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Transducers used in nuclear propulsion systems and space applications must withstand
high—dose radiation environments along with high temperature operation. However,
performance characteristics of various conventional silicon sensors are degraded at high
temperature environments, and also show substantial radiation damage dueto ionization in
silicon. In this paper, aMEMS based high-dose radiation resistant SOl pressure sensor
with integrated microheaters to maintain constant temperature for artificial satellitesis
developed, and its suitability for operation under high -dose radiation environment is reported.
The developed sensor has inbuilt microheater arrangement for constant temperature
operation. SOI pressure sensors were subjected to aradiation dosage level up to 100 krad,
and performance characteristics such as linearity, offset and sensitivity were evaluated.

1. Introduction

Pressure sensors are in great demand for a variety of applications, such as industrial
process control, gas turbine control systems, oil and gas exploration, aircraft flight test
programs, nuclear propulsion systems and space applications. MEM S based devices with
SOl structure are becoming attractive and have been reported.*= Applying SOI technol-
ogy to aworking sensor is one of the means of raising the level of protection from the
environment of the sensors under high temperatures.“® |n various application fields such
as nuclear propulsion systems and aerospace applications, it is aso necessary that pressure
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sensors should be able to withstand a high- dose radiation environment. In this study, a
MEM S-based SOI pressure sensor for operation under high-dose radiation environmentsis
investigated, and the design and fabrication of SOI pressure sensorsis carried out in view
of their application to earth orbiting satellites, where sudden exposure to radiation from
solar flares as well as normal gamma radiation is expected. Performance studies of the
packaged SOI pressure sensors were carried out to determine output characteristics such as
non linearity, hysteresis, and zero-offset drift. In order to evaluate its resistance to
radiation, it was subjected to gamma radiation doses as high as 100 krad. The performance
of sensors was also evaluated using an integrated microheater in order to reduce thermal
drift.

2. Design and Fabrication

The cross section from A to B of the SOI pressure sensor is shown in Fig. 1(a), and the
top view isshownin Fig. 1(b). It consists of the micromachined SOI silicon part and aglass
part. The SOI piezoresistorsto detect pressure are formed at the edges and center points of
the diaphragm. The SOI piezoresistors are enclosed within the integrated microheaters,
and SOI piezoresistors and the microheaters are formed using SOI active layers. Figures
2(a) and 2(b) show field-effect-modified (FEM) analysis of stress distribution on the
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Fig. 1. Schematic of SOI pressure sensor. (a) Cross-sectional view. (b) Top view.
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diaphragm. The position of the piezoresistorsis optimized based on thisresult. Asshown
in Fig. 2, when the diaphragm is deflected downwards, the resistance of piezoresistor p2
and p3 on the center of diaphragm decreased and the resistance of piezoresistor p1 and p4
on the sides of the diaphragm increased. The piezoresistors of the pressure sensors are
connected in the Wheatstone bridge configuration. The circuit configuration of pressure
sensors with integrated microheaters is shown in Fig. 3. Vg is the power supply of the
Wheatstone bridge and V,, is the power supply to the integrated microheater. Because of
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Fig. 2. FEM analysis of stress distribution on the diaphragm. (a) Cross-sectional diaphragm
deflection. (b) Top view - pl, p2, p3 and p4 are the locations of the piezoresistors on the diaphragm.
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the change in resistance of the piezoresistor values, the output voltages of the Wheatstone
bridges increases or decreases from theinitial balanced condition depending on diaphragm
deflection direction. The maximum temperature of the pressure sensorsis controlled for
reduction of thermal drift at 200°C with constant temperature control systems using
integrated microheaters. It isthought that the maximum temperatureis sufficient to control
the thermal drift of devices for satellite applications because the temperature of actual
devicesin a space satellite is never above 70°C. Asaresult, the operating temperature of

SOl pressure sensors can be controlled at the desired operating temperature (the maximum

temperature of sensor operation is 200°C in this study).

An SDB-SOI wafer consisting of 2.2 um active silicon, 1.1 um SiO, and 300 um
substrate silicon is used as a starting material. In order to compare the output response of
the pressure sensors by subjecting them to different doses of radiation, four different sizes
of diaphragms with 15 um thickness are fabricated. The fabrication process steps of the
SOl pressure sensors are shown in Fig. 4 and the details are as follows:

(1) AnSDB-SOI wafer of 2.2 um active-silicon, 1.1 um SiO,and 300 um substrate is
used as the starting material.

(2) Theactivesilicon is entirely implanted with boron (1x10% cm concentration) to
lower the sheet resistance value.

(3) Themasking layer is patterned and active-silicon is etched by reactive ion etching
(RIE) toform island microheaters and piezoresistors for the pressure sensor.

(4)  Only the microheater region is implanted with boron ions to lower the sheet
resistance value. The impurity (boron) concentration of the microheatersis 1x10%
cnr,

(5) A 15 um groove is formed by RIE to control the thickness of the diaphragm
structure during the etching process using tetramethyl ammonium hydroxide (TMAH)
solution. The aluminum layer is deposited by sputtering and patterned by wet
etching.

*Vws

Fig. 3. Schematic of circuit configuration of pressure sensor with integrated microheater.
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(6)  Theauminum layer is coated with fluorocarbon film.*8 This material isused asa
passivation layer of the aluminum layer during the bulk silicon etching process
using 25 wt.% TMAH solution.

(7)  Themasking layer of the wafer backside is patterned, and bulk silicon is etched in
TMAH solution at 90°C until the groove penetrates through the substrate."® Bulk
silicon etching is carried out to achieve a 15-um-thick-diaphragm. After the
etching, the backside masking layer was removed by HF solution.

(8) The passivation layers are removed by O, plasma.

(9)  Thebottom glassis patterned to achieve 1000-um-diameter holes with sandblast-
ing.

(10) After sandblasting, cleaning of the glassis carried out and the fabricated wafer and
patterned glass are bonded with anodic bonding.

The individual sensors were diced and packaged for device testing and analysis.
Figure 5 shows a photograph of the four such fabricated pressure sensor chips. Thediesize
of the pressure sensorsis 3 mm x 3 mm. The diaphragm sizes of Figs. 5(a), 5(b), 5(c) and
5(d) are 500 um x 1500 um x 15 um, 1000 um x 1500 um x 15 um, 500 um x 500 pum x
15 umand 1000 um x 1000 um x 15 um, respectively. To make the pressure sensors either
differential or gauge type, the glass to be bonded is fabricated using suitably designed
masking layers to achieve 1000-um-diameter-holes with sandblasting. The photographs of
packaged sensors are shown in Fig. 6.

(1) p-type SOI substrate (2) Ion implantation (entire)

(3) RIE (island formation) (4) Ion implantation (heater)
(5) Aluminum layer formation (6) Aluminum passivation

(7) Bulk silicon etching (8) Remove passivation layer

(9) Glass formation (10) Anodic bonding &
Complete

Fig. 4. Outline of fabrication process steps of the SOI pressure sensors.
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3. Measured Characteristics

One of the packaged absolute-type pressure sensors having the dimensions 500 um x
500 um x 15 um was initially calibrated using a pneumatic pressure controller (Model
GPC-I of DH-Budenberg UK, accuracy 0.025%) to determine the nominal output, com-
bined nonlinearity and hysteresis and only hysteresis. The sensor was subjected to
radiation doses up to 100 krad in steps of 5 krad at a dose rate of 15 rad/s as per the MIL
standard 750, condition 1039. A low-dose irradiator (Model 2000 of M/SBRIT, Mumbai,
India, which is acompact, portable, self shielded type Cobalt-60 gamma source) was used
for irradiating the sensor. In order to confirm the effectiveness of constant temperature
control using the microheaters arrangement, a DC power supply for microheaters was used
and the power level was maintained at 34 mW, 128 mW and 208 mW by adjusting the DC
power supply voltages. Comparative output characteristic datafor the pressure sensor with
and without the microheaters arrangement is shown in Table 1. In these cases, it may be
noted that the outer ambient temperature of the pressure sensor was at room temperature
(~20°C). Table 2 shows the data on the performance of the pressure sensor with the
microheater power supply value at 208 mW and ambient temperature at two different
values at 50°C and 70°C. It is evident from the data in Table 1 and Table 2 that the
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Fig. 5. Photographs of the fabricated SOI pressure sensor chip. (a) Differential type. (b), (c)
and (d) Absolute type.
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Fig. 6. Photographs of the packaged pressure sensors.

performance of the pressure sensor when the device is maintained with the integrated
microheaters under ambient temperature ~20°C is very much comparable to the perfor-
mance (Full Scale Output (F.S.O.) and zero offset) with constant temperature control using
the microheaters at 50°C and 70°C ambient temperature. The variations in full-scale
output and zero offset with different ambient environmental temperatures when constant
temperature control is performed with integrated microheaters are shown in Figs. 7 and 8,
respectively. As can be seen Figs. 7 and 8, the variations are negligible. The overall
difference in full-scale output as well as zero offset are 0.08% F.S.O. and 0.07% F.S.O.,
respectively. This clearly indicates the fact that the fabricated SOI pressure sensor is
unaffected by the environmental temperature changes. Figure 9 shows the variation in
radiation dosage versus zero offset up to 100 krad. Ascan be seenin Fig. 9, the SOI-based
pressure sensor exhibits almost linear zero-offset variation. The calculated combined
value of nonlinearity and hysteresis was below 0.5% of F.S.O. The post-irradiation
calibration of the sensor indicated no noticeable change in nonlinearity, hysteresis or net
output, and the sensitivity also remained unaltered. The performance was also measured

after subjecting the sensor to 70°C for 3 h, because the temperature of actual devicesin a
space satellite is never above 70°C. Figure 10 shows the variation in sensor output with

pressure for three different cases: before irradiation, after subject on irradiation dosage and
after subject the sensor to 70°C for 3 h. Ascan be seen, the variation in sensor output after
subjecting the sensor to 70°C for 3 h shows a positive shift of zero offset (0.001 V), which
isnegligible. However, the sensitivity remains the same beforeirradiation. The difference
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in zero offset before and after the radiation test is about 0.016 V for up to 100 krad of
radiation dose. The mechanical properties, such as Y oung’'s modulus and tensile strength,
of the material used for the sensor are not affected by irradiation. Hence, sensitivity,
linearity and full-scale-output remained unaltered. However, the observed zero-offset shift
of the sensor is believed to be due to the fact that radiation causes a change in the mobility
of carriers and hence alters the piezoresistance behavior.® It isthought that this shift might
possibly be minimized by adopting appropriate shielding techniques.

4, Conclusions

We have developed MEM S-based SOI pressure sensors and carried out experimental
study on the suitability of these sensors for radiation environment applications. It has been
observed that there was no significant change in linearity, hysteresis or sensitivity even

Table 1
Data on the performance of the pressure sensor with (constant temperature control is performed) and
without (constant temperature control is not performed) the integrated microheater arrangement.

Parameters measured Without Constant temperature control is performed
microheaters for sensors with microheaters
34 mw 128 mwW 208 MW
Full-Scale Output (F.S.0.) 14.64 mV 14.61 mV 14.61 mV 14.55 mV
Zero Offset 699.10 mV 699.18 mV 699.21 mV  699.30 mV
Table2

Data on the perfomance of the pressure sensor with constant temperature control when ambient
temperature is varied from RT to 70°C.

Parameters measured Ambient environmental temperatures
R.T. 50°C 70°C
Full-Scale Output (F.S.0.) 14.55 mV 14.60 mV 14.61 mV

Zero Offset 699.3 mvV 699.24 mV 699.3 mV
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Fig. 7. Variation in Full-Scale output with diferent atomospheric temperatures when constant
temperature control is performed with integrated microheaters.
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Fig. 8. Variation in zero offset with different atmospheric temperatures when constant temperature
control is performed with integrated microheaters.
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Fig. 9. Relationship between variation in radiation dosage and zero offset voltage.
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Fig. 10. Relationship of output voltage variation and pressure for different cases, namely, before
radiation, after radiation and after subjecting the sensorsto 70°C for 3 h.

after subjecting the sensor to gamma radiation doses as high as 100 krad. However, the
observed zero-offset shift of the sensor isabout 0.016 V at the maximum dosage level (100
krad). It isthought that the zero-offset shift might possibly be minimized by adopting
appropriate shielding techniques, since the shift islinear. The performance of sensorswas
also evaluated using an integrated microheater in order to reduce thermal drift. Itisalso
important to note that the integration of the microheaters eliminates the need for additional
thermal compensation circuits. The above observations indicate that the developed
MEM S-based SOI-structured pressure sensor can be used for applications under radiation
environment up to a dosage level of almost 100 krad.
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