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A capacitive humidity sensor utilizing an aluminum-oxide thin film formed by reactive ion plating
is fabricated and the characteristic of the sensor is measured by a newly designed humidity test

chamber.

It is found that the sensor fabricated in this experiment works in quite stable states with a high
reproducibility, especially in the high humidity region, and it is also revealed that the structure of the
aluminum-oxide film suitable for the humidity sensor is “amorphous like” one. The capacitance of
the sensor varies proportionally to the change of relative humidity between 10 and 80%, and a similar
behavior is observed on the mass measurement of absorbed water molecules.

It is considered that the absorbed water molecules will form a condensed phase (liquid water) in
micro-capillaries in an aluminum-oxide film. A simple model for water absorption in the film is given
and a mechanism of condensation to liquid water will be discussed briefly relating to the capacitance

change of the film.

Introduction

§1.

Humidity control is required in a variety of
fields and the development of the humidity
sensor functionable in a wide range of relative
humidity and in a variety of circumstances is
desired.

The principle of humidity sensor developed
until now is to use the change of mechanical or
electrical properties of material due to absor-
ption or desorption of water molecules. The
humidity sensor using the change of electrical
properties is classified as follows;

1) Resistance change ! =%

2) Capacitance change”

3) Absorption of electro-magnetic wave®
4) Electro-motive-force change®

5) CFT (Charge-Flow Transistor)!?

and the several kinds of sensors have been
developed using the measuring principle of 1)
and 2). Especially for the capacitive sensor, a
metal oxide layer formed by a sintering'" or an
anodic oxidation method'? and a polymer layer
formed by a dip-coating method are used as a
sensing part of a sensor. The structure, texture
and/or surface state of these layers change
irreversibly, if the sensors are kept in high
humidity circumstances. These undesired
change of the sensing part is due to the “por-
osity” in the case of sintered or anodized layers,
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and “stickiness” in the case of polymer layers. It
is considered that the less-porous film compared
with the sintered or anodized layer will be
formed, if the films are grown from the vapor
phase. In this paper, the fabrication process of a
capacitive humidity sensor which can operate in
a high humidity region (RH ~90%) and the
characteristics of the sensor measured by using a
newly designed humidity test chamber are de-
scribed. The relationship between the amount of
water molecules occluded in a metal oxide film
(aluminum-oxide film) and the change of the
capacitance will also be discussed.

§2. Structure and Formation of a Capacitive
Humidity Sensor

A structure of the humidity sensor fabricated
in this experiment is shown in Fig. |1 schemati-
cally and Fig. 2. The interdigital lower electrode
(1000 A ; Pd, Au, etc.)is deposited by ion plating
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Fig. 1. Structure of humidity sensor.
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Fig. 2.

Photograph of humidity sensor.

method on a cleaned substrate such as Boro-
Silicate glass or sapphire and the thin upper
electrode (100~200 A ; Pd, Au) is formed by a
conventional vacuum deposition method, since
it is required to be permeable to water mol-
ecules. Electron micrographs of the very thin
deposits on NaCl (100) surface are shown in Fig.
3. These photographs depict the change of thin
film structure caused by varying the mean thick-
ness of depositsasa)20 A, b)60 A, and c) 120 A.
The films having the mean thickness of about
120 A are available for the upper electrode,
because the films give an electric conduction and
are also permeable to water molecules. These
two electrodes form a capacitor (C).

A dielectric film (aluminum-oxide film; 1 ym)
is prepared by Reactive Ion Plating (RIP)onto a
substrate where the lower electrode is previously
deposited. The system of RIP is shown in Fig. 4.
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Fig. 4. System of reactive ion plating.

As a RIP chamber, a conventional vacuum
deposition apparatus is used with the addition
of an electrode for ionization of O, and Aland a
variable leak valve for O, import.

As an evaporator of Al, an alumina-coated W
basket is used considering impurity con-
tamination. In order to prevent the oxidation of
the evaporator, the evaporator is covered, as
shown in Fig. 4, by an earthed stainless-steel
box with a small hole (a few mm¢) to pass the
evaporated vapor, and the box is evacuated by
another vacuum system to 10~ * Torr. To attach
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Fig. 3. Electron micrographs of Au thin films.
Mean thickness: a) 20 A
b) 60A
c) 120A.
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the cover to the evaporator, the control of 0,
gas pressure becomes easy during deposition.

The formation process of aluminum-oxide
films is as follows, after evacuation to
107° Torr, O, gas is introduced to the pressure
of about 1072 Torr through a variable leak
valve, and the RF power (f=13.56 MHz,
400 W) is supplied for starting glow discharge.
Then Al is evaporated with a constant evap-
oration rate of about 1.5 um/h.

In plasma formed by RF discharge, neutral
atoms, ions and radicals are reactive, because
these species are to be equivalent high tempera-
ture state. Then, Al evaporated in oxygen
plasma forms aluminum-oxide by controlling
RF power, O, pressure and evaporation rate.

When the growth rate of alminum-oxide films
is about 4 um/h, the structure of the film is
amorphous in the range of the substrate tem-
perature from room temperature to 200°C,
and raising the substrate temperature
(200 ~ 500°C), the structure of the film changes
to y-Al,0O;. By SEM and replica TEM obser-
vation, the appearance of the film surface is
smooth and the characteristic structure (pores)
observed for the anodized film surface cannot be
found.!®

§3. Humidity Test Chamber

A humidity test chamber designed in this
experiment is a simple one following the
definition of relative humidity. A stainless-steel
chamber (~7/) evacuated to 10~ 2 Torr is set in
a constant temperature bath and the desired
amount of water measured by a microsyringe is
injected into chamber directly (Fig. 5). In this
system, the amount of 1 u/ corresponds to the
RH=0.8%; at 20°C. Changing the amount of the
injected water, the desired relative humidity is
obtained in a few seconds without detectable
change of temperature measured by a thermis-
tor. A quartz crystal micro-balance (QCM) and
a calibrated humidity sensor are mounted to the
chamber as shown in Fig. 6. The mass (dmy,0)
of the water molecules absorbed in an
aluminum-oxide film is measured by QCM. The
mean thickness Ady,, of the absorbed water
layer are caliculated from these values.

§4. Result

The change of C and 4dy,, varying RH are
shown in Fig. 7 (a) and (b) respectively.
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Fig. 5. Humidity test chamber.
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Fig. 6. Construction of quartz crystal microbalance.

After several runs (n>5) of humidity cycles,
Cand 4dy,, change downward especially in the
high RH region, and the RH characteristic of
the sensor is to be a stable state as shown in
lower curves of the figures. The sensors ex-
perienced the humidity cycles are quite stable
against exposure in a high humidity circum-
stance (~90%;) for 100 hours and immersion in
boiling water for 30 minutes. It is also found
that the behavior of capacitance due to RH
change is relatively linear except the region of
low humidity (0~ 10%).

The response of the sensor is measured as
follows:: the sensor in an evacuated chamber is
quickly taken out to humid circumstances and,
after measurements, the sensor is replaced to
zero-humid circumstance. If the standard hum-
idity cell (~1/) is used for this purpose, the
change of humidity in the cell caused by the
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Fig. 7. Characteristics of C-RH and 4dy,o-RH.

artifact for inserting a sensor influences the
response characteristics of the sensor. The re-
sults of response measurements are shown in
Fig. 8(a) and (b) for C and Ady,, respectively.
The rapid raise of the curve is observed at the
beginning of the measurement, and the succeed-
ing gradual changes of C and 4dy,, found in the
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Fig. 8.
a) C-t
b) Ady,o-t.

figures are due to the gas flow (temperature
change) by the gas introduction or evacuation.
If the humidity changes gradually, the com-
plicated behacior of C and 4dy,, will be re-
moved. In principle, it is considered that the
response time of the sensor is about a few
seconds.
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Response characteristics.
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§5. Discussion

From the results of Fig. 7 (a) and (b), the
relationship between C and 4dy,, is plotted in
Fig. 9. It is found that the change of C is
proportional to 4dy,o, which is linearly related
to Amy, except the low humidity region.

Now, a model for water absorption in an
aluminume-oxide film is stated in Fig. 10 (a) and
(b). If the water molecules are absorbed un-
iformly from the whole surface of the film, the
relationship of C and 4my, is given as shown in
(b). On the other hand, if the water molecules
are absorbed perpendicularly along the capil-
laries as observed in anodized film, C of the film
changes linearly (a). Considering the results of
Fig. 9, the model of (a) is plausible. If C of the
film is calculated from the amount of water
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Fig. 9. Relationship of C-ddy,o.
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Fig. 10. Models of water absorption in an Al,O; thin
film and corresponding C-dmy, .

molecules absorbed in the film by using the
dielectric constant of liquid water (¢,=60 at
20°C),'* it is confirmed that the change of C due
to RH variation coincides to the measured value
shown in Fig. 7.

Consequently, the condensed phase (liquid
water) of water molecules may be formed in
aluminum-oxide films. Considering the mech-
anism of C change (model (a)) and also the
smoothness of film surfaces, micro-capillaries
must exist in the aluminum-oxide film. Pro-
bably, the condensation will take place at micro-
capillaries (capillary condensation).

The formation process of micro-capillaries
through the film perpendicular to the film sur-
face is probably due to the growth mechanism of
the film from vapor phase, i.e. the growth rate of
the film perpendicular to the substrate surface is
relatively high compared to the growth rate
along the substrate surface.

In conclusion, the sensor utilizing an
aluminum-oxide film gives a quite stable C
change, especially even in the high humidity
region. It is also found that the change of C is
due to the “liquid water”” condensed in micro-
capillaries corresponding to RH.
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