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Vacuum sensing applications.

A micro-scale pressure sensor based on suspended AlGaN/GaN heterostructure is reported with non-
linear sensitivity. By sealing the cavity, vacuum sensing at various temperatures was demonstrated. To
validate the proposed concept of the AlGaN/GaN vacuum sensor, a 700 wm diameter circular membrane
was electrically characterized under applied static and dynamic pressures at various temperatures rang-
ing from 25 °C to 100°C. The current change of the AIGaN/GaN heterostructure increased as the vacuum
and temperature increases due to the increase of 2DEG density by tensile strain. The dynamic current
change from 96 kPa down to 10 Pa of AIGaN/GaN heterostructure pressure sensor was 18.75 % at 100°C.
The maximum sensitivity reached 22.8 %/kPa with a power consumption of 1.8 wW. These results sug-
gest that suspended AlGaN/GaN heterostructures are promising for high vacuum and high-temperature

© 2020 Published by Elsevier B.V.

1. Introduction

Recently, compact MEMS pressure detection gains more atten-
tion for several applications such as RF switches [1], energy
harvesters [2,3] and MEMS resonators [4]. These systems, while
contain moving parts, have to maintain a vacuum environment
(1 x 1072 ~1073 Torr) for proper operation. Besides MEMS devices,
advanced scientific instruments, such as electron microscopes and
ion mass spectrometers, require a high vacuum environment.
Therefore, it is desirable to monitor the vacuum pressure and min-
imize the size of pressure gauges. Most vacuum sensors or gauges
can be classified into three types: ionization vacuum, thermal con-
ductivity and mechanical. Ionization vacuum gauges have been
commercially used to detect high vacuum, but the efficient electron
and a sufficient electron path requirements impede miniaturiza-
tion. Thermal conductivity gauges have a simple structure and are
therefore suitable for miniaturization, such as a Pirani gauge. How-
ever, this is undesired because such a gauge cannot be universily
applied among varying gas compositions. Another type of vacuum
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sensor is mechanical gauges, such as cantilevers and membranes,
which deform with the change of pressure. The representative
mechanical gauges are based on the membrane structure [5]. The
membrane deforms due to the pressure difference from both sides,
causing an electronic change of capacitance or resistance [6]. How-
ever, the conventional Si-based membrane is likely to suffer failure
from material fatigue by long-term loading and high-temperature
environment [7,8].

AlGaN/GaN heterostructures attract extensive attention
because of the high sheet density of two-dimensional electron
gas (2DEG) introduced by the large piezoelectric and spontaneous
polarization charges [9,10]. Lots of research has been done focusing
on microwave [11] and power [12] devices thanks to the robust
performance in high temperature or high radiation environment.
Additionally, thanks to the wide bandgap semiconductor proper-
ties, AIGaN/GaN heterostructure based sensors have been reported
for various sensing applications such as pressure [13-16], gases
[17-19] and optical [20-22]. Compared to silicon carbide (SiC),
the piezoresistive gauge factor of AIGaN/GaN heterostructures is
approximately three times higher than the highest gauge factor
reported for SiC [23], which represents the potential of AIGaN/GaN
heterostructures in high-temperature pressure sensing applica-
tions. Such a device can be realized by etching away the substrate
to form a MEMS structure and building the AlIGaN/GaN sensing
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element on it. The sensitivity in the field of pressure sensors
is usually considered as the change of capacitance [24], output
current [25,26] or voltage [27] of the device with applied pressure,
which could be enhanced by lowering the gate bias of the transistor
[14,28] or increasing the Al content of the AlGaN layer [14]. It can
be concluded from literature that most of the prior works on AlGaN
devices are only capable of measuring over-pressures instead of
vacuum (thus pressures exceeding 100 kPa (absolute)). Therefore,
the goal of this paper is to develop a micro fabricated AIGaN/GaN
MEMS pressure sensor with maximized local sensitivity in the
vacuum regime. Any induced non-linearity in the response of
the sensor will be investigated. Furthermore, the effect of both
pressure and temperature on the drain current of an AlGaN/GaN
heterostructure will be investigated while taking into account
the dynamic and static performace of the devices at various
temperatures.

2. Experiments

The AlGaN/GaN structure consists of an undoped Ga-face GaN
buffer layer (2 wm), followed by an AIN interlayer (1nm), an
undoped Alg5Gag.74N barrier layer (25nm), and a 3 nm GaN cap
layer as shown in Fig. 1(a). The epilayers were grown on a 1 mm

thick <111> silicon wafer using metal-organic chemical vapor
deposition (MOCVD). The fabrication process started with a mesa
etch to define the active area. Then, Ti/Al/Ti/Au ohmic metalliza-
tion was deposited by e-beam evaporation and patterned by lift-off
and annealed at 870°C for 45 s under N, ambient. Next, an evapo-
rated Ti/Pt layer was patterned by lift-off to form the microheater,
followed by a 200-nm plasma-enhanced chemical vapor deposi-
tion (PECVD) SiO, layer to isolate the heater from the interconnect
layer. The evaporated Ti/Au layer stack is then used to form the
metal interconnect. The topside of the wafer was passivated with
a 300 nm PECVD SiO, layer and the backside was thinned down to
400 pm by chemical mechanical polishing (CMP). The SiO; layer on
the top side of the wafer was etched in a buffered oxide etch (BOE)
solution to open the contact pads and gate windows. The silicon
substrate was etched from the backside by deep reactive ion etching
(DRIE) using a 5 wm-thick SiO; layer as the hard mask to form a cir-
cular membrane (700 pm in diameter). After dicing, the sensor was
bonded to a second silicon wafer using silicone (BISON) to create a
reference pressure (101 kPa) as shown inFig. 1(a) and (b). The thick-
ness of the GaN membrane was about 5 wm as illustrated in Fig. 1(c).
Then the sensor was put in a pressure chamber integrated with a
temperature-controllable microprobe station (NEXTRON) and elec-
trically connected to a Keithley 2612B source measure unit (SMU).

AlGaN/GaN Sensing Unit

GaN cap

AIN -

Membrane S

Vacuum

- | 54800 3.0kV 8.3mm x5.00k SE(M)

Fig. 1. (a) A schematic image of MEMS AlGaN/GaN pressure sensor; (b) An optical image of a micro-fabricated AlIGaN/GaN heterostructure sensor; (c) An SEM image of the

GaN membrane cross-section.
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Fig. 2. I-V static response of MEMS AlGaN/GaN pressure sensor versus temperature (a) and pressure (b).

The temperature was controlled by the microprobe station used
and the integrated microheater was used to modulate the mem-
brane temperature to improve sensitivity. More details about the
process of GaN-based sensors can be found in earlier publications
[17,20,29].

3. Results and discussion
3.1. Static measurement

The Ips-Vps static response of the AlGaN/GaN heterostructure
pressure sensor at various temperature and pressure values is
shown in Fig. 2. From Fig. 2(a), it can be seen that the drain
current decreases with the increasing temperature at ~ 10Pa,
which is attributed to a large decrease in channel mobility [30]
and piezoelectric effect [31] of the HEMT device. Furthermore, the
drain current of the device increases with increasing pressure, as
reported in Fig. 2(b), which is attributed to an increase of 2DEG
density (Ns) by the enhanced piezoelectric polarization [13,31-33].
However, it can be found that the sensor current change versus vac-
uum pressure in the range from 101 kPa to 1 kPa was much smaller
than that from 1 kPa to 10 Pa, which is caused by the smaller deflec-
tion at the vacuum pressure range from 101 kPa to 1 kPa. Therefore,
this sensor shows better performance in the lower pressure range.
The static current change (Alps/Ips 101 kpa» Where Alps is the rela-
tive change in drain current under the loading pressure, Ips 191 kpq 1S
the reference drain current at atmospheric pressure) [31,34] of the
AlGaN/GaN heterostructure sensor is shown in Fig. 3 as a function
of source-drain voltage (Vps) at various temperatures and vacuum
pressure values. From Fig. 3(a), a larger percent current change can
be found at a higher temperature, which is caused by the thermal-
induced deflection of the membrane at higher temperatures [35].
Consequently, the larger deflection introduced more tensile strain
in the device, which led to an increase in piezoelectric polariza-
tion and then increases the 2DEG density and Ips [13,14,31-33].
This could also explain the observed increase in Ips with decreas-
ing pressure values as shown in Fig. 3(b). Moreover, at a constant
temperature, the percent current change of the AlGaN/GaN sen-
sor slightly decreases with increasing Vps. This phenomenon might
be caused by the self-heating effect, which results in the elevated
channel temperature [28].

3.2. Dynamic measurement
In order to examine the dynamic characterization of the device,

the pressure firstly was increased from 10Pa to 96 kPa and then
swept back to 10Pa. The pressure was maintained for 300s at

each pressure set point. In Fig. 4(a), keeping Vps =20mV and T
=100°C, the measured pressure profile and the drain current of
sensor versus pressure are indicated by the blue and red curves
respectively. The output curve showed a recoverable response to
the pressure change and the working power consumption of the
device was about 1.8 wW. It can be seen that the drain current
decreases when a lower vacuum environment is applied, and that
the overall current change equals 18.75 %. Furthermore, as shown
in Fig. 4(b), arepeatable response of the drain current was observed
when the pressure was swept back and forth from 600 Pa to 5 kPa
for 5 cycles at various temperatures. The current response fol-
lows the change of pressure immediately as shown in Fig. 4(c).
In addition, the percent current change increases with the tem-
perature when the vacuum pressure changes from 5 kPa to 600 Pa
as shown in Fig. 4 (d), which supports the AIGaN/GaN sensor to
have a large response at a higher temperature. The dynamic percent
drain current change of sensor at various temperatures is shown in
Fig. 5. Temperatures beyond 50°C and ambient pressures below
5kPa result in current change increasing, especially at a pressure
below 1 kPa, a significant increase in current change is observed as
shown in the inset, indicating a higher sensitivity in low pressure
range. At 100°C, the sensitivity varied from 0.005 %/kPa (70 kPa -
40kPa) to 22.8 %/kPa (600 Pa-10Pa). Compared with prior simi-
lar works on AlGaN/GaN pressure sensors, as shown in Table 1, the
ability of vacuum sensing was tested instead of using the sensor
at over-pressure beyond atmospheric. Another difference is that
the sensing voltage used in this work is much lower than other
AlGaN/GaN HEMT pressure sensor reported in literature. In addi-
tion, our study applied dynamic pressure profiles, which enables
the investigation of dynamic behavior and repeatability. Although
Durga et al. [24] applied dynamic differential pressure, more pres-
sure stages were adopted in this work. Most importantly, our work
presented a non-linear sensitivity to the vacuum level. Especially
in the low pressure range below 600 Pa, the maximum sensitivity is
significantly larger than other works as 22.8 % at 100 °C. This result
suggests the feasibility of the AIGaN/GaN sensor for the applications
in high-vacuum and high-temperature.

3.3. Working principle of pressure sensing

In order to further understand the working mechanism of
the vacuum pressure sensor, the energy band diagram of the
AlGaN/GaN heterostructure under tension condition is illustrated
in Fig. 6. Under strain-free conditions, the 2DEG is formed in
the GaN surface close to the AlGaN/GaN interface because of the
large piezoelectric and spontaneous polarization charges. The 2DEG
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Table 1
Comparison of the fabricated sensor and prior works on GaN-based pressure sensors.
Our work Durga et al. [24] Xin et al. [36] Caitlin et al. [14] Nam-In et al. [37]
Materials AlGaN/GaN AlGaN/GaN AlGaN/GaN InAIN/GaN GaN
Max. sensitivity 22.8 %/kPa (Non-linear) 0.76 %/kPa 72 wV/kPa/V (Linear) 0.09 %/kPa (0.64 %/psig Linear) 0.17 %/kPa (1.26 %/psig Linear)
Vbs 0.02V 1.5V 1-5V 0-8V /
Temperature 25-100°C 25 -200°C 25°C 25,300°C 25 -400°C
Pressure range 0.01 - 96 kPa 101, 131 kPa 101 - 1000 kPa 101 - 297kPa 345 - 1379 kPa
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density (Ns) and sheet charge density (o py) at the AlGaN/GaN
heterostructure interface is given by [32]

Opol _, £0F
Ny = — —(—=)(e Er — AE 1
s= % (ddeZ)( ¢p + EF c) (1)
0pol= Paigan(sp)TPaican(Pz)~Pcan(sp)-Pcan(pz) (2)

Where e is the elementary charge, & is the electric permittivity, € is
the relative permittivity of AlGaN, d; is the AlGaN layer thickness,
e¢y is the barrier height of the gate contact on AlGaN, Ef is the
Fermi level, AE¢ is the conduction band offset. The spontaneous
polarization of Alp26Gag 74N [Paigan (spy] and GaN [Pgan (sp)] are -
0.042 C/m?2 and -0.029 C/m2, respectively [32]. Under a strain-free
condition, the piezoelectric polarization of GaN [Pgay (pz)] is equal
to zero [38]. The Ppjcan (pz) is the piezoelectric polarization of AlIGaN
that is induced by the lattice mismatch strain follows [39]

agan — @ c
x —CaN—_—AGIN (o) — g33-12) (3)

Paigan(pzy = 2[1 = 1(x)] .
a

_ aAIGaN,strained’aGaN 3
Where, 1 (x) = TAiCaN relaxed—0GaN ’ ApiGaN, strained AN AAGaN, relaxed aT€

the lattice constant of AlGaN barrier under stress and relaxed con-
ditions respectively, es3 and e3; are the piezoelectric coefficients
of the AlGaN barrier layer, ci3 and c33 are the elastic constants of
the AlxGaj_xN barrier layer, acgy and aygqy are the lattice constant
of the GaN layer and relaxed AlGaN layer respectively. The value
of (e31 — e33g—§) is always negative, therefore under tensile strain
(agan > agcen) the magnitude of piezoelectric polarization is neg-
ative and for compressive strain (dggny < dajcan ), it is positive. Since
the spontaneous polarization is always negative and points towards
the substrate (in Ga-face) for GaN and AlGaN as shown in Fig. 6, the
alignment of spontaneous and piezoelectric polarization is parallel
for tensile stain and anti-parallel for compressive strain. Therefore,
under tension conditions, the negative piezoelectric polarization
charges are introduced along with the AIGaN/GaN interface and the
energy band of AlGaN close to AlIGaN/AIN interface tilts upward and
the energy band of GaN near AIN/GaN interface is bent down. Mean-
while, the increased sheet charge density (o py ) results in more free
electrons and the 2DEG increasing. In addition, the 2DEG mobility 1
is dependent on the collision time (7.) and the effective mass (megf)
of the 2DEG electron. The temperature predominantly changes the
collision time (7.) and the strain changes the effective mass (meff).
The average effective mass is about 0.25 %/100 MPa under biaxial
strain from [40], which could be negligible in this case. Ideally, the
temperature dependence of the mobility is given by [41]
T O
ur = polz55) (4)

Where 1o is the mobility at 300K and 6; is the temperature
coefficient of the mobility, 07 =1.5 used in [41]. Thus, the 2DEG
conductivity decreases with the temperature mainly due to the
decrease in the 2DEG mobility. Meanwhile, the influence of tem-
perature on 2DEG density is neglected compared to the change
in electron mobility [42]. Therefore, the base drain current (Iggse)
decreases as temperature increases under atmospheric pressure,
which is consistent with the experimental results in Fig. 2(a).
Because the cavity is sealed, the pressure in the cavity (Pn)
will increase with increasing temperature. This pressure can be
described by the ideal gas law, while taking into account the limited
volume:

PV = nRT

In which V the volume, n is the amount of substance, R the ideal
gas constant and T the absolute temperature in Kelvin.

If the vacuum pressure (Pg,;) in the testing chamber is kept
constant, the difference pressure (AP = Py, — Po,¢) between the
inside pressure and the outside pressure increases with increasing
temperature. As a result the tensile strain increases and enhanced
piezoelectric polarization is achieved, which results in an increase
of 2DEG density. This suggests that an increase in the drain cur-
rent change with increasing temperature at the same Pg,,. It is
noticeable that the temperature effect on the drain current change
would be more evident in low pressure range (Pgys < 1kPa). For
instance, P, would increase from 101 kPa to 126 kPa when the tem-
perature changes from 25°C to 100°C and this pressure change
is significantly larger than Pg,, resulting in a rapid increase in
the drain current change and sensitivity. The sensor sensitivity S
of AlGaN/GaN heterostructure pressure sensor increases with the
temperature given by the following equation:

Al 1 Ip 1+ —Ipase ~L)
= = ——= 5
' (IBase { ) Tt ( Ipase | Tt ( )

Where g4 and Ip are the drain current of device at ambient air and
target pressure conditions. Al is the current change introduced by
the change of pressure. Based on the measurement results, it can be
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concluded if the temperature T increases, Igqse Will decrease and Ip
will increase. Therefore, the sensor response would increase with
the temperature under a constant pressure.

4. Conclusion

In conclusion, a suspended membrane AlGaN/GaN heterostruc-
ture sensor showed a rapid response in drain current change
when exposed to different pressures, especially in the low-pressure
range below 600 Pa. The dynamic percent current change of the
AlGaN/GaN heterostructure pressure sensor was 18.75 % when
pressure changed from 96 kPa to 10 Pa at 100°C with a low power
consumption of 1.8 wW. The maximum sensitivity was obtained
as 22.8 %/kPa with pressure ranging from 600 Pa to 10 Pa. More-
over, the basic mechanism of AlGaN/GaN heterostructure pressure
sensing and temperature effect was discussed. Under the ten-
sion strain condition, the negative spontaneous polarization led
to the increase of the 2DEG density, resulting in an increase of
the drain current. In terms of the effect of temperature, thermal-
induced deflection of the membrane also enhanced the increase
of the 2DEG density. Therefore, the larger sensor response was
detected at a higher temperature. All in all, both results of static and
dynamic measurement demonstrate the potential of suspended
MEMS AlGaN/GaN heterostructure pressure sensors for high vac-
uum and high-temperature applications.
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