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ABSTRACT

Wedescribe the design and fabrication of two types of solld state moisture sensors, and discuss the results of an
evaluation of the sensors for the detection of trace levels of moisture in semiconductor process gases. The first
sensor is based on surface acoustic wave (SAW) technology. A moisture sensitive layer is deposited onto a SAW
device, and the amount of moisture adsorbed on the layer produces a proportional shift in the operating frequency
of the device. Sensors based on this concept have excellent detection limits for moisture in inert gas (100 ppb)
and corrosive gas (150 ppb in HCI). The second sensor is a simple capacitor structure that uses porous silicon as
a moisture-sensitive dielectric material The detection limits of these sensors for moisture in inert gas are about
700ppb prior to HCI exposure, and about 7ppm following ltCl exposure.

INTRODUCTION

Trace contaminants such as H20 in semiconductorgrade process gases lead to diminished yields and added
maintenancecosts in manufacturingas a result of particle formationand corrosion of eqnipment.! Semiconductor
process gases such as HCI are purchased in purity ranges of H20<I ppm; however, gas distribution systems are
routinelyresponsiblefor addition of H20 to gases even after an extended purging of the lines. Thus, compact,
low-cost, real time solid state sensors are needed to monitor such contamination in both inert and corrosive
environments,

Corrosionof semiconductor gas distributionsystems is of concern not only from a productyield point of view but
also a plant maintenanceperspective. Corrosivegas lines which become corroded areextremely costly to replace;
in one incident at the Sandia National LaboratoriesMicroclectronics Development Laboratory(MDL), corrosion
resultedin the replacementof 100 feet of HBrdistributionline at a cost ofover $30k.

The solution to this problemis to prevent the wet-up of the distribution system in the first place. Proceduressuch
as extensive purges and evacuations along with construction of plumbing systems with sophisticated corrosion
resistantalloys have been shown to reduce the problemextensively, however, tanks of corrosive gases such as HCI
areknown to have time-vaqringH20 output. This is due to the compressed liquid form in which these gases are
delivered to the customer, It has been shown in the literature that the H20 in the vapor phase from a tank of
compressedliquidHCIcan varyfrom 20 ppm to over 70 ppm as the volume of HCIdiminishes. 2 This is due to the
liquid phase versus vapor phase equilibrium constants for the reaction of HCI with H20. According to Raoult's
law the H20 concentrationin liquid HCI can be as much as three ordersof magnitudelarger than the vapor phase
concentrationin gaseousHCI.3' As the HCI is consumed, the relative concentrationof liquid phase H20 increases
due to its lowervapor pressure;the result is an increase in the liquid concentrationof H20 in the HC! which in
turnincreases the vapor phase concentrationof H20 in vapor phase HCI. Hence, unacceptable levels of H20 can
be introducedfrom the HCI gas tank even after careful drying of the gas distribution system. This demonstrates
the need fora small low cost sensorwhich will detect H20 in HCI with reasonableaccuracyand response time.

In this paper we will deal with two distinct devices: Surface Acoustic Wave (SAW) moisture sensors and porous
silicon (PS) capacitormoisturesensors. In the sections that follow, we will discuss these two sensors separatelyfor
clarity. The attributesof the two sensor types will be compared in the summary.
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The moisture sensorswere testedusing two different moisturegeneration _stems. The PS capacitorsensors were
calibratedfor sensitivity to moisture in air at concentrationsranging from 700 ppb to 23,000 ppm using a 2-
temperature,2-pressuremoisturegenerator.4 The 700 ppb lower limit was a constraintof the moisturegenerator.
Both the PS capacitorand SAW moisture sensors were calibrated for sensitivity to HCI gas and for sensitivity to
moisturein nitrogenfollowing HCI exposure. This was done using a mass- flow controlled,permeationtube-based
moisturegenerator systemsimilar to designs reportedin the literature.5 The SAW device was also calibratedfor
moisturein HCI usingthe permeationtubesystem.

Surface Acoustic Wave (SAW) Device Design

A surfaceacoustic wave (SAW) based sensor, which uses a thin film of SiO2 electronbeam depositedon its surface
as the chemical transducer,has been developedfor trace moisture sensing. We have demonstratedthat this sensor
will measure H20 in a backgroundof HCI and N2 at a level of 380 ppb (the minimum level that could be
generatedwith the permeation tubesystem) with no significant deterioration of the film. From the frequency noise
limit and the slope of the moistureresponseat higher concentrations,a minimum detection limit of about 150 ppb
was extrapolated(assuminga signal to noise ratio of two). The SAW sensor consists of a 20 rail thick substrateof
ST-cuts quartzmetallizedwith 2 nm of Cr and200 nm of Au. The metalization is photolithographicallypatterned
to form a set of interdigitaltransducerson either end of the substrateand bondingpads to electrically contact them.
The areabetween the transducersis then masked and a thin (700 nm) coating of SiO2 is electron beam deposited
onto the surface. The depositedlayerof SiO2 formsa porous layerwhich when exposed to trace H20 will adsorb
H20 onto the surfaceof the SiO2. Adsorptionof H20 by the film resxtltsin an increase in the surfacemass density
of the film (APs)and a change in the film stiffness resulting in a change in the frequencyresponse of the device.
Fromfirstprinciples it is possible to derive the following expression for the mass loading effect on a coated SAW
device:

Av-- -% _p, O)

where cm is the mass sensitivity factor of quartz (1.32x10"6cm2-s/gm), and Vo is the nominal frequency of the
central peak of the SAW frequency response (97 MHz?.7 In equation 1 it is seen that a positive change in the

mass density (dp,) of the film will result in a negativechange in the centralpeak of the frequency response
(At,). The SAW device is used as the feedbackelement in an oscillator circuit which operates at about 97 MHz
(Figure 1). Adsorptionof a chemical species by the film causes the film surface mass density to increase and
modifies the velocity of the SAW wave traveling between the transducerfingers. The wavelength of the surface
acoustic wave is determinedby the finger spacing in the interdigitated transducerand is fixed. Therefore, any
change in the wave velocity results in a change in frequencyof the oscillator.

In the system shown here, two identical oscillators are used for sensing. One is considered a reference oscillator
and is isolated from the atmosphereto be sensed but is in intimate thermal contact with the sensor oscillator. The
sensoroscillator is e_ to the atmosphere and respondsto H20 in that atmosphereby adsorbing H20 into the
SiO2 film. Anycommon mode noise such as a change in temperature of the SAWdevices will be observedby both
oscillators and will be nulled out when the two signals are passedthrough an RF mixer. The output from the RF
mixer is low pass filtered so only the difference frequency is passed and countedusing a frequency counter. The
temperatureof each SAWdevice is activelycontrolledat 40°C with a resolutionof < 0.01°C.

SAW Sensor Testing

The SAW sensors were tested by exposing them to various concentrationsof H20 in a carrier gas of dryN2 and
dryHCI. The calibration datafora 700 nm electronbeam deposited film is shown in Figure 2 which is a plot of
the change in device frequencyversus the concentrationof H20 forboth a carriergas of dry N2 (filled circles) and



dry HCI (dels). The device responds linearly with a sensitivity of approximately0.5 Hz/ppb and has the same
responsefor H20 in N2 as it does for H20 in the 50150mixtureof HCIand N2. With a demonstratedshortterm
noise in the system of approximately 20 Hz and this slope, the minimum detection limit (assuming a signal to
noise ratio of 2) is about 100 ppb H20 in either carriergas. In addition, the films are robust in the corrosive
atmosphere; the film whose responseis shown in Figure 2 operated in 50% HCI for 23 hrs over the course of 6
days.

If the change in frequencyversus time response is observed for the transitionbetween dry N2 and dry 50/50 N2
andHCI, we see thatthe film is also sensitive to the HCI (Figure 3). In addition, a positive change on this graph
indicates that mass loading of the film is occurring;however, when a 3 ppm H20 level is placed in the HCI/N2
carriergas, the sign change is negative which indicates that the H20 is stiffening the film and increasing the
frequencyof the oscillator. It is importantto note that the sensitivity for HCI is much less than for H20; this is
obvious since the HCI response is from a 500,000 ppm exposure (frequencychange of 4500 Hz) while the H20
responseis due to a 3 ppm exposure(frequencychangeof 2000 Hz).

Examination of Figure 3 indicates thata change in the HCIconcentrationcannot be distinguished froma change in
the moisturelevel of the gas since both changes resultin a frequency change. It is therefore necessary to have the
ability to coml_nsate for any change in HCI concentration by employing a sensor that detects HCI and not
moisture. We have found that a solution of polyethyleneoxide (FEO) spin cast onto a SAW device producesan
HCIsensor which is capableof providing a compensation signal for the system. Measurementsof a PEO coated
SAWwere conductedin both dry and wet atmospheresas before; no moisturewas detected in the range of interest
with the PEO coated SAW. However,various mixtures of HCI and N2 were passed over the device and its
response is shown in Figure4. Figure 4a shows the response of the SAW as a function of time with various
concentrations of the HCI in N2 passing over the surface. Figure 4b is the data from Figure 4a plotted as a
function of HCI concentration. The PEO sensor used in conjunction with the SiO2 film will result in a sensor
system capable of distinguishing between a change in the HCI concentration and a change in the moisture
concentration.

Porous Si Capacitor Sensor Device Design

Poroussilicon is formedby making single crystalsilicon the anode in an electrochemical cell containing aqueous
hydrofluoricacid electrolyte. The density of PS is typically 20-80% that of bulk Si. PS retains the crystalline

of the starting materialand has specific surfaceareas that can range between 40 and 400 m2/g.s The
high surface area of PS as well as its affinity for water make it attractive for sensor applications. Porous
mi_ dependslargely on the dopanttype and concentrationin the Si. Highly-doped n-type or p-type Si
(e.g., 0.008-0.02 t_-cm) producesanisotropicpores that range from 6-10 nm in cross-section. Lightly-doped p-
type Si (e.g., 0.1-0.3 t_-cm) producesisotropicpores about3-5 nm in diameter. Lightly-doped n-type Si (e.g., 3-4
_-cm) producesanisotropicpores that rangefrom 60-100 nm in diameter.

The capacitive moisture sensors were fabricated from 6-inch diameter, (100)-oriented, 0.14-0.3 f_-cm, p-type
silicon wafers. In all cases, the moisture-sensitive PS layer was formed by anodization in a double-tank
electrochemical cell, with both the front and back surfaces of the silicon wafer contacted by hydrofluoricacid
electrolyte. The cell is made of high density polyethylene and is equippedwith sapphire windows at each end to
facilitate photo-assistedelectrochemicalreactionsusing external light sources. A liquid-tight seal is obtained with
a cam-type lever which compressesO-ringsfitted in each half-cell against the wafer. The half- cells are cylindrical
cavities; thus, the electrolyte volumes between the wafer and the two platinum mesh electrodes have the same
cross-section as the exposed region of the wafer. This geometry minimizes currentcrowding at the wafer edge and
optimizes the primarycurrentdistribution. This cell was designed to be compatible with integrated circuit (IC)
processing, and is currentlyusedwithin the MDLat Sandia.
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The moisture sensors functionas variablecapacitancedevices as follows. When water vapor contacts a sensor, it
adsorbs on the pore walls of the PS or condenses in the pores by a capillary condensation mechanism.9 The
amountof water in the PS directlyaffects the dielectric constant of the PS/water/single crystal silicon composite
dielectricmaterial. The capacitance is functionally related to the moisturecontent of the volume beneath the top
metalelectrodeby:

C_ A/L (2)

Here, C is capacitance, _ is the permittivityof the PS/watcr dielectric material, A is the area of the parallel plate
metal layers (i.e., the areaof the top metalelectrode),and L is the distance between the metal layers.The dielectric
constantis relatedto Gby the following equation:

i'_=t-J_ (3)

Here, K is the dielectric constantand_ois the permittivityof free space. The sensitivity of the device is due in large
partto the difference in the dielectricconstantof water (K - 78.5) and that of non-porous silicon dioxide (K = 4)
andporoussilicon (K < 3). Itshould also be pointed outthat water content affects the impedance (or, conversely,
the conductance)of the PS/watercompositematerial; thus, impedancewill also be directly relatedto watercontent,
andthe sensorcan, in principle, be operatedas a variable impedancedevice.

In this paper two differenttypesof capacitorsensors are described. The capacitorswere packaged in ceramic dual
in-line packages (no lid) by a combination of common wafer dicing, die attaching, and ultrasonic wire bonding
techniques.

Aluminum Grid Capacitor Moisture Sensor

These sensorswere fabricatedby first growing a 600 nm silicon dioxide mask on the surface of the silicon wafer.
The silicon dioxide was patterned and etched by a combination of photolithographyand etching techniques to
create openings in the mask. Each 0.25 x 0.25 inch area on the wafer (a sensor "die" in the final form of the
sensor) had 4 squareopenings etched through the mask." 0.04 x 0.04 inches, 0.05 x 0.05 inches, 0.07 x 0.07
inches, and0.1 x 0.1 inches. Theseexposed silicon regions were made porousby anodization in 19 wt.%I-IFat 25
mA/cm2 for45 seconds. This produceda 1 tun thick PS layer with a porosity of 67%. The silicon dioxide mask
was then removed by etching in a buffered oxide etchant (BOB). Next, the chemical reagent
tetraethoxyorthosilicate(TEOS) was used in the deposition of a 50 nm layer of plasma-enhancedchemically vapor
deposited (PECVD) silicon oxide (designatedas CVD SiOx in Figure 5) onto the wafers. This was followed by
depositiot_of 1 ttm of aluminum on top of the PECVD oxide. Next, the aluminum and PECVD oxide were
patterned and etched into a grid pattern by a combination of photolithographyand etching steps. In this sensor
design, 5 ttm wide grid lines are separatedby 5 pm wide openings. Blanket layers of titanium/gold were then
depositedon the backs of the wafers to producethe device shown in Figure 5.

Two importantfeatures of the fabrication sequence require further explanation. The deposition of the PECVD
oxide was required to prevent the aluminum top electrode from delaminating from the porous layer. Second,
plasma etching of the aluminum metalcan be difficult to control and, as a result, the underlying PECVD oxide and
PS layers can also be inadvertentlyetched. This is detrimentalbecause it reduces the volume of the active sensor
element, resulting in a decrease in sensitivity. This can be avoided by using a phosphoric acid-based aluminum
metal etch followed by a plasma etch of the PECVD oxide, both of which are very selective. As a result, the
underlyingPS layeris left intact.
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Although these sensors were used in both inert gas tests (air and nitrogen) and HCI gas tests, they were never
intendedfor long-termHCIusage due tothe corrosionsusceptibility of the aluminummetallization. The following
design was fabricatedwith corrosion resistancein mind.

Titanium/Gold Dot Capacitor Moisture Sensor
I

The sensor shown schematically in Figure 6 was fabricated as follows. First, 120 tun of silicon nitride was
depositedby CVD. The silicon nitridewas patternedandetchedto leave 0.050 in diameter silicon mtride dots in a
regular arrayon the wafer. Next, porous silicon was formed by anodization in 5 wt.% HF for 252 seconds at
5 mA/cm2, resulting in a 1tun thick PS layer that is about80°,4porous. This PS layer blanketed the entire wafer
_xcept for regions maskedby the silicon nitridedots. The silicon nitridewas removed, and a 100 mil diameter top
dot electrode, consisting of 5 nm of titanium followed by 25 nm of gold, was formed by evaporation through a
metal shadow mask. The Ti/Au electrodes were centered over the non-porous portions of the wafer that were
protectedduringthe anodization stepby the silicon nitride mask. A durable,ohmic wire bond using gold wire can
be easily achieved if the bond is made overthis non-porous silicon. Blanket layers of titanium/gold were deposited
on the backsof the wafers to completethe capacitorstructure.

Sensor Testing

The capacitance of PS sensors is functionally related to the moisturecontent of the surroundingatmosphere. A
representativecalibration curve in the low moisture level range is shown in Figure 7. The devices are clearly
sensitive to changes in moisturelevel from 700 ppb to 3 ppm (the two lowest levels depicted in Figure 7). Based
on the slope of this calibrationcurve, the slopes of numerous calibration curves obtained on 17 other sensors, and
the noise level observedon the LCZ meterduringdata acquisition, the detection lirait for moisture in inert gas for
these sensors is estimated to be about700 ppb. This detectionlimit was calculatedfor a signal/noise ratio of 3.

A representativecalibration curveforan aluminum gridsensor in the high moisture level range is shown in Figure
8, and demonstrates the tremendous dynamic range typical of these types of sensors. Here, the capacitance
changed from 58 pF at 0 ppm to about2500 pF at 23,000 ppm.

It should be noted that in Figures 7 and 8, sensor responseat a particularmoisture level is plotted as a symbol on
the calibration curves. The line segmentsconnecting the symbols arevisual aids only and do not represent a fit of
the data points.

Several experiments were performedto assess the suitabilityof these sensors for moisture measurements in HCI
gas. The first issue addressed was the susceptibility of the sensor materials to corrosion. This was tested by
exposure of the sensors to HCI gas for extended time periods. In one experiment, 2 aluminum grid capacitor
sensors and 3 titanium/gold dot capacitorsensors were e_ to unpurified HCI gas (specification is < 10 ppm
H20 ) for a period of 8 hours. Other tests involved alternatelyexposing 13 different sensors (both aluminum grid
and titanium/gold dot capacitors) to nitrogen streamscontaining as much as 100 ppm H20 and nitrogen/HC! gas
mixtures containing 10-100 vol.%HCI. These experiments were performed for times ranging from 1-4 hours. In
all of these tests, there were no materialscompatibility problems associatedwith the exposure of these sensors to
HCI. All 18 sensors were still functioningcapacitors at the conclusionof the individual tests.

The second issue was the responseof the sensors to HCI. In Figure 9, the response of a gold dot capacitor sensor to
HCIconcentration(expressedas vol.% in nitrogen) is shown. The capacitance of this particular sensor changed
from 272 pF at 0 vol.% HCi to 340 pF at 100 vol.% HCI. It is important to compare this capacitance change to
that observed forH20 in inert gas. Recall that the capaCitanceof a sensor exposedto 23,000 ppm H20 (about 93%
relativehumi'dityat a temperatureof 25 C) is about 2500 pF (Figure 8). Clearly, the sensors are more sensitive to



t

F -s

moisture than HCI,as would be expected fromthe boiling pointsof waterand HCI(100 C and -85 C, respectively)
and the dielectric constants of water and HCI (78.5 and 4.6, respectively). However, sensor response to trace
moisture levels is the goal of the present investigation,and these capacitorsensors typicallyshow only abouta 6 pF
change when the moisture level is changed from 700 ppbto 80 ppm. Therefore,it is clearthat for the detection of
trace amounts of moisture in pure HCI gas, the ability to measure a small analyte signal on top of a large
background signal will be required.

Finally, the semitivity of capacitorsensors to trace moisturein nitrogen, following HCI exposure,was examined.
Following a 2 hour HCI exposure, the detectionlimit for moisture in nitrogen was estimated to be about 7 ppm,
i.e., an approximately10-folddegradationin sensorperformancewas observed.

Summary

We have demonstratedtwo typesof solid statemoisturesensorsdesigned to be operatedin corrosiveenvironments
such as HCI. These include a surfaceacoustic wave (SAW) based sensor and a porous Si (PS) capacitor sensor.
Each sensor has been calibrated in N2 and a minimum detection limit determined. The SAW has a minimum
detection limit of about 100_ and the PS capacitorhas a minimum detection limit on the orderof 700 ppb. We
have tested each of the sensors in HCIgas and demonstratedthatwhile both sensors are sensitive to HCI, each is
still sensitive to moistureafterexposure. The PS capacitordoeshave a degradedsensitivity afterHCIexposure; the
SAW is unaffectedby the HCI exposureand still functionswith the same sensitivity in N2 after HCI exposure. We i
also showed thatit is possible to reproduciblymeasuremoisturein a mixture of N2 and HCI using the SiO2coated
SAW sensor. Since both of the sensor types are sensitive to HCI concentrationchanges, a method using a PEO
coated SAW device to measure the HC! concentration without sensing a change in moisture level was
demonstrated.
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