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Abstract: The effect of different SiNy thicknesses on the performance of AlIGaN/GaN high-electron-
mobility transistors (HEMTs) was investigated in this paper. The current, transconductance (Gm),
cut-off frequency (f), maximum oscillation frequency (fmax), power performance, and output third-
order intercept point (OIP3) of devices with three different SiNy thicknesses (150 nm, 200 nm, and
250 nm) were measured and analyzed. The DC measurements revealed an increase in both the drain-
source current (Ipg) and Gy, values of the device with increasing SiNy thickness. The S-parameter
measurement results show that devices with a higher SiNy thickness exhibit improved f1 and fmax.
Regarding power performance, thicker SiNy devices also improve the output power density (Pout)
and power-added efficiency (PAE) in the Ka-band. In addition, the two-tone measurement results at
28 GHz show that the OIP3 increased from 35.60 dBm to 40.87 dBm as the SiNy thickness increased
from 150 nm to 250 nm. The device’s characteristics improved by appropriately increasing the
SiNy thickness.

Keywords: AlGaN/GaN HEMTs; SiNy thickness; gate stem height; output third-order intercept
point; Ka-band; linearity

1. Introduction

Recently, extensive research has been conducted on the application of AlIGaN/GaN
high-electron-mobility transistors (HEMTs) in high-frequency microwave power devices,
ranging from essential everyday needs to defense applications such as 5G small-cell
base stations, satellite communications, defense and military applications, and indus-
trial radar [1-6]. Compared to other III-V compound semiconductors, GaN materials
possess excellent characteristics, such as a wide bandgap, high electron mobility, high
saturation velocity, and a high breakdown field [7-9]. Additionally, the combination of
GaN and AlGaN layers forms a two-dimensional electron gas (2DEG) at the interface,
which is characterized by a high electron concentration. These excellent characteristics
allow GaN devices to maintain high output power at higher frequencies [10-12].

In the face of the arrival and commercialization of the fifth generation of mobile com-
munication (5G), characterized by faster transmission speeds, low latency, large bandwidth,
and high density, it is advantageous for the development of services such as big data, the
Internet of Things (IoT), and Artificial Intelligence (Al) [13,14]. These advancements can
drive high-quality audiovisual entertainment, self-driving cars, drones, smart healthcare,
intelligent factories, smart retail, smart cities, and other value-added innovative applica-
tions. This has become a focal point of development in countries around the world. Due
to the growing demand for high-speed transmission in 5G communication, there is an
increasing need for high-frequency devices operating in the Ka-band to support wider
bandwidth requirements [15-18].
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In wireless communication, when two or more signals pass through nonlinear ampli-
fier devices, intermodulation distortion (IMD) occurs. Because IMD generates unwanted
spurious emissions, it leads to an increase in the occupied bandwidth and interferes with
adjacent channels, ultimately reducing audio clarity or increasing spectral occupancy.
Among the nonlinear distortions generated by devices within the system, the third-order
intermodulation distortion (IM3) is the most influential factor [19-21]. It is closest to the
main signal, difficult to filter out, and easily affects the signal quality. Therefore, improving
device linearity by enhancing the performance metrics, including the output third-order
intercept point (OIP3) and reducing IM3, is an important concern. The literature has put
forward various methods to enhance HEMT linearity, including 6-Doped [22], gate dielec-
tric [23], N-Polar GaN MIS-HEMT [24], selective-area charge implantation [25], fin-like
configuration [26], and etched-fin gate structure [27]. For traditional AlIGaN/GaN HEMTs,
the transconductance (Gr,) of the device rapidly decreases after reaching its peak as the
gate-source voltage (Vgs) increases, resulting in severe nonlinearity [28]. To improve the
DC characteristics of a device, many studies have proposed methods such as modifying
the device structure or reducing the gate leakage current to enhance the overall DC and
RF performance of the device [29-32]. However, there is limited literature on improving
device performance by increasing the SiNy thickness [33].

In this study, we investigate the effect of different SiNy thicknesses on the characteris-
tics of AlGaN/GaN HEMT devices in the Ka-band. The DC characteristics, S-parameter
measurement, power performance, and OIP3 of devices with three different SiNy thick-
nesses (150 nm, 200 nm, and 250 nm) were measured. The measurement results demonstrate
an enhancement in the device’s performance as the SiNy thickness increases to 250 nm.

2. Materials and Methods

The AlGaN/GaN HEMT heterostructure used in this study was grown on a 4-inch
SiC substrate using metal-organic chemical vapor deposition (MOCVD). A cross-sectional
schematic diagram of the AlIGaN/GaN HEMT is displayed in Figure 1. The dimensions of
the device were as follows: Lg is 150 nm, Hy,eaq is 350 nm, and the thicknesses of the SiNy
layer (tsiny) were 150 nm, 200 nm, or 250 nm. The device fabrication process flow is shown
in Figure 2. Device fabrication began with the Ohmic contact formation of Ti/Al/Ni/Au.
The Ohmic metal layers were deposited using an E-gun evaporator, followed by rapid
thermal annealing (RTA) at 830 °C for 30 s in a nitrogen atmosphere to form Ohmic contacts.
Next, device isolation was achieved using boron ion implantation. A photoresist was
used as a mask to protect the active region, and boron ions (B!'*) were implanted using
an ion implantation machine to complete the device isolation process. To define the gate
region, the first SiN, passivation layer was deposited using plasma-enhanced chemical
vapor deposition (PECVD). The thicknesses of the first SiNy layers (tsing) were 150 nm,
200 nm, and 250 nm. Afterward, stepper lithography was performed twice to complete
the gate fabrication. The first step of stepper lithography defined the areas for etching the
first SiN film, followed by etching using inductively coupled plasma (ICP). The second
step of stepper lithography defined the areas for depositing the gate metal. After two
steps of stepper lithography, the Ni/Au gate metal stack was deposited using an E-gun
evaporator to complete the gate fabrication. Before depositing the gate metal, the wafer
was immersed in a diluted HCI solution for one minute to remove any natural oxides from
the AlGaN barrier layer. After gate fabrication was completed, the first SiNy layer was
removed using ICP, followed by the deposition of the second SiNy layer using PECVD.
Finally, for metallization, holes were opened in the passivation film via ICP, and then a
1.5 um thickness of Au metallization layer was deposited.
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Figure 1. Schematic of the AIGaN/GaN HEMT.
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Figure 2. Process flow diagram of the AlIGaN/GaN HEMT.

3. Results and Discussion

The DC characteristics of the 4 x 50 um AlGaN/GaN HEMTs were measured us-
ing Keysight B1505A. Figure 3 shows the typical Ips-Vgs and Gm-Vs characteristics at
Vps =20V for 4 x 50 um AlGaN/GaN HEMT devices with different SiNy thicknesses
(150 nm, 200 nm, and 250 nm). While the SiNy thickness increases from 150 nm to 200 nm,
the device exhibits an increase in the saturation drain current (Ipgg) from 766.5 mA /mm to
861 mA /mm, and the maximum transconductance (Gm,max) increases from 290.1 mS/mm
to 312.9 mS/mm. Increasing the SiNy thickness to 250 nm no longer significantly increases
the Ipss and Gm,max of the device, as shown in Table 1. Compared to other thicknesses, the
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device with a SiNy thickness of 250 nm exhibits the highest Ipss and Gm,max. The increase
in the device’s current and G, is due to the increase in the thickness of the SiNy passivation
layer, which leads to an increase in the biaxial tensile stress applied to the AlGaN layer,
further increasing the surface charge density at the heterointerface [34,35]. Furthermore,
the threshold voltage (Vy,) for a 150 nm SiNy thickness is —3.1 V, whereas the Vy, for SiNy
thicknesses of both 200 nm and 250 nm is —3.7 V. The Vy, is defined as the Vgg when
Ips =1 mA/mm.

1000 0 400
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R |— tging = 250 nm 1300 _
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\_‘/é’ 400 GE
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Figure 3. Ips-Vs characteristics and Gp, of the AlGaN/GaN HEMT with various SiNy thicknesses
at Vpg =20 V.

Table 1. DC characteristics of the devices with various SiNy thicknesses at Vpg =20 V.

tsinx
Parameters
150 nm 200 nm 250 nm
Ipsg (MA /mm) 766.5 861 861.5
Gm,max (MS/mm) 290.1 312.9 320.9
Vi (V) —-3.1 —3.7 —3.7
GVS (V) 1.0 1.1 1.2
M —0.52938 —0.47639 —0.51950
as —0.25548 —0.22635 —0.24283
az/m 0.48260 0.47514 0.46743
as —0.00589 —0.00491 —0.00528
as/m 0.01113 0.01031 0.01016

To further analyze the linearity, a polynomial curve fitting technique is applied to the
transfer characteristic function of these devices, as shown in Equation (1) [36].

Ins(Vgs) = ag+a1Vgs + a2V + azVig + asVis + asV3s ¢y

In addition, Equation (2) can be used to estimate the IM3 levels generated by the
device [37]. Equation (3) illustrates the relationship between OIP3, transconductance (Gn),
drain conductance (Ggs), and G, [38].

3 3. .50 &
= - + = 2
M3 8a3A 32{15A 2)
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The linearity of the device is primarily determined by the flatness of the Gy, profile. In
other words, the coefficient a1 should be larger, whereas the ratios a3 /a1 and a5/a; should
be minimized [39]. The polynomial curve fitting coefficients and the gate voltage swing
(GVS), defined as a 10% drop in Gm max, are presented in Table 1. Compared to devices
with SiNy thicknesses of 150 nm and 200 nm, the device with a SiNy thickness of 250 nm
exhibits lower a3/a; and as/a; values, indicating that the device with a SiNy thickness of
250 nm has better linearity. Furthermore, the two-tone measurement results at the end of
the article also indicate an improvement in the linearity of the devices with thicker SiNy.
Next, the S-parameters of the 4 x 50 um devices with different SiNy thicknesses (150,
200, and 250 nm) were measured using a Keysight E8361A PNA Network Analyzer in the
frequency range from 100 MHz to 67 GHz, as shown in Figure 4. The values of fr can be
obtained by converting the measured S-parameters to H-parameters, whereas the values
of fmax can be obtained by extrapolating the gain curve with a slope of —20 dB/decade.
When increasing the SiNy thickness from 150 nm to 250 nm, the fr value increases from
33.7 GHz to 53.1 GHz, as indicated in Table 2. Furthermore, there is an increase in fiay,
which improves from 76.9 GHz to 138.9 GHz. The gate stem height changes due to the
varying SiNy thicknesses. According to the definitions of fr and fmax in Equations (4)
and (5), increasing the SiNx thickness to enhance the device’s Gy, will result in higher ft
and fmax values [40]. Increasing the gate stem height also reduces Cqs and Cga, further
enhancing the fr and fmax of the device [40]. Moreover, Cgs will also be affected when the
gate is facing towards the drain side [41]. However, increasing the gate stem height to
300 nm does not lead to a further significant reduction in the capacitance [42]. Additionally,
higher gate stem heights contribute to an increase in the gate resistance (Rg) of the device.

_ gm/27'[ ~ 8m
fr = = 4)
(Cgs +Cga)  [1+ (Rs + Ra)go] + gnCoa(Rs + Ra)  27(Cys + Coa)

fr
fmax = 5)
2\/80(Rg+RS) +2f1CoaRyg

40
—t = 150 nm | — tSiNx =150 nm
30 —tSiNX =200 nm
= T —tg;, = 250 nm
i)
2 20- f,ax = 138.9 GHz
= 3
%) 46 Fiiae =132.9 GHz "
fax= 769 GHz
T -+ 0 T
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Figure 4. (a) |H21 1 and (b) MSG/MAG versus frequency for AlGaN/GaN HEMTs with different
SiNx thicknesses.
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Table 2. The fr and fmax values of the devices with SiNy thicknesses of (a) 150 nm, (b) 200 nm, and
(c) 250 nm.

tsinx
Parameters
150 nm 200 nm 250 nm
fr 33.7 51.9 53.1
fnax 76.9 132.9 138.9

Figure 5 shows the load-pull measurement results at 28 GHz for 4 x 50 um devices
with three different SiNy thicknesses (150 nm, 200 nm, and 250 nm). All devices were
measured at a bias of class AB (1/4 Ipss, Ipss = Ipg at Vgg = 0) and Vpg = 20 V. When
increasing the SiNy thickness of the device from 150 nm to 200 nm, the maximum output
power density (Poutmax) increases from 2.21 W/mm to 2.61 W/mm. Furthermore, when
increasing the SiNy thickness from 200 nm to 250 nm, Pout max increases from 2.61 W/mm
to 2.72 W/mm. From the load-pull measurement results, it can be observed that the Py,
PAE, and linear gain of the device show improvement when the SiNy thickness is increased
from 150 nm to 250 nm. The device with a 250 nm SiN thickness exhibits the best power
performance, with a Pout,max 0f 2.72 W/mm, PAEax of 31.78%, and a linear gain of 10.68 dB.
Therefore, increasing the thickness of SiNy improves the power performance of the device.
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307 PAE (%) 301 __pAE (%)
{254 Gain (dB) Py -15 $25{ Gain (dB) //.,_,-f-—-—""“"" 115
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. @ <20+ =
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| \'\\.
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(b)
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Figure 5. SiNy thicknesses of (a) 150 nm, (b) 200 nm, and (c) 250 nm for the 4 x 50 um device’s power
performance at 28 GHz.
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To evaluate the linearity of the devices, two-tone measurements were performed at
28 GHz with a 5 MHz tone spacing using the Keysight E8267D signal generator, N9030B
spectrum analyzer, U84888A power sensor, N6700C modular power system, and an
AMP4072 power amplifier. Figure 6 shows the two-tone measurement results at 28 GHz
for 4 x 50 pum devices with different SiNy thicknesses. During the measurements, each
device was measured at a bias of class AB (1/4 Ipgs, Ipss = Ipg at Vgg = 0) and Vpg =20 V.
The measurement results show that the OIP3 value improves from 35.60 dBm to 40.87 dBm
when the SiNy thickness of the device is increased from 150 nm to 250 nm. Based on the
previous polynomial curve fitting results, it can be observed that as the SiNy thickness
increases, the ratios of a3/a; and as/a; decrease, resulting in an improvement in the de-
vice’s linearity. Moreover, the increase in OIP3 could be attributed to the increase in SiNy
thickness, which leads to a higher current and changes in the Gy, distribution, thereby
enhancing the linearity of the device.

60 60
OIP3 =35.60dB ] OIP3 =37.14 dBm
404  TTEmeOEER M o™ 40l  TremenmeE
201 20
9, Z, -
3-20+ 5 -20
o
=40 - -40
P11
B Vpg=20V | 601
-80 T T T T T —80 T T T T T
-10 0 10 20 30 -10 0 10 20 30
P,, (dBm) P,, (dBm)

OIP3 = 40.87 dBm

oo

Pout (dBm)

(©)

Figure 6. Two-tone measurement results at 28 GHz for the 4 x 50 um devices with SiNy thicknesses
of (a) 150 nm, (b) 200 nm, and (c) 250 nm.

4. Conclusions

In this paper, the effects of increasing the SiNy thickness on the characteristics of
AlGaN/GaN HEMTs were investigated. The DC measurement results indicate that as the
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SiNy thickness increases, the current and Gy, for the device also increase. The device’s fr
and fmax also improve with an increase in the SiNy thickness. For the 4 x 50 um device
with a SiNy thickness of 250 nm, the load-pull measurement results at 28 GHz show a
Poutmax of 2.72 W/mm, a PAEpax of 31.78%, and a linear gain of 10.68 dB. Furthermore, the
two-tone measurement results show that the improvement in OIP3 is due to the increase in
the current for the device, resulting in a change in the Gy, profile. The final results show
that when the SiNy thickness of the device increases from 150 nm to 200 nm, and even up to
250 nm, its characteristics such as Ipgs, Gm,max, Pout,max, T, fmax, and OIP3 improve. Thus,
we have demonstrated that device characteristics can be improved by increasing the SiNy
thickness to a sufficient value, such as 250 nm.
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