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(57) ABSTRACT 

A merged gate transistor in accordance with an embodiment 
of the present invention includes a semiconductor element, a 
Supply electrode electrically connected to a top surface of the 
semiconductor element, drain electrode electrically con 
nected to the top surface of the semiconductor element and 
spaced laterally away from the Supply electrode, a first gate 
positioned between the supply electrode and the drain elec 
trode and capacitively coupled to the semiconductor element 
to form a first portion of the transistor and a second gate 
positioned adjacent to the first gate, and between the Supply 
electrode and the drain electrode to form a second portion of 
the transistor, wherein the second gate is also capacitively 
coupled to the semiconductor element. The first gate is con 
nected to an input Voltage signal Such that conduction of the 
first portion is based on a value of the input Voltage signal and 
the second gate is connected to a predetermined constant 
Voltage Such that the second portion of the transistor conducts 
until a voltage difference between the predetermined constant 
Voltage and a Voltage at the source electrode reaches a prede 
termined level. 

16 Claims, 4 Drawing Sheets 
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Fig. 2 
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Fig. 3 
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Fig. 4 

2 (G2 Q (G1) Vg1 = Input 
Source contact. 

32 Drain contact 
34 

2DEG conducting region. 
39 

11 

12- Node d1s2 = region of merged Q1 drain & Q2 source. 

  

  

  

Page 5 of 9



US 8,264,003 B2 
1. 

MERGED CASCODE TRANSISTOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application claims benefit of and priority to 
U.S. Provisional Application Ser. No. 60/783,934, filed on 
Mar. 20, 2006, entitled MERGED CASCODE TRANSIS 
TOR (III-NITRIDE, COMPOUND, OR SILICON SEMI 
CONDUCTOR) FOR LOW Qg, FAST SWITCHING AND 
HIGH VOLTAGE, the entire contents of which are hereby 
incorporated by reference herein. 
The present application is also related to U.S. patent appli 

cation Ser. No. 1 1/345,753 entitled III-NITRIDE INTE 
GRATED SCHOTTKY AND POWER DEVICE filed Feb. 2, 
2006, which claims benefit of and priority to U.S. Provisional 
Patent Application Ser. No. 60/649,393 entitled GaN 
MONOLITHIC FETKY SYNCHRONOUS RECTIFIER 
FOR BOOST DIODE filed Feb. 2, 2005, the entire contents of 
both of which are hereby incorporate by reference herein. 

BACKGROUND OF THE INVENTION 

The present invention relates to a transistor for use in high 
Voltage, high speed Switching applications. More specifi 
cally, the present application relates to a merged gate transis 
tor that is useful for high Voltage, high speed applications. 

FIG. 1 illustrates a schematic representation of a conven 
tional field effect transistor (FET) 1. The FET 1 includes a 
drain D, a source S and a gate G to control current flow 
between the drain and the source. When FETs, like FET 1 in 
FIG. 1 are used in used in large Switching applications, for 
example, in DC-DC power converters, low gate charge/ca 
pacitance and low gate-drain capacitance are important 
parameters in providing high frequency and high efficiency. 
Large drain-source Voltage (Vds) Swings during Switching 
create a large “Miller effect” and as a result, excessive switch 
ing losses. 

In addition, high dV/dt changes at the drain (D) may result 
in a Voltage transient VG1 at the gate (G). The magnitude of 
the transient VG1 is proportional to the ratio of the gate-drain 
capacitance (Cgd) to the gate-source capacitance (Cgs) Cgd/ 
Cgs. As a result, the transient VG1 may turn the transistor 1 
ON briefly when not desired. This unwanted period of con 
duction may result in rather large power and efficiency losses. 
These problems are common in all FET devices whether they 
are silicon, non-silicon or IEMT devices. 

Accordingly, it would be desirable to provide a transistor 
Suitable for use in high Voltage, high speed Switching appli 
cations that avoids the problems discussed above. 

SUMMARY OF THE INVENTION 

A merged gate transistor in accordance with an embodi 
ment of the present invention includes a semiconductor ele 
ment, a Supply electrode electrically connected to a top Sur 
face of the semiconductor element, drain electrode 
electrically connected to the top surface of the semiconductor 
element and spaced laterally away from the Supply electrode, 
a first gate positioned between the Supply electrode and the 
drain electrode and capacitively coupled to the semiconduc 
tor element to form a first portion of the transistor and a 
second gate positioned adjacent to the first gate, and between 
the supply electrode and the drain electrode to form a second 
portion of the transistor, wherein the second gate is also 
capacitively coupled to the semiconductor element. The first 
gate is connected to an input Voltage signal Such that conduc 
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2 
tion of the first portion is based on a value of the input voltage 
signal and the second gate is connected to a predetermined 
constant Voltage Such that the second portion of the transistor 
conducts until a voltage difference between the predeter 
mined constant Voltage and a Voltage at the source electrode 
reaches a predetermined level. 
A merged cascode high electron mobility transistor in 

accordance with an embodiment of the present invention 
includes a first epitaxial layer of III-Nitride material, a second 
epitaxial layer of a III-Nitride material, positioned on top of 
said first epitaxial layer Such that a 2 dimensional electrongas 
conducting layer is formed between the first and second epi 
taxial layers, a Supply electrode electrically connected to the 
first epitaxial layer, a drain electrode electrically connected to 
the first epitaxial layer and spaced laterally from the Supply 
electrode, a first gate positioned between the Supply electrode 
and the drain electrode and capacitively coupled to the first 
epitaxial layer to form a first portion of the transistor and a 
second gate positioned adjacent to the first gate, and between 
the drain electrode and the Supply electrode and capacitively 
coupled to the first epitaxial layer to form a second portion of 
the transistor. The first gate is connected to an input Voltage 
signal Such that conduction of the first portion is based on a 
value of the input Voltage signal and the second gate is con 
nected to a predetermined constant Voltage such that the 
second portion of the transistor conducts until a Voltage dif 
ference between the predetermined constant Voltage and a 
Voltage at the source electrode reaches a predetermined level. 

Embodiments and advantages of the present invention will 
become apparent from the following description of the inven 
tion which refers to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a schematic view of a conventional FET. 
FIG. 2 illustrates a merged gate transistor in accordance 

with an embodiment of the present invention. 
FIG.3 illustrates an operative configuration for a transistor 

device in accordance with an embodiment of the present 
invention. 

FIG. 4 illustrates an operative configuration for a transistor 
device in accordance with another embodiment of the present 
invention. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

A transistor 20 Suitable for use in high Voltage, high speed 
Switching applications in accordance with an embodiment of 
the present invention is described with reference to FIG. 2. A 
single FET 20 with two merged gates 22, 22' is illustrated in 
FIG.2. That is, the FET 20 of FIG. 2 is a single device and not 
two separate FETs. 
The top portion Q2 is in depletion mode, that is, normally 

ON with a depletion pinchoff voltage Vp2. The gate voltage 
Vg2 at the gate 22 of the top portion Q2 is set to 0, as 
illustrated. However, depending on the specific application, 
the gate Voltage Vg2 may be set at any desired value. 
The bottom portion Q1 of FET20 is preferably in enhance 

ment mode, that is, normally OFF, with an enhancement 
threshold voltage Vt1. An input voltage signal is preferably 
connected to the gate 22 to provide the gate Voltage Vg1 at the 
gate 22 of the bottom portion Q1. 

In operation, when the input Voltage signal provides a high 
Voltage at Vg1, the bottom portion Q1 is conducting. That is, 
the level of the input Voltage signal is sufficiently high Such 
that the enhancement threshold voltage Vt1 is met or 
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exceeded and conduction occurs. The Voltage at the node 24 
(Vdls2) at this time is low, substantially OV. As noted above, 
the voltage at the gate 22 (Vg2) is set to 0, and thus, the 
gate-source Voltage of the top portion Q2 is approximately 
OV, as well. Since the top portion Q2 is in depletion mode, Q2 
is fully ON and is fully conducting. Thus, both the top and 
bottom portions Q1, Q2 of device 20 are both ON and con 
ducting. Further, the voltage at the drain (Vd2) of portion Q2 
is close to 0 as well. 
When the input voltage at Vg1 and provided to the gate 22 

of the bottom portion Q1 (Vg1) goes low, the bottom portion 
Q1 turns OFF and the bottom portion Q2 stops conducting. As 
a result, the voltage at the node 24 (Vdls2) rises until the 
gate-source Voltage (Vgs) of the top portion Q2 reaches the 
pinch off voltage Vp2 and the top portion Q2 turns OFF. 
Thereafter, the drain voltage Vd2 of the top portion Q1 rises 
to the full Supply Voltage. 

Thus, in the device 20, the voltage at node 24 (Vdls2) never 
rises above the magnitude of the pinchoff voltage Vp2. The 
pinchoff voltage Vp2 is preferably set low, on the order of a 
few volts and is typically much lower than the peak drain 
voltage Vd2, or supply voltage, which is generally 10s-100s 
of volts. 
As a result, the drain Swing of the bottom portion Q1 is 

substantially reduced, that is, a swing of only a few volts. This 
is a much smaller Swing than would occur if a single FET 
were used alone as a Switching device. As a result, Q1 need 
only be optimized for ultra-low Voltage operation. 
The FET 20 of the present invention offers several advan 

tages. First, the “Miller effect” is greatly reduced, and thus 
power losses are also substantially reduced as well. The dV/dt 
at the drain (D1) of the bottom portion Q1 is also reduced, and 
thus, the capacitively coupled Voltage transient VG1 is also 
reduced. As a result, the danger of shoot through is also 
substantially reduced. Further, since Q1 can be optimized for 
ultra-low Voltage operation, short gate lengths (Lg) can be 
used which further reduce the overall gate charge of Q1 and 
improve Switching performance. Since Q1 never has a high 
Voltage on its drain (D1), Q1's gate does not need field plating 
which also reduces its capacitance. Q2 can be optimized for 
stable higher Voltage operation, for example by field plating 
the gate. Ordinarily field plating the gate creates higher gate 
drain charge and high gate drain capacitance, however, since 
the gate G2 is grounded, any capacitively coupled shoot 
through Voltage transient at G2 is relatively harmless Such 
that unwanted conduction in the top portion Q2 is unlikely. 
While the configuration of FIG. 2 may lead to higher static 
Rdson, or DC conduction losses, the overall improved lower 
RQ figure of merit will result in lower overall power losses 
and higher efficiency. 

FIG. 3 illustrates an exemplary embodiment of a transistor 
30 in accordance with an embodiment of the present inven 
tion preferably implemented as a high electron mobility tran 
sistor (IEMT). Specifically, FIG. 3 illustrated a merged cas 
code BEMT 30 in accordance with an embodiment of the 
present invention that may be fabricated with insulated gates 
and a semiconductor element 29 including two III-Nitride 
epitaxial layers (37,37b) with a 2DEG conducting layer (28) 
at the interface of the epitaxial layers (37,37b). 

Generally, in the BEMT 30 of FIG. 3, the first (or bottom) 
portion Q1 is in enhancement mode such that the 2DEG is 
typically not present under the gate G1 when Vg1=0, as 
illustrated. This may be accomplished by using a recessed 
gate, fluorine implants or any other Suitable means. As illus 
trated, a source contact 31 is positioned on a top surface of a 
semiconductor element 29, which may include the first epi 
taxial layer 37. The gates G1, G2 (32. 33) are position adja 
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4 
cent to the source contact 31 and are separated from the top 
surface of the first epitaxial layer 37 by an insulating layer38. 
A drain contact 34 is positioned on the other side of the gates 
32, 33 on the top surface of the first epitaxial layer 37. The 
node 24 of FIG. 2 is represented by the arrow 39 in the area of 
the merged Q1 drain and Q2 source. That is, on the drain side 
of the gate 32 (G1) of the first portion Q1 and on the source 
side of the gate 33 (Q2) of the second portion. 
While specifically illustrated as an IEMT device in FIG.3, 

it is noted that the first and second portions Q1, Q2 of the FET 
20 may be fabricated using silicon, III-Nitride or may be a 
compound semiconductor, if desired. While the top portion 
Q2 is described as being in depletion mode and the bottom 
portion Q1 is described as being in enhancement mode, Q1 
and Q2 may be in either depletion mode or in enhancement 
mode. Alternatively, both the first and second portion Q1, Q2 
may be in the same mode, if desired. 
The first and second portions Q1, Q2 may include insulated 

gates, shottky gates, or junction gates. Further, the polarity of 
the conducting channel may be either N-type or P-type. The 
voltage Vg2 at the gate 33 (G2) of portion Q2 may be set at 
Some non-Zero value, if desired, as is mentioned above. 
The device of FIG.3 may include a III-nitride base hetero 

junction 10 disposed over a support body 12. FIG. 4 illustrates 
this embodiment and common reference numbers refer to 
common elements. The transistor 40 of FIG. 4 is similar to the 
switching device described in U.S. patent application Ser. No. 
1 1/345,753, mentioned above. Heterojunction 11 includes a 
first III-nitride semiconductor body 14, and a second III 
nitride semiconductor body 16 over first III-nitride semicon 
ductor body 14. A first power electrode 31 (i.e. source elec 
trode) and a second power electrode 34 (i.e. drain electrode) 
are electrically connected to second III-nitride semiconductor 
body 16 through a direct ohmic connection or any other 
suitable means. Two gate structures 32, 33 are disposed 
between electrodes 31, 34 over second III-nitride semicon 
ductor body 16. In the preferred embodiment of the present 
invention, the gates 32, 33 are capacitively connected, or 
coupled, to second III-nitride semiconductor layer 16 through 
an insulating layer 38, for example. Alternatively, gate struc 
tures 32, 33 may include a schottky gate electrode connected 
to second III-nitride semiconductor body 16. 

In a device according to any one of the embodiments of the 
present invention, the first III-nitride semiconductor body is 
preferably an alloy from the InAlGaN system, such as GaN. 
and the second III-nitride semiconductor body 16 is another 
alloy from the InAlGaN system having a band gap that is 
different from that of first III-nitride semiconductor 14, 
whereby a two-dimensional electron gas (2DEG) is formed 
due to the heterojunction of the first and the second III-nitride 
semiconductor bodies as is well known in the art. For 
example, the second III-nitride semiconductor body may be 
formed with AlGaN. However, other materials may be used if 
desired. 

In addition, Support body 12 may be a combination of a 
substrate material, and if required, a buffer layer (not shown) 
on the substrate to compensate for the lattice and thermal 
mismatch between the substrate and first III-nitride semicon 
ductor body 14. For economic reasons, the preferred material 
for the substrate is silicon. Other substrate materials such as 
sapphire, and SiC can also be used without deviating from the 
Scope and the spirit of the present invention. 
AlN is a preferred material for a buffer layer, if necessary. 

However, a multi-layer or graded transitional III-nitride semi 
conductor body may also be used as a buffer layer without 
deviating from the scope and the spirit of the present inven 
tion. 
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It is also possible to have the substrate made from the same 
material as first III-nitride semiconductor body and thus avoid 
the need for a buffer layer. For example, a GaN substrate may 
be used when first III-nitride semiconductor body 14 is 
formed with GaN. 
The gate electrodes 32.33 may be composed of n type orp 

type silicon, or polysilicon of any desired conductivity, or 
TiW, aluminum, Ti/Al, refractory silicides, or other metallic 
layer. Ohmic electrodes 31, 34 may be composed of Ti/Aland 
may further include other metallic bodies over the top surface 
thereof such as Ti/TiW. Ni/Au, Mo/Au, or the like. Any other 
metal system that makes low resistance contact to the 2DEG 
may be employed. Gate insulating layer 38 may be composed 
of SiN. Al-O, SiO, Hf), MgO, ScC), or the like. Schottky 
metal for Schottky electrode 26 may include nickel, platinum, 
palladium, silicides of those metals, or any other metal with 
Sufficient barrier height to keep leakage low. 

Although the present invention has been described in rela 
tion to particular embodiments thereof, many other variations 
and modifications and other uses will become apparent to 
those skilled in the art. It is preferred, therefore, that the 
present invention be limited not by the specific disclosure 
herein, but only by the appended claims. 

What is claimed is: 
1. A merged cascode transistor circuit comprising: 
an input Voltage signal source having an input Voltage 

signal; 
a constant Voltage source having a predetermined constant 

Voltage; 
a merged cascode transistor comprising: 

a semiconductor element; 
a source electrode electrically connected to a top Surface 

of the semiconductor element; 
a drain electrode electrically connected to the top Sur 

face of the semiconductor element and spaced later 
ally away from the source electrode: 

a first gate positioned between the Source electrode and 
the drain electrode and coupled to the semiconductor 
element to form a first portion of the transistor; and 

a second gate positioned adjacent to the first gate, and 
between the source electrode and the drain electrode 
to form a second portion of the transistor, wherein the 
second gate includes a field plate and is also coupled 
to the semiconductor element; 

wherein the first gate is connected to the input Voltage 
signal Source Such that conduction of the first portion 
of the transistoris based on a value of the input Voltage 
signal and the second gate is connected to the constant 
Voltage source Such that the second portion of the 
transistor conducts until a voltage difference between 
the predetermined constant Voltage and a Voltage at a 
node in the semiconductor element between the first 
portion and the second portion of the transistor 
reaches a predetermined level, wherein the first por 
tion of the transistor is an enhancement mode transis 
tor and the second portion of the transistor is a deple 
tion mode transistor, and wherein a drain region of the 
enhancement mode transistoris merged with a source 
region of the depletion mode transistor at the node in 
the semiconductor element. 

2. The merged cascode transistor of claim 1, wherein the 
semiconductor element further comprises: 

a first III-Nitride layer; and 
a second III-Nitride layer on which the first III-Nitride 

layer is positioned such that a 2DEG conduction layer 
forms between the first and second III-Nitride layers, 
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6 
wherein the source electrode and the drain electrode are 
ohmically connected to the first III-Nitride layer. 

3. The merged cascode transistor of claim 2, further com 
prising an insulating layer positioned between the first and 
second gates and the first III-Nitride layer such that the first 
and second gates are capacitively coupled to the first III 
Nitride layer. 

4. The merged cascode transistor of claim 3, wherein the 
first III-Nitride layer comprises AlGaN material and the sec 
ond III-Nitride layer comprises GaN material. 

5. The merged cascode transistor of claim 4, further com 
prising an insulating layer positioned between the first and 
second gates and the first III-Nitride layer such that the first 
and second gates are capacitively coupled to the first III 
Nitride layer. 

6. The merged cascode transistor of claim 5, wherein the 
first portion of the transistor conducts when the input Voltage 
signal provides an input voltage above a predetermined 
threshold voltage. 

7. The merged cascode transistor of claim 6, where in the 
predetermined level is a pinch off voltage of the second por 
tion of the transistor. 

8. The merged cascode transistor of claim 7, wherein the 
insulation layer is comprised of silicon dioxide. 

9. The merged cascode transistor of claim 8, wherein the 
insulation layer is comprised of silicon nitride. 

10. A merged cascode high electron mobility transistor 
circuit comprises: 

an input Voltage signal source having an input Voltage 
signal; 

a constant voltage source having a predetermined constant 
Voltage; 

a merged cascode transistor comprising: 
a first epitaxial layer of III-Nitride material; 
a second epitaxial layer of a III-Nitride material in con 

tact with the first epitaxial layer such that a 2-dimen 
sional electron gas conducting layer is formed 
between the first and second epitaxial layers; 

a source electrode electrically connected to the first epi 
taxial layer, 

a drain electrode electrically connected to the first epi 
taxial layer and spaced laterally from the source elec 
trode: 

a first gate positioned between the Source electrode and 
the drain electrode and coupled to the first epitaxial 
layer to form a first portion of the transistor; and 

a second gate, including a field plate, positioned adja 
cent to the first gate, and between the drain electrode 
and source electrode and coupled to the first epitaxial 
layer to form a second portion of the transistor, 

wherein the first gate is connected to the input Voltage 
signal Source Such that conduction of the first portion 
is based on a value of the input Voltage signal and the 
second gate is connected to the constant Voltage 
Source Such that the second portion of the transistor 
conducts until a voltage difference between the pre 
determined constant Voltage and a Voltage at a node in 
the semiconductor element between the first portion 
and the second portion of the transistor reaches a 
predetermined level, wherein the first portion of the 
transistor is an enhancement mode transistor and the 
second portion of the transistor is a depletion mode 
transistor, and wherein a drain region of the enhance 
ment mode transistor is merged with a source region 
of the depletion mode transistor at the node in the 
semiconductor element. 
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11. The merged cascode high electron mobility transistor 
of claim 10, further comprising an insulating layer positioned 
between the first and second gates and the first epitaxial layer. 

12. The merged cascode high electron mobility transistor 
of claim 11, wherein the first epitaxial layer comprises an 5 
AlGaN material and the second epitaxial layer comprises a 
GaN material. 

13. The merged cascode high electron mobility transistor 
of claim 12, wherein first portion of the transistor conducts 
when the input Voltage signal provides an input Voltage above 10 
a predetermined threshold Voltage. 

8 
14. The merged cascode high electron mobility transistor 

of claim 13, wherein the predetermined level is a pinch off 
Voltage of the second portion of the transistor. 

15. The merged cascode high electron mobility transistor 
of claim 14, wherein the insulating layer is comprised of 
silicon dioxide. 

16. The merged cascode high electron mobility transistor 
of claim 14, wherein the insulating layer is comprised of 
silicon nitride. 
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