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(57) Abrége/Abstract:

The Invention describes a hydrogen sensor having a semiconductor layer which Is sensitive to hydrogen as a function of
temperature and a covering layer which Is selectively permeable to hydrogen. It Is proposed for the semiconductor layer to
consist of strontium titanate, SrTiO,, which, In order to compensate for its temperature sensitivity, Iis assigned a further strontium

titanate layer which Is covered by a covering layer which selectively filters hydrogen and has a different conductivity
characteristic profile from the first semiconductor layer. The covering layer. consists of silicon dioxide, SIO,, or silicon nitride,
SI,N,. The strontium titanate layers are sintered and/or annealed In an oxygen atmosphere.
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Abstract

Hydrogen sensor

The invention describes &a hydrogen sensor
having a semiconductor 1layer which is sensitive to
hydrogen as a function of temperature and a covering
layer which 1s selectively permeable to hydrogen. It is
propcsed for the semiconductor layer to consist of
strontium titanate, SrTiOs, which, in order to
compensate for its temperature sensitivity, is assigned
a further strontium titanate layer which is covered by
a covering layer which selectively filters hydrogen and
has a different <conductivity characteristic profile
from the first semiconductor layer. The covering layer
consists of silicon dioxide, 8i0;, or silicon nitride,
SisNgy. The strontium titanate layers are sintered and/or

annealed in an oxygen atmosphere.
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Description

Hydrogen sensor

The present invention relates to a hydrogen
sensor having a semiconductor layer which is sensitive to
hydrogen as a function of temperature and a covering
layer which is selectively permeable to hydrogen.

A general problem of gas sensors 1s that changes
in the measured value are observed even when the gas
component to be measured does not change. This 1is
particularly disruptive if one component with a low
mixture ratio or low concentration is to be measured in
the presence of 1large but variable concentrations of
gases which cause cross-sensitivities.

It has been attempted to develop a hydrogen
Sensor which uses gallium oxlde, Ga,03, as the
semiconductive metal oxide. This substance also responds
to other gases, in particular oXygen and hydrocarbons.
For this reason, the sensor has at most a limited
suitability for measurements in environments in which the
above gas components fluctuate considerably. It has
therefore been attempted to arrange a covering layer on
top of the gallium oxide, which selectively allows
hydrogen to pass through while other components are
prevented from gaining access to the gas-sensitive
semiconductor layer.

However, even with a covering layer of this type

a gallium  oxide Sensor frequently gives only

1s because, in addition to the presence of interfering
gas components of fluctuating composition, other factors
also have adverse effects during gas measurement, in
particular the measurement of exhaust gas 1n automobiles.
These factors include the fact that electromagnetic
interference etc., which may be particularly intensive in
the automotive sector, frequently result in very poor
measurement o©f the electrical parameters, such as the
electrical conductivity,
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of the semiconductor layers used. In addition, the

variation in other variables, for example the
temperature of the sensor wused, as a result of
fluctuations in the ambient temperature or a drift in
the supply of heating energy, may also have adverse
effects.

DE 42 03 522 Cl1 has disclosed an oxXygen sensor
arrangement based on semiconductive metal oxides in
which the temperature sensitivity has been reduced.
When the metal oxides are at elevated temperature, the
conductivity depends on the oxXygen partial pressure,
the sensor arrangement having two individual metal
oxlde sensors which, in the intended measurement area,
have conductivities which exhibit different
relationships with the oxygen partial pressure but
substantially the same relationship with the
temperature. The theory is that the temperature
dependency is to be substantially taken out in the
quotient formed from the conductivity measurement
signals from the two sensors.

The present invention is based on the object of
providing a novel arrangement for industrial use, 1in
particular, although not exclusively, of providing a
gas sensor which is particularly suitable for measuring
hydrogen and can also be used in particular for exhaust
gas measurements.

The solution to the object 1s claimed
independently, while preferred embodiments are to be
found in the dependent claims.

The invention is based on the recognition that
strontium titanate, once it has been covered with a
covering layer which selectively filters hydrogen, is
eminently suitable for use as a hydrogen sensor and
that, by means of a suitable different doping of the
two layers, it is also possible to compensate for the
temperature sensitivity during the measurement of

hydrogen. It is assumed that the hydrogen filtering

action is brought about by a selective
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permeability to this substance, although in particular

a quasi-selective reaction of hydrogen with 0xX1dizing
substances in the covering layer also cannot be ruled
out altogether. The precise mechanism of the
conductivity change 1is actually unclear. One possible
assumption is that, unlike in the case of oxygen
detection using strontium titanate semiconductors,
where oxygen is introduced into the crystal lattice in
atomic form, where it changes the electronic properties
of the lattice, 1in the present case a reversible
chemical reaction takes place between the hydrogen and
the materials in the semiconductor, and this reaction
can only be detected indirectly as a change 1in an
electrical characteristic. A further supposition 1is
that hydrogen accumulates on the surface of the
strontium titanate and as a result changes the
electronic band structure of the semiconductor in the
vicinity of the surface.

A preferred covering layer will contain silicon
as a constituent, which can be attributed to the fact
that many silicon compounds have a crystal lattice
which 1s so tight that apart from hydrogen it 1is
impossible for any gases, or at least any relevant
gases, to pass through, and another advantage 1is that
many silicon compounds have at most a poor conductivity
within the intended temperature range of the sensors,
SO that the measurements of the electrical parameters
of the strontium titanate semiconductor layers are at
most slightly, and 1in ©practice not significantly,
atfected. Preferably, the coverling layers consist of
silicon dioxide and/or silicon nitride. Applying the
covering layer as a thin film by sputtering or CVD
ensures that the covering layer has a structure which
1s sufficiently impermeable to interfering gases.

Preferably, one o0f the strontium titanate

caused by hydrogen are reversible and, due to the

different dominating electrical conduction mechanisms
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in the n-doped and p-doped layers, may typically act as
opposite changes in the conductivity
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in the n-doped and p-doped lavyers, may typically act as
opposite changes in the conductilvity of the individual
layers. Consequently, a reduction in conductivity 1s
observed in one laver and an increase in conductivity 1s

observed in the other lavyer.

It is preferable for the electrical conductivity
of the two semiconductor lavers to be measured ag a function
of the hydrogen concentration and then for the difference or
the gquotient of the corresponding measured values to be

determined as the hydrogen measurement signal.

In accordance with one aspect of this invention,
there is provided a hydrogen sensor comprising: a carrier
substrate and a hydrogen-sensitive semiconductor layer that
is applied to said carrier substrate; sald hydrogen-
sensitive semiconductor layver comprising a first and second

semiconductor layers that each consist of strontium tlitanate

so as to compensate for temperature fiuctuations in said
hydrogen-sensitive semiconductor layer, sald first
semiconductor lavyer being n-doped and said second
semiconductor laver being p-doped; and first and second
covering layers that cover said respective first and second
semiconductor layers so as said first and second covering

layers are selectively permeable to an amcunt of hydrogen.

In accordance with a further aspect of this
invention, there i1s provided a hydrogen sensor arrangement
comprising: a hydrogen sensor comprising a carriler

emiconductor layer that

L g

substrate and a hydrogen-sensitive s
is applied to said carrier substrate, said hydrogen-

sensitive semiconductor layer comprising a first and second
semiconductor layer that each consist of strontium titanate

L

hydrogen-sensitive semiconductor layer, sald first
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semiconductor layer 1s n-doped and said second semiconductor

layer 1s p-doped; first and second covering layers that

so as sald first and second covering layers are selectively
permeable to an amount of hydrogen; and a hydrogen sensor
circuit that i1s connected to sald hydrogen sensor for
measuring first and said second electrical conductivity of
sald respective first and second semiconductor layers so as
to calculate one of a difference value and a gquctient value
that corresponds to gald first and second electrical

conductivity.

In accordance with a further aspect of this
invention, there is provided a hydrogen sensor arrangement,
comprisging: a hydrogen sensor having a carrier substrate
and a hydrogen-sensitive semiconductor layer that 1s applied
to the carrier substrate, the hydrogen-sensitive
semiconductor laver including a Iilrst anc second
semiconductor layver that each include at least strontium
titanate so as to compensate for temperature [luctuations in
the hydrogen sensitive semiconductor .ayer, one of the first
and second semiconductor lavers being n-doped and another of
the first and second semiconductor lavers beilng p-doped; and
first and second covering layers that cover the respective
first and second semiconductor layers so as the first and

second covering layers are selectively permeable to an

amcunt of hydrogen.

In accordance with a further aspect of this
invention, there isgs provided a hydrogern sensor arrangement,
comprising: a hydrogen sensor including a carrier substrate
and a hydrogen-sensitive semiconductor layer that 1s appliled
to the carrier substrate, the hydrogen-sensitive
semiconductor layver including a first and second

semiconductor laver that each include at least strontium
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titanate so as to compensate for temperature fluctuations 1in
the hydrogen-sensgitive semiconductor layer, wherein one of
the first and second semiconductor layers 1s n-doped and
another of the first and second semicondauctor layers 1s
p-doped; first and second covering layers that cover the
respective first and second semiconductor layers so as the

first and second covering layers are selectively permeable

to an amount of hydrogen; and a hydrogen sensor circuit that
is connected to the hydrogen sengor for measuring a
electrical conductivity of the first and second
semiconductor layers so as to calculate one of a difference
value and a quotient wvalue that corresponds to the
electrical conductivity of the first and second

semiconductor layers.

The invention is described below, purely by way of
example, with reference to the drawing, in which: Figure 1

shows a hydrogen sensor according to the present lnvention.

According to the figure, a hydrogen sensor, which
is denoted overall by 1, comprisges a carrier substrate 2

made from electrically insulating material which i1s able to

withstand high temperatures, such a Al;0;. By means of an
interdigital electrode structure 3, a strontium titanate
layer 4 1s applied to one side of the carrier substrate 2,
and this layer is completely covered by a covering layer 5.
On the opposite side of The carrier substrate 2, a mirror-
symmetrical second interdigital electrode structure 6 1s
provided, above which there is a second strontium titanate
layer 7 which is surrounded on all sides by a covering

layer 8.

The carrier substrate 2 may be formed as a high-
temperature cofired ceramic (HTTC) structure and 1in the

interior may comprise a temperature senscr arrangement
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and/or a heating coil arrangement, as jointly indicated in

rerence numeral 9. Preferably, the

b d.

the drawing by the re

heating coll arrangement 1s provided centrally, in order for

the two strentium titanate lavers 4 and 7 and/or the two
coverlng layers 5 and 8 to be heated to the same temperature
and 1s designed to generate temperatures of between 800° and

1000°C therein.
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The semiconductive properties of the strontium
titanate layers 4 and 7 differ. In one strontium
titanate layer, p-type conduction is dominant, while n-
type conduction 1is dominant in the other. This 1is
achieved by suitable doping and a suitably high
concentration of oxygen defects in the strontium
titanate. The strontium titanate layer 4 is therefore
n-doped, while the strontium titanate layer 7 1is p-
doped. Suitable doping materials are Cr>* ions for the
acceptor doping, since they «can substitute Ti%
particularly well due to the identical ionic radii of
61 pm, while Ta’" ions can be used as the donors. The
oxygen defect concentration required is achieved by
annealing or sintering the layers formed in an
atmosphere with oxygen concentrations of at least 1%.
The oxygen defect concentration in the strontium
titanate 1s then sufficiently high for the dominant
conduction mechanism in one layer to be n-type
conduction and in the other layer to be p-type
conduction.

The interdigital electrode structures 3 and 6
made from a suitable metal, such as platinum or a
platinum alloy, are in electrically conductive contact
with corresponding strontium titanate layers and, in
order to determine the strontium titanate
conductivities, have terminals which can be connected
to an evaluation circuit.

The covering layers 5 and 8 are preferably of
ldentical structure and consist of a material which
selectively allows hydrogen to pass through. Silicon
compounds, such as silicon dioxide or silicon nitride,
dre particularly suitable.

The gas sensor of the present invention is

operated as follows:
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and the heating structure and/or the temperature sensor

9, and the 1nterdigital electrode structures 3 and 6,
are connected to suitable wiring. The wiring is
designed to provide a current through the heating
structure which 1s used to heat the relevant area of
the hydrogen sensor 1 to a temperature of approximately
800° to 1000°C.

The 1interdigital electrode structures 3 and 6
are connected up in order to measure the electrical
conductivity of the strontium titanate layers 4 and 7,
respectively.

If the concentration of hydrogen gas 1n the
vicinity of the hydrogen sensor 1 changes, the
electrical conductivity of the sensor also changes.

The precise reason for this is not altogether
understood. However, it is assumed that a hydrogen
gradient forms across the covering layer and hydrogen
migrates through the covering layer 5 or 8 in one
direction or the other. This may be a result of
selective permeability of the covering layer to
hydrogen or of the hydrogen reacting with other
substances in the covering layer.

In response to this, the electrical
conductivity changes in both strontium titanate layers
4 and 7, but in different ways. The mechanism causing
this effect 1is also not entirely clear. Chemical
reactions between the strontium titanate and the
hydrogen penetrating into it represent one possible
cause; the chemical reactions in turn lead to a change
in the oxygen vacancy concentration in the strontium
titanate. Then, there is either an increase or decrease
in the oxygen in both layers, depending on the change
in hydrogen concentration. However, since the
production process has provided the two strontium

titanate layers with different intrinsic oxXygen vacancy

concentrations
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in such a way that in one strontium titanate layer with

the given doping the dominant conduction mechanism is
p-type conduction and in the other strontium titanate
layer with the other doping the dominant conduction
mechanism 1s n-type conduction, the electrical
conductivities of the two strontium titanate layers
consequently change in opposite ways. While 1in one
strontium titanate layer increasing concentrations of
hydrogen result in a fall in conductivity, at the same
time the electrical conductivity of the other strontium
titanate layer rises. Nevertheless, because the thermal
activation energy of the strontium titanate layers 1is
at most slightly affected by the doping, the electrical
conductivity of the two layers changes in the same way
when the temperature changes.

Another explanation is the accumulation of
hydrogen at the surface, which could cause changes 1in
the band structure and also represents an appropriate
model for explaining the observed effects.

The conductivity is monitored using the
interdigital electrode structures 3 and 6 and 1is
evaluated in an evaluation circuit, where the quotient
of the two conductivities is determined. However, since
the two conductivities change in different ways as the
hydrogen concentration varies, whereas the at least
approximately exponential temperature dependency is
practically identical for both layers, in particular
pelow 800°C, and scarcely deviates even above this
Cemperature, a substantially temperature-independent
measurement of the hydrogen concentration is obtained.

Consequently, 1t 1is possible to use the

evaluation circuit, by forming a quotient from the

to obtain a high-amplitude, temperature-independent
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As an alternative to arranging the two sensor

regions opposite one another, they may also be arranged
next to one another.
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CLAIMS:
1. A hydrogen sensor comprising:

a carrier substrate and a hydrogen-sensitive
semiconductor layer that 1s applied to said carrier

substrate;

sald hydrogen-sensitive semiconductor layer
comprising a first and second semlconductor layvers that each
consist of strontium titanate so as to compensate for

temperature fluctuations in said hydrogen-sensitive

semiconductor laver, saild first semiconductor layver being
n-doped and said second semlconductor laver being p-doped;

and

first and second covering lavers that cover said
respective first and second semiconductor layers so as said
first and second covering lLayers are selectlively permeable

to an amount of hydrogen.

2. The hydrogen sensor according tco claim 1 wherein
salid first and second covering layers comprise one ol

silicon and a silicon compound.

3. The hydrogen sengor according to claim 1 wherein

salid first and second covering lavers each are selected from

k -

the group consisting of silicon dioxide and silicon nitride.

< The hydrogen sensor according te clalm 2 wherein

agr

said first and second covering layers each comprise a thin

film.

5. The hydrogen sensor according to claim 1 wherein

h

said first and second covering lavers are applied by one ot

a sputtering and a chemical vapor depcosition process.
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6. The hydrogen sensor according to claim 1 wherein
sald first and second semiconductor lavers are formed by one
of a sintering and annealing process under an oxygen

environment.
7 . A hydrogen sensor arrangement comprising:

a hydrogen sensor comprilising a carrier substrate
and a hydrogen-sensitive semliconductor layer that 1s applied
to said carrier substrate, sgsaid hydrogen-sensitive
semiconductor layer comprising a first and second
semiconductor layer that each consist of strontium titanate
so as to compensate for temperature fluctuations in said
hydrogen-sensitive semiconductor layer, said first
semiconductor layer is n-doped and said second semiconductor

layer 1s p-doped;

[

first and second covering laverg that cover said

respective first and second semiconductor layers so as said

first and second covering lavers are gselectively permeable

to an amount of hydrogen; and

a hydrogen sensor circuit that 1s connected to

said hydrogen sensor for measuring first and sald second

electrical conductivity of said respective first and second

semiconductor layers so as to calculate one of a difference
value and a guotient value that corresponds to sailid first

and second electrical conductivity.

8 . The hydrogen sengor arrangement accordlng to
claim 7 wherein said first and second covering layvers

comprise one of silicon and a silicon compound.

9. The hydrogen sensor arrangement according to

claim 7 wherein said first and second covering layers each
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are selected from the group consisting of silicon dioxide

and silicon nitride.

10. The hydrogen sensor arrangement according to
claim 9 wherein said first and second covering layers each

comprise a thin film.

11. The hydrogen sensor arrangement acccercéilng to
claim 10 wherein said first and second covering lavers are
applied by one of a sputtering and a chemical vapor

depositilion process.

12. The hyvdrogen sensor arrangement according Lo

claim 7 wherein said first and second semiconductor layers

are formed by one of a sintering and annealing process under

-----

an oxygen environment .
13. A hydrogen sensor arrangement, comprising:

a hydrogen sensor having a carrier substrate and a

hydrogen-sensitive semiconductor layer that 1s applied to

the carrier substrate, the hydrogen-sensitive semiconductor

layer including a first and second semiconductor layer that

each include at least strontium titanate so as to compensate

for temperature fluctuations in the hydrogen sensitive
semiconductor layer, one of the first and second
semiconductor layers being n-doped and ancther of the first

and second semiconductor layers being p-doped; and

first and second covering layers that cover the
respective first and second semiconductor layers so as the
first and second covering layersg are selectively permeable

to an amount of hydrogen.

14 . A hydrogen sensor arrangement, comprising:
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a hydrogen sensor 1ncluding a carrier substrate
and a hydrogen-sensitive semiconductor layer that is applied
to the carrier substrate, the hydrogen-sensitive
semiconductor laver i1ncluding a first and second

semiconductor layer that each include at least strontium

tiltanate so as to compensate for temperature fluctuations in
the hydrogen-sensitive semiconductor layer, wherein one of
the first and second semiconductor layers 18 n-aoped and
another of the first and second gemiconductor layers 1s

p-doped;

first and second covering layers that cover the
regspective first and second semiconductor layers so as the
first and second covering layvers are gelectively permeable

to an amount of hydrogen; and

a hydrogen sensor circuit that 1s connected to the
hydrogen sensor for measuring a electrical conductivity of
the first and second semiconductor lavers so as to calculate
one of a difference wvalus and a quotient value that
corresponds to the electrical conductivity of the first and

second semilconductor layers.

FETHERSTONHAUGH & CO.

OTTAWA, CANADA

PATENT AGENTS
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