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Abstract— This paper demonstrates a monolithic voltage
reference based on technology of aluminum-galliumnitride/gallium-nitride
(AlGaN/GaN)
Metal-InsulatorSemiconductor (MIS) High-Electron-Mobility Transistors
(HEMTs). The simple but robust voltage reference consists
of only two transistors (2T), namely a depletion-mode
(D-mode) device and an enhancement-mode (E-mode)
device. This implementation features a 2T structure to
generate a predictable reference voltage while maintaining
high stability over wide ranges of the supply voltage and
temperature. Experimental results show a realization of
2.53 V reference voltage (VREF ) for a supply voltage range
of 4.8 to 50 V, a maximum VREF line sensitivity of 0.077 %/V
and a temperature coefficient of 26.2∼33.9 ppm/°C in
the temperature range from -25 to 250 °C. The voltage
reference circuit also features a fast initialization with a
start-up time of 387 ns at 25°C and 841 ns at 250°C. The
results demonstrate a useful design and implementation of
a thermally stable reference voltage input for applications
in biasing and sensing circuits to achieve the compact
all-GaN monolithic integration of control/protection blocks
in the smart power systems.

There have been attempts for a voltage reference generator to
be implemented using GaN HEMT and Schottky barrier diodes
(SBDs), that can achieve a high-temperature operation up to
250 °C [6]. However, this circuit requires a negative supply
voltage and hence a negative reference voltage is generated,
causing limitations of its applications in single-polarity power
supply circuits [7]. A voltage reference has also been realized
in [8] that can generate a stable positive reference voltage with
a supply voltage from 3.9 to 24 V under -50 to 200 °C. The
design however requires quite a few GaN transistors.
In this paper, a voltage reference generator with more
compact topology is proposed for monolithic integration in
all-GaN power ICs. An easy implementation is expected using
standard fabrication of GaN MIS-HEMTs. At the same time, a
wide supply voltage range can be enhanced to satisfy various
applications, such as the DC-DC voltage conversion on servers
and automobiles [9], [10].
II. D EVICE FABRICATION AND C HARACTERISTICS

Index Terms— AlGaN/GaN, MIS-HEMT, monolithic integration, voltage reference, all-GaN solution.

I. I NTRODUCTION

W

IDE bandgap GaN-based power devices are emerging
as promising candidates for high-frequency switching,
high voltage application, and high-temperature operation for
smart power conversion systems. To improve the efficiency
of power conversion, monolithic integrated circuits (ICs) are
required to optimize parasitic effects and power density [1],
[2]. The most recent advanced-level integration of GaN circuits
has sensing [3], control [4] and protection requirements [5]. In
these IC systems, the voltage reference is one of the essential
functional blocks required to generate a stable voltage with
high immunity to variations in the supply voltage and temperature. Integrating monolithically the voltage reference into
smart power ICs can simplify external inputs and connections.
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Fig. 1. Schematic of 2T GaN MIS-HEMT voltage reference.

The schematic cross-section of the AlGaN/GaN MISHEMT structure used for the compact voltage reference is
illustrated in Fig. 1. The normally-off device was formed
by a reactive ion etch (RIE) for the gate region in AlGaN.
Then, 12 nm Al2 O3 dielectric layer was deposited by atomic
layer deposition (ALD). The passivation layer, SiNx , with
nominal thickness of 100 nm, was formed by plasma-enhanced
chemical vapor deposition (PECVD). Finally, Al metal was
used to connect the individual devices of the GaN integrated
circuit (IC).
Fig. 2(a) shows the transfer characteristics of the MISHEMT device at 25 °C and 250 °C. The D-mode device has
a threshold voltage Vth,D of -2.40 V at 25 °C and -2.21 V at
250 °C. The E-mode device shows a Vth,E of 2.23 V at 25 °C
and 2.44 V at 250 °C. Fig. 2(b) shows the Vth variation in
the D/E-mode devices. For temperatures in the range of -25
to 250 °C, the maximum change in Vth,D is 0.20 V, and the
variation for Vth,E is 0.23 V. The results show that the D-mode

2

GENERIC COLORIZED JOURNAL, VOL. XX, NO. XX, XXXX 2021

Fig. 2. (a) Transfer characteristics of D/E-mode MIS-HEMTs at 25 °C
(solid line) and 250 °C (dash line). (b) The threshold voltage Vth variation
with temperature in the range from -25 to 250 °C.
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Fig. 4. Measured reference voltage (VREF ) versus supply voltage (VDD )
at temperatures from -25 to 250 °C, with the operation range from 4.8 to
50 V. Inset shows line sensitivity at various temperatures.
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Fig. 3. (a) Circuit schematic of the 2T GaN voltage reference. (b) The
output characteristic of M1 at VGS1 = -2.5 V, the inset depicts schematic
of the equivalent circuit. (c) Microphotograph of the fabricated voltage
reference.

and E-mode GaN MIS-HEMT devices have approximately
equal threshold voltage changes ∆Vth at high temperatures
[11]; such a positive shift has also been observed in [12], [13].
III. O PERATION P RINCIPLES
Fig. 3(a) shows the voltage reference circuit configuration
formed by a series connection of a D-mode MIS-HEMT M1
and an E-mode M2. The supply voltage VDD is applied to the
drain of M1, whose gate is connected to the ground. As for the
other MIS-HEMT, M2, the gate and drain are shorted while
the source is grounded. The output VREF is generated between
the source of M1 and the drain of M2. The size of M1/M2 are:
gate width, Wg = 100/100 µm and gate length, Lg = 3 µm. The
area of the realized voltage reference is 0.104 mm2 , including
the probe pads.
In the voltage reference in this work, E-mode M2 is in
the diode-connected configuration, and has a gate-to-source
voltage VGS2 = VREF . The D-mode M1 has a gate-to-source
voltage VGS1 = -VREF . When the supply voltage VDD increases
from 0 V, M2 is at first in the cut-off mode and M1 works in
its linear region, leading to VREF = VDD . When VDD increases
to Vth,E , M2 turns on and the 2T circuit starts to conduct
an increasing current ID , making VREF to keep increasing to
certain VDD . Eventually, M1 is in the saturation mode due
to the reduction of VGS1 (VGS1 = -VREF ) and an increase in
ID . Fig. 3(b) shows the output characteristics of M1 at VGS1
near to -Vth,E (VGS1 = -2.5 V). When M1 is in the saturation
mode, it is equivalent to a constant current source as shown
in the inset. This current source ensures a stable load current
which makes VREF a stable output voltage independent of VDD ,
therefore leading to the operation of the two-transistor voltage
reference. Furthermore, this structure limits the D/E-mode
device’s VGS around their threshold voltage, which results in
an operating current of 0.06 mA under 25 °C, that is a power
dissipation of 0.33 mW at VDD = 5 V.
To realize a wide-temperature operation, a combination
of two parts, namely proportional to absolute temperature

(PTAT) and complementary to absolute temperature (CTAT),
are required to suppress the variation of VREF [14]. In reference
to the MIS-HEMT model [15], the drain current is given by
1
W
µef f Cef f (VGS − Vth )2 ,
(1)
2
L
where µeff is the effective mobility, Ceff is the effective
capacitance, and W/L is the width over length ratio. Since
ID,D = ID,E , the reference voltage can be derived as
q
kn,E
kn,D Vth,E − Vth,D
,
(2)
VREF =
kn,E
1 + kn,D
ID,Sat =

where kn,E /kn,D =µeff,E Ceff,E /µeff,D Ceff,D . It can be seen from
Fig. 2(b) that Vth,D and Vth,E are positive shifts with increasing
temperature. Therefore, in Equation (2), -Vth,D is negatively
related to temperature as CTAT, while Vth,E is positively related
as PTAT. Meanwhile, the recess etching process has only a
slight effect on device thermal stability, resulting in a similar
mobility degradation [11], so its effect can be mitigated. Thus,
a relatively weak dependence of VREF on temperature can be
achieved by combining of CTAT and PTAT in the D-mode and
E-mode MIS-HEMTs.
IV. E XPERIMENTAL R ESULTS
The characteristics of the GaN voltage reference were measured by Agilent 1505 power device analyzer. The experimental plots of the reference voltage VREF versus VDD are shown in
Fig. 4, at temperature values of -25, 25, and from 50 to 250 °C
(with 50 °C/step). The inset shows the line sensitivity at the
corresponding temperature. It can be seen from the inset that
at 25 °C, the generated VREF is 2.53 V and the line sensitivity
is 0.063 %/V. Moreover, since VDD is applied to the drain of
GaN transistor M1 which has a large drain voltage tolerance,
the circuit can operate in a wide supply voltage range from
4.8 to 50 V, of interest for industrial applications. Fig. 4
further shows that as temperature increases, the output curves
maintain high immunity to supply voltage changes, achieving
a maximum line sensitivity of 0.077 %/V and a maximum
VREF drift of 34.6 mV.
Fig. 5(a) shows characteristics of VREF versus temperature
from -25 to 250 °C, with the five curves corresponding to the
temperature coefficient (TC) of 26.2, 28.6, 29.1, 31.0, and 33.9
ppm/°C under VDD = 10, 20, 30, 40, and 50 V, respectively.
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TABLE I
P ERFORMANCE S UMMARY AND C OMPARISON OF S O A VOLTAGE R EFERENCE C IRCUITS

Process
VDD Range (V)

This work (2021)

[6] (2009)

[8] (2020)

[16] (2016)

[17] (2013)

[14] (2012)

GaN MIS-HEMT

GaN HEMT

p-GaN

0.18 µm CMOS

0.18 µm CMOS

0.13 µm CMOS

4.8∼50

-4.3∼-10

3.9∼24

1.2∼2.2

1.2∼1.8

0.5∼3

VREF (V)

2.53

-2.1

3.19

0.9862

1.9

0.3268

Line Sensitivity (%/V)

0.063

N/A

0.32

0.38

0.737

0.044

PSRR (dB)

-42.8

-35

-45

-42

-62

-49

-25∼250

25∼250

-50∼200

-40∼85

-40∼120

-20∼80

26.2

238∗

23.6

N/A

147

54.1

0.104

0.16

0.52

0.0488

0.0294

0.001425

Temp. Range (°C)
TC (ppm/°C)
2

Area (mm )

* Temperature Coefficient (ppm/°C) = Temperature Drift (mV/°C)/VREF . In [6], the temperature drift is 0.5 mV/°C.

I, the proposed structure demonstrates a wider operation range
in terms of the supply voltage (4.8 to 50 V) and temperature (25 to 250 °C). In GaN technology, a clear advantage of this 2T
structure is better area efficiency, using up a die area of 0.104
mm2 while performing competitively in terms of line sensitivity, temperature coefficient and PSRR. The inherent limitation
of the proposed configuration is the relatively large output
impedance, but it is not critical due to similar high-impedance
input stages in GaN-based comparators and amplifiers [5], [7],
[20]. Hence, the proposed chip-area efficient 2T structure is
well suited for use in various sensing and biasing circuits and
facilitates the compact IC design.

Fig. 5. (a) The variations of reference voltage characteristics versus
temperature under VDD of 10 to 50 V. (b) The power supply rejection
ratio of the 2T GaN voltage reference, measured from 10 Hz to 10 MHz.
The inset schematic circuit diagram illustrates the test setup. (c) 5%settling start-up time of the proposed voltage reference.

At 250 °C, the 2T GaN voltage reference shows its maximum
VREF variation of 23.6 mV. The results demonstrate the high
temperature-immunity of the 2T structure; hence, a stable
operation over a wide temperature range can be guaranteed.
To characterize the power supply variation immunity of the
voltage reference generator, the power supply rejection ratio
(PSRR) and experimental configuration are shown in Fig. 5(b).
The test was implemented by superimposing a 2 V peak-topeak sinusoidal AC signal onto a 9 V DC supply voltage VDD
as a power supply with ripples. By adjusting the frequency
from 10 Hz to 10 MHz, the corresponding PSRR was measured to be from -42.0 to -53.6 dB. These results promise
a robust suppression of power supply variation, and further
provide a clean and stable output in the power conversion
system. The proposed voltage reference also features a fast
start-up as shown in Fig. 5(c). Its 5% settling start-up time,
for a VDD from 0 V to 10 V, is 387 ns at 25 °C and 841 ns
at 250 °C. Compared to its CMOS counterparts whose startup times are around the level of milliseconds [18], [19], this
structure demonstrates its merit in applications that require fast
response, high voltage and high-temperature operation.
In Table I, several state-of-the-art (SoA) voltage reference
realizations are compared, including the GaN process and the
CMOS process. Compared to other SoA circuits listed in Table

V. C ONCLUSION
A monolithic voltage reference with a compact topology has
been realized using wide-bandgap semiconductor technology
of AlGaN/GaN MIS-HEMTs. It exhibits superior stability in a
wide range of operating voltage and temperature, showing its
promise for high-temperature mixed-signal applications. With
its chip-area-efficient structure, this voltage reference circuit
is an excellent contender to accomplish control and protection
blocks in high power density all-GaN smart power ICs.
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