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ABSTRACT
A new silicon based hydrogen sensor for measuremanthigh concentrations near the lower
flammable limit of hydrogen (40,000 ppm) is presehtDue to operation at room temperature the
power consumption of the sensor is by several erdeEmagnitude smaller than that of other sensors
on the market. Further development of the sensstesy could lead to battery powered or even
energy-independent operation. As sensor fabricasidrased on semiconductor technology, low cost
production can be achieved for the mass market. sBmsor investigated showed good long-term
stability combined with a fast response on the dasi cyclic thermal activations. This was
demonstrated by a stress test that simulated theton and measurement cycles experienced by the
sensor in one year. Finite element method was teséarther reduce the power consumption of the
thermal activation. This resulted in an average ggowonsumption of 2x1IOW for the sensor
activation.

1. INTRODUCTION

Hydrogen production via electrolysis is one of thest promising ways for storing energy. Primary
energy produced from renewable sources like surep@wwind is discontinuous and needs energy
storage for higher efficiency. Beside the energyagie function there will be an increasing number o
direct applications of Hike H, powered cars or fuel cells. Many of these appbeatwill be in direct
contact to the customer.

The high risk of explosion has lead to efforts fiocreasing the security in handling of.HAn
important aspect is the availability of sensorstfer detection of H The Lower Flammable Limit
(LFL) for H, in air is very low i.e. concentrations of only 4%wide acceptance of fechnologies in
general will only occur if H is as safe as conventional fuels. Unfortunately,all the smallest
molecule is challenging to detect in small quassitiand the human body is not able to sens# Hll.

In Europe it is state of the art that a $&nsor should give a fast and reliable indicatibdanger at
values of 20% of the LFL (8,000 ppm) and a finarad at values of 40% LFL (16,000 ppm). Hence
the concentration range from 4,000 ppm to 40,0010 igpof interest for LFL detection.

In the literature many differentk$ensing methods and sensors have been describedBEett et al

[1] divided the available Hsensors in seven different types using their céffetransducers methods.
In particular electrochemical [2], semiconductingtai-oxide [3], catalytic [4], thermal conductivity
[5], metal-insulator semiconductor MIS [6], optidal] and combined [8] sensor technologies are
available. Based on the risks of,F sensor for Hshould fulfil many requirements. First of all the
sensor should be able to detegtdéncentration below the LFL. Secondly, the semsaformance
must be adequate to give a fast sensor responskeifH, concentration suddenly increases.
Furthermore, the energy consumption is of speairést for battery-powered sensors used in the
home. In the future when it comes to the develogroéenergy autarkic Hsensors, energy budget is
even more critical. Until now, most of the avaiklb, sensors are working above room temperatures
and/or require extra power for their transducers.

Recently we reported a,Hsensor based on a Pd/LEH:;N,/SIO/Si-field effect structureusing
lanthanum fluoride as a solid electrolyte [9]. bntrast to the widely used field-effect bensors [10],
our sensor is able to work at room temperatureigrzhsed on simple capacitive measurement. To
guarantee long-term stability, a cyclic thermaiwtton was developed to preserve fastrésponses.

In other experiments, we showed that heat imputddess than 1 ms are sufficient to activate a



similar sensor structure [11]. This reduces the gromonsumption to less than 4@V for one
activation per day. Using a single 9V battery theds to a sensor life time of several years.

There are two different types of field-effect trdusers [12]: transistors and capacitive Metal lasarl
Semiconductor structures (MIS): transistors andaciipe Metal Insulator Semiconductor (MIS)
structures. For a MIS structure, the high-frequeGepacitance-Voltage (CV) curve is shown in Fig.
1. If Hy is present, the CV curve is shifted towards negaipltages. The reason for that shift can be
explained as follows.
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Figure 1. Capacitance Voltage curve of an Metallitsr Semiconductor structure in air (solid line)
and after adding of Hdotted line)

Palladium is often used inldensors because of its ability to absoslatHHoom temperature [13]. As a
result Pd is used as the gate material jisdhsing field-effect sensor, ldbsorbs at the Pd surface and
is split into atomic hydrogen. The hydrogen atoras than enter the Pd lattice. Within, the lattice
hydrogen moves with a diffusion coefficient of 4x16nT/s at room temperature phase) [13]. For
MIS structures using no solid electrolyte, the atorhydrogen induces a dipole layer at the
Pd/Insulator interface [14]. Using a structure vatkolid electrolyte e.g. lanthanum fluoride, thainm
reaction takes place at the three phase bounddsplRidelectrolyte/air. We suggested a mechanism
based on the Oxygen sensing ability of the lanthafluoride layer [9]. Oxygen adsorbs at adsorption
sites A* at the triple interface (1) and reactshwitater forming OH(2). The high mobility of OHin

the Lak lattice (3) stabilises the OHormation. B can now reduce the surface OxygepA®)
concentration by producing water (4).

0, +A* < 0,(AY) (1)
0,(A*) + H,0 + e~ < HO,(A*) 4+ OH" (2)
OH™ + (F*) € OH(F") 3)
0,(A*) + 2H, < 2H,0(A") (4)

The oxygen dependence is no drawback since theo@centration is sufficiently constant under
ambient conditions. Another difference of MIS sesswith and without solid electrolyte is the
different concentration sensitivity. The solubiliy H, in metals follows Sievert's law with a square
root dependence [15]. Therefore the signal is ptapmal to the square root of the hydrogen
concentration and reaches saturation at about P60 [16]. In contrast, using LgFRthe reaction
takes place at the three phase boundary. Thisigaaid more complex and leads to Nernstian
behaviour. Therefore our sensor has a logarithnoncentration dependence. What both MIS
structures have in common is the fact that theaserfeactions add additional positive chargeséo th
interface leading to a concentration dependent galtage. As a result, the CV curve is shifted to
lower voltages (Fig.1).

Different methods can be used for the monitorirgyghift of the CV curve. Commonly the voltage is
set to a constant value in the steep region o€Ceurve. If the CV curve is shifted towards negati
voltages an increase in the capacitance is meagimed silicon). Hence the shift of the CV curve
along the voltage axis can be calculated from tienge in capacitance. This method is suitable for
small voltage changes that do not cause the apypdikaige to move outside the steep region of the CV
curve. Another way is to keep the capacity condbgradjusting the voltage via a feedback controller



This method is slower because a feedback from the sensaeded but no recalculation is neces
and it iseven accurate for large vcge shifts.

In this paper,the application of the Pd/L4/SizN,/SiO./Si-field-effect sensoito the alarm level
detection of hydrogen will be shown. The improveimeilong -erm stability based on short thern
impulses is demonstrated and proven by a ¢ test. Furthermorethermal simulations othe heat
distribution in the silicon are discuss

2. EXPERIMENTAL

The sensor consists oftlain layer structure based the semiconductor/insulator substrate show
Fig.2. The substrate is engsphorus dopesilicone with a carrieconcentration of 1*° cm?®. The
insulator, which is composed of S, and SiN, (both 50 nm thick was produced using stand:
semiconductor techniques. A layer of 150 nm; was deposited by thermaVaporation under hic
vacuum. The 20 nm thicRd film wes produced by DC sputtering ingan at 1 Pa and a depositi
rate of 1 nm $. The Pd sensor area was structured via a shadsk. f@r electrical contac
aluminium was deposited by electron beam physica@loua depositioron the back of the silicon
substrate.
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Figure. 2. Sensor layout. Si substrate with, (50 nm), SN, (50 nm), Lal; (150 nm) and Pd
(20 nm) layers.

The measurement setup is illustrated in Fig. 3. dMisw controllers were used to adjust
concentration bynixing synthetic air with different concentrats of hydrogen (up to a maximum
30,000 ppm in synthetic air). The flow rate wastkagnstant at 200 ml n™*. It should be pointed ot
that the H concentration irsynthetic air is usually in the rangf 0.1 ppm;hence concentratis
below 0.1 ppm are not detecta

H, in synthetic air easurement cell

8 H, sensors

flow controller
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Figure 3.Measurement setup fthe detection of K Up to 8 sensors were measured in parallel L
8 ICM7555 timer based circuits ;-ag) and a multiple counter. The TTL signrepresenting the
capacitance is kept constant for every sensor pystiwg the potential. This was achieved usir
software based feedback controller (PID contra

For the measurement of the capancedifferent methods were used. Single sensorre measured
with Hewlett Packard 4284A type LCR meter. The freucy of the 10 mV superimposed AC sig
was set to 10 kHz. The capaaite was kept constant by means of a software feedbawicaler
provided by theNational Instrumeis software LabViewlIn addition, up to 8 sensors could



measured parallel via a circuit, based on an ICNEA&8er. The TTL response of the timer reflects the
possibility to charge and discharge the sensordigpat a rate of 100,000 kHz. A triggered counter
(MCC USB-4303) was used to read the TTL frequenay a D/A converter (MCC USB 3103) for
applying the gate voltages for each sensor. Agdiat®/iew based feedback program was set up to
keep the capacitance constant. A relative humifity00% was established by bubbling the test gases
through purified water. Afterwards, the saturated ary test gases were mixed to obtain different
relative humidities.

3.0 RESULTS
3.1 Sensor Response

The sensor response to different concentratiortd,d§ shown in Fig. 4a. The relative humidity was
set to 50% (the relative humidity in a typical wiaik environment is known to be between 40-65%).
Furthermore the sensor signal follows, as statdiee§d], a logarithmic behaviour. The sensitivity
typically about 150 mV/decade,HFig. 4b). With ad, time of 4 s for 8,000 ppm (Fig. 4c) the sensor
reacts reasonably fast, even though the measuremasntot optimised for rapid kinetic response.
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Figure 4, Sensor response (solid line) for diffetdnconcentrations in air (dashed line) and constant
relative humidity of 50% after activation. 4b) Téensor signal versus; ldoncentration taken from 4a.
4c) The kinetic response of the sensor to 8,000 Hpim air from a baseline of air in 50% humidity.
A measurement point was recorded every second.

Apart from the higher Hconcentration needed for LFL detection, the dla&sed field effect sensor is
capable of measuring concentrations from a few pprto several percent of;fB]. The sensor signal

for 100 ppm immediately after preparation of thesiive layers is shown in Fig. 5. After 10 days t
signal level remained constant while the dynamitalv@ur is much slower (Fig. 5). To overcome that
problem a short heat treatment was shown to betefée For that purpose, the sensor is heated to a
temperature between 400 K and 550 K for less tl@@nsl Since the auto ignition temperature @i+



above 770 K there is no risk of auto ignition. Aseault of the thermal treatment the sensor regpons
is as fast as for the freshly prepared sensor.
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Figure 5, Comparison of the sensor response appp@0H, in air for a freshly prepared sensor with
the sensor after 10 days stored in air and thdivesed sensor.

In Fig. 6 the long term behaviour of the sensor imgsstigated using a stress test. A cycle of tlaérm
activations and KH measurements at the first alarm level (8,000 ppinjulated the conditions
experienced by a sensor in about one year (330 dgy®ducing the cycle time from 24 to one hour.
In Fig.6a, the reproducibility of the hydrogen sagns shown for cycles 2, 50, 150 and 300
respectively. In Fig. 6b, the signal for 330 measents is given. A stable signal difference between
air (50 min desorption) and 8,000 ppm hydrogen2f mV with a standard deviation of 8 mV was
found (Fig. 6b).
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Figure 6, Stress test simulating the behaviour bl &ensor for 330 days. For the measurement the
sensor was activated 330 times, cooled down andumed at 8,000 ppm. 6a) The sensor response
after different activating steps. 6b) The sensgnali for all measurements. The insert shows thetpoi
(dots) that were used to calculate the signal f&ingle measurement.

3.2 Thermal simulation

Further investigation focused on the optimizatiérihe activating procedure. The aim was to reduce
the energy consumption for the thermal treatmenéeréfore, Finite Element Method (FEM) was used
to analyse the heat dispersion after the powerepulEhe investigation included the standard sensor
layout, different heating structures, time depewtEnand the natural convective air flow. A model o
a Si/SiQ based multi layer sensor with a Pd gate ands;lad-solid electrolyte was set up. The



structure geometry favoured by simulations was & 8xn, 390um thick Si chip with thinned Si
membranes of 3(m thickness. This volume reduction to 16.5 % offtrenerly used 5x5 Si volume
was the first step to save energy. The Pt thin fieater was placed in a circuit around the seesRiy

gate Fig.7.

Figure 7 Sensor structure for FEM analyses.

Several geometries of heaters were investigatdohdothe one with the optimum properties. When

heating duration was lowered from 1 s down to ltimesenergy demand was lowered from 0.38 J to

0.08 J, while the required peak power rises froB1\W.to 86 W. The disadvantage of heat pulses

shorter than 10 ms is the undefined temperatuceatibn within the sensitive Pd-gate layer and the

high power input demand for a short time.
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Figure 8. Simulating heat pulse to agé¢nsor (3x3 mm Si: 39@m /30um membrane) for 1 ms pulse
at time 1 ms (a) and 10 ms pulse at time 10 ms (b)

The high power input at 1 ms leads to a high teatpee gradient in the sensitive layer (Fig 8a). The
effect of an inhomogeneous activation temperatwedetrimental to the sensor performance.
Therefore, it is desirable to have a reduced teatpex gradient of no more than 20 degrees
throughout the Pd-region to grant reliable fundiidg of the H alarm sensor. As seen in Fig. 8b, a
compromise between the heating time (10 ms) andggrsemand (0.2 J) was found with a small
temperature gradient in the sensitive area. Whergwshorter heating times, only the membrane is
heated. As a result an average power consumptiooniyf 2x10° W (one activation per day) is
established. This enables ous $€nsor to be used in battery powered systems.eHerigpical 9 V
battery with 250 mAh can provide energy for theiogdly at least 100 years of activations.

In further experiments the theoretical approach wasstigated in a real sensor device. An electeoly
capacitor was used for the necessary power outpthe Pt heater. The actual temperature of the
heater was calculated from the change of the Ftaese. A 10 ms heating pulse with a power input
of around 50 W granted an adequate temperaturbeatctirculation for the reactivation of the sensor
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Figure 9. Measured heat-up and heat dissipatiocegsoof a sensor (3x3 mm) at a 10 ms heat pulse
from a circular Pt thin film heater (around 50 Ohm)

4.0 CONCLUSION

We could show that a Hsensor based on a Pd/L&#N./SiO/Si-field-effect structure is able to
detect H in the concentration range essential for the Lollammable Level warning. Furthermore
our sensor is able to provide long time stableagwith fast kinetics for at least one year vialicy
activations. Using FEM simulations, the sensorcstme and the process of thermal activation could
be optimised in order to lower the power consunmptid the sensor. As a result, ous sensor (in
contrast to most othert4ensors) is able to work with a battery basedggraupply.
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