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HIGH ELECTRON MOBILITY TRANSISTOR 
WITH TUNABLE THRESHOLD VOLTAGE 

TECHNICAL FIELD 

10001] The present invention relates generally to semicon-
ductor device such as high electron mobility transistors. 

BACKGROUND 

10002] With the recent upsurge of the wireless communi-
cation market, as well as the steady but continuous progress 
of power applications, microwave transistors are playing 
critical roles in many aspects of human activities. The 
requirements for the performance of microwave transistors 
are becoming more and more demanding. In the personal 
mobile communication applications, next generation cell 
phones require wider bandwidth and improved efficiency. 
The development of satellite communications and TV broad-
casting requires amplifiers operating at higher frequencies 
(from C band to Ku band, further to Ka band) and higher 
power to reduce the antenna size of terminal users. The same 
requirement holds for broadband wireless internet connec-
tions as well because of the ever increasing speed or data 
transmission rate. 

10003] Because of these needs, there has been significant 
investment in the development of high performance micro-
wave transistors and amplifiers based on Si/SiGe, GaAs, SiC 
and GaN. The Johnson Figure of Merit (JM) gives the 
power-frequency limit based solely on material properties 
and can be used to compare different materials for high 
frequency and high power applications. The requirement for 
high power and high frequency requires transistors based on 
semiconductor materials with both large breakdown voltage 
and high electron velocity. From this point of view, wide 
bandgap materials, like GaN and SiC, with higher JM are 
preferable. The wide bandgap results in higher breakdown 
voltages because the ultimate breakdown field is the field 
required for band-to-band impact ionization, which allow 
high frequency operation. 

10004] The ability of GaN to form heterojunctions makes 
it superior compared to SiC, in spite of having similar 
breakdown fields and saturation electron velocities. GaN can 
be used to fabricate high electron mobility transistors 
(HEMTs) whereas SiC can only be used to fabricate metal 
semiconductor field effect transistors (MESFETs). The 
advantages of the HEMT include its high carrier concentra-
tion and its higher electron mobility due to reduced ionized 
impurity scattering. The combination of high carrier con-
centration and high electron mobility results in a high 
current density and a low channel resistance, which are 
especially important for high frequency operation and power 
switching applications. 

10005] From the amplifier point of view, GaN-based 
HEMTs have many advantages over existing production 
technologies. The high output power density allows the 
fabrication of much smaller size devices with the same 
output power. Higher impedance due to the smaller size 
allows for easier and lower loss matching in amplifiers. The 
operation at high voltage due to its high breakdown electric 
field not only reduces the need for voltage conversion, but 
also provides the potential to obtain high efficiency, which is 
a critical parameter for amplifiers. The wide bandgap also 
enables the GaN-based HEMTs to operate at high tempera-
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tures. At the same time, the HEMT offers better noise 
performance than that of MESFET's. 
10006] These attractive features in amplifier applications 
enabled by the superior semiconductor properties make the 
GaN-based HEMT a very promising candidate for micro-
wave power applications. 
10007] In a depletion mode high electron mobility tran-
sistor (HEMT), an electric field generated from the gate 
electrode is used to deplete a two dimensional electron gas 
channel at the interface of wide and narrow energy bandgap 
semiconductor, such as A1N/GaN or AlGaN/GaN. A control 
voltage can be applied to the gate electrode to directly affect 
and control the amount of current flowing through the 
channel. The depletion mode transistors function as "nor-
mally-on" devices when used as switches. For an enhance-
ment mode transistor, no channel is present and no current 
flow occurs until the transistor is biased for operation. In 
particular, the transistor is biased and a voltage is applied to 
the gate in order to move the two dimensional electron gas 
channel below the Fermi level. Once another voltage is 
applied between the source and drain, the electrons in the 
two dimensional electron gas channel move from source to 
drain. The enhancement mode transistors are commonly 
used for digital and analog integrated circuits (ICs) and can 
function as "normally-off' devices. 
10008] Enhancement mode (E-mode) HEMTs are useful 
for analog circuit applications, such as RF/microwave power 
amplifiers or switches. 
10009] Direct-coupled FET logic (DCFL) by integration 
of E-mode and depletion-mode (D-mode) HEMTs, referred 
to as E/D DCFL, is currently being researched for high
speed and high-density digital circuit applications. 
10010] Wide band gap AlGaN/GaN HEMTs have emerged 
as devices of interest for RF/microwave power amplifiers 
because of their high power and high speed handling capa-
bilities. As the push to scale down and increase performance 
continues for high power, high frequency applications. In 
particular, the large band-gap of A1N (6.2 eV) provides 
improved carrier confinement and lowers gate leakage cur-
rent as compared to conventional AlGaN barriers and results 
in improvement of both low and high field carrier transport. 
Both a high carrier density and high carrier mobility are 
desirable to achieve high output current. 
10011] To reduce alloy scattering and improve channel 
conductivity, structures with very thin A1N barrier layers are 
an attractive option for high speed, high voltage, high power 
devices, if the sheet density under the gate region of the 
HEMT can be made low enough for E-mode operation. 
10012] Current research in AlGaN/GaN HEMTs shows 
promise for high power, high temperature applications. In 
addition, for applications using transistors as switches or 
high temperature capable integrated circuits, it is also desir-
able to have normally off or enhancement mode operation 
devices. Accordingly, there continues to be a need in the art 
for improved methods and structures for devices capable of 
performing in high power, high voltage, high speed, and/or 
high temperature applications. 

SUMMARY 

10013] Some embodiments are based on recognition that 
there are a number of factors influencing the value of the 
threshold voltage of a transistor that can be difficult to 
predict and control in advance. For example, the threshold 
voltage can be effected by specifics of manufacturing of the 
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transistor that varies among individual transistors. Also, the 
threshold voltage can be effected by specifics of operation of 
the transistor that also varies among individual transistors. 
To that end, some embodiments are based on recognition 
that it can be beneficial to change, e.g., tune, the threshold 
voltage of the transistor during its operation. 

10014] Additionally, or alternatively, the density of the 
carrier channel depends on the voltage applied to the chan-
nel with respect to the source terminal of the transistor. 
Sometimes, the increase of the voltage applied to the source 
necessitate a need to change the threshold voltage, e.g., to 
move the threshold voltage towards a positive domain with 
respect to the source. 

10015] Some embodiments are based on understanding 
that the value of the threshold voltage can be modulated by 
depleting the carrier channel of the transistor-as the thresh-
old voltage of a transistor is a function of carrier density in 
the channel. For example, in one embodiment, the transistor 
is a high electron mobility transistor (HEMT) having a 
heterostructure to form the carrier channel between the 
source and the drain. A high carrier density yields a negative 
voltage whereas a low carrier density yields a positive 
threshold voltage. 

10016] Some embodiments are based on another realiza-
tion that the carrier channel can be depleted by applying 
voltage in direction perpendicular to the direction of drain-
source voltage. 

10017] Some embodiments are based on realization that in 
addition to a gate of transistor, referred herein as a top gate, 
and used for modulating the conductivity of a carrier chan-
nel between the source and the drain, another gate, referred 
herein as a side gate, can be arranged to deplete the channel 
and to modulate the threshold voltage. Some embodiments 
are based on understanding that to perform such a modula-
tion, the side gate needs to arranged at a distance from the 
top gate so that two different voltages can be applied 
independently to the different gates, at a sidewall of the 
transistor so that they can be sufficiently close to the carrier 
channel. 

10018] To that end, one embodiment discloses a transistor 
including a source, a drain, a top gate, a side gate, and a 
semiconductor structure having a fin extending between the 
source and the drain. The top gate is arranged on top of the 
fin, and a voltage applied to the top gate with respect to the 
source modulates the conductivity of a carrier channel 
between the source and the drain. The side gate is arranged 
on a sidewall of the fin at a distance from the top gate and 
a voltage applied to the side gate with respect to the source 
modulates a threshold voltage of the transistor, thereby 
making the threshold voltage of the transistor tunable. 

10019] In some implementations, the transistor includes 
two side gates arranged on the opposite sidewalls of the fin. 
Two side gates allows better control over the carriers of the 
channel. 

10020] The fin of the semiconductor structure allows to 
arrange the side gate sufficiently close to the carrier channel. 
For example, in one embodiment, the width of the fin is less 
than 400 nm. Such a width allows to achieve a maximum 
capacitance need for depleting the carrier channel. However, 
some embodiments increase the width of the fin using 
principle of negative capacitance. For example, in one 
implementation, the transistor includes a ferroelectric oxide 
(FE) layer arranged between the side gate and the sidewall 
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of the fin. The FE layer form a negative capacitor allowing 
the width of the fin being greater than 400 nm. 
10021] Additionally, or alternatively, in some implemen-
tations, a dielectric layer arranged between the side gate and 
the sidewall of the fin. The dielectric layer reduces the gate 
current hence the power loss. 
10022] In some embodiments, the side gate is made of 
semiconductor material. The semiconductor material of the 
side gate allows easier fabrication process and yields higher 
performance if selected properly. For example, in one 
embodiment, the semiconductor material of the side gate is 
p-doped semiconductor making the threshold voltage even 
more positive by injecting the hole into the channel. 
10023] In some embodiments, the side gate has an
L-shape, wherein a first leg of the L- shape is arranged on the 
sidewall of the fin, and wherein a second leg of the L-shape 
is substantially perpendicular to the first leg. This embodi-
ment simplifies the growing the side gate on the finned 
semiconductor structure. 
10024] Additionally, or alternatively, the L-shape simpli-
fies applying the voltage to the side gate to modulate the 
threshold voltage of the transistor. For example, in some 
situations, the voltage applied to the side gate is negative to 
move the threshold voltage towards a positive domain with 
respect to the source. For example, the voltage applied to the 
side gate is positive to move the threshold voltage towards 
a negative domain with respect to the source. For power 
electronics and digital applications, it is desirable to have 
normally off operation, which can be achieved by applying 
negative voltage to the side gate/gates. However, if we don't 
care about the threshold voltage-which is the case for a RF 
device, we can apply positive voltage to the gate increase the 
carrier density in the channel and thus have more current. 
10025] Some embodiments acknowledge that simulation 
results show increase in the linearity of the transconductance 
of the transistor employing principles of some embodiments. 
To that end, some embodiments select an absolute value of 
the negative voltage applied to the side gate to be propor-
tional to a linearity of the transistor. Linearity degradation in 
any RF device is caused by a number of factors, one of such 
factor is source choking effect. This effect takes place when 
the source has lower current carrying ability than the chan-
nel region. The proposed transistor eliminates this effect by 
depleting the channel which is turn reduces the current 
carrying capability of the channel. 
10026] Accordingly, one embodiment discloses a high 
electron mobility transistor (HEMT). The HEMT includes a 
set of electrodes including a source, a drain, a top gate, and 
a side gate; and a semiconductor structure having a fin 
extending between the source and the drain, wherein the top 
gate is arranged on top of the fin, wherein the side gate is 
arranged on a sidewall of the fin at a distance from the top 
gate, wherein the semiconductor structure includes a cap 
layer positioned beneath the top gate and a channel layer 
arranged beneath the cap layer for providing electrical 
conduction, wherein the cap layer includes nitride-based 
semiconductor material to enable a heterostructure forming 
a carrier channel between the source and the drain. 
10027] Another embodiment discloses a method for con-
trolling a transistor including a semiconductor structure 
having a fin extending between a source and a drain of the 
transistor, wherein a top gate of the transistor is arranged on 
top of the fin and a side gate of the transistor is arranged on 
a sidewall of the fin at a distance from the top gate. The 
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method includes applying a voltage to the top gate with 
respect to the source to modulate the conductivity of a 
carrier channel between the source and the drain; and 
applying a voltage to the side gate with respect to the source 
to modulate a threshold voltage of the transistor. 
10028] Yet another embodiment discloses a method for 
manufacturing a transistor. The method includes providing a 
substrate and a semiconductor structure including a cap 
layer and a channel layer having at least one carrier channel; 
etching the semiconductor structure to define an active 
region of the transistor; forming a source and a drain 
electrode by metal deposition and annealing; forming a fin 
in the semiconductor structure by a combination of dry 
etching and wet etching; depositing a side gate; and depos-
iting a top metal gate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10029] FIG. 1 shows the 3-D schematic of a high electron 
mobility transistor (HEMT) according to some embodi-
ments. 
10030] FIG. 2 shows the cross section in the middle of the 
channel of the transistor according to one embodiment. 
10031] FIG. 3 shows the energy band diagram 310 along 
the cross-section AA' of the transistor of FIG. 2. 
10032] FIG. 4A and FIG. 4B show the electron density 
cross section profile of transistors of o different embodi-
ments. 
10033] FIG. S shows the simulated IDS-V GS characteristics 
for different side gate voltages. 
10034] FIG. 6 shows the variation of the threshold voltage 
with the side gate voltage for different fin thickness used by 
some embodiments. 
10035] FIG. 7 shows the IDs-VDS characteristics for dif-
ferent side gate voltage (VsG) for 100 nm fin width transistor 
according to one embodiment. 
10036] FIG. 8 shows a 2-D cross section is the middle of 
the channel of the transistor according to one embodiment. 
10037] FIG. 9 shows a 2-D cross section in the middle of 
the channel of the transistor according to one embodiment. 
10038] FIG. 10 shows a 2-D cross section in the middle of 
the channel of the transistor according to one embodiment. 
10039] FIG. 11 shows a flow chart of a method for 
controlling the threshold voltage of the transistor according 
to various embodiments. 
10040] FIG. 12 shows a block diagram of a method for 
fabricating a semiconductor device according to some 
embodiments. 

DETAILED DESCRIPTION 

10041] FIG. 1 shows the 3-D schematic of a high electron 
mobility transistor (HEMT) according to some embodi-
ments. The transistor includes a semiconductor structure 
having a compound semiconductor heterostructure formed 
between a cap layer 101 and a channel layer 102 such that 
a two dimensional electron gas (2-DEG) 103 is formed at the 
interface of cap layer and channel layer. A source electrode 
110 and a drain electrode 120 are put to make electrical 
connection with the said 2-DEG. The semiconductor struc-
ture has a fin 199 extending between the source and the drain 
to facilitate the placement of side wall gates labeled 140 
and/or 150 on one or the two opposite sides of the fin in 
order to modulate the carrier density in the channel thus the 
threshold voltage. Atop gate labeled 130 is placed on top of 
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the cap layer to control the conductivity of the channel. On 
embodiments controls the threshold voltage by having only 
one side wall gate, however, alternative embodiments 
include two side gates to provide better controllability. 
10042] FIG. 2 shows the cross section in the middle of the 
channel of the transistor according to one embodiment. In 
this embodiment, the side wall gates are L-shaped wherein 
the vertical leg of L-shaped side are placed in proximity to 
the fin side wall and the horizontal leg is just to facilitate the 
application of voltage to that gate. 
10043] FIG. 3 shows the energy band diagram 310 along 
the cross-section AA' of the transistor of FIG. 2. From this 
energy band diagram, some embodiments derive the equa-
tion for threshold voltage of a HEMT labeled 333. One thing 
to be noted from this equation is that threshold voltage has 
a linear relationship with the 2-DEG concentration. There-
fore, it can be inferred that one can modulate the threshold 
voltage of a HEMT by modulating the 2-DEG density. 
Generally, because of high 2-DEG density the threshold 
voltage of a HEMT is negative making it a normally ON 
device. However, by depleting the 2-DEG it is possible to 
make the threshold voltage positive thereby making the 
device normally off. To modulate the 2-DEG density side 
wall gates are placed. 
10044] FIG. 4A shows the electron density cross section 
profile for side gate voltage of 0 V used by some embodi-
ments. Here the scale 410 is in log(Electron-Concentration). 
We can observe that the electron concentration is very high 
at the interface of 101 and 102 layer, and it decreases 
monotonically as me move away from the interface in both 
directions. 
10045] FIG. 4B shows the electron density cross section 
profile for side gate voltage of —4 V. Compared to FIG. 4B 
the electron density has been reduced significantly at least 
by 3 orders of magnitude. This is because as we apply 
negative bias to the side gate we move the fermi level in the 
channel higher and electron density has an exponential 
dependence on the fermi level (exp(-Fermi-Energy/(kfiT))). 
Since the threshold voltage depends on the electron density, 
through the modulation of the electron density by the side 
gate we can modulate the threshold voltage. 
10046] FIG. S shows the simulated IDSVGS characteristics 
for different side gate voltages. The threshold voltage of a 
transistor can be measured from a IDSVGS characteristics. 
The gate voltage at which the drain current starts to increase 
rapidly is called the threshold voltage, which can be found 
by extrapolating the linear region of 'DS curve and finding 
the point at which it crosses the gate voltage axis. As 
demonstrated here, the threshold voltage of the transistor is 
increasing as we apply more and more negative bias to the 
side gate. This is because applying negative bias at the side 
gate depletes the channel Here, 510 is the IDSVGS curve for 
the side gate voltage, VSG=0 V 520 is for VSG=-2 V and 530 
is for VSG=-4 V. 
10047] FIG. 6 shows the variation of the threshold voltage 
with the side gate voltage for different fin thickness used by 
some embodiments. Here the simulated curves are presented 
for fin widths 100 nm, 200 nm, 300 nm and 400 nm labeled 
610, 620, 630 and 640 respectively. If we can define a 
controllability parameter a, defined as a=AVTR/AVSG which 
is given by the slope of the curves. Ideally we want the 
magnitude of a to be as high as possible, however due to 
physical reasons it cannot be made more than 1. As shown 
in this figure the value of a decreases as we increase the fin 
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thickness this is because as the fin thickness is increased the 
side wall loses the controllability of the channel due to 
reduced capacitance. If the fin thickness is more than 400 nm 
the controllability parameter a is very close to zero-which 
gives us the upper limit of fin thickness. 
10048] FIG. 7 shows the IDs-VDs characteristics for dif-
ferent side gate voltage (VsG) for 100 nm fin width transistor 
according to one embodiment. The curve 710 shows an 
example wherein VsG=OV and the curve 720 shows an 
example when VsG=-3V. When a negative tuner voltage is 
applied, drain current drops sharply due to the increment of 
in the threshold voltage, which in turn reduces the overdrive 
voltage (VDS-VTH). 

10049] FIG. 8 shows a 2-D cross section is the middle of 
the channel of the transistor according to one embodiment. 
In this embodiment, the transistor includes a dielectric layer 
103 sandwiched between the top gate electrode and the cap 
layer. This structure allows to decrease the gate leakage 
current and improves the efficiency by reducing the power 
loss. 
10050] FIG. 9 shows a 2-D cross section in the middle of 
the channel of the transistor according to one embodiment. 
In this embodiment, the transistor includes a dielectric layer 
104 and 105 sandwiched between the side gate electrode and 
the fin side wall. This dielectric layer helps to reduce the gate 
leakage from the side wall. 
10051] FIG. 10 shows a 2-D cross section in the middle of 
the channel of the transistor according to one embodiment. 
In this embodiment, the semiconductor structure includes a 
back barrier layer 107. The purpose of a back barrier layer 
is to provide quantum confinement to the 2-DEG formed at 
the interface of channel and cap layer. According to one 
embodiment the back barrier is doped with p-type dopants. 
10052] FIG. 11 shows a flow chart of a method for 
controlling the threshold voltage of the transistor according 
to various embodiments. The method measures 1110 the 
threshold voltage without applying any side gate voltage. 
The method checks 1130 the desired threshold voltage to 
detect a request to change a sign of the threshold voltage 
with respect to the source. For example, if a higher threshold 
voltage is needed, the method applies 1120 negative bias to 
the side gate. For example, the method applies a negative 
voltage to the side gate when the threshold voltage is 
negative and the positive threshold voltage is required. On 
the other hand, if a lower threshold voltage is needed, then 
the method applies 1140 positive bias to the side gate. For 
example, the method applies a positive voltage to the side 
gate when the threshold voltage is positive and the negative 
threshold voltage is required. 
10053] Additionally, or alternatively, if enhancement 
mode operation is required then the method keeps increasing 
the negative bias at the side gate until the threshold voltage 
becomes greater than zero. Generally, for driver circuits and 
most power electronic applications enhancement mode 
operation is preferred. 
10054] FIG. 12 shows a block diagram of a method for 
fabricating a semiconductor device according to some 
embodiments. The method includes providing a substrate 
1210, making 1220 a semiconductor structure comprising at 
least a Ill-N channel layer forming a carrier channel in the 
semiconductor structure. The material of cap-layer has a 
higher bandgap than the bandgap of material in the Ill-N 
channel layer. According to some embodiments, various 
methods can be adopted for the growth and formation of the 
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cap-layer or channel layer, including but not limited to a 
Chemical Vapor Deposition (CVD), a Metal-Organic-
Chemical-Vapor-Deposition (MOCVD), a Molecular Beam 
Epitaxy (MBE), a Metal-Organic Vapor Phase Epitaxy 
(MOVPE) and a Plasma Enhanced Chemical Vapor Depo-
sition (PECVD) and a microwave plasma deposition system. 
10055] The method defines 1230 the active region of the 
transistor by wet etching or dry etching and forms 1240 the 
source and the drain electrode to electrically connect to the 
carrier channel using one or combination of an ebeam 
deposition, a joule evaporation, a chemical vapor deposition 
and a sputtering process. Then the sample is annealed >800° 
C. in vacuum or N2 environment to form the ohmic contact. 
The method forms 1250 the fin structure, e.g., by depositing 
hard mask and dry etching, and forming 1260 the side wall 
gate, e.g., by depositing metal and then blank etching. 
10056] The method also includes deposition 1270 of a 
spacer dielectric layer, e.g., using one or combination of an
atomic layer deposition (ALD), a chemical vapor deposition 
(CVD), Metal-Organic Chemical Vapor Deposition 
(MOCVD), a Molecular Beam Epitaxy (MBE), a Metal 
Organic Vapor Phase Epitaxy (MOVPE), a Plasma 
Enhanced Chemical Vapor Deposition (PECVD), and a 
microwave plasma deposition. Then the method planarizes 
the spacer layer by blank etching. 
10057] Further method also includes the formation 1280 of 
the metal layer for the gate electrode. The formation of this 
metal layer can be done using one or combination of 
Lithography—Metal Deposition—Lift-off, and Metal depo-
sition—Lithography—Etching. Here the lithography could 
be performed using, including but not limited to photo-
lithography, electron-beam lithography. Metal deposition 
can be done using one or combination of an ebeam depo-
sition, a joule evaporation, a chemical vapor deposition and 
a sputtering process. 
10058] Although the invention has been described by way 
of examples of preferred embodiments, it is to be understood 
that various other adaptations and modifications can be 
made within the spirit and scope of the invention. Therefore, 
it is the objective of the appended claims to cover all such 
variations and modifications as come within the true spirit 
and scope of the invention. 

1. A high electron mobility transistor, comprising: 
a set of electrodes including a source, a drain, a top gate, 

and a side gate; and 
a semiconductor structure having a fin extending between 

the source and the drain, wherein the top gate is 
arranged on top of the fin, wherein the side gate is 
arranged on a sidewall of the fin at a distance from the 
top gate, wherein the semiconductor structure includes 
a cap layer positioned beneath the top gate and a 
channel layer arranged beneath the cap layer for pro-
viding electrical conduction, wherein the cap layer 
includes nitride-based semiconductor material to 
enable a heterostructure forming a carrier channel 
between the source and the drain. 

2. The transistor of claim 1, wherein the transistor 
includes two gates arranged on the opposite sidewalls of the 
fin. 

3. The transistor of claim 2, wherein the side gate is made 
of semiconductor material. 

4. The transistor of claim 3, wherein the semiconductor 
material of the side gate is p-doped semiconductor. 
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5. The transistor of claim 1, wherein the side gate has an 
L-shape, wherein a first leg of the L-shape is arranged on the 
sidewall of the fin, and wherein a second leg of the L-shape 
is substantially perpendicular to the first leg. 

6. The transistor of claim 1, further comprising: 
a dielectric layer arranged between the top gate and the 

top surface of the fin, or between the side gate and the 
sidewall of the fin, or combination thereof 

7. The transistor of claim 1, wherein said one or more 
semiconductor structures comprise AlInGa1 N. 

8. The transistor of claim 1, wherein a voltage applied to 
the top gate with respect to the source modulates the 
conductivity of a carrier channel between the source and the 
drain, and wherein a voltage applied to the side gate with 
respect to the source modulates a threshold voltage of the 
transistor. 

9. The transistor of claim 8, wherein the voltage applied 
to the side gate is negative to move the threshold voltage 
towards a positive domain with respect to the source. 

10. The transistor of claim 9, wherein an absolute value of 
the negative voltage applied to the side gate is proportional 
to a linearity of the transistor. 

11. The transistor of claim 8, wherein the voltage applied 
to the side gate is positive to move the threshold voltage 
towards a negative domain with respect to the source. 

12. The transistor of claim 1, wherein the width of the fin 
is less than 400 nm. 

13. The transistor of claim 1, further comprising 
a ferroelectric oxide (FE) layer arranged between the side 

gate and the sidewall of the fin. 
14. The transistor of claim 13, wherein the width of the fin 

is greater than 400 nm. 
15. A method for controlling a transistor including a 

semiconductor structure having a fin extending between a 
source and a drain of the transistor, wherein a top gate of the 
transistor is arranged on top of the fin and a side gate of the 
transistor is arranged on a sidewall of the fin at a distance 
from the top gate, the method comprising: 

applying a voltage to the top gate with respect to the 
source to modulate the conductivity of a carrier channel 
between the source and the drain; and 
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applying a voltage to the side gate with respect to the 
source to modulate a threshold voltage of the transistor. 

16. The method of claim 15, further comprising: 
measuring the threshold voltage of the top gate; 
detecting a request to change a sign of the threshold 

voltage with respect to the source; and 
applying a positive voltage to the side gate when the 

threshold voltage is positive and the negative threshold 
voltage is required; and otherwise 

applying a negative voltage to the side gate when the 
threshold voltage is negative and the positive threshold 
voltage is required. 

17. A method for manufacturing a transistor, comprising: 
providing a substrate and a semiconductor structure 

including a cap layer and a channel layer having at least 
one carrier channel; 

etching the semiconductor structure to define an active 
region of the transistor; 

forming a source and a drain electrode by metal deposi-
tion and annealing; 

forming a fin in the semiconductor structure by a com-
bination of dry etching and wet etching; 

depositing a side gate; and 

depositing a top metal gate. 

18. The method of claim 16, wherein the electrodes are 
formed using one or combination for an electron beam 
physical vapor deposition (EBPVD), a joule evaporation, a 
chemical vapor deposition, and a sputtering process. 

19. The method of claim 16, wherein the semiconductor 
structures are made using one or combination of a chemical 
vapor deposition (CVD), Metal-Organic Chemical Vapor 
Deposition (MOCVD), a Molecular Beam Epitaxy (MBE), 
a Metal Organic Vapor Phase Epitaxy (MOVPE), a Plasma 
Enhanced Chemical Vapor Deposition (PECVD), and a 
microwave plasma deposition. 

20. The method of claim 16, further comprising: forming 
a back barrier layer beneath the channel layer. 

* * * * * 
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