deposited above the active semiconductor device layers. An etch mask, such as photoresist,
is then patterned on top of layer 33, and an aperture is etched in layer 33 using an etch
process which does not etch the material of layer 31 and results in slanted sidewalls in layer
33, as previously described. The portion of layer 31 adjacent to the aperture is then etched
using a process which etches the material of layer 31 but not that of layers 33 or 23. The etch
mask which was deposited and patterned on top of layer 33 is removed, either before or after
the etching of layer 33. Next, a second etch mask, such as photoresist, is deposited over the
device such that the exposed surfaces of layers 33 and 31, as well as the exposed portion of
layer 23 outside of region 59, are covered by the etch mask material, but the exposed portion
of layer 23 with region 59 is not covered by the etch mask material. Next, an aperture is
etched in layer 23 using an etch process which does not etch the material of layer 21 and
results in slanted sidewalls in layer 23, as previously described. Finally, the second etch
mask is removed, and the portion of layer 21 adjacent to the aperture in layer 23 is etched
using a process which etches the material of layer 21 but not that of layers 22 or 23.

[0059] A diode which includes a slant field plate 28 is shown in Figures 14 and 15,
where Figure 14 is a cross-sectional view and Figure 15 is a plan view of the device. The
plan view shown in Figure 15 illustrates the layouts of anode and cathode contacts 61 and 60,
respectively. While the anode and cathode contacts on Figure 15 are shown to be circular in
shape, they can in general be any shape appropriate for the layout of the circuit in which they
are used. The diode includes III-N channel and barrier layers 11 and 12, which contain a
2DEG channel 19 and are similar to the IT1I-N layers in the device of Figure 5. Anode contact
61 is formed of a single electrode or a plurality of electrodes and directly contacts the
underlying semiconductor materials. Cathode contact 60 contacts the 2DEG channel 19 and
is in close proximity to at least a portion of anode contact 61. Cathode contact 60 is an ohmic
contact, or exhibits substantially ohmic behavior, and anode contact 61 is a Schottky contact
or forms a substantially Schottky contact to the underlying ITI-N layers. Cathode contact 60
can be a single cathode contact. As used herein, the term “single cathode contact” refers to
either a single metallic contact which serves as a cathode, or to a plurality of contacts serving
as cathodes which are electrically connected such that the electric potential at each contact is
about the same. Anode and cathode contacts 61 and 60 may be any arbitrary shape, although
the shape is ideally optimized to minimize the device area required for a given forward
current.

[0060] Diclectric layer 62 is formed of an insulator or dielectric and is adjacent to the

uppermost I1I-N surface in the device access regions. Dielectric layer 62 is capable of

19



WO 2011/031431 PCT/US2010/046193

serving as an effective surface passivation layer, either on its own or in combination with the
overlying layers in the access regions. Layer 21 is an etch stop layer, and layer 23 is an
electrode defining layer, with similar or the same requirements as those of the etch stop and
electrode defining layers, respectively, in the device of Figure 5.

[0061] The diode in Figures 14 and 15 operates as follows. When the voltage at the
anode contact 61 is less than that at the cathode contact 60, such that the Schottky junction
between anode contact 61 and ITI-N layer 12 is reverse biased, the diode is in the OFF state
with no substantial current flowing between the anode and cathode. When the voltage at the
anode contact 61 is greater than that at the cathode contact 60, the Schottky junction between
anode contact 61 and III-N layer 12 is forward biased, and the diode is in the ON state.
Electrons flow from the cathode contact 60 predominantly through the 2DEG channel 19 and
then through the forward biased Schottky junction into the anode contact 61. That is, at least
99% of the total forward bias current flows from the anode to the cathode through the
Schottky barrier and through the 2DEG channel. A small amount of leakage current can flow
through other paths, such as along the surface of the device.

[0062] The device in Figure 16 is similar to that of Figure 14, except that in the anode
region 64, the I1I-N materials are recessed all the way through III-N barrier layer 12 and part
way through ITI-N channel layer 11, such that the recess extends through the region which
contained the 2DEG. In this case, anode contact 61 forms a substantially Schottky contact to
some or all of the ITI-N layers which it directly contacts. In some implementations, the recess
only extends part way through III-N layer 12 and does not extend through the region
containing the 2DEG channel (not shown). During reverse bias operation, the portion of
2DEG channel 19 directly underneath portion 66 of the anode contact, i.e., the portion of the
anode contact directly overlying and adjacent to dielectric layer 62, can be depleted of
clectrons, thereby reducing reverse leakage currents in the device. The portion of 2DEG
channel 19 directly underneath portion 66 of the anode contact is the portion of 2DEG
channel in the device access region, i.e. the region between anode region 64 and the cathode
contact 60, and limited to a region adjacent to anode region 64. In order for the portion of
2DEG channel 19 directly underneath portion 66 of the anode contact to become depleted of
clectrons during reverse bias operation, dielectric layer 62 cannot be too thick. In some
implementations, dielectric layer 62 is silicon nitride and is less than about 50 nm, such as
between about 2 nm and 50 nm. Dielectric layer 62 can be made thick enough to prevent
substantial leakage currents, i.c., leakage currents greater than about 10 microamperes /

millimeter, from flowing from the anode to the cathode through dielectric layer 62 in the
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region directly underneath portion 66 of the anode contact. For example, it may be necessary
to make dielectric layer 62 greater than about 2 nm to substantially suppress leakage currents.
In some implementations, the thickness of dielectric layer 62 is chosen such that in the region
directly underneath portion 66 of the anode contact, the device has a threshold voltage of
about -15V or greater (i.c., less negative or more positive), such as between about -15V and -
1V. The threshold voltage of the region directly underneath portion 66 of the anode contact
is the maximum voltage at which the 2DEG in this region is substantially depleted of charge,
i.e., has a charge density less than about 1% of the maximum 2DEG charge density in the
device. In other implementations, the thickness of gate insulator layer 22 is chosen such that
the capacitance per unit area of the layer is about 0.8-40 millifarads / m*. In some
implementations, dielectric layer 62 is SiN and is deposited by metal-organic chemical vapor
deposition (MOCVD).

[0063] If dielectric layer 62 is a higher K dielectric than silicon nitride, the dielectric
layer can be thicker. For example, it may be possible to achieve the desired threshold voltage
in the region directly underneath portion 66 of the anode contact by using a high K dielectric
for dielectric layer 62 that is thicker than a SiN layer designed to result in the same threshold
voltage for this region.

[0064] Other features which are well known to be beneficial to device performance
can also be included in the structures in Figures 5, 12a, and 13-16. These include but are not
limited to surface treatments to the IT1-N layers in the gate and/or access regions, or inclusion
of a III-N buffer layer, such as a III-N layer with a larger bandgap than that of the channel
layer 11, between the channel layer 11 and substrate 10. The semiconductor layers do not
need to be ITI-N layers, but can instead be formed of other semiconductor materials. The
field plates do not need to be slant field plates, but can instead be other types of field plates.

These features can be used individually or in combination with one another.
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WHAT IS CLAIMED IS:

L. A TII-N device, comprising:

a [II-N material layer;

an insulator layer on a surface of the I1I-N material layer;

an etch stop layer on an opposite side of the insulator layer from the I1I-N
material layer;

an electrode defining layer on an opposite side of the etch stop layer from the
etch stop layer from the insulator layer; and

an electrode, wherein a recess is formed in the electrode defining layer and the

electrode is formed in the recess.

2. The device of claim 1, wherein the electrode includes a field plate.
3. The device of claim 2, wherein the field plate is a slant field plate.
4. The device of claim 3, wherein a portion of the recess in the electrode defining

layer has angled walls with at least a portion that is at a non-perpendicular angle to a

main surface of the etch stop layer, the angled walls defining the slant field plate.

5. The device of claim 4, wherein the non-perpendicular angle is between about

5 degrees and 85 degrees.

6. The device of any preceding claim, wherein the insulator layer is a passivation

layer.

7. The device of any of claims 1-5, wherein the insulator layer is formed of an

oxide or nitride.

8. The device of claim 7, wherein the insulator layer is about 2-50 nanometers
thick.

9. The device of any of claims 1-5, wherein the insulator layer has a capacitance

per unit area of about 0.8-40 millifarads / meter”

10. The device of any of claims 1-5, wherein the electrode defining layer is

formed of an oxide or nitride.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

The device of claim 10, wherein the electrode defining layer is at least about

100 nanometers thick.

The device of any of claims 1-5, wherein a combined thickness of the insulator

layer and the electrode defining layer is sufficient to substantially suppress dispersion.

The device of any of claims 1-5, wherein the etch stop layer is between about

1 and 15 nanometers thick.

The device of claim 13, wherein the etch stop layer is formed of aluminum

nitride.

The device of any of claims 1-5, wherein the electrode defining layer and etch

stop layer are formed of different materials.

The device of any of claims 1-5, wherein the etch stop layer and insulator

layer are formed of different materials.

The device of any of claims 1-5, wherein the recess is formed in the etch stop

layer.
The device of claim 17, wherein the recess is formed in the insulator layer.

The device of claim 18, wherein a first portion of the III-N material layer has a
first composition and a second portion of the IIT-N material layer has a second
composition, wherein a difference between the first composition and the second

composition forms a 2DEG channel in the III-N material layer.

The device of claim 19, further comprising a cathode, wherein a portion of the
electrode is an anode, the anode forms a substantially Schottky contact to the I1I-N

material layer, and the cathode is in electrical contact with the 2DEG channel.

The device of claim 20, wherein the recess extends into the III-N material

layer and the electrode is in a portion of the recess in the III-N material layer.

The device of claim 21, wherein the recess extends through the 2DEG

channel.
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23.

24.

25.

26.

27.

28.

29.

30.

31.

The device of claim 22, wherein a threshold of a first region of the device is
greater than about -15V, wherein the first region comprises a portion of the device

which is between an anode region and the cathode and is adjacent to the anode region.

The device of claim 22, wherein a thickness of the insulator layer is sufficient
to prevent leakage currents greater than about 10 microamperes/millimeter from

passing through the insulator layer during device operation.

The device of any of claims 1-5, wherein a first portion of the III-N material
layer has a first composition and a second portion of the III-N material layer has a
second composition, wherein a difference between the first composition and the

second composition forms a 2DEG channel in the III-N material layer.

The device of claim 25, further comprising a source and a drain, wherein a
portion of the electrode is a gate, and the source and the drain are in electrical contact

with the 2DEG channel.

The device of claim 26, wherein a device threshold voltage is greater than

about -30V.

The device of claim 27, wherein a thickness of the insulator layer is such that

the device threshold voltage is greater than about -30V.

The device of claim 27, wherein a thickness of the insulator layer is sufficient
to prevent leakage currents greater than about 100 microamperes from passing

through the insulator layer during device operation.

The device of any of claims 1-5, wherein the electrode defining layer and the
etch stop layer are a first electrode defining layer and a first etch stop layer, the device
further comprising a stack on an opposite side of the first electrode defining layer
from the first etch stop layer, wherein the stack comprises a second etch stop layer and

a second electrode defining layer.

The device of claim 30, wherein a recess is formed in the stack, and a portion
of the electrode is on an opposite side of the stack from the first electrode defining

layer.
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32.

33.

34.

35.

36.

37.

38.

39.

The device of claim 30, further comprising a second insulator layer between

the first electrode defining layer and the second etch stop layer.

The device of claim 32, further comprising a second electrode, wherein a
second recess is formed in the second electrode defining layer and in the second etch

stop layer, and the second electrode is formed in the second recess.

The device of claim 33, wherein the second electrode is electrically connected

to the first electrode.

The device of claim 33, further comprising a plurality of stacks, wherein a

recess is formed in each stack, and an electrode is formed in each recess.

The device of any of claims 1-5, wherein the device is a FET, and a dynamic
on-resistance as measured when the device is switched from the OFF state, with a
source-drain bias of about 800 V or less, to the ON state, is equal to or less than 1.4

times a DC on-resistance.

The device of any of claims 1-5, wherein the electrode is a gate electrode and

the device further comprises a source and a drain.

The device of any of claims 1-5, wherein the electrode is an anode electrode

and the device further comprises a cathode.

A method of forming the device of claim 1, comprising:

applying the insulator layer on the surface of the III-N material layer of the
device of claim 1;

after applying the insulator layer, applying the etch stop layer on the insulator
layer;

after applying the etch stop layer, applying the electrode defining layer on the
etch stop layer;

etching the electrode defining layer to form the recess, wherein the recess is
defined at least in part by a wall that is not perpendicular to a surface of the etch stop
layer, wherein the etching step uses an etchant that is selective to etching the electrode
defining layer at a faster rate than the etch stop layer; and

depositing a conductive material in the recess and on an exposed portion of the

electrode defining layer.
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40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

The method of claim 39, further comprising etching the etch stop layer to

extend the recess in the electrode defining layer to the insulator layer.

The method of claim 40, wherein etching the etch stop layer comprises wet

etching.

The method of either of claims 40 or 41, wherein an etch process used to etch
the etch stop layer does not substantially etch the electrode defining layer or the

insulator layer.

The method of claim 42, wherein the etch process etches the etch stop layer

with a selectivity of about 10:1 or higher compared to the insulator layer.

The method of any of claims 39-41, wherein etching the electrode defining

layer comprises dry etching.

The method of claim 44, wherein etching the electrode defining layer

comprises applying a Fluorine-based dry etch.

The method of any of claims 39-41, wherein etching the electrode defining
layer results in the electrode defining layer having angled walls with at least a portion

that is at a non-perpendicular angle to a main surface of the etch stop layer.

The method of claim 46, wherein the non-perpendicular angle is between

about 5 degrees and 85 degrees.

The method of any of claims 39-41, wherein an etch process used to etch the

electrode defining layer does not substantially etch the etch stop layer.

The method of claim 48, wherein the etch process etches the clectrode
defining layer with a selectivity of about 10:1 or higher compared to the etch stop

layer.

The device of any of claims 1-5, wherein the device is an enhancement-mode

device.

The device of any of claims 1-5, wherein the device is a depletion-mode

device.
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52. The device of either of claims 4 or 5, wherein the device is a FET which
further comprises a drain, the electrode overlies at least a portion of the angled walls,
and the electrode does not overlie a portion of the electrode defining layer that is

between the portion of the angled walls and the drain.
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Figure 2 (prior art)



WO 2011/031431 PCT/US2010/046193

2/10

Figure 4 (prior art)
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