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Abstract

This study involves fabricating micro-scale two-terminal and three-terminal devices using the
AlGaN/GaN HEMT platform, either with or without the high-k Barium strontium titanate oxide (BST) gate
dielectric. Two-terminal devices are characterized by means of symmetric I-V (Current-Voltage)
measurement ranging between -1V to 12 V to determine the effect of BST deposition on the leakage
and conduction properties. On the other hand, three-terminal devices are characterized using transfer
and output curves in order to extract critical parameters of the MOS HEMT device structure such as
threshold voltage, on/off current ratio, transconductance. The fabricated devices yield a threshold
voltage of about 0.028 V, on-current of order 10”8 A at Vgs= 0.7 V, and maximum transconductance of

4.0x107° S at Vye=20 V.

1. Introduction

Among many other wide-bandgap semiconducting materials, Gallium Nitride (GaN) is among the most
significant wide-bandgap semiconductor materials used in modern power electronics, high-frequency
communication circuits, radar, satellites communication equipment, and in the electric vehicles industry.
In comparison with the traditional silicon-based semiconductors, GaN has an extensive bandgap, higher
electric breakdown field, higher electron saturation speed, and enhanced thermal stability [1]. Due to
such favorable physical properties, GaN devices can operate at increased voltages and frequencies as
well as under high temperature without increased power losses and higher efficiency levels. Therefore,
GaN has become increasingly popular due to its promising potential for replacing silicon technology in
electronics [2].

The AlGaN/GaN HEMT is one of the widely investigated among many kinds of GaN-based electronic
devices owing to its remarkable electrical characteristics. The AlIGaN/GaN HEMT operation depends on
the creation of the high-concentration of 2DEG at the interface between the AlGaN and GaN layers. The
creation of the 2DEG layer occurs spontaneously as well as piezoelectrically, without any doping, and
this causes the creation of high carrier density and high mobility of electrons [3, 4]. This feature gives
high drain current ability, low on-resistance, high transconductance, and good high-frequency
characteristics to the AIGaN/GaN HEMT.

Despite all the above-mentioned advantages, however, traditional Schottky gate AIGaN/GaN HEMTs are
subject to various shortcomings that affect their overall efficiency and reliability. The direct contact of
the metal gate electrode with the semiconductor layer is responsible for substantial gate leakage
current, threshold voltage instability, surface state trapping, and current collapse. This becomes an even
greater concern during high electric field regime operation. In addition, surface/interface traps are
capable of trapping electrons, leading to threshold voltage fluctuations and degrading the quality of
carrier transport [5].
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To mitigate these constraints, MOS-HEMT structures have been developed based on the use of a
dielectric material placed between the gate metal and the semiconductor layer. The introduction of the
dielectric layer greatly reduces the gate leakage current because of the increase in the energy barrier
between the gate material and the channel. Furthermore, the use of a dielectric layer leads to increased
electrostatic control of the 2DEG channel, thereby providing enhanced threshold voltage stability,
superior transconductance, greater on-off current ratio, and improved switching ability. Consequently,
MOS-HEMT structures provide a promising solution for the design of GaN devices [6].

The performance of MOS-HEMT is influenced to a great extent by the characteristics of the dielectric
material. The dielectric materials that possess the characteristic of high permittivity (high-k) are widely
considered because of their high gate-channel coupling efficiency while exhibiting reduced levels of
leakage current. Contrary to the usual dielectric materials, high-k dielectrics offer higher gate
capacitance without demanding ultra-thin insulation layers, resulting in better channel modulation and
lesser tunneling leakage mechanism [7]. Thus, many high-k dielectric materials like SiNx, Al,Q,, HfO,,
Zr0,, and HfZrO, have been explored as dielectric materials for GaN-based MOS-HEMT. However,
exploration into other suitable dielectric materials is a promising topic of interest.

Among the new high-k dielectric materials that have gained prominence are those of BaSrTiO,, also
referred to as BST. This is due to BST having a very high dielectric constant, exceptional dielectric
tunability, and desirable polarization properties. BaSrTiO, (BST) is one of the members of perovskite
oxide material and has properties that surpass many of the traditional gate insulators [8]. The high
dielectric constant found in BaSrTiO, promotes better electrostatic interaction between the gate
electrode and the 2DEG channel. Moreover, BST acts as an insulator layer through which no electric
charges can pass. As a result, there is less leakage and fewer interface issues. The addition of strontium
to barium titanate leads to better stability and tunability of the dielectric, which makes BST ideal for
advanced MOS-HEMT applications. Because of all these attributes, BST has the ability to enhance DC
electrical properties such as threshold voltage, transconductance, and current modulation of AIGaN/GaN
devices [9].

Despite the considerable advancements that have been made in the field of dielectric technology of GaN
transistors, most of the previously published work has concentrated primarily on the use of common
dielectrics like SiNx, Al,O,, HfO,, HfZrO,, and others based on oxide gate stacks. On the contrary, there is
relatively less published information on BST used as a gate dielectric material in the AIGaN/GaN MOS-
HEMT structure. Moreover, a large part of the existing literature is centered around the radio frequency
(RF) performance, increase in breakdown voltage, ferroelectric behavior, passivation process, or device
simulation optimization. Experiments exploring the effect of BST on the DC performance of the
AlGaN/GaN structure are rare [10].

Hence, the present work will deal with the fabrication and DC characterization of the AlIGaN/GaN MOS-
HEMT structure employing BST as gate insulator in both two and three-terminal forms. The idea behind
this research is to study the effect of the incorporation of BST as a high-k dielectric layer by analyzing
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various parameters such as transfer characteristics, output characteristics, threshold voltage,
transconductance, current modulation, and leakage. This comparison will be made between the devices
before and after incorporation of BST in order to obtain a thorough insight into the use of BST as a gate
insulator for AIGaN/GaN MOS-HEMTs [11].

Recently, GaN HEMT investigations focused heavily on dielectric engineering, ferroelectric gate stacks,
optimized gate geometry, back-barrier structures, double channels, RF properties enhancement,
threshold voltage manipulation, thermal reliability, and physics of two-dimensional electron gas. Among
many gate insulators such as Al,Q,, HfO,, Hf,.sZr,.s0, (HZ0), SiNx, and ZrO,, efforts were made in order
to decrease gate leakage current, optimize gate controllability, increase the gain of the transistor, and
enhance reliability. Similar progress was achieved by different scientists regarding passivated
AlGaN/GaN and InAlGaN/GaN HEMTs using ferroelectric gates, substrates modification, and
optimization of their channel. Nevertheless, there is still no sufficient number of researches in the field of
BST-gated AlGaN/GaN MOS-HEMT devices. There is hardly any scientific literature devoted to BST gate
dielectrics for AlGaN/GaN devices, including deposition and fabrication technology and DC electrical
properties investigation [12].

Moreover, no such work comparing the electrical properties of two and three terminal BST-gated MOS-
HEMTs in terms of their threshold voltages, drain currents, transconductances, gate leakage currents,
and DC operation performances have been published until now. Moreover, there are no studies regarding
the effect of BST layer formation on the AIGaN/GaN interface, transport phenomena, and characteristics
of devices, before and after the formation of BST layer. This is the reason why fabrication and
characterization of BST-gated AlGaN/GaN MOS-HEMT structures in two and three terminal
configurations can be considered an important scientific topic today [13].

2. Device structure and fabrication

2.1 Epitaxial structure

The devices considered here have been realized using commercial AIGaN/GaN HEMT wafers available
through MOCVD technology. The heteroepitaxy comprised of an AlGaN barrier layer on a GaN channel
layer, which resulted in high carrier density 2DEG at the AIGaN/GaN interface owing to the polarization
effects [1-5]. The heteroepitaxy wafer acted as the base substrate material for the fabrication of two-
terminal devices as well as three-terminal MOS-HEMT devices using BST gates. AlGaN/GaN
heteroepitaxy was chosen due to its good carrier transport characteristics and high electron mobility
[14].

Two-terminal device design

Initially, two-terminal structures were made in order to analyze the electrical properties of the

AlGaN/GaN structure before and after deposition of the BST film. Two-terminal structures involved the

deposition of metal contacts patterned on the surface of the AIGaN/GaN wafer. Such structures were
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mainly designed for determining the impact of BST dielectric on the I1-V characteristics of the device and
the nature of electrical conductivity [1-4].

Upon completing the deposition of the metal contacts and making the two-terminal structures, electrical
tests were conducted to determine the initial electrical properties. Further, BST was deposited using RF
sputtering in the area of the gate contact, and further electrical tests were carried out [5].

2.2 Three-terminal MOS-HEMT structure

Following the fabrication and characterization of the two-terminal structures, three-terminal BST-gated
MOS-HEMT devices were fabricated. The MOS-HEMT architecture consisted of source, drain, and gate
terminals formed on the AlGaN/GaN heterostructure. A BST dielectric layer was introduced between the
gate metal and semiconductor surface to realize the MOS gate structure [13-14].

For gate formation, a Ni/Au gate stack was employed, consisting of 20 nm nickel and 90 nm gold. The
source and drain ohmic contacts were fabricated using an Al/Cr/Au metal stack with thicknesses of 150
nm, 30 nm, and 250 nm, respectively. The incorporation of the BST dielectric layer provided electrical
insulation between the gate metal and semiconductor surface, enabling improved gate control and
reduced leakage current compared with conventional Schottky-gate HEMT structures.

The fabricated device has an approximate channel length of 100 um and channel width of 25 pym, as
estimated from the optical micrograph [15].

2.3 Fabrication process flow

Fabrication started with the surface preparation of the commercially available AIGaN/GaN HEMT wafer.
In order to clean the wafer from any contamination such as particles and organics, the wafer was treated
according to the RCA cleaning procedure that involves RCA-1 and RCA-2 cleaning processes. The next
step in the fabrication process was rinse the sample in deionized (DI) water and dry it under nitrogen gas
flow. Photoresist (PR) was spin coated on the wafer to form a uniform PR film [11]. A pre-bake step was
followed where the excess solvent from the PR film was eliminated and better adhesion of the
photoresist material was achieved. The wafer was then aligned with the appropriate photomask and UV
lithography was employed to imprint a pattern on the photoresist film [13].

Subsequently, the wafer was dipped in a developing solution to strip off the exposed parts of the
photoresist film. Metal stack for the source-drain contacts was deposited by thermal evaporation. Lift-off
procedure was then applied where the wafer sample was immersed in acetone solution to eliminate the
extra metals. Finally, the sample was rinsed with DI water and dried with nitrogen gas [14-15].

Subsequently, RTA was performed on the device at 870°C for 47 seconds in quartz tube furnace system
in order to enhance the quality of metal/semiconductor contact and minimize the contact resistance.
After completion of the RTA process, the electrical current-voltage (I-V) characteristics of the device
were obtained [17-18].
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The second step in fabricating this HEMT device is deposition of a thin film of BaSrTiO, (BST) in the gate
region of the device. Subsequently, a second cycle of photolithography process was done in order to
create the pattern of gate region. Here, the procedure involved spin coating of photoresist, followed by
soft bake, alignment of mask of the gate, exposing it to UV radiation, developing the pattern of gate
region, and obtaining the gate opening pattern [16]. Afterwards, thermal evaporation technique was
utilized to deposit the gate metal (nickel and gold). Lift-off technique was again used here in acetone to
strip off the unwanted metal and form gate electrode on the BST thin film. Finally, the sample was
cleaned using DI water, dried using nitrogen gas, and characterized electrically using I-V measurement
[19].

Electrical characterization through current-voltage (I-V) was done to analyze the electrical properties of
the structures formed. The next process is the deposition of the BST thin films to integrate the
dielectrics. In this study, the BST thin film was deposited via RF magnetron sputtering technique. This
was accomplished by using the commercially available 2-inch BST target as the sputtering source.
Again, electrical characterization was conducted to check the effect of the BST dielectric layer.

The final stage of the fabrication process involves photolithography to define the gate region. This is
followed by the deposition of Ni (10 nm)/Au (50 nm) as the gate electrode. Al/Cr/Au (150 nm/30
nm/250 nm) stack was deposited as the source and drain electrodes to create the three-terminal MOS-
HEMT devices as well as for two terminal device. Electrical characterization was then conducted to
perform the DC analysis of the fabricated devices [20].

2.4 Optical microscopy

The optical microscopy technique was applied to check the quality of fabricated devices at various
stages of the manufacturing process. Images were captured after the creation and annealing of the two-
terminal devices to ensure successful definition of their structure and contacts [4]. Other images were
also captured after deposition of BST on the gate area to analyze the quality and structure of the device.
After the production of the three-terminal MOS-HEMT device and the second photolithography process,
images were obtained to show that source, drain, and gate contacts have been successfully created [13].
The images indicated the absence of any defect, discontinuity, or metal bridging, which means that
contacts were defined and electrically isolated before performing DC measurements.

Figure 2. (a) Optical image of the fabricated two-terminal AlIGaN/GaN HEMT structure showing ohmic
contacts on the device surface. (b) Optical image of the same device after BST deposition in the active
region between the contacts. (c) Optical image of the three-terminal device obtained after second-stage
lithography, showing the formation of the Ni/Au gate electrode on the structure in (b)

Optical micrograph of the fabricated three-terminal AIGaN/GaN HEMT device is shown in (Fig. 1 (c)) [2].
The lateral metal pads on either side are the source and drain ohmic contacts, whereas the narrow metal
strip in the middle is the gate contact obtained from the second lithography step [11]. The portion
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between the source and drain contacts under the effect of the gate forms the channel area, which is
responsible for current flow in the device [9, 16].

3. Electrical measurement methodology

Electrical characterization of the fabricated devices was done using a Keithley 2634B Dual-Channel
SourceMeter Unit (SMU) by running in DC voltage sweep mode [21]. Electrical characterization of both
two-terminal and three-terminal devices was done in two stages before and after integrating the BST
dielectric into the device structures [22, 23].

In the case of two-terminal devices, current-voltage (I-V) characteristics were taken to determine how
BST deposition influences electrical conduction properties of the AIGaN/GaN structure. Voltage sweeps
with symmetric voltages were run from+1V,22V,+4V,26V,+8V, 210V and £ 12V, and the current
output from these voltages sweeps was obtained [24]. This was done both before and after deposition of
BST to understand the effect of the BST dielectric layer on current output properties of the device.

For the three-terminal BST-gated MOS-HEMT devices, the output and transfer characteristics have been
measured with the Keithley 2634B system. The output characteristics (I4s—Vys) Were determined by
sweeping the drain-to-source voltage for different gate voltages (Vq): -4V, -3V, -2V, -1V,0V, 1V, 2V,
3V, and 4 V. To investigate the gate modulation effect, the transfer characteristics (I4s= V) were
acquired by sweeping the gate voltage between - 4 V and 6 V, while the drain voltage was kept constant
at Vg, =0.01V,0.05V,and 1V, respectively [25, 26]. Such measurements were performed for DC
characterization of the fabricated BST-gated AIGaN/GaN MOS-HEMTs. The measurement parameters
were defined by a linear sweep of voltage with about 150 sweep points, 5 ms source-to-measure delay
time, and 20 ms measurement time. All measurements were made at room temperature conditions [27].

4. Results and discussion

The two-terminal test structure was created on the surface of the AIGaN/GaN HEMT using
photolithography technique on the gate access layer. This was accomplished using a multilayer metal
stack of Al/Cr/Au layers, which were deposited and then followed by rapid thermal annealing (RTA) [28].
This process is used in most cases involving lll-nitrides to create a low resistance ohmic contact in lll-
nitride structures. Without BST, the two-terminal test structure |-V characteristics show near linearity
between voltages - 12 V and + 12V, indicating the formation of an ohmic contact [29, 30]. After
depositing a BST layer in the gate region, the device preserves its approximately linear I-V response over
the same bias range, indicating that the conduction mechanism between the two terminals, however, the
characteristics remain mainly ohmic in nature (Fig. 3(a-g)). Nevertheless, for a given voltage sweep, the
current that flows are significantly lower, at least an order of magnitude smaller than what was recorded
for the device without BST. This means that the resistance between the two terminals is significantly
higher for the current device as a result of the addition of the high-k BST layer [31].
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Output Characteristics

After the |-V measurement of the device using two terminals, a gate was formed on the BST-deposited
AlGaN/GaN using a second level of photolithography followed by deposition of the Ni/Au (10/50 nm)
metal layer through thermal evaporation [32]. The Ni/Au is responsible for creating the Schottky barrier
on the BST/AIGaN surface where Ni plays an important role as the main barrier metal due to its high
work function (~ 5.15 eV) that helps modulate the 2DEG channel [33, 34].

Characteristics of output (variation of drain current (l45) with V¢ with fixed value of Vs = 20 V) for the
fabricated three terminal HEMT structure are listed in Table-2 below [35]. When Vs varies from -4V to
+ 6V, there is a gradual increase of drain current from 4.715 x 1074 At09.347 x 1074 A, showing the
effect of gate voltage control on drain current (Fig. 4(a)). This steady rise of |45 with varying V4 follows
the normal transistor operation of an n-channel depletion mode HEMT, since a high value of gate voltage
leads to the accumulation of a greater number of carriers in the 2DEG channel region, resulting in
enhanced conductance of the channel region [36].

Transfer Characteristics

Transfer curves were obtained by sweeping V4, from -4V to + 6 V at specific gate voltages (Vgs=-1V,
0.01V, and 0.05 V) producing a drain current (I4) equal to 1.301 X 107° A, 1.199 X 10™° A, and 2.049 X

107 A, respectively. It is clear from the above findings that there is no significant increase in drain
current even at relatively low gate biases due to the sub-milliampere condition (Fig. 4(b)) [37, 38]. This is
because of the fact that a high permittivity material (high-k BST) is used as the gate material in order to
alter the gate capacitance and interface charge distribution. Slight non-monotonic nature of the |45

versus Vg plot (decrease of the current from 1.301 X 1072 Ato 1.199 x 107> A with an increase up to

2.049 X 107° A at V4=0.05 V) can be attributed to interface traps formed at the BST-AlGaN interface or
depletion of 2DEG at zero gate bias voltage [39].

In summary, the performance of the 3-terminal BST-gated AIGaN/GaN HEMT structure shows effective
gate control of drain current in both output and transfer modes, thus proving the validity of the proposed
device. In both cases, the values of Ids show similarity, thus demonstrating that a functional 2DEG is
formed under the BST/AIGaN heterostructure [40].

The threshold voltage (Vy;,) was determined from the transfer characteristics as 0.0281 V at a drain
current of 4.314 x 10”10 A. The on-state current (Ion) was obtained as 5.7601 x 10~ 8 A at a gate-source

voltage (V) of 0.7 V, while the off-state current (lgr) was observed to be 3.475 x 10° o Aat Vgs=-4 V and
V4s=1 V. The maximum transconductance (g,,)max Obtained for the fabricated structure was 4.0323 x

1078 S, indicating that the gate modulates effectively the channel current [41]. The very small value of
the threshold voltage means that the fabricated device almost approaches normally-on operation mode,
which agrees with the fabrication process of the AIGaN/GaN HEMT channel. In addition, the small off-
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state current indicates minimal leakage conduction, while the transconductance value verifies the
existence of modulation of the two-dimensional electron gas (2DEG) channel by the gate terminal [42].

Table-1

Comparative 1=V response of the two-terminal AIGaN/GaN device before and after BST deposition in the
gate region

Sweep . . .
Voltage (V) Drain Current, \varvecl \varvecp Without  Drain Current, \varvecl \varvecD
BST (A) with BST
ety 4.865 x 104 A 4.323 x 107° A
2to2V 0.0011 A 8.4999 % 10~° A
4104V 0.0028 A 1755 % 10~ A
6106V 0.0049 A 5 6385 x 10-% A
-8to8V 0.00699 A 35273 % 10~4 A
-10to 10V 0.00865 A 4324 % 10-% A
-12t012V 0.00985 A 51706 % 104 A
Table-2

Measured output characteristics of the BST-gated AIGaN/GaN HEMT for V;, = 0\--20V at various Vi
bias conditions.
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Gate-to-Source Voltage, V' avecq\varvecs(V)  Drain Current, I oo vecq varvecs (A)
4y 4715 x 1074 A
SV 5.385 x 104 A
2V 6.002 x 10~ A
v 6.605 x 10~ A
ov 7.193 x 104 A
T 7788 x 1074 A
2V 8.352 x 104 A
3V 8.870 x 10 A
4 0.347 x 107 A

5. Conclusion

The development of micro-scale two-terminal and three-terminal AlIGaN/GaN devices incorporating a
200 nm sputtered BST layer at the gate region has been accomplished through photolithography, thermal
evaporation, CVD rapid thermal annealing, and sputtering techniques. The |-V characteristics from two-
terminal measurements prior to and following BST deposition reveal that the current is reduced by an
order of magnitude at low voltage sweeps, thereby proving the blocking property of the BST layer. From
three-terminal MOS HEMT measurements, a threshold voltage close to zero (0.0281V) and an on/off
ratio of = 16 have been measured, as well as a maximum transconductance of 4.0 X 10° S when
Vys=20V.
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Fig. 1Process flow of photoresist deposition by spin coating for photolithographic patterning. The
photoresist is dispensed onto the substrate, uniformly distributed by high-speed rotation, and
subsequently dried to form a homogeneous thin film suitable for UV exposure and pattern transfer.

Figure 2
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Fig. 2.(a) Optical image of the fabricated two-terminal AIGaN/GaN HEMT structure showing ohmic
contacts on the device surface. (b) Optical image of the same device after BST deposition in the active

region between the contacts. (c) Optical image of the three-terminal device obtained after second-stage
lithography, showing the formation of the Ni/Au gate electrode on the structure in (b)
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Fig. 3. I-V characteristics of the two-terminal AIGaN/GaN HEMT measured over different voltage sweep

ranges: (@) -1Vto1V,(b)-2Vto2V,(c)-4Vto4V,(d)-6Vto6V,(e)-8Vto8V,(f)-10Vto 10V, and
(g) -12Vto 12 V.
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Fig. 4. (a) Output characteriFig. 4. (a) Output characteristics UasVas) of the AIGaN/GaN HEMT at
Vos = —4=3,-2,-10123, 54 4/: (b) transfer characteristics (&) measured at Vas = —1 \, 001/ and 05
V.stics (asVas) of the AIGaN/GaN HEMT at Yas = =% =372 ~L0.123, 54 4 v/: (b) transfer characteristics
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