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Abstract

This research article reports the operational characteristics of gate field plate double heterojunction (DH) high electron mobility
transistors (HEMTSs) using SiN (SiO,) passivation techniques. The proposed HEMT exhibits 496 (292) V breakdown voltage
(Vgr) for Lg (gate-length) = 0.25 um, Lgp (drain-gate distance)=3.2 um and 1 pum field plate length HEMT. The n+ GaN
source/drain regions with SiN (SiO,) passivation AlIGaN/GaN/AlGaN HEMT delivered 1.4 (1.3) A/mm peak drain current
density (Igs), 540 (550) mS/mm g, (transconductance), f1/fyjax of 54/198 (62/252) GHz, and the sub-threshold drain leakage
current of 4 x 10" (1 x 10™'"") A/mm. The high Johnson figure of merit (JFoM = fy x Vggr) of 28.76 (19.27) THz.V and
excellent Vg x fyyax product of 90.27 (73.29) THz.V demonstrates the great potential of the optimized gate field plate DH-
HEMTs structure for U and V band high power microwave electronics.
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1 Introduction

AlGaN/GaN HEMTs had proven their capability for high
power microwave and switching application domains owing
to their outstanding material characteristics such as excellent
saturation electron velocity (~2 % 107 cm/s), low ON-resis-
tance, large breakdown electric field of GaN (3 MV/cm),
and inherent high electron mobility of 1500-2000 cm?/V.s
that can be achieved even without intentional doping [1-5].
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At high drain bias, HEMTs experiences a high electric-field
intensity near the drain edge of the gate. This non-uniform
electric field distribution is regarded as the reason for the early
breakdown seen in HEMTS as this leads to increased leakage
current and current collapse [6—11]. Current collapse is the
phenomenon that occurs when a high electric field or drain
voltage of the device. The electrons get trapped in the free
surface states, causing virtual gating which results in collaps-
ing of the drain current. It becomes essential to scale-down the
device dimensions to enable high-speed operation, this may
lead to increased current collapse because of the shorter gate-
drain spacing. To improve the breakdown characteristics of
the HEMT and to avoid the current collapse phenomena, it is
required to suppress the field intensity between the gate to
drain access region. Maintaining a uniform electric field in
the 2DEG region, several optimization techniques are adopted
such as drain field plate, gate field plate, source field plate,
discrete field plate, slant field plate, and high-k passivation
techniques. However, simultaneous improvement in the
breakdown voltage and the cut-off frequency is yet another
key challenge to the device researchers. Management of elec-
tric field in the 2DEG region becomes even more critical for
nanometer scaled devices. These problems limit the scaling of
high power GaN HEMTs for millimeter-wave electronics
[12-26].
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A Field plated gate structure enhances the power perfor-
mances by simultaneous reduction of current collapse and
enhancement of the breakdown voltage [27-30]. Suboptimal
breakdown at 65 V is reported in a 0.2 um gate length field
plate gate AlGaN/GaN HEMT with fr/fyax of 60/100 GHz
[2]. 0.1 um gate AIGaN/GaN HEMT device as it exhibited a
176 V breakdown voltage for Lgp =2 pum and f1/fyiax of 50/
120 GHz [7]. Further, a 0.6 um channel length based field
plate gate AlIGaN/GaN HEMT exhibited fr/fyax of 19/
50 GHz and 82 V OFF-state Vgr for Lgp=2.8 pm [12].
The impact of passivation thickness and permittivity on the
breakdown voltage of the AlIGaN/GaN HEMTs has been stud-
ied extensively [30-36] and the high-k passivation techniques
improved the Vg of the device significantly. However, the
high k-passivation limits the operating frequency of the
HEMT due to an increase in device intrinsic capacitances
(Cgs and Cgp). Because, the fr (cut-off frequency) and
fmax (maximum oscillation frequency) of the HEMTs are
limited by the device intrinsic capacitances (Cgs + Cgp) and
contact resistances (Rg and Rp) [14—16]. Another important
issue in the GaN-based HEMT is maximum current density is
still below the theoretical value (Ipg & q.ng.ve). Where, q is
electron charge, ng represents sheet charge density in the chan-
nel, and v, represents saturation velocity of the carrier.
Therefore, proper device design is required for attaining to-
gether high drain current density, fr/fyiax and Vgg.

In this work, we present gate field plate Aly3;Gag,N/GaN
HEMT with Al 04Gag 96N as a buffer region. The access re-
sistance in the device is reduced through the use of n+ GaN
ohmic source/drain (S/D) regions and the device surface pas-
sivation (low permittivity) along with field plate flattening the
electric field distribution. The Al 04GagosN blocking layer
introduced as a performance booster in the proposed device
design helps in exemplary confinement of charge carriers in
the device channel, leading to a considerable suppression of
the buffer leakage, sub-threshold drain leakage, and enhanced
two-dimensional electron gas (2DEG). The device operational
characteristics are analyzed using a thick 0.5 pm SiN and SiO,
passivation techniques.

2 Device Architecture and Simulation Models

The proposed device architecture is shown in Fig. 1. The
TCAD simulation energy band diagram of double
heterostructures DH-HEMT (AlGaN/GaN/AlGaN) and con-
ventional HEMT (AlGaN/GaN) are depicted in Figs. 2 and 3
respectively. The proposed HEMT constitute of a 20 nm
Alg 3Gag ;N barrier, 65 nm GaN channel, and 750 nm
Al 04Gag 96N buffer (back-barrier). The device surface is pas-
sivated by 0.5 pm thickness (t) of SiN/SiO, and SiC used as
substrate for good thermal conductivity. A 100 nm AIN layer
sandwiched between buffer and substrate for low lattice
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mismatch. The thickness of the passivation and permittivity
majorly impacts on the breakdown characteristics of the
HEMT by influencing the distribution of electric field in the
device access region [36]. The Lgg (gate to source spacing),
Lg, Lgp (field plate length), gate width (W), and Lgp, of the
proposed unsymmetrical HEMT are 0.45 um, 0.25 um, 1 pm,
0.6 um, and 3.2 pm respectively.

The gate-drain distance is intentionally kept larger than the
source-gate distance to ensure device performance in terms of
reduced source resistance and enhanced device reliability. The
drain and source areas are obtained by 100 nm heavily doped
(Si~1x 10" /em®) n+ GaN for low contact resistances [37].
The introduction of a low Al-content Al 4GagosN back-
barrier (blocking layer) provides more effective electron con-
finement in the GaN channel as shown in Fig. 2. Lower Al
content in the buffer region is desirable as it aids in avoiding
excessive stress in the GaN channel and also avoids the inter-
face roughness, which impacts the 2DEG mobility [19]. The
Alg 04Gag 96N blocking layer introduces the conduction band
offset and negative polarization-charge at the AlGaN/GaN
interface, which increase the carrier confinement. The pro-
posed combination of field plate gate in double
heterojunctions HEMTs (DH-HEMTS) suppresses the drain
leakage and buffer leakage in the device thereby enhancing
the device breakdown voltage (Vggr). The Schottky contact for
the gate electrode is realized by setting the metal work func-
tion at 5.2 eV.

The Silvaco ATLAS simulator tool is employed for the
simulation of the device that considers both electron and holes
for analyzing the I-V characterization of the device using the
Poisson and continuity equations. To investigate the
A10_3GaO.7N/In0.1G30_9N/G3N/A10_04Gao'96N HEMT DC and
RF characteristics, the essential transport, material dependent
physics, recombination, and generation models are adopted in
the TCAD simulation. The Drift-Diffusion transport model,
nitride specific low and high field mobility models, and SRH
(Shockley—Read—Hall recombination). The breakdown analy-
sis of the device has been performed by incorporating the
temperature-dependent impact ionization Selberherr models
[20]. The list of material parameters for numerical simulation
is shown in Table 1. The defects or traps in the bandgap of
semiconductors lead to phonon transitions. The SRH recom-
bination is modeled as follows [20]:

—p2
pn—n;,

Rsprr =

ETRAP ETRAP
TAUNO |n + njcexp T + TAUPO |p + n;.exp T
L L

Where ETRAP represent trap energy level, Ty is the lattice
temperature, TAUNO and TAUPO accounts fro carrier life
time.
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Fig. 1 Architecture of proposed 50 nm 045um 250nm 1um 22um 50 nm

gate field plate DH-HEMT ¢ y S €
Passivation t=500 nm
layer

2;}' AlosGaosN barrier 20 nm gy

GaN channel 65 nm

AloosGaoesN buffer 750 nm

AIN nucleation layer 100 nm

SiC substarte 300 um

The Selberherr impact ionization model is considered in
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Fig. 2 Energy band discontinuity of DH-HEMT Fig. 3 Energy band discontinuity of conventional HEMT
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Table 1 Parameters used in

TCAD Simulation Parameter Unit GaN AlGaN
The Semiconductor band gap (E,) eV 3.4 3.96
Relative permittivity (€,) - 9.5 9.5
High field electron mobility (i1) em?/V.s GANSAT Mobility model [20]
Low field electron mobility (1) cm?*/V.s 1460 300
Electron saturation velocity cm/s 2% 107 1.12 % 107
Hole saturation velocity cm/s 1.9x 10’ 1.0x10°
Electron affinity eV 4 3.82
SRH lifetime - 1.0x 107 1.0x 107
DOS: Conduction band (x10'®) cm > 1.07 2.07
DOS: Valence band (x10'%) em”’ 1.16 1.16

BP, BETAN and BETAP are the fitting parameters in
the model.

Iniax (Ver—Viner)
4
‘ @

Prr =

The impact ionization process is the major factor that leads
to breakdown of a HEMT device [38-40]. In order to improve
the accuracy of breakdown simulation, trap effects have been
included in the Poisson equation which is expressed as [41]:

AsAp = *‘](P*” + ND*NA)iptrap (5)

Where Pgap, Na, Np, p, 0, @ and ¢ represents density of
charge traps, ionized acceptor concentration, ionized donor
concentration, hole concentration, electron concentration,
electrostatic potential and permittivity respectively.

3 Results and Discussions

2-DEG density and carrier mobility of 1.21 x 10'* cm ™2 and
1260 cm?/V-s respectively are extracted from the TCAD sim-
ulation of the proposed device. The enhanced electron con-
finement is mainly due to the induction of negatively polar-
ized charges at the Alj o4GagosN/GaN interface, rather than
the discontinuity present in the conduction band as seen in
Fig. 2 due to the conduction band offsets. These charges pres-
ent at the interface at thermal equilibrium introduce a signifi-
cant bending of the energy bands. This band bending leads to
the development of a very huge barrier whose height/offset
increases with the Al concentration of the back-barrier along
with the HEMT channel width. The passivation layer thick-
ness (t), the permittivity of the passivation dielectric (¢;), field
plate length (Lgp), and gate to drain distance (Lgp) are influ-
ences the field distribution along the channel [36]. Despite the
high breakdown voltage for high-k passivation HEMT, device
cut-off frequency is reduced due to an increase in intrinsic
parasitic capacitances (Cgp and Cgg). In this work, the device
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characteristics are analyzed using a low-k SiN (g; ~7.5) and
SiO; (g;~3.9) passivation techniques.

From the basic RF output power Eq. (4) of a power ampli-
fier, the high Vgg and high current density of the HEMT are
essential parameter for high power output and high power-
added efficiency. In general, as the gate-drain distance (Lgp)
shortened in nano-scale HEMT, results in peak electric field
near the drain edge of the gate, which leads to virtual gating
effects and current collapse phenomena in HEMTs.
Additional field plates and passivation techniques improve
the breakdown voltage by maintains uniform field distribution
in the access area. In the proposed HEMT structure, the gate-
drain distance (Lgp=3.2 um) is kept higher than the gate-
source distance, and also a thick passivation technique is used
to improve the Vgg.

Figure 4 presents the breakdown voltage curves of 0.25 pm
gate length conventional and proposed DH-HEMTs. The pro-
posed device with SiN passivation device surface had shown
outstanding breakdown voltage 0f 496 V and SiO, passivation
HEMT had shown 292 V. The conventional HEMTs with SiN
passivation device surface demonstrated a breakdown voltage
0f 449 V and SiO, passivation HEMT had shown 220 V.

107 ¢
£
5 10°F
o
- [
5 == DH-HEMT with SiN passivation
g = DH-HEMT with SiO, passivation N

-4
o 10 3 Conventional HEMT with SiNPassivation
£ F Conventional HEMT with SiO, passivation
2 i
[=]
Lg=0.25um W =600 ym
LFP =1 pm, LGD =32 pm
1 0'5 1 1 1 1 1 1 1 1 1 1
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Drain voltage, Vp (V)

Fig. 4 Breakdown characteristics
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The distributions of electric field along the Aly3Gag ;N
barrier of HEMTs are shown in Fig. 5. There is a peak electric
field near the gate and FP edge forming two triangular lobes. It
is observed that the breakdown field depends on the total area
under these lobes. The higher the area for SiN passivation DH-
HEMT leads to high breakdown voltage than other devices
shown in Fig. 4.

Figures 6 and 7 shows the breakdown characteristics of
gate field plate [42] and drain field plate [43] respectively.
The proposed DH-HEMT with gate field plate HEMT in this
works demonstrated a significant improvement in breakdown
voltage than existing works.

The transfer characteristics of the proposed DH-HEMTs at
Vps=5V are depicted in Fig. 8. The HEMT with SiN pas-
sivation drain current reached 1.4 A/mm at zero gate voltage
and the HEMT with SiO, passivation had shown 1.3 A/mm.
The proposed DH-HEMT in this work had shown high current
density than conventional HEMTs [27, 28, 30, and]. The high
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o “ Diamond substrate [42]
Q 10F Si substrate [42] ]
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Fig. 6 Gate field plate HEMTs breakdown characteristics [42]
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Fig. 7 Drain connected field plate Breakdown characteristics [43]

drain current achieved in the proposed work mainly because
of high sheet charge density (ng), high mobility, and low con-
tact resistances.

The sub-threshold leakage current characteristics of
HEMTs are depicted in Fig. 9. DH-HEMT with SiN passiv-
ation demonstrated a very low leakage current of ~1 x 107"
A/mm than other devices. The Alj ¢4Gagy 96N blocking layer
helps the device in outstanding confinement of electrons to-
wards the channel, resulting in suppressed sub-threshold cur-
rent and hence improves the breakdown voltage. The back-
barrier material is used in this work to reduce the buffer leak-
age effectively. The bulk punch-through under the depletion
region is the major source of buffer leakage, which is reduced
in the proposed device structure.

Figure 10 displays the transconductance (Gy,) variation with
Vgs. The SiO, passivation HEMT showed a peak Gy of
550 mS/mm and SiN passivation HMTs showed 540 mS/mm.

| -@- SiO, passivation [This work]
1.4 - @ SiN passivation [This work]
121 - [28]
1ol @121
08| @ Bo]

06 Lg=0.25pm W=600 um
 Lpgp=1pm,Lgp =3.2 pm

16 |

04

0.2

Drain Current, Ip (A/mm)

0.0 s
-8 -7 -6 -5 -4 -3 -2 -1 0

Gate to Source Voltage, Vgs (V)

Fig. 8 Transfer characteristics
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Fig. 9 Sub-threshold current curves for SiN and SiO, passivation in
proposed and conventional HEMTs

The fr and fyyax of the HEMTs are limited by the device’s
intrinsic capacitances (Cgs and Cgp). The TCAD simulation
is carried out for small-signal characteristics of proposed DH-
HEMTs and plotted in Figs. 11 and 12. The Cgp of HEMT
with SiN (SiO,) passivation is ~2.4 x 107" (~2.35x 107"%)
F/mm below the threshold voltage and rapidly decreasing with
the Vgg above threshold voltage and reached 2.8 x 10"
(2.3 x107"%) F/mm at Vgg=0 V shown in Fig. 11. The Cgg
value of proposed HEMT with SiN(SiO,) passivation is 2.3 x
10713 (1.6 x 10 *)F/mm at the off-sate condition and when
the Vg reaches the threshold voltage of the device, the Cgg
started increasing sharply and reached 1.2 x 1072 (5 x 107'%)
F/mm at Vg5 =0V shown in Fig. 12. One of the key factors to
enhance the high-gain millimeter-wave power amplification is
the fyax of the device which can be expressed as [31, 32];

ST

Syuax =
2/(R; + Rs +Rg)/(Rps + (27f 1)R6Cap)
600 |- -‘-SiN passivation
500 I -.-Siozpassi\nlion i
129 :
400 | ¥ Lg=0.25um W =600 um

LFP=1|ln,LGD=3.2um

Transconductance, G, (mS/mm)
- N w
8 8 8

o

Gate to source Voltage, V¢ (V)

Fig. 10 Transconductance characteristics
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Fig. 11 Gate to Drain capacitance (Cgp) characteristics

Where Rg, Rps, Rs, Ry are gate resistance, output resis-
tance, source resistance, and gate charging resistance
respectively.

The small-signal RF characteristics of the proposed
DH-HEMTs at peak g, bias are shown in Fig. 13.
The fr and fy;ax of the DH-HEMT with SiN (SiO,)
passivation is extracted by using —20 dB/decade slopes
of |hy[* and |[Ugl. The SiN (SiO,) surface passivation
DH-HEMT demonstrated an outstanding fr/fyax of 54/
198 (62/252) GHz. The n+ doped source and region in
the proposed device reduces the contact resistances and
the low permittivity passivation techniques improve the
high frequency operation of the device. However, SiN
passivation HEMT shows low fr/fyjax than SiO, pas-
sivation device. This is mainly because of the permit-
tivity of the SiN (egjn~7.5) is higher than the SiO, (g
~3.9) results in high parasitic capacitance (C:% ),
which lowering the high frequency operation of the
SiN passivation device.

1.6x10™ y T v r . . . r
1.4x10"2 | -®. SiN passivation DH-HEMT
2 - Si02 passivation DH-HEMT
1.2x10°
1.0x10™

" Lg =0.25 pm W =600 pm
8.0x10™ k Lgp=1pm,Lgp =3.2pm

Gate to Source Capacitance, C , (F/mm)

6 5 4 3 -2 4 0

40 9 8 7
Gate to Source Voltage, V¢ (V)

Fig. 12 Gate to source capacitance (Cgg) characteristics
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The comparison of proposed HEMT performance
with the state of the art of GaN-HEMTs are displayed
in Table 2. The proposed gate field plate DH-HEMTs
with thick passivation layers in this work had shown
high breakdown voltage along with high fy/fy;ax than
existing works. The operating frequency of the HEMT
can be enhanced by further scaling of the device
dimensions.

Table 2 Comparison of proposed DH-HEMTs performance with the
state of the art of GaN-HEMTs for high power microwave applications

Reference, year Lg Vir fr JFoM
(um) (V) (GHz)  (THz-V)

[2], 2005 0.2 65 60 39
[4], 2004 0.15 100 - -

[7], 2013 0.1 176 50 8.8
[12], 2011 0.6 82 19 1.558
[21], 2004 0.7 150 20 3
[22], 2008 0.14 100 50 5
[23], 2012 0.1 29 96 2.784
[24], 2007 1 30 14.1 0.423
[25], 2017 0.1 146 53 7.738
[26], 2012 0.8 375 - -
[27], 2019 0.25 330 20.2 6.666
[28], 2019 0.25 342 28 9.576
[29], 2018 0.25 312 - -
[42], 2020 0.25 298 17.4 5.185
[43], 2020 0.7 265 55 14.57
[44], 2020 0.7 250 - -
This work (SiN 0.25 496 54 28.76

Passivation)
This work 0.25 292 62 19.27

(SiO, Passivation)

4 Conclusion

A systematic study of gate field plate in combination with an
Al 04Gag 9N blocking layer and a 0.5 um thick passivation
(SiN/SiO,) DH-HEMTs has been studied using TCAD. The
introduction of Aly 04GagogN blocking layer enabled out-
standing electron confinement in the channel, which leads to
the reduction of sub-threshold leakage. The optimized gate
field plate Aly3Gag7N/GaN/Aly g4Gag 9N HEMT along with
a thick passivation layer shown high breakdown voltage and
high fr/fyiax. The proposed double heterojunction HEMT
with SiN passivation showed a 40% improvement in break-
down voltage than SiO, passivation HEMT. The Johnson
Figure of Merit (JFoM) along with excellent f ., % Vy, prod-
uct proves that the proposed DH-HEMTs with proper device
optimizations are promising candidates for U and V band high
power microwave wave applications.
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