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In recent years, emerging Micro-Electro-Mechanical Systems (MEMS)
technology and micromachining techniques have been a popular approach to the
miniaturization of sensors. More importantly, the functionality and reliability of
these micro-sensors has been increased considerably by integrating them with
maturelogicICtechnologyorothersensors. Toeffectively gauge the weather, itis
essential to gather data, such as temperature, humidity, air pressure, airflow
directionand velocity overawide area. Previous studies have reported on the use
of MEMS sensors formonitoringindividual weatherparameters,suchaspressure
[1], flow rate [2,3], humidity [4,5], temperature, and multi-parameters (two or
more)[6-10].

The current study developed a fabrication process integrating Pt resistor
temperature detectors (RTD), Au inter-digitated electrodes (IDEs) and
polyimide layers for sensing humidity, Pt-piezoresistor-based pressure sensors,
and flow sensors for the identification of airflow direction and velocity. The
measurement of temperature was based on variations in linear resistance
associated withchangesinambienttemperature. The AulDEs were covered with
awater-absorbent polyimide layer to measure humidity, based on changes in the
dielectric constant of the water-absorbent polyimide layer associated with
changes in ambient moisture. To form the flow sensor and pressure sensor, eight
pairs ofheating and sensing resistors and four piezoresistors were manufactured
on amembrane structure released after a back-etching process. The direction of
airflow was determined according to fluctuations in the resistance of the sensors
causedbyairflowingthroughthesensorinaspecificdirection. Thevelocity ofthe
airflow could then be obtained by summing the total variations measured by the
sensing resistors. Finally, the electrical signals produced by temperature,
humidity, pressure, airflow velocity and changes in direction were amplified and
converted into voltage signals using an analogy circuit, connected between the
MEMS-based sensors and the Octopus II sensor node. Finally, the Octopus 11
sensornodeconvertedtheanalogsignalsintodigitalsignalsandtransmitted them
wirelesslyintoadataloggeroracomputer,asshowninFigure 1.

The sensor array of the proposed MEMS-based weather monitoring system
was fabricated on a silicon nitride film over a silicon wafer utilizing platinum
resistorsasheatingandsensingdevices. Figure2illustratestheconfigurationand
dimensionsofthesensorarraydevelopedinthestudy.

In Figure 2(a), the developed sensors comprise a Pt RTD, a humidity sensor
with Au IDEs, a Pt-piezoresistor-based pressure sensor, and a flow sensor to
determinethedirectionandvelocity ofairflow integrated ontoasingle chip. Note
thatAuwasusedforthebondingpadstoconnectthesensorstothecircuits.

AsshowninFigure2(b),the Aubondingpads were deposited onthe twoedges
ofthe PtRTD. Thesize oftheresistorused forthe PtRTD was 1,800 umx300 ym
(length x width) Temperature measurements were based on linear variations in
electricalresistanceassociated withchangesinambienttemperature. Figure2(c)
shows the configuration of the humidity sensor, comprising a vapor absorbent
film of polyimide (PW-1500, Toray Industries, Inc.) and coplanar Au IDEs. The
piezoresistors used in the pressure sensor [Figure 2(c)] and the resistors utilized
in the flow sensor [Figure 2(d)] were deposited over silicon nitride membranes
of the samedimensions (3,000 umx3,000 pm),

were released by a back-etching process to form a heat insulating membrane
overthethermal flow sensor. This was sealed withaback plate to obtaina vacuum
cavity to house the pressure sensor. In Figure 2(e), the flow sensor is used to
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determine the direction and velocity of airflow using eight pairs of heating and
sensing resistors on a membrane structure. The dimensions of the heaters and
detectorsare 100 umx 100 pmand400 umx>100 wm,respectively.

Asanelectrical charge is applied to the heating resistors, the measurement of
the direction of flow is based on the difference in relative output of the eight
sensing resistors in response to variations in the temperature induced by the
airflow due to the Joule effect. As the air passes over each pair of resistors in a
particular direction, signal variations occur between pairs of resistors resulting
inmeasurable changesintheresistance. Throughmanipulationandevaluationof
thesignalsobtained fromallofthesensingresistors,boththedirectionofflowand
flowratecanbereliably determined.

In this study, a WSN platform device (Octopus II-A) was used to perform
analog/digital conversion and wireless transmission. This is an open-source
visualization and control tool for sensor networks developed in the TinyOS
environment (TinyOS is an open-source operating system designed for low-
power wireless devices, such as sensor networks, ubiquitous computing,
personal area networks, smart buildings and smart meters). The MSP430F611
core processing chip in Octopus IT was produced by Texas Instruments, Inc., and
the Chipcon CC2420 chip was used for wireless communication according to the
IEEE802.15.4specification.

In this study, Pt resistors were used as piezoresistors, heating and sensing
resistors were used to measure deformations in the membrane and temperature,
andAuwasusedasthebondingpadsandlead wiresconnectingtheexternalanalog
circuits. The low resistivity of Au reduced the resistance of the leads. Figure 3
shows the process of fabricating the sensor array of the MEMS-based weather
monitoring system. Initially,a 1.0 p mlow-stressnitride layer was deposited on
bothsides ofasingle-side polished silicon wafer. Before depositing the Pt, a thin
layer of Cr (0.02 p m) was deposited as an adhesion layer. An electron beam
evaporation process was then used to deposita 0.1 p m layer of Pt. The same
technique was used to add a layer of Au (0.4 p m) to serve as an electrode and to
provide electrical leads. To form the structure of the membrane, a back-etching
nitride mask was patterned using an SF6 RIE plasma released in a KOH etchant
(40 wt%, 85°C, from J. T. Baker). A layer of polyimide (PW-1500, Toray
Industries, Inc.) wasthenspunonand patternedas amoisture sensing layer (15 p
m thick after curing) to play the role of humidity sensor. Finally, a layer of UV
adhesive (OPAS-101, OPAS UV curing corp., Taiwan) was spun on a glass back
plate and bonded with the chip of the sensorarray inanegative pressure chamber
toobtainavacuum-sealedcavity forthefollowingairpressuremeasurement.

This study conducted a systematic investigation of the performance of the
fabricated sensor array of the MEMS-based weather monitoring system (Figure
4).Thecharacteristiceffectsoftemperature, humidity,and pressuresensors were
carried outinaclimate chamber (HRM-80FA, Terchy, Taiwan) setup ina vacuum
chamber. The climate chamberwas capable of providing ahumidity range of30%
RH-95%RHandatemperaturerange of20-85°C. The temperature and humidity
in the climate chamber could be adjusted separately and maintained at constant
levels. Forreference purposes, the humidity and temperature was also measured
usingareferencehumidity/temperaturemeter(HT-3009, LutronElectronics,Inc,
Taiwan).Pressuremeasurements were carriedoutusingavacuumpumpandanair
compressortovarytheairpressurewithinthechamber. Areferencepressuremeter
(PG-100, Nidec Copal Electronics Corp., Japan) was used to measure the actual
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Figure 2. Configuration and dimensions of integrated sensor array of MEMS-based
weather monitoring system: (a) overview, (b) RTD, (c) humidity sensor, (d) pressure
sensor and (e) flow sensor. (unit: xm)

pressurevaluetocalibratetheresponseofthesensor. Theflowsensorwastestedinawind
tunnelinwhichthesensorwasplacedonarotarytable (LCPR60, TanLianE-O Co.,Ltd.,
Taiwan). Airflow between 0 to 8 ms ' was used to evaluate the signal response of the
sensing resistors located at eight different points within the membrane. Note that for
reference purposes the air flow rate was also measured using a reference anemometer
(AM-4203,LutronElectronics,Inc,Taiwan).

The electrical signals associated with temperature, humidity, pressure, airflow
velocityandchangesindirectionwereamplifiedandconvertedintosignalsofaspecific
voltage using an analog circuit, connected between the sensor array and the Octopus IT
sensor node. Through the Octopus II sensor node, the analog voltage signals were
convertedintodigitalsignalsandtransmittedwirelesslytothedatalogger.

Figures 5 and 6 show the signal conversion and determination path of the signals
fromthesensorarray. Theresistancevaluesoftheeightflowsensorswereobtained from
theresistorslocatedateightpointsonthemembrane,andtherateofairflowwasobtained
by evaluating the sum of the total variations between sensing resistors as the airflow
passedovertheflowsensor. Theresistancesignalscouldthenbeamplifiedandconverted
into voltage signals using Wheatstone bridge circuits. After the ADC operationofa y -
controllerandthe OctopusII-A,thedigitalsignalsweresenttothe OctopusII-Areceiver
forthefollowingdataoperation.

ThisstudyproposedawirelessremoteweathermonitoringsystembasedonMEMS
and WSN technology for monitoring temperature, humidity, pressure, flow rate and
direction. The proposed sensor array used in the wireless remote weather monitoring
system comprised a Pt RTD, a capacitive humidity sensor, a piezoresistive pressure
sensor, and anemometers integrated through bulk-micromachining technology. The
sensing signals were transmitted and received between the Octopus I1-A sensor nodes
usingWSNTechnology,afterwhichthesignalwasamplifiedandthe ADC oftheoriginal
signals was processed. The experimental results show the response of the temperature
sensorincreaseslinearly withtheambienttemperature. Itsaverage TCR valuewas 8.2 x
10 (°C™"). The resistance of the pressure sensor increased linearly as the ambient air
pressure increased with its average sensitivity calculated as 3.5 x 10 (Q /kPa). The
sensitivityofthehumiditysensorincreasedwithanincreaseinambienttemperature.due
tothe effect of temperature onits dielectric constant, which was determined tobe 16.9,
21.4,27.0,and 38.2 (pF/%RH)at27°C,30°C,40°C,and 50°C, respectively. Therate of
airflowwasobtainedbyevaluatingthesumofall variationsbetweensensingresistorsas
theairflowpassedoverthe flowsensor. Thesensitivitytotherateofairflowwas4.2x 107,
9.2x107,and9.7x10 *(Q/ms ")producingchargesof0.2,0.3,and0.5W,respectively.
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Figure 3. Simplified fabrication

process of the sensor array of the

(d) MEMS-based weather monitoring

system: (a) low-stress nitride

deposition on silicon water, (b) electro-beam evaporation of Pt/Cr, (c) electro-beam

evaporation of Au/Cr, (d) SF6 RIE, (¢) back-etching, (f) spin-on polymide, (g) UV
bonding and forming vacuum-sealed cavity at the pressure sensor.
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Figure 4. Schematic illustration of the wireless remote weather monitoring system for
temperature, humidity and pressure.
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Figure 5. The signal determination path of the sensor array.
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