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ABSTRACT

This paper reports the fabrication and characterization
of a piezoresistive pressure sensor based on Cr-doped V,03
thin film (Cr-V,03TF). It is the first time that the
piezoresistive effect of single crystalline Cr-V,O3TF is
demonstrated experimentally and implemented as a
pressure sensor. The Cr-V,O3TF piezoresistors on the
membrane experience a stress change caused by a pressure
input. This leads to a gradual phase transition of the
material from an insulating phase to a metallic phase and
results in a resistivity change. This new piezoresistive
mechanism opens up the potential for developing highly
sensitive piezoresistive sensors based on phase transition.
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INTRODUCTION

Piezoresistive MEMS sensors are among the earliest
silicon micromachined devices. Successful integration of a
piezoresistive material with micromachined flexure
elements already enabled the implementation of the
piezoresistive effect into various MEMS sensors and
applications [1]. Though many materials like diamond [2],
carbon nanotubes [3] and nanowires [4] show higher
resistivity change with stress than silicon or germanium
[1], they are harder to integrate in MEMS devices.
However, thin film technology allows an easier integration
of new piezoresistive materials in MEMS sensors [5,6].
Recently, vanadium oxide thin films have attracted much
attention due to their high piezoresistive effect and
integration feasibility to microfabrication [7,8]. Vanadium
oxide materials are known for their interesting
temperature-induced phase transition, termed as metal-
insulator transition (MIT) [9,10]. This phase transition is
associated with a three orders of magnitude resistivity
change and has been successfully implemented in infrared
microbolometer applications [11]. While most research
about vanadium oxides focused on the resistivity change
with temperature, vanadium oxide materials demonstrates
great potential as piezoresistive material. The resistivity
change with external stress has been previously
investigated by Inomata et al. for sputtered VOx thin films
(75% V205 and 25% Cr-VO,) [7]. Though these VOx thin
films demonstrated a high gauge factor, they did not show
any obvious MIT property. Nevertheless, for single
crystalline Cr-V,03TF a gradual MIT transition at room
temperature was observed when varying Cr doping level
[12]. An in-plane lattice change caused by external stress
was expected to cause a similar gradual MIT transition as
a varying Cr doping level. Therefore, such a thin film
material with a strain-caused phase transition could
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potentially allow the development of highly sensitive
piezoresistive sensors. To demonstrate the piezoresistive
effect and integration of single crystalline Cr-V,O;TF in
MEMS devices, a pressure sensor based on this material
was fabricated and measured.

FABRICATION
Material fabrication

The piezoresistive material was epitaxially grown on a
(0001)-oriented Al,O3 (sapphire) substrate by molecular
beam epitaxy (MBE) [12,13]. Other techniques such as
magnetron sputtering [14], pulsed laser deposition [15] and
chemical vapor deposition [16] epitaxial thin films have
also been used to successfully fabricate V,0; thin films.
However, MBE offers several advantages. The deposition
is done at low pressures (8.5 10® Torr) reducing the
number of impurities present in the thin film. The oxygen
partial pressure in the MBE chamber and the substrate
temperature can be precisely controlled allowing a good
control of the stoichiometry and crystallinity of the
growing layer. Finally, a low deposition rate by MBE
allows a precise control of the thin film thickness.

Sensor fabrication

Figure 1 shows the process flow for sensor fabrication.
At first the membrane was micromachined on a sapphire
substrate with a high-precision milling machine. The total
membrane size is 2.5mm with a measured membrane
thickness of 96 um. Then the sapphire wafer was cleaned
with a RCA cleaning prior to the epitaxial growth of Cr-
V,03TF with MBE. The material was subsequently
patterned and etched with reactive ion etching (RIE). Au
and Cr (adhesion layer) were sputtered as metal tracks for
electrical connection.

_________________

(c) (d)
Sapphire . Cr-doped V0,

. Cr Au
Figure 1: Process flow for the fabrication of the Cr-doped
V203TF pressure sensor. (a) Micromachining of the
sapphire membrane (b) Deposition of the Cr-V>O3TF (c)
Patterning of the Cr-V,0;3TF (d) Deposition of Au and Cr.
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DESIGN AND CHARACTERIZATION
Sensor design

Figure 2 is a close-up top view of the sensor and sensor
die bonded to a PCB. The total sensor die is 1x1 ¢m? with
a frame thickness of 0.476 mm. The membrane is built on
a sapphire substrate, which is a highly corrosion resistant
material [17]. The elasticity modulus of sapphire is much
bigger than silicon or stainless steel, resulting in a stiffer
diaphragm with faster response time. Additionally, the
piezoresistors are well isolated from the substrate, avoiding
leakage currents that reduce the sensitivity of the pressure
sensor. Four piezoresistors were fabricated on the
membrane and connected in a Wheatstone bridge
configuration through metal tracks and wire bonds. Two of
the piezoresistors were placed at the center of the
membrane where the stress change caused by a pressure
input reaches to its maximum. The other two were placed
more towards the edge of the membrane. The piezoresistors
were designed with a meander shape to maximize the
resistance in a limited membrane area. The piezoresistors
at the center have a total length of 1.46 mm with a width of
20 um. The piezoresistors on the outside have a length of
3.14 mm with a width of 43 um. The bond pads are placed
on the side of the sensor die Additional structures are
placed on the die to characterize the material properties.
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Figure 2: Picture of the sensor and sensor die bonded on
the PCB for testing.

Material characterization

After the patterning step, the Cr-V,O3;TF thickness
measured with stylus profiling was 30 nm. The resistivity
of the thin film has been determined by placing additional
structures on the sensor die and using the Van der Pauw
(VDP) method [18] and Transfer Length Method (TLM)
[19]. Both structures are shown in Figure 3. The VDP
structure consists of a Cr-V,0;TF square (1.5x1.5 mm?)
with a Au contact pad at each corner. The contact pads and
square overlap 30x30 um?. The TLM structure consists of
Cr-V,0;TF rectangles (0.3x1.4 mm?) with three Au contact
pads on top. The distance between the contact pads was
measured with an optical microscope. These structures
were placed on the sensor die close to (see Figure 2). A
resistivity of respectively 0.00188 Q cm and 0.00151 Q cm
was measured at room temperature (20°C) by each method.

e |
500,00 ym

(a) (b)

Figure 3: (a) VDP structure (b) TLM structure

Sensor characterization

The pressure sensor was finally glued on a PCB and
the electrical connections between the sensor and the PCB
were made with wire bonds. The glue was applied
extensively between the sensor die and the PCB to create a
good hermetic seal. Any glue under the sensor membrane
was avoided. The PCB had a hole just underneath the
membrane to allow applying pressure to the membrane. A
thermistor was placed close to the sensor to measure the
temperature (see Figure 2). This pressure sensor was
characterized under different pressures and temperatures
with a measurement setup as shown in Figure 4. This
measurement setup includes an accurate reference pressure
sensor, a PC, a source meter, a NI data acquisition card, a
temperature sensor and a pressure vessel.

The PCB was connected via HDMI cables to an
external circuit. The pressure vessel was made of
aluminium, it covered the entire sensor die and sealed the
sensor hermetically from the outside. The temperature was
controlled by placing the pressure vessel under a heat gun
in a temperature chamber. For each temperature, the
differential pressure was increased from 0 to 1.8 bar with
steps of 0.1 bar.
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Figure 4. Measurement setup for the characterization of
the pressure sensor system.

Figure 5 shows the output of the pressure sensor under
differential pressures and temperature. At 20°C a
sensitivity of 2.09 mV/V/bar was measured. The measured
results showed that the pressure sensor demonstrated a
linear response against pressure change. The larger the
membrane size or smaller the membrane thickness are, the
better the sensitivity of the pressure sensor is. The
sensitivity and offset for different temperatures are listed in
Table 1. With the increase of the temperature, the
sensitivity was reduced while the offset was increased. The
temperature coefficient of sensitivity (TCS) and offset
(TCO) of the pressure sensor were -0.016 mV/V/bar/°C
and 0.165 mV/V/°C respectively.

CONCLUSION

This work reports a novel piezoresistive pressure
sensor based on Cr-V,03TF. This is the first time that the
Cr-V,0;TF piezoresistivity is observed experimentally and
implemented as a piezoresistive sensor. The Cr-V,O3;TF
piezoresistors were deposited on a micromachined
sapphire membrane and characterized under different
pressures and temperatures. The piezoresistivity is caused
by external stress inducing a gradual MIT phase transition.
This new piezoresistive mechanism opens up the potential
of developing highly sensitive piezoresistive sensors based
on this phase transition.

Table 1: Measured sensitivity and offset of the pressure

sensor.
Temperature Sensitivity  Offset
[mV/V/bar] [mV/V]

20°C 2.09 -36.71
30°C 1.77 -34.28
40°C 1.58 -32.25
50°C 1.53 -30.76
60°C 1.36 -29.42
70°C 1.29 -28.48
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Figure 5: Measured output of the pressure sensor. (a)
Output voltage under differential pressures and
temperature. (b) Sensitivity and offset. (c) Linearity error
for 60 °C.
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