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Abstract: In this work, a novel enhancement-mode GaN p-MISFET with a buried back gate (BBG) is
proposed to improve the gate-to-channel modulation capability of a high drain current. By using
the p-GaN/AIN/AlGaN/AIN double heterostructure, the buried 2DEG channel is tailored and
connected to the top metal gate, which acts as a local back gate. Benefiting from the dual-gate
structure (i.e., top metal gate and 2DEG BBG), the drain current of the p-MISFET is significantly
improved from —2.1 (in the conv. device) to —9.1 mA/mm (in the BBG device). Moreover, the
dual-gate design also bodes well for the gate to p-channel control; the subthreshold slope (SS)
is substantially reduced from 148 to ~60 mV/dec, and such a low SS can be sustained for more
than 3 decades. The back gate effect and the inherent hole compensation mechanism of the dual-
gate structure are thoroughly studied by TCAD simulation, revealing their profound impact on
enhancing the subthreshold and on-state characteristics in the BBG p-MISFET. Furthermore, the
decent device performance of the proposed BBG p-MISFET is projected to the complementary logic
inverters by mixed-mode simulation, showcasing excellent voltage transfer characteristics (VICs) and
dynamic switching behavior. The proposed BBG p-MISFET is promising for developing GaN-on-Si
monolithically integrated complementary logic and power devices for high efficiency and compact
GaN power IC.

Keywords: gallium nitride (GaN); p-channel; MISFET; back gate; enhancement-mode; subthresh-
old slope

1. Introduction

GaN High-Electron-Mobility Transistors (HEMTs), which have been developed for
decades, have demonstrated remarkable performances, with high speed and high power
density, in power electronics. Compared with Si- and SiC-based power devices, the high
switching speed, which simultaneously maintains high power efficiency and promotes
high power density, is the unique power performance advantage of GaN HEMTs [1,2]. In
pursuing extremely high power density, realizing high-density power integration based on
a GaN platform, including GaN power switches, GaN driver IC, high-speed logic control,
and protection circuits (e.g., high temperature, high/low voltage, high current protection,
etc.) on a single chip is one of the most promising approaches to developing the ultimate
compact and high-efficiency power system. This exerts a positive catalyzing impact on
the extended application scope of GaN devices in DC/DC converters [3], motor drives [4],
energy storage [5,6], and radiation resistance [7]. However, nowadays, most GaN power
systems still rely on Si-based peripheral circuits (e.g., driver IC, control logic, monitoring,
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and protection circuits), leading to Printed Circuit Board (PCB)-level integration or multi-
chip integration by System in Package (SiP), where the interconnection (e.g., metal wire
in PCBs, bonding wire) between chips dramatically impedes the operation frequency
and introduces additional parasitic power consumption by the interconnection of GaN
power systems. Additionally, during high-frequency operation, the parasitic effect may
become even more prominent and cause signal distortion (e.g., voltage overshoot, voltage
ringing, etc.), which is detrimental to the safety of GaN power devices as well as the
system. In contrast, full GaN single-chip power integration technology [8] can minimize
the parasitic effect and realize power system miniaturization, which is beneficial for pushing
the operation frequency and power density of GaN power modules even further. Therefore,
GaN-based single-chip power integration has attracted great attention recently [9-12].

In earlier times, all single-chip integration solutions were based on either E/D-mode
integration [13] or full E-mode integration [14]. The drawbacks of this primarily lie in
complex circuit topologies and high power consumption. In very recent years, complemen-
tary logic (CL) technology based on n-channel GaN HEMTs and p-channel GaN MISFETs
has emerged as the logical control unit for GaN monolithic integrated chips [15]. GaN
CL circuits deliver the advantages of a higher switching speed and efficiency compared
with direct-coupled field-effect transistor logic (DCFL) circuits [16]. However, the low hole
mobility (i.e., typically ~10 cm?/V-s) [17-19] and the low activation rate of Mg impurity
(e.g., ~2-3%) [18] greatly hinder the current drive capability of p-channel GaN MISFETs
in contrast to their counterpart n-channel GaN HEMTs. Furthermore, in order to obtain
enhancement-mode (E-mode) p-channel devices for versatile complementary metal oxide
semiconductor (CMOS) functionality, gate recess, which can be achieved by dry etching, is
normally used to fabricate E-mode p-MISFETs. However, the scattering effect originating
from the etching damage and trap states (e.g., interface and border traps) at the trench MIS
gate may further deteriorate channel hole mobility and consequently drive current. Hence,
the drive current of E-mode p-channel MISFETs and n-channel HEMTs is significantly
mismatched, hindering the development of high-performance and compact GaN CMOS
IC. Moreover, the trapping/detrapping of trap states may also affect the subthreshold
characteristics and threshold voltage stability [20], which is detrimental to the delay time
and voltage gain of CMOS IC. Therefore, there is a significant demand in the community
for high-performance E-mode p-channel GaN MISFETs that feature a high current density
and low subthreshold slope (SS).

To address these bottleneck problems of p-channel GaN MISFETs, low-ohmic-contact
technologies (e.g., a heavily Mg-doped p**-GaN cap layer [21], Ni/Ag stack contact [22],
and the post-growth diffusion of Mg [23]) have been developed. Devices based on
p-GaN/AIN [24,25], p-GaN/i-GaN/AlGaN [21,26], and multi-channel epitaxial struc-
tures [27] have also been reported to achieve high hole density for p-channels. Additionally,
self-alignment and the FinFET structure have been utilized to reduce channel resistance
and improve current conduction capability [28]. Regarding subthreshold characteristics,
methods such as hydrogen plasma implantation [29] and gate dielectric deposition HCl
pre-treatment [30] have been proposed to reduce the subthreshold slope (SS).

In this work, a novel E-mode GaN p-MISFET featuring a buried back gate is proposed
(BBG p-MISFET). Based on the p-GaN/AIN/AlGaN/AIN/GaN double heterojunction,
which is compatible for both p-channel and n-channel devices, the buried 2DEG channel
at the lower AIN/GaN interface serves as the buried back gate, which improves the gate
controllability for the upper hole carrier channel. The comprehensive device characteristics
are studied by TCAD simulation. In comparison with conventional GaN p-MISFETs,
due to its enhanced gate-to-channel modulation capability, the BBG p-MISFET exhibits
a respectably low SS of ~60 mV/dec within a wide drain current range of ~1076-10—3
mA/mm. Meanwhile, the device delivers a high drain current density of 9.1 mA/mm
(@ Vg = Vp = =5 V) with a high threshold voltage of —1.8 V, realizing excellent E-mode
functionality. Compared with the conventional p-MISFET, the BBG p-MISFET’s drain
current density is 330% higher, and it simultaneously features excellent E-mode operation.
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Furthermore, the performance of CL inverters in the identical epitaxial structure
is validated through mixed-mode simulations. With a supply voltage, Vpp, of 3V, the
proposed BBG p-MISFET featuring a low subthreshold slope contributes to a considerably
higher voltage gain of 20.8 v/v in contrast to the conventional GaN p-MISFET, which has a
voltage gain of 13.4 V. Moreover, the high drain current of the BBG p-MISFET leads to a
significant reduction in the rise time, tr, decreasing it from 7.1 us to 1.1 ps.

The proposed BBG p-MISFET features an effectively reduced subthreshold slope and
improved current density. Particularly, its structural and process compatibility with the
currently mainstream p-GaN gate n-HEMTS offers an alternative technological solution for
the future development of higher-performance GalN CMOS ICs intended for controlling and
driving GaN power HEMTs. It is promising for elevating the operating frequency and power
density of GaN power modules, unleashing the full performance advantages of GaN.

2. Double-Heterojunction Design and GaN p-MOSFET Device Structure

The p-GaN/AIN/AlGaN/AIN/GaN double heterojunction is designed to accom-
modate the p-type channel (2-DHG) at the upper p-GaN/AIN hetero-interface as well as
the n-type channel (2-DEG) at the lower AlIGaN/AIN/GaN hetero-interface. As shown
in Figure 1, due to the existence of the top p-GaN cap, the buried 2-DEG channel can be
depleted, leaving the upper 2-DHG channel to form the current conduction channel of the
p-MISFET, which features the benefit of de-coupling the parasitic capacitance between the
p/n-type channel and then enhancing the signal integrity of the realized CMOS IC. On the
other hand, the buried 2-DEG channel can be regained by removing the top p-GaN cap
layer in the access region, which enables the n-channel HEMT to be fabricated. Hence, both
p-type and n-type devices can be fabricated on this double heterojunction, which enables
single-chip CMOS integration.
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Figure 1. (a) The schematic diagram of monolithic integration of n-HEMT and p-MISFET based on
a p-GaN/AIN/AlGaN/AIN/GaN double heterojunction. (b) The schematic energy-band diagram
along the cutline A-A’ in the access region.

The schematic device structure of the proposed BBG p-MISFET is shown in Figure 2.
The trench gate is employed to fully deplete the 2DHG to achieve E-mode operation,
while a very thin p-GaN (i.e., 5 nm) remains to maintain a high hole mobility within the
E-mode channel. Due to the removal of the top p-GaN cap, the buried 2DEG channel is
regained beneath the trench gate, which is similar to what was experimentally demonstrated
in [31]. Such a regained high-density 2DEG channel beneath the upper hole channel
can be electrically connected with the top metal gate terminal through the “distribute-
recessed via” and performs as a back gate. Such a back gate together with the conventional
top gate constructs a dual gate which is able to enhance the gate-to-channel modulation
capability of the BBG p-MISFET. The simulation was conducted using Sentaurus TCAD
with a generation-recombination model (SRH), a carrier mobility degradation model (with
doping dependence and high field saturation), and a piezoelectric polarization model
(strain). The key parameters of the device structure used in the simulation are listed in
Table 1, and the physical parameters for TCAD simulation are listed in Table 2. These
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refer to typical values reported in recent studies to ensure the simulation credibility. The
hole mobility (~10 cm?/Vs) is referenced from the typical channel mobility observed in
recent reports based on a similar epitaxial structure [17-19]. According to the experiments
in [32], the donor-like states of 2.5 x 102 cm~2 were used to imitate the interface states
at the dielectric/p-GaN interface introduced by gate trench etching. In order to calibrate
the TCAD model, the simulated conventional GaN p-MISFET delivers a current density of
~21mA/mm (@ Vg =Vp =—-5V)and SS of ~148 mV /dec, which are comparable to those
values reported in [29,33]. The structural parameters, physical characteristics, and applied
models for the proposed target device (i.e., BBG p-MISFET) are entirely consistent with
those employed for the calibrated reference structure (i.e., conventional GaN p-MISFET).
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Figure 2. (a) The schematic structure of GaN p-MISFET featuring a buried back gate (BBG p-MISFET).
(b) The cross-sectional view along the cutline B-B’ in the gate region. (c) The schematic energy-band
diagram along the cutline D-D’ in the gate region.

Table 1. Parameters of device structure.

Symbol Description Value
Lg Length of gate 2.0 um
Lgs Gate-to-source spacing 3.0 pm
Lep Gate-to-drain spacing 3.0 pm

Lonmic Ohmic contact spacing 0.5 um
Tox Thickness of gate dielectric 20 nm
Thpass Thickness of S5iO, passivation 60 nm
Tp-GaN Thickness of p-GaN cap layer 70 nm
Dirench Depth of gate trench 65 nm
Te, Thickness of UID-GaN channel 0.3 pm
Toufper Thickness of GaN buffer 4.0 pm
TaN Thickness of AIN spacer 2 nm

T a1GaN Thickness of AlGaN barrier 3 nm
XA Al mole fraction of AlGaN 0.2
Dy, Distance between adjacent back gate via 20.0 um

Lyg 1 Length of back gate via_1 1.0 um
Ly 2 Length of back gate via_2 0.5 um

Np Hole concentration of p-GaN 6 x 1077 cm~3
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Table 2. The physical parameters used for TCAD simulation.

Symbol Description Value
He The maximum of electron mobility of GaN 1000 cm?/V-s
Up The maximum of hole mobility of GaN 10 cm?/V-s
Rep P-type ohmic contact resistance 60 QO-mm
Re n N-type ohmic contact resistance 1075 O-em?
a Polarization activation factor at AIN interface 0.6
Eox Dielectric constant of gate dielectric 9

3. Simulation Results and Discussion
3.1. I-V Characteristics of the BBG p-MISFET

As shown in Figure 3, in the access region, the polarization-induced 2DHG of 1.5 x
10'? cm~2 was formed at the upper p-GaN/AIN hetero-interface to enhance the current
transport of p-MISFET. In the trench gate, since the p-GaN cap was partially removed, the
2DEG channel beneath was regained at the lower AIN/GaN hetero-interface with a high
density of ~2 x 10'2 cm 2 that is comparable to the reported result [32]. Figure 4 illustrates a
comparison of the transfer characteristics between the BBG p-MISFET and the conventional
p-MISFET. At the same trench gate depth, the BBG p-MISFET exhibited an equivalent
pinch-off voltage to that of the conventional device. As long as the trench gate depth
satisfies the criteria for the formation of an intrinsic normally off channel (i.e., complete
hole depletion under zero bias in the gate region), an enhancement-mode BBG p-MISFET
can be realized. Notably, the subthreshold slope of the BBG p-MISFET was significantly
lower than that of the typical conventional p-MISFET. For the conventional p-MISFETs,
the regained 2DEG was floating, as shown in Figure 5, while its electric potential varied
with the external bias voltage (e.g., V; and Vp) and could not be intentionally controlled,
which featured a negligible impact on the current transport in the upper p-channel at the
p-GaN/AIN hetero-interface. In contrast, in the BBG p-MISFET, the buried 2DEG beneath
the recessed gate region is connected to the top metal gate electrode, which acts as a back
gate that is capable of enhancing the gate-to-channel modulation capability.
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Figure 3. The simulated energy band and hole/electron density of the proposed BBG p-MISFET
along the cutline (a) C-C’ in the access region and (b) D-D’ in the gate region.

According to the derivation of SS for n-channel devices [34], the S5, for p-channel
GalN MISFETs can be expressed as:

kT Cit
SScon 1 In10 (1 + Cins) (1)
where k is the Boltzmann’s constant, T is the temperature, g is the electronic charge, Cj,;; is
the capacitance for the gate insulator, and Cj is the equivalent trap capacitance (particularly
at the interface of dielectric/III-Nitride). For the BBG p-MISFET, the equivalent capacitance
of the barrier layer Cyp,,, led to the synergistic variation in charge between the buried 2DEG
channel and the upper p-channel, where the AIN/AlGaN/AIN stack can be considered
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a dielectric-like layer. Furthermore, the control of the p-channel by the 2DEG back gate
was unaffected by the trapping/detrapping of interface states at the dielectric/III-Nitride
interface (expressed as Cj), thus enabling an improved gate control capability. Thus,
the double-gate (top metal gate and 2DEG back gate) structure fundamentally provides
superior subthreshold characteristics over the conventional p-MISFET. As depicted in
Figure 6b, the conventional p-MISFET exhibited a relatively large subthreshold slope of
148 mV /dec. In contrast, due to the improved gate control capability and the mitigation
of the interface trap effect, the BBG p-MISFET achieved a subthreshold slope as low as
~60 mV/dec, which is only 40% that of the conventional device. To better illustrate the role
of back gate control, Figure 6¢ further demonstrates the transfer curves assuming separate
voltages are applied to the top gate and the back gate. Even with the top-gate voltage Vs 16
fixed, the back gate remained capable of independently turning the p-channel on and off.
Under the fixed voltages of 0, —1, and —2 V applied to the top gate, the hole carriers in
the p-channel could be depleted by the top-gate MIS structure. Nevertheless, independent
control by the back gate still achieved a subthreshold slope of ~80 mV/dec, emphasizing
the significant impact of back gate control. Thus, under normal device operation (where
the top gate and back gate are turned on or off synchronously), the ultra-low subthreshold
slope was maintained over a wide current range (~107°~10"3 mA /mm) by the BBG p-
MISFET, which is advantageous for enhancing the device switching speed and reducing
the circuit response time. Furthermore, it allows the device to operate at lower voltages,
thereby achieving reduced system power consumption.
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Figure 4. The transfer characteristics of BBG p-MISFET and conventional GaN p-MISFET (conv.
p-MISFET) in (a) linear and (b) semi-log coordinates.
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Figure 6. (a) The gate region electric potential distribution along the cutline D-D” and (b) the SS vs.
Ip plot of the BBG p-MISFET and the conventional p-MISFET. (c) The back gate control-only transfer
characteristics curve under independent voltage stress of the top gate and the back gate (Vs 1¢ fixed
while sweeping Vs pg)-

The output characteristics of the BBG p-MISFET and conventional p-MISFET are
shown in Figure 7a and 7b, respectively. A considerable Ip of 9.1 mA/mm and a low Ron
of 0.31 k)-mm were achieved with a buried 2DEG back gate, representing improvements
of 330% in Ip and 70% in Rpy compared with conventional GaN p-MISFETs. As depicted
in Figure 8, as the source terminal was biased at a high potential, the electrons within the
buried 2DEG channel beneath the gate region were attracted by the relatively high electric
potential of the source and accumulated in the gate-to-source access region. Because the
buried 2DEG channel was floating in the conventional GaN p-MISFET, its electron density
did not change with the external bias voltage. In contrast, in the BBG p-MISFET, together
with the more negative gate bias when the device was turned on and off, additional
electrons were injected in the buried 2DEG channel from the top metal gate electrode
for electric potential compensation in order to maintain the equal electric potential of
the top metal gate and the buried 2DEG back gate. To maintain the charge equilibrium
between the buried 2DEG channel and the upper p-channel, additional hole carriers were
correspondingly injected from the source electrode into the p-channel. Under the joint
influence of the back gate effect and the hole compensation behavior, the drain current
density in the BBG p-MISFET was substantially improved.

On the other hand, it should be noted that a vertical leakage from p-channel to n-
channel may occur when high gate bias voltage is applied, which was reported in a previous
study [32]. To mitigate the vertical leakage, an AIN/AlGaN/AIN stack (Epi. A) was used
instead of the single-layer AlGaN barrier (Epi. B), which demonstrated promising results
in suppressing vertical leakage, as shown in Figure 9. It was revealed that electrons can
pass through the AlGaN barrier (Epi. B) and recombine with holes located beneath the
source electrode in the p-channel under on-state conditions (i.e., Vo = -3V, Vp = =5V).
However, this did not occur for the composite AIN/AlGaN/AIN barrier (Epi. A). Due
to the large bandgap of AIN, as portrayed in Figure 10a, the conduction band offset and
valence band offset were elevated from 0.4 to 1.95 eV for the conduction band and from
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0.15 to 0.8 eV for the valence band. Thus, the AIN layers could effectively suppress carrier
tunneling between the upper p-channel and the lower buried 2DEG channel. Compared
with the single-layer AlGaN barrier, the design of the composite AIN/AlGaN/AIN barrier
significantly reduced vertical leakage by more than three orders of magnitude. It enables
the BBG p-MISFET to feature a large effective gate swing that allows the device to deliver a
high performance.

10}(2) BBG p-MISFET v =_5~0V 3.0 (b) conv. p-MISFET Vgs=-5~0V
- =25| step=0.5V
S £
E 6 S 2.0} 3
~N
< £15
E 4} >
- = 1.0
b2 0.5

s—71 =3 = -1 o ™5 2 3 -z 1 o0

Figure 7. The output characteristics of (a) the BBG p-MISFET and (b) the conventional p-MISFET.
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Figure 8. (a) The simulated electron density along the 2DEG channel and (b) hole density along the
2DHG channel of the BBG p-MISFET and the conventional p-MISFET, (c) the simulated energy band
along the 2DEG channel and (d) the simulated energy band along the 2DHG channel of the BBG
p-MISFET and the conventional p-MISFET (AR. refers to access region).
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Figure 9. The electron distribution of the BBG p-MISFETs with a 2/3/2 nm AIN/AlGaN/AIN stack
barrier (Epi. A) and 12 nm AlGaN barrier (Epi. B) (Vg=—-3V, Vp=-5V).
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Figure 10. (a) The simulated energy band along the cutline E-E" (V; = Vp =0 V) and (b) gate leakage
characteristics of the BBG p-MISFETs with an AIN/AlGaN/AIN stack barrier (Epi. A) and 12 nm
AlGaN barrier (Epi. B).

The performance of the proposed BBG p-MISFET device is summarized in Table 3 and
compared with that of the conventional device, as well as a representative GaN p-MISFET
reported in the literature. It is further indicated that the BBG p-MISFET represents a highly
promising technology solution capable of concurrently achieving high current density and
low subthreshold slope.

3.2. Switching Characteristics of the Complementary Logic Inverters

The performance improvement obtained in the BBG p-MISFET was further validated
by using the device in a CMOS inverter circuit by mixed-mode simulation. It should be
pointed out that the complementary n-type device was also demonstrated and simulated
based on the heterojunction structure with the AIN/AlGaN/AIN stack, which reinforces
the concept of single-chip CMOS integration of the proposed BBG p-MISFET. Figure 11a,b
illustrate the transfer and output characteristics of the n-type enhancement-mode GaN
HEMT. When using the identical parameter configuration shown in Tables 1 and 2, the
Vrh, SS, and Roy of the GaN n-HEMT were 1.4 V, 68 mV /dec, and 0.036 kQ)-mm, respec-
tively. The significantly improved SS achieved in BBG p-MISFET allows the device to be
implemented in high-speed and low-supply-voltage applications. In subsequent mixed-
mode simulations, a width-to-length ratio of 20/200 um was selected, which is typically
employed in reported works involving the monolithic integration of GaN p-MISFETs and
n-HEMTs [16].
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Table 3. Performance comparison.
. Vi Toq | ® ss
Affinity Platform W) (mA/mm) (mV/deo)
p-GalN/i-GaN/AlGaN/GaN —05
MIT [26] (AL,O3 MIS gate) (Vps = —05 V) 0.6 N.A.
p-GaN/i-GaN/AlGaN/GaN 0.3 ~3 N
MIT [21] (AL,O3 MIS gate, self-aligned) (Vps = —1 V) (Vs = —1 V) 800
p-GaN/AIN/AlGaN/AIN
XDU [35] (Al,O3 MIS gate, FinFET) 35 3.6 130
p-GaN/AlGaN/AIN/UID-GaN . .
XDU [36] (ALO3 MIS gate) 2 035 251
. p-GaN/i-GaN/AlGaN/GaN _ 5 B
Sheffield [30] (5109 MIS gate) 07 15 60
p-GaN/AlGaN/GaN B B
HKUST [33] (ALOs MIS gate) 17 1 230
p-GaN/AlGaN/GaN B ~
LJTLU [22] (ALOs MIS gate) 27 0.8 460
p-GaN/AlGaN/GaN B ~
UESTC [19] (SiNy MIS gate) 2.3 0.4 N.A.
p-GalN/i-GaN/AlGaN/GaN —0.36 B
HRL [37] (AIN/SiNx MIS gate) (—0.1V) 13 304
GaN/AlGaN Superlattice 0.3
UCSB [27] (Schottky gate, FinFET) (—10 V) ~10 130
p-GaN/AIN/AlGaN/AIN/GaN _
IMECAS [38] (ALOs MIS gate) 2.8 15 N.A.
Conv. p-GaN/AIN/AlGaN/AIN/GaN
(this work) (MIS gate, gate recess) —255 21 148
BBG p-GaN/AIN/AlGaN/AIN/GaN 18 91 ~60
(this work) (MIS gate, BBG) : :

a extracted at 1Ip | =10 pA/mm and Vpg = —5 V. P extracted at Vpg = —5 V and Vs = —5 V for more equitable
comparison. N.A. is a written abbreviation for not available.
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Figure 11. (a) The transfer characteristics and (b) output characteristics of the n-channel GaN HEMT
based on the same heterostructure with p-channel GaN MISFETs.

Figure 12a,b compare the transfer characteristics (VTCs) of the CL inverters based on
the conventional p-MISFET and BBG p-MISFET, respectively. A substantially high peak
voltage gain of 20.8 v/v obtained at V;, of 1.38 V was extracted from the CL inverter based
on the BBG p-MISFET, which is superior to the voltage gain of 13.4 v/v found for the
conventional p-MISFET. Accordingly, the CL inverter based on the BBG p-MISFET exhibits
a better noise margin, which ensures a higher noise immunity performance. Thus, the
CL inverters with BBG p-MISFET can accommodate a larger range of input voltages with
higher robustness against process variations and temperature fluctuations. Figure 13a,b
illustrate the static power consumption of the CL inverters based on the conventional
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p-MISFET and the BBG p-MISFET with varied Vyy and Vpp. At alow Vi, the p-MISFET
was turned on, and the n-HEMT was turned off, thereby resulting in minimal static power
dissipation. The comparison reveals that the BBG p-MISFET maintained consistently low
static power consumption owing to the effectively suppressed vertical leakage current
by using an AIN/AlGaN/AIN heterostructure. For Vpp = =3V, the V1 of the BBG
p-MISFET exhibited a slight rightward drift compared with the conventional p-MISFET,
leading to a minor increase in quasi-static power consumption during level shifting, which
was negligible at lower Vpp. The results underscore the suitability of the BBG p-MISFET
for high-speed and low-power switching applications with a low operation voltage.

3 30 3(b) x 30
25 e Gain,,,,=20.8 V/V| 25
— Gain . = ) @ V=138V —
2} Gaing,,=13.4 V/V| 20 2 _ 2f—@ain 202
S V=144V S 2 S
- 15 - 15
2 £ ] £
S} 108 108
5 5
0 . _J \conv. p-M.ISFET 0 0 . _ BB(? p-M!SFET 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 12. The Vy-Vour transfer characteristics and voltage gain of the CL inverters (W;,/W,, =
20 um/200 pm) based on (a) the conventional p-MISFET and (b) the BBG p-MISFET.

10° 10°
= I'(a) Voo= —_ r(b) Vop=
S, 02 2V S .0 2V
310 —25V 310 — 25V
’g al —3V g _4 —3V
21074} £10
o ] o
QoA R
2107 | 210 6
"’10_8 conv. p-MISFET "’1 o-¢ BBG p-MISFET

0.0 05 1.0 1.5 20 25 3.0 0.0 05 1.0 1.5 20 25 3.0
Vin (V) Vin (V)

Figure 13. The quasi-static power consumption of the CL inverters (W,/W, = 20 um /200 pm) with
varied supply voltage Vpp based on (a) the conventional p-MISFET and (b) the BBG p-MISFET.

The dynamic switching characteristics of the CL inverters are shown in Figure 14a,b,
in which the fall time f is defined as the duration it takes for Vour to decrease from 90% to
10% of Vpp and the rise time ¢, is defined as the duration it takes for Vo1 to increase from
10% to 90% of Vpp. The fall time tr for either of the inverters based on the BBG p-MISFET
and conventional p-MISFET was 0.6 ps, which was determined using the GaN n-HEMT.
Meanwhile, compared with the conventional p-MISFET based on a CL inverter, the rise
time t, was significantly reduced from 7.1 ps to 1.1 us with BBG p-MISFET, which allows
for a respectably enhanced current drive capability.
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Figure 14. The dynamic switching response of the CL inverters (W;/W, = 20 um/200 um) (a) fall
time and (b) rise time based on the conventional p-MISFET and BBG p-MISFET.

Overall, the BBG p-MISFET delivers a superior performance in the dynamic switching
process of the CL inverter compared with the conventional p-MISFET. It can be anticipated
that the proposed BBG p-MISFET, if employed in system-level CMOS control circuits, will
result in significant optimization of their response speed and chip area. Firstly, the reduction
in SS (from 148 mV /dec to ~60 mV /dec) enables the CL inverter unit to exhibit a steeper
transfer characteristic, which results in larger noise margin and is capable of improving the
noise sensitivity of the system. Moreover, a higher voltage gain ensures a rapid response
of the output signal to the input signal. Secondly, the enhanced current drive capability
of the BBG p-MISFET significantly reduces the ¢, of the CL inverter (from 7.1 ps to 1.1 ps),
which further elevates the signal system response speed. Additionally, recent reports of the
monolithic integration of p-channels and n-channels always address the weaker current
density of the p-MISFET by enlarging the device footprint, which leads to a substantial
increase in the overall chip area. Thus, the BBG p-MISFET enables a more favorable trade-
off between chip area and system response speed. The results of mixed-mode simulation
showcase the exceptional compatibility of the BBG p-MISFET with low-voltage logic
circuits, suggesting its potential to serve as a novel structure for further advancing the
development of high-speed and low-power GaN monolithic integration technology.

In addition, Figure 15 illustrates the process flowchart of the proposed BBG p-MISFET.
Due to the substantially higher temperature (~830 °C) [36] required for the formation of
n-type ohmic contact compared with the formation of p-type ohmic contact (~550 °C) [36],
a “gate-first” approach is accordingly proposed for fabricating the BBG p-MISFET. This
involves utilizing electron beam lithography to form the “distribute-recessed via” at the
bottom of the conventional gate trench, followed by the realization of n-ohmic contact
for back gate (along with ohmic contacts for the integrated n-channel devices) at high
temperatures. After that, the remaining low-temperature processing steps are conducted,
which is consistent with the typical process sequence for conventional GaN p-MISFETs, as
reported in experimental works [38]. All the aforementioned steps are compatible with the
current process of fabricating commercial n-channel p-GaN gate HEMTs.
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Figure 15. (a) The demonstrated process flow of the BBG p-MISFET. (b) The critical fabrication
process steps for developing a buried back gate structure.

4. Conclusions

In this study, based on a double-heterostructure p-GaN/AIN/AlGaN/AIN/GaN,
a novel enhancement-mode GaN p-MISFET utilizing the intrinsic buried 2DEG channel
beneath the recessed gate performing as the back gate is demonstrated. Compared with con-
ventional GaN p-MISFETs, the proposed BBG p-MISFET exhibited significant improvement
in subthreshold characteristics and current drive capability. An ultra-low SS of ~60 mV /dec
(vs. ~148 mV/dec in the conv. device) and a respectably high Ip of —9.1 mA/mm (vs.
—2.1 mA/mm in the conv. device) were achieved with the BBG p-MISFET. With in-depth
analysis, the enhancement of the subthreshold and on-state characteristics of the device
due to the back gate effect and hole compensation behavior was profoundly elucidated.
Furthermore, the mixed-mode simulation of the CL inverter based on the BBG p-MISFET
showed excellent transfer and dynamic switching characteristics. In comparison with
conventional GaN p-MISFETs, the voltage gain increased from 13.4 v/v to 20.8 v/v, and
the rise time t, dramatically decreased from 7.1 ps to 1.1 ps. In general, the proposed
BBG p-MISFET shows great potential for high-speed and low-power GaN monolithic
integration technology.
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