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ENHANCEMENT-MODE TRANSISTORS WITH INCREASED THRESHOLD
VOLTAGE
CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. provisional application serial no. 61/825,694,
titled “Enhancement-mode MOS Semiconductor Transistors with High Threshold Voltage,”

filed May 21, 2013, which is hereby incorporated by reference in its entirety.

BACKGROUND
1. Field of Invention
The technology described herein relates to semiconductor devices, and particularly
to increasing the threshold voltage of transistors, such as nitride semiconductor transistors,

for example.

2. Discussion of the Related Art

Improved power transistors are desired for advanced transportation systems, more
robust energy delivery networks and new approaches to high-efficiency electricity
generation and conversion. Applications of power transistors include power supplies,
automotive electronics, automated factory equipment, motor controls, traction motor drives,
high voltage direct current (HVDC) electronics, lamp ballasts, telecommunications circuits
and display drives, for example. Such systems rely on efficient converters to step-up or
step-down electric voltages, and use power transistors capable of blocking large voltages
and/or carrying large currents. In hybrid vehicles, for example, power transistors with
blocking voltages of more than 500 V are used to convert DC power from the batteries to
AC power to operate the electric motor.

Conventional power devices (e.g., transistors or diodes) used in such applications
are made of silicon. However, the limited critical electric field of silicon and its relatively
high resistance causes available commercial devices, circuits and systems to be very large
and heavy, and operate at low frequencies. Therefore, such commercial devices are
unsuitable for future generations of hybrid vehicles and other applications.

Nitride semiconductor devices have been proposed as offering the potential for
producing high-efficiency power electronics demanding high blocking voltages and low on-

resistances.



10

15

20

25

30

WO 2014/190069 5 PCT/US2014/038996
SUMMARY

Some embodiments relate to a field effect transistor that includes a source, a drain, a
gate between the drain and the source, a semiconductor region under the gate, and a
dielectric region between the gate and the semiconductor region. The dielectric region has a
first surface on a first side of the dielectric region nearest the gate and a second surface on a
second side of the dielectric region nearest the semiconductor region. At least a portion of
the dielectric region comprises a chemical species to neutralize positive charges of the
dielectric region. The chemical species includes negatively charged ions and/or
electronegative chemical species. A concentration of the chemical species in the at least a
portion of the dielectric region increases along a line from the first surface to the second
surface or is uniform between the first surface and the second surface.

Some embodiments relate to a field effect transistor that includes a source, a drain, a
gate, a semiconductor region under the gate and a dielectric region between the gate and the
semiconductor region. At least a portion of the dielectric region includes negatively
charged ions. A concentration of the negatively charged ions in the at least a portion of the
dielectric region increases with proximity to the semiconductor region.

Some embodiments relate to a method of forming a field effect transistor. The
method includes forming a dielectric region over a semiconductor region and a gate over the
dielectric region. The dielectric region has a first surface on a first side of the dielectric
region nearest the gate and a second surface on a second side of the dielectric region nearest
the semiconductor region. At least a portion of the dielectric region includes negatively
charged ions. A concentration of the negatively charged ions in the at least a portion of the
dielectric region increases along a line from the first surface to the second surface.

The foregoing summary is provided by way of illustration and is not intended to be

limiting.

BRIEF DESCRIPTION OF DRAWINGS
In the drawings, each identical or nearly identical component that is illustrated in
various figures is represented by a like reference character. For purposes of clarity, not
every component may be labeled in every drawing. The drawings are not necessarily drawn
to scale, with emphasis instead being placed on illustrating various aspects of the techniques
described herein.

FIG. 1 shows an exemplary semiconductor device with a gate dielectric.
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FIG. 2 illustrates the relationship between current and gate-source voltage for two
devices with different threshold voltages.

FIGS. 3A, 3B, 3C, 3D and 3F show exemplary semiconductor devices with negative
ions in the dielectric layer under the gate. FIG. 3E shows a plot of the concentration profile
of chemical species introduces as negative ions in the device shown in FIG. 3D.

FIGS. 4A, 4B, 4C, 4D and 4F show exemplary semiconductor devices with negative
ions in the dielectric layer and the semiconductor region under the gate. FIG. 4E shows a
plot of the concentration profile of chemical species introduced as negative ions in the
device shown in FIG. 4D.

FIGs. 5A-E show an example of a process for forming a semiconductor device with
negative ions in the dielectric and semiconductor regions, according to some embodiments.

FIGs. 6A-F show an example of a process for forming the semiconductor device
with negative ions in the dielectric and semiconductor regions that includes forming a
protection layer over the semiconductor region, according to some embodiments.

FIGs. 7A-D show an example of a process for forming the semiconductor device
with negative ions in the dielectric region, according to some embodiments in which
negatively charged ions are introduced into the gate dielectric layer while the gate dielectric
layer is formed.

FIGs. 8A-D show an example of a process for forming a semiconductor device with
negative ions in the dielectric region, according to some embodiments in which negatively
charged ions are introduced into the gate dielectric after the gate dielectric is formed.

FIG. 9 illustrates an example transistor prototype with negatively charged fluorine
ions in the dielectric layer under the gate.

FIG. 10 is a plot of current versus voltage for non-fluorinated and fluorinated MOS-
HEMTs with a 25 nm thick Al,O5 gate oxide.

FIG. 11A-B are plots of current versus voltage for non-fluorinated and fluorinated
MOS-HEMTs with different oxide thicknesses.

FIG. 12 is a plot of threshold voltage values versus gate oxide thicknesses for
fluorinated MOS-HEMTs for different fluorine treatment times and comparisons to
analytical models.

FIG. 13 is a plot of fluorine, gallium, and oxygen concentration versus depth under
the gate of an exemplary transistor.

FIG. 14 is a plot of capacitance versus gate voltage for non-fluorinated and

fluorinated MOS devices with a 20 nm gate oxide.
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DETAILED DESCRIPTION

In spite of the tremendous potential of nitride transistors in high efficiency power
applications, there are still several technical problems to be resolved. One of the most
challenging problems is the reliable formation of normally-off transistors, also referred to
herein as enhancement mode or E-mode transistors. Many nitride power transistors, such as
standard AlGaN/GaN high-electron-mobility transistors (HEMTs), are depletion-mode (D-
mode) transistors. Depletion mode transistors are normally on in the sense that they allow
current to flow when no voltage is applied to the gate. Enhancement mode transistors are
normally off, as they do not allow current to flow in the absence of an applied gate voltage.
Enhancement-mode nitride transistors with a sufficiently high threshold voltage Vth (e.g.,
Vth of at least about 0.5 V) are desirable to simplify circuit design and to enable fail-safe
operation in power electronics. Enhancement mode metal-oxide-semiconductor (MOS)
nitride transistors such as MOS-HEMTs (High Electron Mobility Transistors) have been
developed by combining a MOS gate structure with various techniques, including gate-
recess, dual-gate integration, a tri-gate structure and fluorine plasma treatment. The use of a
gate oxide can suppress the gate leakage, improves the channel transport characteristics and
device stability, and has also been expected to facilitate a more positive Vth by capacitance
modulation. However, it has been shown that the Vth in MOS nitride transistors (for
example GaN MOS-HEMTs) hardly increases, in fact sometimes decreases, with the
deposition of a thick gate dielectric, due to the presence of positive charges in the gate
dielectric or at the interface between the gate dielectric and the nitride semiconductor
material. When the gate dielectric is formed positive charges are introduced into the gate
dielectric material or at its surface that reduce the threshold voltage of the transistor. The
threshold voltage may be reduced to such a degree that the transistor does not operate as a
normally-off transistor as designed. This has been a challenge in the design and fabrication
of high-Vth E-mode nitride transistors.

In some embodiments, the presence of positive charges in the gate dielectric can be
counteracted or neutralized by the introduction of negatively charged ions or highly
electronegative chemical species into the gate dielectric. When introduced into the
structure, the negatively-charged ions may capture charge or bond with the surrounding
material. The description herein relating to “negatively charged ions” applies to a chemical
species that may be introduced as negatively charged ions and which may undergo a change

of charge state and/or bond upon being introduced into the structure. Introducing negatively
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charged ions into the gate dielectric can increase the threshold voltage of nitride transistors
to a value suitable for normally-off operation. In some embodiments, the threshold voltage
can be increased to greater than about 0.5 V, greater than about 1 V or greater than about
3V. In some embodiments, the threshold voltage of a transistor may be precisely controlled
by controlling the thickness of the dielectric layer and/or the amount of exposure to
negatively charged ions, as discussed below. The negatively charged ions may be any
suitable ions including fluorine, oxygen, hydrogen, nitrogen, chlorine, bromine or sulfur, for
example.

Several exemplary transistor structures in which negatively charged ions have been
introduced into the gate dielectric and methods of fabrication are described below.

FIG. 1 shows a cross-section of a field effect transistor 100 having a source 102, a
gate 104, a drain 106, a gate dielectric layer 108 and a semiconductor region 110.
Depending on the voltage (e.g., a gate-source voltage V) applied to the gate 104, a channel
is formed in the semiconductor region 110 and current flows through the channel between
the source 102 and the drain 106. The current that flows between the source 102 and the
drain 106 is termed the source-drain current I,q. When the gate-source voltage Vs is
increased above the threshold voltage (Vy,) the source-drain current Iy increases
significantly. Examples of the relationship between gate-source voltage and source-drain
current are shown in FIG. 2 by curves 202 and 204. Curve 202 represents the current-
voltage characteristics of a transistor with a relatively high threshold voltage, and curve 204
represents the current-voltage characteristics of a transistor with a lower threshold voltage.
Transistors with a threshold voltage greater than zero may be considered normally-off
(enhancement mode) transistors. Transistors with a threshold voltage equal to or less than
zero may be considered to be normally on (depletion mode) transistors.

As discussed above, the presence of gate dielectric layer 108 may influence the
threshold voltage, as the gate dielectric layer 108 may include positive charges that reduce
the threshold voltage. According to the innovative techniques described herein, an increase
in the threshold voltage and/or an improvement in the threshold voltage control of field
effect transistors can be achieved by introducing negatively charged ions (anions) into the
gate dielectric layer. Exemplary transistor structures having negatively charged ions
introduced into the gate dielectric layer will be described with respect to FIGS. 3A-3F and
4A-4F.

FIGS. 3A-3D show field effect transistors 300A, 300B, 300C, and 300D having

negatively charged ions located in the gate dielectric layer 308 between gate 304 and
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semiconductor region 310. Field effect transistor 300A has a source 302, a gate 304, a drain
306, a gate dielectric layer 308, and a semiconductor region 310, as shown in FIG. 3A. In
tield effect transistor 300A, a region 312 of the gate dielectric layer includes negatively
charged ions. Region 312 is under the gate 304 and has an area defined by the dimensions
of the gate 304. Field effect transistor 300B has a gate dielectric layer 308 with negatively
charged ions in a region 314 under a portion of the gate 304, as shown in FIG. 3B. Field
effect transistor 300C has negatively charged ions in a region 316 of the gate dielectric layer
308 that extends beyond the edges of the gate 304, as shown in FIG. 3C. The negatively
charged ions may be present in a portion of the gate dielectric layer 308 or may be present
throughout the entire gate dielectric layer 308. In some embodiments the negatively
charged ions may extend beyond the edges of the gate only on one side of the gate. For
example, the negatively charged ions may be present in the dielectric layer under the gate as
well as in at least a portion of the drain access region, but absent from the source access
region, as in field effect transistor 300F as shown in FIG. 3F. The concentration of
negatively charged ions in the drain access region may be the same or different from the
concentration of the negatively charged ions under the gate.

The concentration of the negatively charged ions or the chemical species introduced
as negatively charged ions within the gate dielectric layer 308 may be distributed in any
suitable way. It should be noted that the negatively-charged ions may capture electrons or
bond with the surrounding material. In some embodiments, the concentration of negatively
charged ions or the chemical species introduced as negatively charged ions may be uniform
throughout the thickness of the gate dielectric layer 308. In some embodiments, the
concentration of negatively charged ions or the chemical species introduced as negatively
charged ions may vary within the gate dielectric layer 308 so there is a higher concentration
of closer to the semiconductor region 310 than near the gate 304. For example, within the
gate dielectric layer 308 of field effect transistor 300D, region 318 has a higher
concentration of negatively charged ions near the semiconductor region 310 than near the
gate 304. FIG. 3E shows an exemplary concentration profile of the negatively charged ions
or the chemical species introduced as negatively charged ions along line A-A’ for transistor
300D. In this example, in region 318 the concentration is lowest at the gate-dielectric
interface and highest at the semiconductor-dielectric interface.

In some embodiments, transistors 300A, 300B, 300C, and/or 300D may have a
positive threshold voltage. In such embodiments, transistors 300A, 300B, 300C, and/or

300D may operate as enhancement mode (E-mode) devices.
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As illustrated in FIGS. 4A-4F, in some embodiments negatively charged ions may
be introduced into both the gate dielectric layer 408 and the semiconductor region 410.
Field effect transistor 400A has a source 402, a gate 404, a drain 406, a gate dielectric layer
408, and semiconductor regions 410 and 412, as shown in FIG. 4A. Negatively charged
ions are located in a region 414 of the gate dielectric layer 408 and a region 416 of the
semiconductor region 410. Regions 414 and 416 are located underneath the gate 404 and
are defined by the dimensions of the gate. Field effect transistor 400B has a gate dielectric
layer 408 where there are negatively charged ions in a region 418 of the gate dielectric layer
408 and a region 420 of semiconductor region 410 under a portion of the gate, as shown in
FIG. 4B. Field effect transistor 400C has negatively charged ions that extend beyond the
edges of the gate in region 422 of the gate dielectric layer 408 and in a region 424 of the
semiconductor region 410, as shown in FIG. 4C. In some embodiments, the negatively
charged ions may be arranged throughout the entire dielectric region 408 and/or
semiconductor region 410 and/or in other layers. In some embodiments the negatively
charged ions may extend beyond the edges of the gate only on one side of the gate. For
example, the negatively charged ions may be present in the dielectric layer and
semiconductor region under the gate as well as in at least a portion of the drain access
region, but absent from the source access region, as in field effect transistor 400F as shown
in FIG. 4F. The concentration of negatively charged ions in the drain access region may be
the same or different from the concentration of the negatively charged ions under the gate.
The concentration of the negatively charged ions or the chemical species introduced
as negatively charged ions within the gate dielectric layer 408 and the semiconductor region
410 may be distributed in any suitable way. The concentration may vary within the
semiconductor region 410 so there is a higher concentration closer to the dielectric layer
408 than near semiconductor region 412. As discussed above, within the gate dielectric
layer 408 of field effect transistor 400D, region 426 has a higher concentration near
semiconductor region 410 than near the gate 404. FIG. 4E shows an exemplary
concentration profile of the negatively charged ions or the chemical species introduced as
negatively charged ions along line B-B’ for transistor 400D. Within region 426 of the gate
dielectric layer the concentration is lowest at the gate-dielectric interface and highest at the
semiconductor-dielectric interface. Within region 428 of the semiconductor region 410, the
concentration is highest at the dielectric-semiconductor interface and lowest at the interface

between the two semiconductor regions 428 and 412.
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In some embodiments, transistors 400A, 400B, 400C, and/or 400D may have a
positive threshold voltage. In such embodiments, transistors 400A, 400B, 400C, and/or
400D may operate as normally off or enhancement-mode (E-mode) devices.

In some embodiments, semiconductor region 410 and semiconductor region 412
may have different bandgap energies, thereby forming a heterostructure. Semiconductor
region 410 may have a larger bandgap than semiconductor region 412. In such
embodiments, semiconductor region 410 may be termed a “barrier layer.” Semiconductor
region 412 may be a buffer layer of graded composition or a region of uniform composition.
In some embodiments, the field effect transistors shown in FIGS. 3 and 4 may be a metal-
oxide-semiconductor high electron mobility transistor (MOS-HEMT) in which a two-
dimensional electron gas (2DEG) channel is formed at the interface between the buffer layer
and the barrier layer. However, the techniques described herein are not limited to MOS-
HEMTs, as they may be applied to other types of semiconductor devices.

Any suitable materials may be used for forming the field effect transistors.

Any suitable materials may be used for the source and drain regions 302, 402, 306,
406, such as metal(s) and/or doped semiconductor. The source and drain regions 302, 402,
306, 406 may have ohmic contacts. In some embodiments, the source regions 302, 402
and/or drain regions 306, 406 may be formed on the semiconductor regions 310, 410. In
some embodiments, the source regions 302, 402 and drain regions 306, 406 may be recessed
in the semiconductor regions 310, 410 by removing a portion of the semiconductor regions
310, 410 at the source and drain regions and filling the cavity with the materials used for the
source and drain regions.

Gates 304, 404 to control the transistor may be formed on gate dielectric regions
308, 408. Gates 304, 404 may be formed of any suitable conductor, such as a metal or
doped semiconductor (e.g., polysilicon). The gate dielectric regions 308 and/or 408 may be
formed of any suitable dielectric or insulating material, such as Al,Ojz, Si0,, HfO,, Si;OyN,,
Si,HwOyN,,or SicNy, for example. The dielectric region may include more than one
dielectric material. In some embodiments, the dielectric region may include a single
dielectric layer or a plurality of sub-layers. In some embodiments, each sub-layer may be
formed of a different dielectric material. In some embodiments, the material of the gate
dielectric layer may be selected such that the quality of the gate dielectric material is not
deteriorated by incorporating negatively charged ions. However, the techniques described

herein are not limited as to the materials of the source, gate, drain, and/or dielectric regions.
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The semiconductor regions 310, 410, 412 may be formed of any suitable
semiconductor material(s). The semiconductor regions 310, 410, 412 may include a
compound semiconductor material, such as III-V semiconductor material (e.g., a III-N
material). In some embodiments, a nitride semiconductor based transistor may be formed in
which semiconductor regions 310, 410, 412 include a nitride semiconductor material. In
some embodiments, a nitride semiconductor material may be used such as ByAliIn,Ga,N,
for example, in which w, x, y and z each have any suitable value between zero and one
(inclusive), and w+x+y+z = 1. Examples of nitride semiconductor materials include GaN,
AIN, AlGaN, InAIN, InAlGaN, and InGaN, by way of example and not limitation. In some
embodiments, the semiconductor regions 310, 410, 412 may include a gallium nitride (GaN)
semiconductor material. However, the techniques herein are not limited to nitride
semiconductor materials being included in semiconductor regions 310, 410, 412, as other
semiconductor materials may be used.

The semiconductor regions 310, 410, 412 may be monocrystalline, and may have
any suitable orientation. Compound semiconductor materials of semiconductor regions
310, 410, 412, may have any suitable composition at the face of the semiconductor material.
If a III-N material is included, it may have an N-face composition, a group III face
composition or a non-polar orientation. For example, GaN may be grown either N-face and
Ga-face or in non-polar orientations.

The semiconductor regions 310, 410, 412 may be comprised of one or more
materials, depending on the type of semiconductor device to be formed. Each
semiconductor region may include one layer of a single material or more than one layer of
different materials. As discussed above, in some embodiments, the semiconductor region
may include a heterostructure having a plurality of layers of different semiconductor
materials. In some embodiments, the plurality of layers may be materials with different
bandgaps and/or polarizations, such as nitride semiconductor materials having different
compositions, e.g., Bw1AlxIny Ga, N and By, AlIng,Ga,»N materials.

The reference herein to By AlInyGa,N or a “BywAlIn,Ga,N material” refers to a
semiconductor material having nitride and one or more of boron, aluminum, indium and
gallium. Examples of ByAliInyGa,N materials include GaN, AIN, AlGaN, AllnGaN,
InGaN, and BAIInGaN, by way of illustration. A ByAlInyGa,N material may include other
materials besides nitride, boron, aluminum, indium and/or gallium. For example, a
BAlInyGa,N material may be doped with a suitable dopant (e.g., silicon, germanium, etc.).

The term “gallium nitride (GaN) semiconductor material” refers to a semiconductor
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material that includes gallium and nitrogen and does not exclude other elements of a III-N
semiconductor from being present, such as boron, aluminum, and/or indium, for example,
and does not exclude the presence of dopants.

The semiconductor regions 310, 410, 412 may be doped or undoped. If the
semiconductor regions 310, 410, 412 include a region that is doped, it may be polarization
doped or may include dopants such as n-type dopants or p-type dopants, and may have any
suitable doping concentration and distribution. Any suitable doping technique may be used,
such as implantation or diffusion, for example.

As discussed above, the negatively charged ions may be any suitable ions including
fluorine, oxygen, hydrogen, nitrogen, chlorine, bromine, and/or sulfur. Such negatively
charged ions may include F, Oz', H, N3', CI', Br, and/or S*. In some embodiments the
negatively charged ions may include more complex species such as CHF3 and/or CHF,.
The negatively charged ions may contain chemical elements with a high electronegativity.
In some embodiments, a chemical species introduced as a negative ion may be highly
electronegative. In some embodiments the electronegativity value of an chemical element
in the introduced chemical species may be greater than 3.8, greater than 3.4, greater than
3.0, greater than 2.8, greater than 2.5, or greater than 2.0. Any suitable techniques for
introducing the ions into the dielectric region and/or semiconductor region may be used.
Such techniques may include plasma treatment, chemical surface treatment followed by
diffusion annealing, ion implantation, and plasma-enhanced or plasma-assisted ion
implantation. Such plasma treatment may be performed in an etching system for example.
Gases may be used as part of plasma treatment to incorporate negatively charged ions into a
device. As an example, when fluorine ions are introduced into a device, gases such as CF,,
SFs, and CHF3; may be used. As discussed below, negatively charged ions may be
introduced in the device before the dielectric layer is formed, during formation of the
dielectric layer, or after the dielectric layer has been formed.

The threshold voltage may be modulated by changing the amount and distribution of
negatively charged ions incorporated into the device. A duration of time for which
negatively charged ions are introduced to a device may determine the number of negatively
charged ions present in the device. By changing the duration of time, the number of
negatively charged ions can be altered and the threshold voltage can be modulated. Such a
duration of time may be the amount of time the device is incorporating negatively charged
ions, such as a plasma treatment time. In embodiments where negatively charged ions are

incorporated into a barrier layer of a device, the negatively charged ions may effectively
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deplete electrons in the channel and may enable a positive value for the threshold voltage.
Additionally or alternatively, the threshold voltage may be modulated by changing the
thickness of the dielectric layer. The thickness of the dielectric layer can influence the
threshold voltage by changing gate capacitance and the gate-to-channel spacing. The
thickness of the dielectric layer may change the quantity and distribution of negatively
charged ions in the dielectric layer which may influence the threshold voltage. In some
embodiments, increasing the thickness of the dielectric layer may increase the threshold
voltage.

FIGs. 5A-5E show a method of forming a field effect transistor with negatively
charged ions under the gate, according to some embodiments.

As shown in FIG. 5A, semiconductor region 510 may be formed over semiconductor
region 512. Region 510 and region 512 may form a heterostructure in which region 510 is
formed of a material with a larger bandgap than region 512. Source region 502 and drain
region 506 may be formed on/in semiconductor region 510.

As shown in FIG. 5B, negatively charged ions may be introduced into a region 518
of semiconductor region 510. Negatively charged ions may be introduced by any suitable
process, such as plasma treatment, ion implantation, and/or plasma-enhanced ion
implantation, for example. A dielectric layer 508 may be formed on the semiconductor
region 510 as is shown in FIG. 5C. Any suitable technique may be used for forming the
gate dielectric layer, such as atomic layer deposition (ALD), low pressure chemical vapor
deposition (LPCVD) or plasma enhanced chemical vapor deposition (PECVD), for
example. While the dielectric layer is formed, a high temperature may be reached which
may cause diffusion of the negatively charged ions into the dielectric layer. As an example,
if ALD is used it may be performed at an elevated temperature of 250°C. During or
subsequent to formation of the gate dielectric layer, the device may be heated such that that
the negatively charged ions may diffuse from the semiconductor region 518 to a region 516
of the dielectric layer 508, as shown in FIG. 5D. Heating the device may improve diffusion
of the negatively charged ions from semiconductor region 510 to dielectric region 516. As
shown in FIG. 5E, a gate 504 may be formed on the region 516 of the dielectric layer where
negatively charged ions are located. Although the gate 504 shown in FIG. SE is positioned
to align with the region of negatively charged ions 516 in dielectric layer 508, the gate may
be arranged in any suitable way with respect to region 516, as shown in FIGS. 4A-4F. In
some embodiments, the gate may be formed over the dielectric layer before the negatively

charged ions diffuse into the dielectric layer from the semiconductor region. In such
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embodiments, a thermal annealing step may be performed on the entire device after the gate
is formed. During this step the device may reach an elevated temperature (at least 400 °C,
in some cases), and negatively charged ions may diffuse into the dielectric layer.

FIGs. 6A-6F show a method of forming a field effect transistor with negatively
charged ions under the gate, according to some embodiments in which a protection layer is
used.

As shown in FIG. 6A, semiconductor region 610 may be formed over semiconductor
region 612. Source region 602 and drain region 606 may be formed on/in semiconductor
region 610. A protection layer 620 may be formed on semiconductor region 610 as shown
in FIG. 6B. The protection layer 620 may be grown or deposited on the semiconductor
region. The protection layer may reduce damage and/or etching to the semiconductor
region during the introduction of negatively charged ions. Any suitable material may be
used as a protection layer, such as dielectrics, polymer, and metal. Exemplary dielectric
materials that may be used for a protection layer include SiO,, Al,Os3, HfO,, and SiNjy.

As shown in FIG. 6C, negatively charged ions may be introduced into protection
layer region 616 and semiconductor region 618. Any suitable techniques may be used for
introducing negatively charged into regions 616 and 618. A dielectric region 608 may be
deposited on the protection layer 620 as is shown in FIG. 6D. The dielectric layer may be
formed by deposition techniques, such as atomic layer deposition (ALD). In some
embodiments, the protection layer 620 may be removed before a dielectric region is formed.
Diffusion of the negatively charged ions from the semiconductor region 618 and/or
protection layer 620 to a region 616 of the dielectric layer may be initiated by heating the
device. Increasing the temperature of the device may increase diffusion of the negatively
charged ions to dielectric region 616. Regardless of the techniques used, negatively charged
ions may be located in semiconductor region 618, protection layer region 622, and/or
dielectric region 616. As shown in FIG. 6F, a gate is formed on the region of the dielectric
616 where negatively charged ions are located. In some embodiments, the gate may be
formed over the dielectric layer before the negatively charged ions move into the dielectric
layer from the semiconductor region. In such embodiments, a thermal annealing step may
be performed on the entire device after the gate is formed. During this step the device may
reach a high temperature and negatively charged ions may diffuse into the dielectric layer.

FIGs. 7A-7D show a method of forming a field effect transistor with negatively
charged ions under the gate, according to some embodiments in which negatively charged

ions are introduced into the gate dielectric layer while the gate dielectric layer is formed.
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As shown in FIG. 7A, semiconductor region 710 may be formed over semiconductor
region 712. Source region 702 and drain region 706 may be formed on/in semiconductor
region 710. As a gate dielectric region 708 is formed on semiconductor region 710,
negatively charged ions are introduced into the dielectric layer, as shown in FIG. 7B. In
some embodiments, the dielectric layer may be formed by depositing multiple sub-layers,
such as through ALD. During such a process, negatively charged ions may be incorporated
into the sub-layers as the dielectric layer is deposited. When formation of the gate dielectric
layer 708 is completed, negatively charged ions are located within region 716 of the gate
dielectric layer as shown in FIG. 7C. As shown in FIG. 7D, a gate is formed on the region
of the dielectric 716 where negatively charged ions are located.

FIGs. 8A-8D show a method of forming a field effect transistor with negatively
charged ions under the gate, according to some embodiments in which negatively charged
ions are introduced into the gate dielectric after the gate dielectric is formed.

As shown in FIG. 8A, semiconductor region 8§10 may be formed over semiconductor
region 812. Source region 8§02 and drain region 806 may be formed on/in semiconductor
region 810. A gate dielectric layer 808 is formed on semiconductor region 8§10 as shown in
FIG. 8B. Negatively charged ions may be introduced into the dielectric layer after the
dielectric layer has formed. Such techniques as ion implantation or plasma-enhanced ion
implantation may be used to incorporate negatively charged ions into region 816 of the gate
dielectric layer 808, as shown by FIG. 8C. As shown in FIG. 8D, a gate is formed on the
region of the dielectric 816 where negatively charged ions are located.

Although the above methods describe a gate positioned to align with the region of
negatively charged ions in dielectric layer, the gate may be arranged in any suitable way
with respect to the negatively charged ions, as shown in FIGS. 3A-3F.

Additional steps may be performed to improve device performance. In some
embodiments, surface cleaning is performed before the dielectric layer is formed. Such
surface cleaning may reduce the presence of interface states between the dielectric region
and the semiconductor region. Additionally or alternatively, the device may be thermally
annealed (e.g., using rapid thermal annealing) after deposition of the gate electrode. Such
an annealing step may repair channel degradation and may also improve diffusion of the
negatively charged ions.

The described techniques for incorporating negatively charged ions into a
semiconductor device may be combined with other device structures to achieve a positive

threshold voltage for a normally off device. Such structures may include gate structures
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such as, gate-recess, dual gate integration, tri-gate structure, gate injection, polarization
engineering, gate metal engineering, or any other suitable techniques. In some
embodiments, the gate region may have a sub-micron gate length that may reduce the on-
resistance of the device.

In some embodiments negatively charged ions may reduce the effects of impurities
or defects on the performance of the device. The negatively charged ions may passivate
interface or surface states that may arise at the dielectric-semiconductor interface. The
negatively charged ions may also passivate defects in the bulk of the semiconductor region
or the dielectric region. The passivation of interface states and/or bulk defects may reduce
trapping effects in the device. As a result, the performance of the device may be enhanced

for certain operations of the device, such as pulse operation.

Example

An example of a prototype device of the transistor with negatively charged ions in
the dielectric layer has been fabricated. The prototype device is a normally-off fluorinated
GaN transistor. The prototype device was fabricated on an Alg 26Gag74N/GaN structure
grown on a Si substrate. After mesa isolation and ohmic contact formation, the gate region
of three devices was treated by CF, plasma in an Electron Cyclotron Resonance (ECR)
Reactive Ion Etching (RIE) system at an ECR power of 150 W and an RF power of 20 W
for 150 s, 160 s and 170 s, respectively. A 3 nm GaN layer and al0~11.5 nm Alg26Gag 72N
layer was etched by a 150~170 s CF, plasma. The thickness of the layers were measured by
atomic force microscopy. A gate oxide of Al,Oz was deposited by atomic layer deposition
(ALD) at 250 °C with different thicknesses. A gate electrode of Ni/Au was deposited
before annealing at 400°C for 5 min in N, ambient. The annealing may reduce potential
channel damage and the high temperature may allow the fluorine ions to diffuse into the
gate oxide. A schematic of the fabricated prototype device is shown in FIG. 9. Asa
reference, standard AIGaN/GaN MOS-HEMTs were fabricated on the same sample. The
reference devices have the same gate dielectric stacks and process conditions.

FIG. 10 shows the output characteristics of standard and fluorinated MOS-HEMTs
with 25 nm gate oxide. As shown, the fluorine plasma treatment induces a small
degradation in the on-resistance and maximum current. FIGs. 11A and 11B show the
transfer characteristics of standard non-fluorinated and fluorinated MOS-HEMTs with
different gate oxide thickness. As shown, a threshold voltage (V) higher than 3V was
achieved for MOS-HEMTs with 25 nm gate oxide. FIG. 12 shows the Vy, of MOS-HEMTs
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as a function of oxide thickness and fluorine treatment time. The V4 has been demonstrated
to increase with increasing gate oxide thickness. Increasing the time of the fluorine plasma
treatment also increases the threshold voltage (V). The dashed lines in FIG. 12 show an
analytical model for the threshold voltage of fluorinate MOS-HEMTs. This analytical
model enables the accurate calculation and design of the Vi of fluorinated MOS-HEMTs.

The analytical model is briefly demonstrated as,

AE; Py qt

@ q
Vi, = 7b % 4 $ Qucan/can — P(F) — P~ [Qaicanjcan t Qa,04/a16an T Q(F)]Eo

_ 49nox
280x

tix

where @, is the metal barrier height for Ni on Al,Os;, AE, is the conduction band offset
between Al,Oz and GaN, D is the energy difference between the conduction band intrinsic
Fermi-level in GaN. ¢ is the thickness, € is the permittivity, and the subscripts ox and b refer
to the oxide (Al,Os) and barrier layer (AlGaN). 7., is the average oxide bulk charge.
Q1,04 /416avad Qaican/can are the interface charge density at the Al;O3/AlGaN interface

and the AlGaN/GaN-channel interface. Q(F) is defined as a fluorine equivalent interface
charge calculated by integration of the fluorine negative charge in the bulk GaN and
AlGaN; ¢ (F) is defined as a fluoride-induced constant band shift.

FIG. 13 shows the secondary secondary-ion mass spectrometry (SIMS)
measurements of the F, Ga and O profile in the fluorinated MOS capacitors. The fluorine
(F) profile shown in FIG. 13 indicates that the negatively charged ions in the gate oxide are
due to fluorine ions moving into the gate oxide during the ALD process at 250 °C. The
post-gate annealing at 400 °C almost did not change the fluorine distribution in the
structure. The analysis above demonstrates the significance of fluorine plasma treatment: it
is the fluoride-induced negatively charged ions in AlGaN and Al,Os that enables the Vi, to
increase with gate oxide thickness. This provides a method to engineer the Vi, by changing
the gate oxide thickness in E-mode MOS-HEMTs.

FIG. 14 shows the capacitance-voltage characteristics of standard and fluorinated
MOS capacitors with 20 nm gate oxide. As shown, a smaller Vi, hysteresis (~0.15 V) was
observed for fluorinated MOS capacitors compared with standard MOS capacitors (~0.5 V)
in the capacitance-voltage measurements. This may be due to the fluorine passivation of
oxide/AlGaN interface states and the fluoride-induced conduction bending that increases the
barrier for electron trapping.

The effect of a protection layer during forming a semiconductor device may impact
the device performance. A 10 nm thin Al,Os layer was deposited on top of GaN cap layer
before the fluorine plasma treatment into AlGaN/GaN structure. After the fluorine plasma

treatment, gate electrodes were deposited and fluorinated HEMTs were fabricated. It was
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found that the thin protection layer could reduce the etching of AlIGaN/GaN to achieve a
normally-off device. In the process with protection layer, 150 s fluorine plasma was used to
achieve the normally-off device, where 10 nm Al,Os, 3 nm GaN layer, and 1~2 nm AlGaN
layer were etched. In comparison, in the process without protection layer, 120 s fluorine
plasma is needed to achieve the normally-off, where 3 nm GaN cap layer and 7.5-9 nm
AlGaN layer were etched. Moreover, in the comparison of device performance, the
fluorinated HEMTs fabricated using a thin protection layer have smaller on-resistance and

higher maximum current than the fluorinated HEMTSs without using protection layer.

Additional Aspects

The techniques described herein may be applied to any type of field effect transistor.
In some embodiments, the techniques described herein may be applied to power transistors.
Such techniques can provide improvements in power transistors that will enable significant
improvements in power electronics systems for hybrid vehicles, high efficiency power
inverters for solar cells, and power converters for LEDs, for example, as well as high-speed
digital electronics.

Various aspects of the present invention may be used alone, in combination, or in a
variety of arrangements not specifically discussed in the embodiments described in the
foregoing and is therefore not limited in its application to the details and arrangement of
components set forth in the foregoing description or illustrated in the drawings. For
example, aspects described in one embodiment may be combined in any manner with
aspects described in other embodiments.

Also, the invention may be embodied as a method, of which an example has been
provided. The acts performed as part of the method may be ordered in any suitable way.
Accordingly, embodiments may be constructed in which acts are performed in an order
different than illustrated, which may include performing some acts simultaneously, even
though shown as sequential acts in illustrative embodiments.

Use of ordinal terms such as “first,” “second,” “third,” etc., in the claims to modify a
claim element does not by itself connote any priority, precedence, or order of one claim
element over another or the temporal order in which acts of a method are performed, but are
used merely as labels to distinguish one claim element having a certain name from another
element having a same name (but for use of the ordinal term) to distinguish the claim

elements.
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Also, the phraseology and terminology used herein is for the purpose of description

and should not be regarded as limiting. The use of "including," "comprising," or "having,"

“containing,” “involving,” and variations thereof herein, is meant to encompass the items
listed thereafter and equivalents thereof as well as additional items.

What is claimed is:
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CLAIMS

1. A field effect transistor, comprising:

a source;

a drain;

a gate between the drain and the source;

a semiconductor region under the gate; and

a dielectric region between the gate and the semiconductor region, wherein the
dielectric region has a first surface on a first side of the dielectric region nearest the gate and
a second surface on a second side of the dielectric region nearest the semiconductor region,
wherein at least a portion of the dielectric region comprises a chemical species to neutralize
positive charges of the dielectric region, the chemical species comprising negatively
charged ions and/or electronegative chemical species, and wherein a concentration of the
chemical species in the at least a portion of the dielectric region increases along a line from
the first surface to the second surface or is uniform between the first surface and the second

surface.

2. The field effect transistor of claim 1, wherein the semiconductor region comprises a

nitride semiconductor material.

3. The field effect transistor of claim 2, wherein the nitride semiconductor material

comprises a gallium nitride semiconductor material.

4. The field effect transistor of claim 1, wherein the concentration of the negatively

charged ions is higher at the second surface than at the first surface.

5. The field effect transistor of claim 1, wherein at least a portion of the semiconductor

region comprises negatively charged ions.

6. The field effect transistor of claim 1, wherein the chemical species comprises

fluorine, oxygen, hydrogen, nitrogen, chlorine, bromine and/or sulfur.
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7. The field effect transistor of claim 1, wherein the dielectric region comprises
aluminum oxide, silicon oxide, silicon oxynitride, aluminum nitride, hathium oxide, and/or

silicon nitride.

8. The field effect transistor of claim 1, wherein the field effect transistor is an

enhancement mode transistor.

9. The field effect transistor of claim 8, wherein the field effect transistor has a

threshold voltage of at least 0.5 V.

10. A field effect transistor, comprising:

a source;

a drain;

a gate;

a semiconductor region under the gate; and

a dielectric region between the gate and the semiconductor region, wherein at least a
portion of the dielectric region comprises negatively charged ions, wherein a concentration
of the negatively charged ions in the at least a portion of the dielectric region increases with

proximity to the semiconductor region.

11. The field effect transistor of claim 10, wherein the semiconductor region comprises

a nitride semiconductor material.

12. The field effect transistor of claim 11, wherein the nitride semiconductor material

comprises a gallium nitride semiconductor material.

13. The field effect transistor of claim 10, wherein the concentration of the negatively

charged ions is higher at the second surface than at the first surface.

14. The field effect transistor of claim 10, wherein at least a portion of the

semiconductor region comprises negatively charged ions.

15. The field effect transistor of claim 10, wherein the negatively charged ions comprise

fluorine, oxygen, hydrogen, nitrogen, chlorine, bromine and/or sulfur.
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16. The field effect transistor of claim 10, wherein the dielectric region comprises
aluminum oxide, silicon oxide, silicon oxynitride, aluminum nitride, hathium oxide, and/or

silicon nitride.

17. The field effect transistor of claim 10, wherein the field effect transistor is an

enhancement mode transistor.

18. The field effect transistor of claim 17, wherein the field effect transistor has a

threshold voltage of at least 0.5 V.

19. The field effect transistor of claim 10, wherein the dielectric region comprises a

single dielectric layer or a plurality of dielectric layers.

20. A method of forming a field effect transistor, the method comprising:

forming a dielectric region over a semiconductor region and a gate over the
dielectric region, wherein the dielectric region has a first surface on a first side of the
dielectric region nearest the gate and a second surface on a second side of the dielectric
region nearest the semiconductor region, wherein at least a portion of the dielectric region
comprises negatively charged ions, and wherein a concentration of the negatively charged
ions in the at least a portion of the dielectric region increases along a line from the first

surface to the second surface.

21. The method of claim 20, further comprising introducing the negatively charged ions

into the semiconductor region.

22. The method of claim 20, further comprising heating the semiconductor region and
the dielectric region to diffuse at least a portion of the negatively charged ions into the

dielectric region.

23. The method of claim 20, wherein the negatively charged ions are introduced into the
dielectric region during deposition of the dielectric region or after deposition of the

dielectric region.
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