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High-performance GaN-based binary and ternary digital modules, 
including inverter, AND, OR, NAND, and NOR, are demonstrated by 
integrating D/E-mode GaN MOSHEMTs on a AlGaN/GaN epi-platform, 
via argon-based neutral beam etching (NBE). Improvement in output 
voltage swing and transition voltage performance was achieved by 
optimization of the D/E-mode transistor aspect ratio (W/L). Inverter 
fabricated with the NBE method yields near unit logic voltage swing of 
5.98 V with VDD of 6 V. Balanced low/high-level noise margin of 2.5 V/ 
2.7 V and the transition voltage width of 0.8 V have been obtained. With 
increasing supply voltage to 8 V, the circuit maintains functional 
integrity while exhibiting robust performance metrics, including logic 
voltage swing characteristics of 7.95 V/8 V. In addition, other binary 
logic components, namely AND, OR, NAND and NOR, all exhibit high 
voltage swing of over 97%. Furthermore, ternary inverter and NAND 
modules have been well implemented by integrating multiple E-mode 
transistors of two different threshold voltages. The output of three logic 
levels were well documented, showing their great potential in enhancing 
digital processing capability, facilitating next-generation all-GaN 
monolithic integration and driving capability.

1. Introduction

Gallium nitride (GaN) high electron mobility transistors (HEMTs) 
exhibit superior properties under high-voltage and high-frequency 
conditions, owing to their wide bandgap, high carrier mobility, and 

low on-resistance (Ron), enabling their widespread adoption in power 
conversion systems [1–3].

Compared with the peripheral circuits (control, drive, and protection 
circuits) composed of silicon, the monolithic integration of GaN based 
peripheral circuits and power devices not only improves integration 
density [4–6] but also minimizes parasitic coupling effects caused by 
interconnection [7,8]. For example, monolithic integration of digital 
components with power devices not only enables the implementation of 
control functions and unleash the high-temperature and high-frequency 
potential of GaN devices, but also provides the driving capability needed 
for the power devices [9,10].

The direct-coupled FET logic (DCFL) architecture has been demon
strated to be a feasible method to form essential logic components by 
integrating D/E-mode n-channel devices [11,12]. In this design, the 
characteristics of the E-mode devices play a critical role in determining 
overall circuit performance. Typically, E-mode devices could be realized 
by p-GaN gate [13–16] and recessed-gate [17–20]; and in recent years, 
Tri-gate [21] and charge trapping layer [22,23] have also demonstrated 
good Vth modulation.

DCFL circuits with p-GaN gated HEMT are typically confined to low 
gate voltage operation, e.g., in the range of 3–5V, and lack the capability 
to deliver the high output voltage required to drive power devices. This 
limitation is primarily attributed to the low threshold voltage (Vth) of p- 
GaN gated E-mode HEMT. Moreover, when the logic components 
fabricated by low Vth devices are operated at elevated power supply 
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(VDD) levels, imbalanced noise margins appear, leading to an increase in 
logical errors caused by cascade circuits.

Recessed-gate devices enable the realization of enhancement-mode 
operation by modulating the two-dimensional electron gas (2DEG) 
density through controlled etching of the AlGaN layer thickness beneath 
the gate, inducing a positive shift in the Vth [12,24,25].

In our previous work, the argon-based neutral beam etching (NBE) 
technique has been employed to form low-damage gate etching and 
steep sidewall profiles [19]. High-performance recessed gate E-mode 
GaN transistors have been demonstrated, showing threshold voltage 
over 4 V and high saturation current simultaneously. The successful 
demonstration of high-Vth HEMT may facilitate meeting the demands of 
large output voltage and low on-resistance in constructing DCFL.

In the field of digital integrated circuits, fundamental logic gates, 
such as inverter, AND, OR, NAND, and NOR, serve as essential building 
blocks. These logic gates not only have a simple structure and are easy to 
implement, but also can be combined to construct other complex digital 
functions. This feature simplifies the design and manufacturing process 
of digital systems and establishes their irreplaceable foundational po
sition in integrated circuits.

Argon-based NBE would enable the fabrication of E-mode devices 
with various Vth by controlling the etch depth of the AlGaN layer 
beneath the gate, allowing monolithic integration of multiple devices 
with different Vth on a single circuit. For example, multi-value logics can 
be constructed via integration of several E-mode devices (with various 
threshold voltages) and D-mode devices, for driver circuits including 
level shifter, driver control, and dead time control. Previously, mono
lithic multivalued logic has been proposed to enhance circuit efficiency 
[26], indicating potential improvements in digital processing density 
and reduced die area via simulations. Experimental results are yet to be 
reported.

This work reports high-performance GaN-based binary and ternary 
digital components by monolithically integrating D/E-mode HEMTs. 
The fabricated binary digital components, including inverter, AND, OR, 
NAND, and NOR, exhibit large logic swing, high operating voltage 
capability, and uniform noise margins. Detailed characterization of 
basic digital gates validates the robust functionality of these components 

at an 8 V supply voltage. Furthermore, ternary logic was implemented 
through interconnecting devices with engineered threshold voltages. 
The successful demonstration provides preliminary validation of GaN- 
based multi-valued logic feasibility, laying essential groundwork for 
its application in expanding digital hierarchies.

2. Device fabrication

As shown in Fig. 1(a), the MOSHEMT were fabricated on AlGaN/GaN 
epitaxial layer on a silicon substrate. It consisted of a 5 μm AlN/GaN 
buffer layer, a 210 nm i-GaN channel layer, a 0.8 nm AlN spacer layer, a 
23 nm AlGaN barrier layer, and a 2 nm GaN cap layer. Compared to D- 
mode, E-mode employs a recessed-gate process, in which the AlGaN 
layer beneath the gate is etched and thinned to enable normally-off 
operation. The ohmic metal stack composed of Ti/Al/Ni/Au (20/150/ 
50/80 nm) was deposited in source and drain regions, followed by rapid 
thermal annealing at 790 ◦C for 40s and 870 ◦C for 30s. The gate 
recessing structure was defined by NBE. Featuring a low energy of 200 
eV argon beam to minimize damage, nominal AlGaN etching rate of 
~3.5 nm/min was achieved for gate recessing. As shown in Fig. 1(c), the 
AFM image of the recess shows a clear boundary between the etched and 
unetched parts. Fig. 1(d) showed the trench profile view with a depth of 
19.8 nm formed after 5.5 min of etching, verifying the formation of steep 
sidewalls and good etching morphology. After the NBE processing, the 
samples were put in preheated 60 ◦C tetramethylammonium hydroxide 
(TMAH) for 10 min to further smoothen the surface morphology.

Then, 15 nm-thick Al2O3 dielectric layer was deposited immediately 
by plasma-enhanced atomic layer deposition (PEALD) at 300 ◦C, which 
can achieve good density and also serves as a passivation layer for the 
access regions. Finally, after opening the hole in the oxide layer, gate 
metal and contact pads were formed by Ni/Au (20/200 nm). Fig. 1(b) 
showed the optical microscope image of the E-mode device, and the 
recessed structure was under the gate metal. As shown in Fig. 1(e), the 
root-mean-square (RMS) roughness of the starting epitaxy was 0.51 nm. 
After NBE process, the RMS roughness increased to 0.68 nm without 
significantly affecting the roughness. After NBE process and TMAH 
treatment the RMS became 0.53 nm, indicating a minimal micro- 

Fig. 1. (a) E-mode device schematic. (b) Optical microscope image of the E-mode device. (c) AFM scanning image and (d) the depth curve of the recess. (e) 
Characterization of the surface morphology by AFM before NBE (left figure), after NBE without TMAH (middle figure) and after NBE with TMAH (right figure). The 
(f) transfer and (g) output characteristics of E-mode GaN MOSHEMT.
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roughness and highly smooth etching surface achieved by NBE. The Vth 
of the device will increase with the increase of etching depth, thus 
becoming an E-mode device. Fig. 1(f) illustrated the transfer charac
teristics of the normally-off GaN MOSHEMT with an etching depth of 
19.8 nm and a remaining AlGaN thickness of 6.2 nm. The normally-off 
device exhibited a Vth of 2.6 V, which was determined using a linear 
extrapolation method. The output characteristics of the normally-off 
GaN MOSHEMT were presented in Fig. 1(g). At Vgs = 8 V, the 
normally-off GaN MOSHEMT presented a maximum drain current of 
271.6 mA/mm. The normally-on GaN MOSHEMT, which was fabricated 
by same process without recess, presented a Vth of − 3.4 V and a 
maximum drain current of 275.9 mA/mm at Vgs = 0 V. The gate width 
Wg, gate length Lg, gate-source distance Lgs, and gate-drain distance Lgd 
of the D/E-mode GaN MOSHEMTs were 20/1.5/1.5/2 μm, respectively.

3. Digital design and characteristics

3.1. Inverter

As shown in Fig. 2(a), the inverter is formed by directly coupling a D- 
mode device (configured as the load transistor) and an E-mode device 
(configured as the drive transistor). Fig. 2(b) showed a typical optical 
microscope image of the fabricated inverter with α = 40. In this study, 
inverters with different driver-to-load ratio, which is defined as α=(W/ 
L)E/(W/L)D, were fabricated. The W is the width of the gate and L is the 
length of the gate. In DCFL type inverters and under the condition of 
simultaneous conduction, the circuit can be approximated by a resistive 
divider network. The output voltage is related to their resistance ratio 
and can be expressed as VOL = RE/(RD + RE) × VDD. Increasing the value 
of α can reduce the equivalent resistance of E-mode, thereby lowering 
the output voltage and improving the performance of the circuit. 
Compared to the case where the current in D-mode is much larger than 
that in E-mode, this improvement is more pronounced when the current 
density in D/E-mode is comparable [27].

Fig. 2(c) presented the voltage transfer characteristics under square- 
wave input signals. The inverter maintained a correct voltage of a square 
wave and the high-level output voltage (VOH) and low-level output 
voltage (VOL) were 8 V and 0.02 V, respectively, yielding a large voltage 

swing of 7.98 V/8 V (99.75%). Fig. 2(d, e) showed the voltage transfer 
characteristics of DCFL inverter for the VDD of 6 V and 8 V, respectively. 
Fig. 2 (f) showed the impact of increasing α on performance. The results 

Fig. 2. (a) Schematic of DCFL inverter including a D-mode MOSHEMT and E-mode MOSHEMT. (b) Optical microscope image and (c) input-output waveforms of the 
fabricated inverter with driver-to-load ratio α = 40. Voltage transfer characteristics of inverters with different driver-to-load ratio α from 5 to 40, with VDD of (d) 6V 
and (e) 8V, respectively. (f) The impact of increasing α on performance (The solid line denotes results with VDD = 6 V, and the dashed line denotes results with VDD 
= 8V).

Fig. 3. Voltage transfer characteristic of the inverter with a ratio α of 40 at VDD 
= 6V (a) and 8V (c). The rise time and fall time of inverter with (b) VDD = 6V 
and (d) 8V.
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indicate that with the increase of α, the equivalent resistance of E-mode 
decreases and the driving capability increases, resulting in lower VOL 
and higher voltage swing. At the same time, it also reduces the transfer 
voltage (Defined as the Vin range required for the output to change from 
VOH to VOL) and making the inverter to have sharper transition.

The magnitude of the low output voltage is directly constrained by 
the performance characteristics of the E-mode transistor. The recessed- 
gate E-mode transistor fabricated by NBE demonstrated low on- 
resistance characteristics, enabling significant reduction in low-level 
output voltage. By increasing the W/L of the E-mode device, the resis
tance contribution from the E-mode transistor is further minimized and 
the low-level output voltage can be further reduced, thereby achieving 
enhanced output voltage swing. Fig. 3(a) showed the corresponding 
static voltage transfer curve with a supply voltage VDD of 6 V. The VOH 
and VOL voltages of the inverter are 6 V and 0.02 V, respectively, cor
responding to an output voltage swing of 5.98 V/6V (99.7%). The input 
low (VIL) and high (VIH) voltage levels, extracted from the voltage unit 
gain points (dVout/dVin = − 1) are 2.5 V and 3.3 V, respectively. The low- 
level noise margin (NML = VIL-VOL) and high-level noise margin (NMH =

VOH-VIH) are 2.48 V and 2.7 V, respectively. As shown in Fig. 3(c), the 
output voltage swing is well-maintained as 7.95 V/8 V (99.38%) when 
VDD increases to 8V and enhancements are observed in VIL and VIH with 
measured values of 3.67 V and 5.56 V. Concurrently, a significant 
improvement in low-level noise margin is observed (increasing from 
2.48 V to 3.67 V). This is because the increase in VDD enhances the pull- 
up capability of D-mode, while E-mode requires a larger gate voltage to 
provide stronger pull-down capability in order to lower the output level. 
Therefore the value of VIL and NML were improved. Additionally, Fig. 3 
(b) and (d) exhibit the rise and fall times (defined as the transition time 
when the output switches from 10% to 90% of the maximum value) of 
different VDD at 50 kHz. The rise times are 650 ns and 750 ns, respec
tively, and the fall times are both 100 ns. Due to the increase in the final 
required voltage and the electron traps caused by high bias voltage, 
which cause a slight decrease in current [28,29], the rise time is longer 
at VDD = 8V than at VDD = 6V. Rise/Fall time demonstrate 
nanosecond-scale switching capability. Due to the structural character
istics of DCFL, there is a DC path from VDD to GND when the input is 
high, resulting in a static power consumption of 3.46 mW (Smaller than 
similar structure in the literature [30], about 8 mW) and an average 
dynamic power consumption of 1.76 mW when α is 40. Table 1 presents 
the comparison results of the inverter with those from other literature. 
These results demonstrate that the inverter fabricated by NBE maintains 
excellent performance even under high-voltage conditions.

3.2. "And gate" and "OR gate"

As illustrated in Fig. 4(a) and (d), AND and OR gates are imple
mented using DCFL structures as well. Both utilize a D-mode transistor 
as the load device, with its gate terminal being directly connected to the 

Table 1 
Comparison of DCFL inverters in the literature.

Affiliation VDD(V) Vswing(V) NML(V) NMH(V)

[15] 5 4.66 (93.2%) 1.58 2.00
[16] 3 2.91 (96.7%) 0.78 1.67
[25] 7 6.30 (90.0%) 2.30 3.10
[31],a 3 2.91 (96.7%) 0.20 2.40
[30],a 6 5.80 (96.7%) 1.70 2.20
[32] 7/10 6.68 (98%)/9.80 (98%) 2.75/3.44 3.54/4.79
This work 6/8 5.98 (99.7%)/7.95 (99.4%) 2.48/3.67 2.70/2.54

a Extracted data from graph.

Fig. 4. Schematic of AND (a) and OR (d) circuit, enabled by NBE. Input-output waveform of (b) AND (c) OR at 50 KHz. The rise-fall time of (e) AND and (f) OR.
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output node. The function of the AND gate is achieved through two 
series-connected E-Mode devices which act as driver transistors. Since 
the source of E-mode transistors is connected to ground, phase inversion 
occurs at the output signal. Consequently, an additional inver
ter—composed of a D-mode and an E-mode transistor—is incorporated 
at the output stage to ensure correct signal polarity. The input signals 
Vin1 and Vin2 control the two series-connected E-mode transistors to 
implement the AND logic operation. Furthermore, the performance of 
the AND gate and OR gate were characterized in Fig. 4(b) and (c) with a 
VDD of 8V. Input ports Vin1 and Vin2 were supplied with square waves 
phase shifted by 90◦, thereby generating the four possible input com
binations: 10, 11, 01, and 00. The output characteristic curves of 
different input signals match the truth table of the AND gate. The AND 
gate outputs a high level voltage only when both inputs are at high level 
voltage (11), otherwise, under other input conditions (10, 01, 00) the 
output remains at a low level voltage. Conversely, the OR gate yields an 
output at low level voltage only when all inputs are at low level voltage 
(00); all other input combinations (10, 11, 01) result in a high output. As 
illustrated by the transfer characteristics, both digital gates maintain 
correct logical states at elevated VDD and exhibit near-ideal logic voltage 
swing. As shown in Fig. 4(e) and (f), the measured transfer delay for the 
AND gate shows rise and fall times of 700ns and 150ns, while those for 
the OR gate are 650 ns and 150 ns, respectively. From these data, it can 
be concluded that the average propagation delay of AND and OR is 
162.5ns and 100ns, respectively. The larger the capacitance of the de
vice, the longer it takes to charge the node to the corresponding voltage, 

which deteriorates the time-dependent performance of the circuit.

3.3. "NAND gate" and "NOR gate"

As universal logic gates serving as fundamental building blocks in 
digital systems, NAND and NOR gates exhibit performance character
istics that critically govern overall system functionality. Consequently, 
comprehensive characterization of both NAND and NOR gate perfor
mance was conducted. As illustrated in Fig. 5(a) and (d), the schematic 
circuits of NAND and NOR are basically the same as those of AND and 
OR. However, their structure is simpler and compared to AND and OR, 
they all lack an inverter. Fig. 5(b) and (c) show the voltage transmission 
curve (VTC) of the fabricated NAND and NOR logic gates, for which VDD 
was 8 V, and Vin1 and Vin2 were supplied with square waves phase 
shifted by 90◦ to be set at 4 different cases. When two input voltage 
sequences were set as 11, 10, 00, 01, NAND and NOR correctly show 
output of 0111 and 0010, respectively. The logic voltage swing of NAND 
(7.98 V/8 V) and NOR (7.95 V/8 V) were both above 99%. Both NAND 
and NOR gates exhibit favorable transfer speeds, with measured rise/fall 
times of 650 ns/150 ns for NAND and 550 ns/150 ns for NOR, respec
tively, as shown in Fig. 5(e) and (f). When the drive transistors are 
turned off, the output nodes are pulled to a high level by the pull-up 
current generated by D-mode. The driving transistors of NOR/OR can 
be equivalent to two finite large resistors in parallel, while the driving 
transistor of NAND/AND can be equivalent to two finite resistors in 
series. The overall resistance of NOR/OR is relatively small, and the pull- 

Fig. 5. Schematic of NAND (a) and NOR (d) circuit, enabled by NBE. Input-output waveform of (b) NAND and (c) NOR at 50 KHz. The rise-fall time of (e) NAND and 
(f) NOR.
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up current generated by D-mode is slightly greater than that in NAND/ 
AND, due to their parallel structure. Therefore, the rise time of NOR/OR 
is slightly shorter than that of NAND/AND. These results demonstrate 
the effectiveness of the NBE method in improving the performance of 
DCFL circuits.

3.4. Ternary logic

For recessed-gate GaN HEMT, the Vth is strongly dependent on the 
recess etching depth. Therefore, monolithic integration of transistors 
with different Vth can be achieved by fabricating devices with different 
etching depths on the same circuit. As shown in Fig. 6(a), the imple
mentation of the ternary inverter can be achieved through rational 
design of the Vth for E-mode HEMTs (as drive transistors) on different 
branches and their integration with D-mode HEMT (as load transistor). 
Fig. 6(b) showed the optical microscope images of the fabricated mod
ules. In constructing a ternary inverter, two types of E-mode devices 
were utilized, namely low threshold voltage transistor (LVT), which 
have a recessed gate with 20 nm depth, and high threshold voltage 
transistor (HVT), which have a recessed gate with 24 nm depth, 
respectively. When the input voltage exceeds the Vth of LVT but remains 
below the Vth of HVT, only the LVT device enters its conduction state. 
Moreover, the Wg of D-mode and LVT are all 5 μm, therefore they have 
almost the same resistance value. And the LVT holds experiences the 
same share of the voltage division, thereby producing an intermediate 
state output voltage. When Vin further increases beyond the Vth of HVT, 
all transistors conduct. The Wg of the HVT is 50 μm. Therefore compared 
to D-mode, it has a lower resistance value and experiences a low share of 
the voltage division. This parallel conduction of two E-mode further 
reduces the total resistance, enabling a lower output voltage. Fig. 6(c) 
demonstrated the ternary logic output characteristics, exhibiting a VOH 
of 6V and a VOL of 0.12 V. The VIL1, VIH1, VIL2, and VIH2 voltage levels, 
extracted from the voltage unit gain points (dVout/dVin = − 1) are 1.16 V, 
1.7 V, 2.02 V, and 2.5 V, respectively. Crucially, when Vin is greater than 
the Vth of LVT (1.16V) and less than the Vth of HVT (2.02V), a distinct 
0.3V-wide input voltage plateau spanning 1.7V < Vin < 2.02 V maintains 

a stable intermediate output level of 3V, which resides between the high 
and low logic states as the third state.

Fig. 6(d, e) represented the schematic diagram and optical macro
scope of the ternary NAND, respectively. The Wg of D-mode, LVT, and 
HVT are 6 μm, 18 μm, and 60 μm, respectively. When three LVTs are 
turned on, their combined equivalent resistance becomes comparable to 
that of D-mode device. This results in an equivalent voltage division, 
thereby producing an intermediate output voltage level. When the HVT 
is turned on, its resistance is significantly lower than that of the D-mode. 
Consequently, it obtains a negligible portion of the voltage, resulting in a 
low-level output. As illustrated in Fig. 6(f), the output voltage descends 
from 6V to 3V and subsequently to 0V. The circuit maintains a high-level 
output at 6V when any input is at the low level. Conversely, when the 
minimum input is at 2.8V, the output is at the middle level of 3V. Under 
conditions where all inputs simultaneously attain the high level, the 
output voltage drops to the low-level state of 0V, thereby achieving 
three levels of output voltage and the circuit exhibits the correct output 
corresponding to each variation in input logic.

4. Conclusion

High performance GaN binary digital components were imple
mented by an argon-based NBE method, including inverter, AND, OR, 
NAND, and NOR. Inverter with high logic swing voltage (99.7%), 
balanced noise margin, and low transition period was achieved. AND, 
OR, NAND, and NOR digital gates were characterized showing excellent 
logic voltage swing and had a nanosecond level short response time. 
These digital components maintain reliable operation at elevated supply 
voltages up to VDD of 8 V. Preliminary feasibility of implementing multi- 
value logic devices was verified by integrating devices with different 
threshold voltages. When 1.7V < Vin<2.02V, a 0.3V wide input voltage 
plateau is generated. At this point, the output voltage is 3V, between 
high and low levels, serving as the third logic state. These results 
highlight that NBE gate recessing offers a promising approach for the 
fabrication of high-performance normally-off GaN MOSHEMTs to be 
used in digital applications and show the enormous potential in 

Fig. 6. Schematic diagram of ternary-value (a) inverter and (d) NAND. Optical microscope image of the fabricated (b) ternary inverter and (e)NAND. Output curves 
of ternary-value (c) inverter which has a median value platform and (f) NAND in different input voltage.
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monolithic integration of multi-Vth devices to be used in power 
applications.
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