Solid-state sensors for trace hydrogen gas detection
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This paper reviews the development, history, theoretical basis, and experimental performance
of solid-state hydrogen detectors under flow-through conditions available to date such as
pyroelectric, piezoeleciric, fiber optic, and electrochemical devices. Semiconductor hydrogen
detectors will only be reviewed briefly, as excellent reviews on this subject already exist. In
view of the fact that almost all the devices that will be discussed later in this paper use Pd as a
hydrogen trap, we devote a subsection to examining the role of palladium as a catalyst as well
as some of the characteristics of the Pd-H, system. Non-solid-state hydrogen sensors, such as
the flame ionization detector are not the object of this review. A useful feature of this review is
a comparison of operating characteristics of each device in a general tabie in Sec. VII. In that
section a general discussion is presented, including a critical comparison of the capabilities and
parameters of various solid-state hydrogen sensors in the form of a table showing data
collected from the literature. The Pd-fiber optic sensor is the most sensitive optical device
operating at room temperature. The Pd-photopyroelectric sensor appears 1o be most
economical and second best in sensitivity at room temperature; it has the best potential for
high signal-te-noise operation at the widest temperature range, down to cryogenic
temperatures. The Pd-field effect transistor devices exhibit the second highest sensitivity at
elevated temperatures.
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i INTRODUCTICON

A. Why hydrogen sensor?

Today’s modern industrialized society has brought to
the world a number of goods and services, as well as a series
of problems related to technological development. The ever
increasing industrialization makes it absolutely necessary to
constantly monitor and control air pollution in the environ-
ment, in factories, laboratories, hospitals, and generally
technical installations.

In recent years, hydrogen has grown to be one of the
most useful gases. In fact, in many industries such as chemi-
cal, food, metallurgical, electronic, and others, hydrogen is
increasingly taking the role of a raw material.! Some exam-
ples of the importance of detecting hydrogen gas are as fol-
lows: (a) H, is absorbed by several metals causing the pre-
cipitation of hydrides in titanium and zirconium and, in the
case of steel, hydrogen embrittlement. (b) The majority of
pipework in a chemical plant is encased in insulation in order
to prevent heat loss; however, if water penetrates, induced
corrosion occurs undetected. (¢) During electroplating, hy-
drogen is often evolved and this enters the metal substrate.
Since the “oil crisis” of 1973 hydrogen gas has attracted
public attention as a clean energy rescurce, because of its
high heat capacity. One of the reasons for which hydrogen
may play an important energetic role in the near future, is
the fact that this gas presents some hopes for the world to
avoid a mean global warming of at least 2 °C by the mid 21st
century due to the greenhouse effect. Furthermore, it is be-
cause of its anticipated usefulness that hvdrogen is expected
to play a role of increasing importance primarily as an inter-
mediary in the manufacture of synthetic fuels.? Research
and development work in advanced on-board fuel is of fore-
most importance for the transportation industry. Specialists
believe that hydrogen-fueled motor vehicles will sgon be a
reality.’ However, the increasing use of hydrogen gas should
not be considered as one without disadvantages. In fact, a
number of problems arise involving storage of this gas. A
hydrogen leak in large quantities should be avoided because
hydrogen when mixed with air in the ratio of 4.65-93.9
vol % is explosive.* For this reason, among others, it has
become very important to develop highly sensitive hydrogen
detectors to prevent accidents due to H, gas leakage, thus
saving lives and equipment. Such detectors should allow
continucus monitoring of the concentration of gases in the
environment in a guantitative and selective way. The follow-
ing list gives both constraints and requirements for an
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“ideal” chemical detector: (1) Chemically selective, (ii) re-
versible, (iii) fast, (iv} highly sensitive, (v} durable, and
(vi} noncontaminating and nonpoisoning; other constraints
involve requirements for {vii) simple operation, (viii} small
size (portability), (ix) simple fabrication, (X} relative tem-
perature insensitivity, and (xi) low noise. In addition, this
control system should be financially accessible to potential
users. Another area in which hydrogen gas detectors are also
very useful is the field of surface science. In fact, devices
which operate on the principie of & decrease of the work
function of Pd by adsorption of H, are the main means for
the study of the surface-gas interaction in the Pd-H, system.

This paper reviews the development, history, theoreti-
cal basis, and experimental performance of solid-state hy-
drogen detectors under flow-through conditions available to
date such as pyroelectric, piezoelectric, fiber optic, and elec-
trochemical devices. Semiconductor hydrogen detectors will
only be reviewed briefly, as excellent reviews on this subject
already exist. Non-solid-state hydrogen sensors, such as the
flame ionization detector are not the object of this review.” A
useful feature of this review is 2 comparison of operating
characteristics of each device in a general Table in Sec. VIL
In view of the fact that almost all the devices that will be
discussed later in this paper use Pd as a hydrogen trap, we
devote the next subsection to examining the role of palia-
dium as a catalyst as well as some of the characteristics of the
Pd-H, system.

B. The rote of palladium as a catalyst

Catalytic effects play an important role in the field of gas
detection. Solid-state gas sensors are directly related to the
phenomenon of catalysis. Catalytic processes not only con-
trof the rate at which a chemical reaction approaches equi-
librium (this affects considerably the response time in the
case of gas detection), but also affect selectivity.

It is well known that Pd has high hydrogen solubility.®
The absorption of hydrogen by Pd during electrolysis was
observed in 1868 by Thomas Grahab.® Since then, the palla-
dium-hydrogen system has been studied extensively. Be-
cause of its selectivity to hydrogen absorption, Pd has been
employed as a filter for hydrogen purification, and it has also
been used to provide hydrogen selectivity for various hydro-
gen detectors.® The absorption of hydrogen in Pd depends on
temperature and hydrogen concentration. Figure 1 shows a
schematic comparison of solubility of hydrogen in Ni, Pd,
and Pt metals at a pressure of 1 atm as a function of tempera-
ture.® A comparison between Pd and Pt as gates in metal
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oxide semiconductor (MOS) devices has also been made by
Armgarth et al.” These authors have shown that Pd is superi-
or as gate material for the detection of small amounts cf
hydrogen at room temperature. They also showed that Pt is
more suitable for high hydrogen concentrations. From Fig. 1
one can casily see that Pd is predominant in hydrogen-sensor
technology due to the much higher solubility of hydrogen in
Pd than in Ni or Pt. In order to discuss a hydrogen-detector
response as a function of concentration (or hydrogen partial
pressure), it is necessary to recall the surface-gas interaction
in the hydrogen-palladium system. Gas-surface interactions
are important as energy transfer mechanisms at the gas-solid
interface on an atomic scale; so is the adsorption-absorption-
desorption process.

The various experimental results discussed in this re-
view paper concerning H, detection have usually been inter-
preted as a function of the hydrogen concentration (or hy-
drogen partial pressure). In the hydrogen-palladium system
the fiux of the surface impinging molecules, ®,, of a particu-
lar gas is proportional to the partial pressure of the gas, P,
the gas molecular weight, 4, and the absolute temperature,
T, assuming low encugh concentrations and no interference
from other ambient gases. According to the kinetic theory of
gases the flux of gas molecules is given by Eq. (1):*°

molecules NP P (Pa)
%( > ): —_— L —— N
em? s PwMRT VM, T

where N, is the Avogadro number and R is the universal gas
constant.

The majority of investigators in the field of the hydrogen
sensors interpreted their results as a function of a controlled
known experimental parameter, such as the molecular hy-
drogen partial pressure P, . For this purpose the atomic
hydrogen pressure in the trapping medium must be given as
a function of molecular pressure in the gas phase. The ad-
sorbed hydrogen gas molecules are dissociated on the cata-
lytic metal surface (usually Pd), and the H atoms are ab-
sorbed into the Pd bulk. Some of these absorbed atoms
diffuse to the metal-substrate interface. According to Lund-
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FIG. 1. Schematic comparison of solubility of hydrogen in Pd, Ni, and Pt at
a pressure of 1 atm as a function of temperature (from Ref. 6).
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strom, ' equilibrium exists between the number of adsorbed
H on the surface and that at the back interface. In the case of
an inert atmosphere (such as N, or Ar) the only reaction
taking place on the metal surface is'®*!

H, ;“i 2H,. (2)
This reaction represents the dissociation of hydrogen on the
Pd catalyst. H, is the adsorbed hydrogen atom and ¢, and d,
are the rate constants of the reaction. After the absorption of
hydrogen into, and diffusion through, the P4 film, another
reaction takes place:'®

d, d

H,=2H,=2H, (3)

C,

wherec,, ¢;, d,, and &, are rate constants; H, and H , are the
atomic hydrogen concentrations in the bulk and at the back
interface, respectively. Assuming that the number of hydro-
gen absorption sites per unit area on the Pd surfaceis N, and
that on the Pd-substrate interface is ¥V, one can write'?

_ di R . Cedi .

N,—n, ¢ N,—n, de N,—n,
where N, is the number of absorption sites in the bulk (per
unit volume X thickness) of the P¢ film. »,, n,, and n, are
the concentrations of the adsorbed hydrogen atoms on the
Pd-substrate interface, bulk, and surface, respectively. At
equilibrium the forward and backward rates are equal so
that

cl[Hz]:dl[Haiz' (5)
Furthermore, from Egs. (2), (4), and (5)"

n

(4

n(‘

<y
—_— = P 6
N, —n, \ d, f (6)

One can note that the partial hydrogen pressure, Py, , has
been introduced in Eq. (6), a fact which leads to a2 more
direct interpretation of a number of experimental results,
which are expressed as a function of hydrogen partial pres-
sure. Thus, it is necessary to introduce the coverage of hydro-
gen at the surface ®, = n,/N,, and at the Pd-substrate inter-
face, ®, = n,/N,. By combining Eqs. (4) and (6) and by
taking into account the definition of the coverage one can
write

®
‘=K .\Py , 7
=5 VP, (7)

where
Ay =c,d,/d,c, and K is a constant (K=+/c,/d,)'® which
depends mainfy on the difference in absorption energies at
the surface and interface, respectively. X is given by the rela-
tion®
A,
TM

0

K(T)y=25x10 >

AE
sexpl — =22} [Pa- "1, 3
eXp( 2RT) [Pa” ] (8)

where 4, is a temperature constant {given in units of gK)
and AE, is the heat of adsorption “per molecule,” i.e., per

C. Christofides and A. Mandelis R4




two atoms, if the adsorption is dissociative such as in the case
of the Pd-H, system. The value of AE, is approximately 1
eV.'%1? Finally the coverage of hydrogen, ®,, can be written

as a function of the hydrogen partial pressure, Py >

o - K [Py,
L1+ K(DPs
According to Lundstrom'© a linear relationship may be as-
sumed between the measured response signals 8 (which can
be voltage, pyroelectric signal, frequency shift, optical sig-
nal, etc. } and the coverage of hydrogen atoms, &,, under the
condition Py <200 Pa:

5§ = 5§maxi 5 (10>
where &£, is the maximum signal response of the hydro-
gen detector corresponding to complete surface coverage
saturation, and ®, = &, at the saturation regime (i.e.,
t— o ). Then, Eq. (10) may be written

6§s :5§max®is . (11)

EUsing Egs. (10} and (11}, itiseasy torewrite Eq. (11} inthe
form of the Langmuir isotherm in the saturation regime:

K(DPy, )
1+ K(D)PL )

Equation (12) is valid ontly in the case where the palladium
layer is clean (not oxidized ) and exposed to pure hydrogen.®

(93

55.\' :(Sglv)ax ( (12>

it. PYROELECTRIC SENSORS
A. introduction and historical perspective

The phenomenon of pyroeleciricity is not new. It was
observed almost three hundred years ago. Measurements of
the pyroelectric effect first appeared shortly before World
War 1.'? Several theoretical and experimental studies of the
pyroelectric effect have been performed during the last twen-
ty years. Pyroelectricity is the manifestation of the spontane-
ous polarization dependence on temperature of certain an-
isotropic solids. This effect is exhibited only by solids which
satisfy crystallographic reguirements such as: (i) the crystal
lattice must have no center of symmetry and (ii) the crystal
must have no more than one axis of rotational symmetry. A
pyroelectric material becomes electrically neutral, whenin a
constant temperature environment for a period of time. If
there is a small change of the temperature, A7, the pyroslec-
tric material becomes electrically polarized and a voltage
arises between certain directions in the material. This unique
property of pyroelectric materials led to many applications
during the last few years. The pyroelectric thermometer, '’
the pyroelectric anemometers, ' the radiation monitor,?
and the pyroelectric infrared image sensors’! may be count-
ed among others.

In 1981, Zemel er al.** reported the first pyroelectric
chemical sensor (Pd-LiTa0;). Except for three more publi-
cations reported by Amico ef al.,”” by Zemel, ™ and by
Amico and Zemel,? all in 1985, the pyroelectric phenome-
non did not appear to generate interest in the chemical detec-
tor field, thus the pyroelectric chemical deiector was not
further ceveloped. Very recently an experimental effort of
the present authors led to the development of a promising
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new, simple, sensitive, fast, and purely photopyroelectric
chemical detector based on polyvinylidene fluoride
(PYDF}): The ac PA-PVDF photopyroelectric sensor for H,
gas detection.?®>¢

This section describes the operating characteristics of
the dc and ac pyroelectric hydrogen sensors. The two detec-
tors were coated with palladium electrodes which are well
known for their ability to selectively adsorb hydrogen. Expo-
sure to hydrogen gas was shown io produce a signal differ-
ence between the Pd and reference electrodes of both dc and
ac pyroelectric detectors. This was tentatively attributed to
thermal energy transfer as a result of the adsorption and
dissociation of hydrogen molecules on the Pd surface. The
fundamental difference between the operating mechanisms
of the dc and ac pyroelectric sensors is the fact that for the de
detector the shift on the Pd-LiTaO, pyroelectric signal is due
to the change of temperature resulting from the deposition of
adsorption energy,’* while for the ac sensor a shift on: the Pd-
PVDF pyroelectric coefficient appears to be the operating
principle, presumably due to electrostatic interactions at the
Pd-PVDF interface.”?” A comparison of ac and dc devices
will be presented with respect to their sensitivity, chemical
selectivity, and stability.

B. Theoretical background

Pyroelectric materials exhibit the property that the po-
larization vector is a function of temperature. As the tem-
perature varies, the surface charge also varies due to dimen-
sional changes in the pyroelectric. This property results in a
potential difference between the two opposite surfaces of the
material, generally known as pyroelectricity. According to
Zemel, the charge density, O, on a pyroelectric capacitor
could be written in the following form:**

g= - C V-V, + (YT =T, (13)
where V' — ¥, is the potential drop across the pyroelectric
capacitor, C, is the capacitance, p is the pyroelectric coeffi-
cient, and T 'is the temperature. T is the initial temperature,
(7'} is the instantaneous temperature rise of the pyroelectric
averaged over its thickness. Therefore, the total pyroelectric
current wili be the integral of the current density over the
capacitor surface, 4. Using Eq. (13) one can write

dag J"!/ dVv d(i”))
I=1{ ZXdAd= —C A —t1dA.
J: dt VR / +p dt
(14)

The output measured voltage under load conditions may be
written as™

pAexp( —t/7) f , <6T> .
ity =22k 77 t —dt’, 15
(£ C ’ exp{e’/7) o t (15)

where zis time, C = C, + C, with C, being the pyroelectric
capacitance, and C, the input capacitance of the preampli-
fier; 7 is a characteristic circuit time comstant 7= RC,
R, = [(1/R,) + (/R )] ~ ' where R, and R, are the re-
sistance of the pyroelectric capacitor and of the preamplifier
input, respectively. If the temperature varies sinusoidally at
frequency f, the pyroelectric voltage will be
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V) = Zm(}‘pRTA.(T)
1+ 27 jfr
where 7 = — L.
The temperature distribution across the pyroelectric trans-
ducer {z direction) may be estimated using the Fourier heat
conduction eguation:**
Jr o°r
g " er
where D, is the thermal diffusivity of the pyroelectric detec-
tor, defined as the ratio of the thermal conductivity k& to the
volume heat capacity C,. Thus, it is easy to show that

y 2
() A (2T L smn,
at C, \ 97 C zy
where AH (1) = H{0,t) — H{z,,t) is the net heat flux into
the pyroelectric transducer of thickness z,. Substituting Eq.
(18) into Eq. (15) leads to:
Vo) = pAexp( —t/7)
CC,z,

(16}

(a7

(18)

f AH(t') exp(e'/Tydt’ .
(6]
(19)

Evaluating the pyroelectric response at t = 7, where 7, isa
thermal time constant, which is long compared to the RC
time constant 7 of the pyroelectric, Eg. {(19) becomes

V() = ( pRA/C,z) AH(2) . (20)

In Table I some typical experimental parameters can be
found for the ac and dc devices in the second and third col-
umn, respectively. In the following discussion we will use
Eq. (20) as the above condition is satisfied in the case of
available experimental work.

C. de-pyroelectric chip (Pd-LiTaG,)
1. Experimental apparafus

A schematic diagram of a de-pyroelectric gas analyzer
(dc-PGA) is shown in Fig. 2(a). The dc-PGA is made of Z-
cut, single-crystal LiTaO,; wafers, typically 230 gm thick.
The device fabrication steps are basically the same as those
used in semiconductor device photolithography. The elec-
trodes {NiCr) are fabricated photolithographically. One of
the NiCr surfaces has been coated with a catalyst material
(Pd in this case). A heater was integrated in the pyroelectric
device in order to control the temperature-time profile 7'(¢).
The differential voltage, AV, of PGA is directly proportional

TABLE . Some experimental parameters useful for dc and ac pyroelectric
hydrogen detectors.

Experimental parameters Pd-PPE*  Pd-LiTa0,”
Pyroelectric sensor thickness, z, (cm) 2.8x1073 23x107?
Amplifier input resistance at 20 Hz, R, (1) 108 10°
Amplifier input capacitance, C; (pF} 16 20
Pd thickness, L (cm) 2.85%107%  30%107%
Pd total Area, 4 {cm?) 0.1 0.1

*From Ref. 27.
5 From Ref. 24.
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FIG. 2. (a) Schematic of the de-pyroelectric detector showing details of
construction. (b) Side view of the de-pyroelectric detector (from Ref. 24).

to the net heat flux into the pyroelectric device and is given
by the relation

AV: Vpd“'g/g, (21)

where ¥, is the signal obtained by the Pd-NiCr electrode,
and ¥, is the signal obtained by the uncoated reference elec-
trode. A heater was incorporated into the pyroelectric Li-
Ta(, layer [Fig. 2(b)]. The transducer thus absorbed the
thermal energy produced by the heater and gave rise to two
different electrical voliages: Vp, and ¥,. From Egs. (20)
and (21) the differential output signal may be written as™

AV = (pAR/C z,)(AH, — AH ), {22)

where AH,, and AH, are two net heat fluxes in the two
electrodes Pd-NiCr and Reference-NiCr, respectively. Since
the heat flow in both pyroelectric materials from the heater
is the same [see Fig. 2(b) ], the differential voitage is zero.
As the reference electrode contains nc chemically sensitive
catalyst, its heat loss is the reference state for the measure-
ments. On the other hand, any additional heat gain or loss,
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depends on the exothermicity or not of the chemical reac-
tion. The sign of the differential A} response will be an indi-
cation of the kind of interaction associated with the chemical
processes on the catalyst. The introduction of hydrogen into
the test cell, and the absorption of the gas by Pd, causes an
extra heat SH in the Pd-NiCr electrode and thus the differen-
tial voltage is

6V: (A[I‘RT/Z()CU)gy . (23)

The adsorption and desorption of hydrogen, due to changes
in its partial pressure in the cell environment, generates H
and thus a temperature gradient between the two electrodes.

2. Resufis and discussion

The de-PGA was exposed to a mixture of 1% hydrogen
in nitrogen flowing at atmospheric pressure over the device
at a rate of 180 mi/min. Typical experimental results are
shown in Figs. 3(a)-3(c). Figures 3(a) and (b} show the
variation of the reference signal ¥, and the Pd-NiCr signal
Vpy as 2 function of time. In these figures, one can note the
infinence of the introduction (and cut off) 0f0,, N,, and H,
on the PA-PGA through the variation of ¥ and ¥, signals.
According to Zemel, the negative portion arises from the
cooling of the dc-pyroelectric detector after the reactions
have reached saturation.** Figure 3(c) shows the tempera-
ture profile of the Pd-PGA. We note that the temperature
varies only upon introduction of hydrogen. From Fig. 3(¢)
one can conclude that the smaller signals (after O,, Ny-on
and -off) are due to the adiabatic heating and cooling when
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FIG. 3. Individual component responses of the dc-PGA to the admission of

various gases in the measurement chamber; (a} the Pd electrode, (b) the
gold electrode, and (c¢) the temperature profile (from Ref. 24).
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valves are opened or closed during the gas cycles.” Figure 4
shows the variation of the differential PGA signal 5V as a
function of time [ Data collected from Figs. 3(a) and 3(b)].
The above preliminary results are only qualitative; unfortu-
nately no new results have been reported concerning this
pyroelectric device.

Besides its multilayer fabrication complexity, this dc py-
roelectric sensor has proved to be extremely susceptible to
temperature fluctuations due to environmental factors (e.g.,
valve opening and closing during gas cycles). An additional
disadvantage of this (otherwise quite sensitive} sensor may
be the long delay for gas detection due to diffusive transport
of thermal energy from the Pd electrode region to the refer-
ence (Au)} electrode. These factors appear to have limited
the development of purely pyroelectric devices as gas sensors
to date.

The next subsection describes the novel and simple thin-
film photopyroelectric’® sclid-state sensor for the detec-
tion of minute concentrations of hydrogen gas. The PPE
device is expected to solve many problems encountered with
the purely pyroelectric, and perhaps other, gas detectors,
with the added element of fabrication simplicity. The experi-
mental characteristics of the PGA device will be compared
to those of the photopyroelectric sensor.

D. ac-photopyrosleciric thin fiim (Pd-PYDF-PPE)
detector

1. Experimental apparatus

An overview of the experimental arrangement of the
photopyroelectric sensor is described in Fig. 5(a). The in-
strumentation consisted of an RCA laser diode powered by
an ac current supply. The output laser beam, 4 mW p-t-p
multimode at -+ 800 nm, was directed to a three-way fiber-
optic coupler where it was split at approximately 16%, 34%,
and 50%. Detailed schematics of the PVDF cells, active,
“4.° and reference, *“B,” as well as the feedback control are
shown in Fig. 5(b). Asisshown in that figure the 16% inten-

PYROELECTRIC RESPONSE 3S (mV)

41 Ho-On

TIME (min}

FIG. 4. PGA pyroelectric response as a function of time ([H,] = 1%).
[Data collected from Figs.3(a) and 3(b).]
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FIG. 5. (a} Schematic overview of the photopyroelectric sensor set-up. (b)
Detail of the gas flow chamber, including the active Pd-coated and reference
Al-Ni-coated PVDF cells (from Refs. 25-27).

sity fiber optic channel was directed to a photodiode (PD),
the output of which was then sent to the “monitor” input of
the homemade laser current supply for preamplification and
feedback control of the laser current, as well as for synchro-
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nous lock-in detection. The feedback contro} consisted of
using this reference signal to correct temporal intensity var-
iations in the modulated laser beam. In the same figure infor-
mation is given concerning the thicknesses of different coat-
ings. Before discussing the photopyroelectric response upon
introduction of hydrogen, if is important to note that the gas
contacted the Pd and Al-Ni surfaces only [see Fig. 5(b)]
while the surfaces subjected to IR irradiation were isolated
from the exposed gases. The ac photopyroelectric detector
differential signals from two 28-um-thick PVDF films, were
bandpass filtered and preamplified by two low-noise pream-
plifiers. On one PVDF film a thickness of 285-A-Pd had
been evaporated (henceforth designated ““unit 4 ), and the
other PVDF film was first covered with 200 A standard Ni
and then with 600 A of Al (“‘unit B "), The lock-in amplifiers
were referenced by the ac laser current supply. The output of
lock-in 1 was connected to lock-in amplifier 2, which was
equipped with a ratic option, allowing the absclute value of
the normalized differential function output:®!

V4 — Vsl

Vel

|AS| = : (24)

where ¥, is the signal obtained from the Pd — PVDF elec-
trode, ¥y is the signal generated by the Al-Ni-PVDF elec-
trode, and ¥V is the ac laser power reference output obtained
from the photodiode PD. The two pyroelectric transducers
absorbed the thermal energy of the infrared beams and thus
gave rise to two different electrical voltages, ¥, and V.

2. Anaiysis of the photopyroelectric response

In these experiments, harmonic modulation of the ab-
sorbed beam intensity resulted in harmonic changes in AT
which subsequently gave rise to synchronous ac voltages
V() and V(2055

W, (ﬁEA,

V = e 25.1
) eC E,, ' ( )
s W ( f)EB,
V, =, 25.2
(N By (25.2)

where the subscripts “4 ™ and “B” refer to the active (Pd)
and the reference electrode (Al-Ni), respectively; p, and p,
are the pyroelectric coefficients; W, and ¥/, are the incident
optical fluxes; C, and C; are volume-specific heats; 7 is the
illuminated surface emissivity; € is the PVDF dielectric con-
stant; £, and E, are the illuminated areas; and £, and
Ejy, aretheelectrode areas (E, < £, andE, <Ep ). The
surface emissivity # is in fact 2 nonradiative efficiency factor,
indicating the percent of conversion of optical energy to
thermal energy. % in our case is very high due to the high
absorptance of the Ni-Al metallized PVDF in the infrared
region of the spectrum. € is the permittivity constant of vacu-
um (see Table I1). From Eqs. (24), (25.1), and (25.2) the
output differential signal prior to the introduction of hydro-
gen gas in the test cell generated in the PA-PVDF and the Al-
Ni-PVDF electrodes may be shown to be?*
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TABLE I1. Some properties of PYDF pyroelectric film. From Ref. 32

Properties of PYDF

Dielectric permittivity, e(F/cm} 1.06x 1671
Relative permittivity, €/6i, 12
Capacitance, C, (pF) 379
Pyroelectric coefficient (at 20°C), p, (C /em’K) Ixto®
Volume resistivity (£ em) 1.5x10"
Density {gr/cm’) 1.78
Thermal diffusivity D, (cm?/s) s2x 107
Thermal time constant 7, (s) )
AS(fy = L ("’f* Wi DL,
Ve €C E,,
W, (HE
_Pe ______; __E> , (26)
JBCI

where f=~20Hz and C, = Cz=C, due to the impermeabi-
lity of the PVDF film bulk by hydrogen. The lock-in output
channels were connected to a computer, through the ports of
an A/D converter, for data storage and analysis of the ra-
ticed output signal amplitude, AS. In Eq. (26) the absolute
value signs have been replaced by brackets, because it was
found that the active electrode signal ¥/, increased in the
presence of H,, while V', remained unaltered.

Since the heat fiows into the PPE devices from the laser
beams are not equal [ W, 5 W,; see Fig. 5(b) ], the two pho-
topyroelectric voltages were different. Thus, the magnitude
of AS was minimized in the beginning of each experiment by
a judicious choice of gain on the preamplifiers, prior to intro-
duction of the gas into the test cell (¥,
=V, =|Vy; — V,|>A5=0). As a result of the above con-
siderations we can write that, initially,

2410] W, E,, _Pa [OIW,E,,

where the bracketed quantities signify ambient H, concen-
tration. The introduction of hydrogen into the test cell does
not change the heat fuxes because AT f) is solely deter-
mined by the infrared laser beams. Thus in the following
discussion we will assume that W= W, = W, because of
the choice of gain on the preamplifiers. It is also clear that
during the measurements, the distances of the optical fibers
from the PVDF illuminated surface remain constant, and
because of that we can also assume that the two areas are
equal: £, =E, =FE, . The relation (27.1), which is im-
posed because AS = 0, may then be rewritten as

2410] :pB[OI

el

) (27.1)

(27.2)

Upon introduciion of hydrogen in the test cell a rise of the
normalized differential voltage was caused by the H, (atom-
ic or molecular) adsorption on, and absorption in, the palla-
dium film. This normalized differential voltage is given by
the relation:
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ss( ) =L I (DE, K AiHl) _ <ps [H ] )] ‘
Vi eC E,, EB(.I

(28)
In the absence of H,([H] = (), all the coeflicients (pyro-
electric coefficients, electrodes and illuminated areas, and
volume-specific heats) of the two terms in Eqg. (28) can be
assumed identical. With the introduction of hydrogen in the
chamber, if there is an increase of 85, Egs. (26)-(28) lead to
a new relationship between the pyroelectric factors,

palH] >Plj [H]
EAN EBc! .

(29)

From the above inequality one can conclude that the intro-
duction of hydrogen in the test cell gives rise to a photopy-
roelectric response because of the change of the pyroelectric
coeflicient and/or the change of the effective palladium elec-
trode area (change in the PVDF capacitance}. In order to
identify the most probable mechanism generating the hydro-
gen response both possibilities have been examined separate-
ly.

Hypothesis 1: Response due to the change of the pyroelectric
coeflicients.

We assume that £, =£, = E, . Before the introduc-
tion of the hydrogen ([ H] = 0) the pyroelectric coefficients
of the Pd and Ni-Al coated PVDF films may be assumed
identical: p, [O] = p, [©]. Thus, for an interaction of H,
gas with the Pd to cause an excess differential voltage 85,
after hypothesis t, Eq. (28) may be written as:****

OS =K (p,[H] —ps[H]), (30.1)

where K, (=nWE, /eCE, V) is a system constant. How-
ever, p [H] = ps O] =p, [O], and this is due to the lack of
response of the AIl-Ni surface to H, gas. This shows that in
the absence of hydrogen gas 85 = 0. With the above consid-
erations and writing Ap, =p,[H] —p,[C], Eq. (30.1)
may be modified:

For small departures from the p ;| O] value, the derivative of

the pyroelectric coeflicient p, with respect to the density of
absorbed atoms (or ions), N, gives the Ap, variation:**"**

ap 4 )
Ap, = Ny,
P4 (aNH Nyoo "

InEq. (30.3) (dp /9Ny, ) v, ,isameasurable material con-
stant of the Pd-metallized PVDF. Using Egs. (30.2) and
(30.3), in the saturation regime (i.e., i— «c:85 —-85,) we

can write
)
55.;-’$K2( p{“) NH’
\aNH Ny o '

where N, is the saturated number of the adsorbed and ab-
sorbed hydrogen atoms/ions.
Hypothesis 2: Response due to change in the effective efectri-
cal area.

We assume that: p=p , = p,. Before the introduction of
hydrogen, the areas of the two electrodes of the Pd- and Ni-
Al-coated PVDF films may also be assumed identical:

(30.3)

(30.4)
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E, [0} = Ep [O]. Thus, for interaction of H, gas with Pd
to cause an excess differential voltage 68, according to hy-
pothesis 2, Eqg. (28) may be written as

(3L.1)

i 1

%= K(E [H] E,, [HE) ’
where K, (=nWpE, /eCVy) is a system constant. How-
ever, Ep [H] =E; [O]=E, [O], and this is due to the
null response of the Al-Ni surface to H, gas. This shows that
in the absence of hydrogen gas 85 = C. With the above con-
siderations, writing AE, =E, [H] —E, [O], and for
small departures from the £, [O] value, Eq. (31.1) may be
written”®

AEAQI
(E, [0}

Under these conditions, the derivative of the electrode area
E, with respect to N, is the AE,, | variation:

JAE,, JE, [H]
AEA = hd IVH b — A’H .
< aNH Ny.o aNH Nu oo

(31.3)
Using Egs. (31.2) and (31.3), in the saturation regime

1 aEAK., [H]
58, = — K, . Ny .
(EAL,I [0} )ﬁ HNH im0 '

The likelikood of either hypothesis 1 or 2 being the ma-
jor mechanism responsible for the PPE sensor signal 6§ in
the presence of H, was further examined. Toward this goal
two PVDF films were coated with 285 A Pd on oppositely
polarized surfaces. These films were used as detectors. It has
been shown that the positively polarized electrode gives an
induced normalized voltage which increases as a function of
time.?® The voltage from the negatively polarized electrode
has been found to decrease as a function of time in a manner
essentially symmetric with respect to the equilibrium level
(prior to the exposure to hydrogen ). This experiment shows
that the pyroelectric response is sensitive to the sign of the
charges at the PVDF surface next to the Pd layer. The results
are consistent with the presence of charged H ' ions (Fig.
6) at the Pd-PVDF interface.”® In the case of the positively
polarized electrode, the additional positive charges (pro-
tons) will raise the electrostatic potential of the front surface
with respect to the unexposed back surface. This would re-
sult in an increased photopyroelectric voltage, as observed.
On the contrary, absorbed protons are expected to neutralize
(cancel) the field due to the negative charges at the surface
of the negatively polarized electrode, thus lowering the elec-
trostatic potential of the front surface. This would result in
the observed decreased PPE voltage. After several “test”
experiments concerning the polarization of the films, at this
time it appears®®® that the most likely operating mecha-
nism involves an electrostatic interaction of the absorbed
proton field on the metallic side of the interface with the
molecular dipole field in the electret, thus affecting the aver-
age dipole moment and the total polarization, P. Therefore,
the prevalent mode! (Hypothesis 1) leads to the prediction
of a shift of the pyroelectric coefficient, pp;, with the Pd-
absorbed proton density, Ng:

88(fi=—K, (31.2)

(31.4)
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FIG. 6. Schematic picture showing chemical reactions on the Pd surface,
hydrogen transport to the bulk and to the Pd-PVDF interface.

IPrg ad ( JP ) . (32)

dN, T \an,

3. Experimenial results

Typical experimental results for various hydrogen con-
centrations are shown in Figs. 7(a) and 7(b). This figure
shows photopyroelectric responses as a function of time.>>*’
These experiments have been performed under the same
conditicns (7 = 20°C, flow rate: 500 mi/min) using Pd
coating of two different thicknesses. At the times indicated
by the H,-On markers, the sample gas was allowed through
the test cell. After saturation [horizontal part of the 65(¢)
curves; ¢ is the time] and at times indicated by the H,-Off
markers, pure nitrogen flowed continuously through the cell
in order to remove the absorbed hydrogen. As a result, 88
decreased to the baseline existing prior to the introduction of
the sample gas. Figure 8 shows the variation of 85, as a
function of hydrogen concentration in the range of 40-2000

ppm.
Figure 9 shows the variation of R, as a function of H,

flow rates (500-60 mi/min), T = 20 °C, and H, concenira-
tion = 5% in nitrogen. The flow rate was found not to influ-
ence 85, significantly. The fiow rate does, however, influ-
ence the response time of the sensor, which increases
monotonically (3-10 min) with decreasing fiow rate be-
tween 500 ml/min and 60 ml/min. The experimental results
show that the photopyroelectric sensor is completely reversi-
ble and durable.?*?’

The PPE hydrogen sensor analysis concerns very low
partial pressures ( <2000 ppm). Thus, a Langmuirian ap-
proach has been used for the phenomenological interpreta-
tion of the sensor response, similar to earlier analyses of the
Pd-MOS hydrogen detector.'®**** The general equation of
the Langmuir isotherm adapted to the photopyroelectric ex-
perimental condition is*’

K(T),/P
65‘ ~ 6Smax (——(')-—_H:_._) s
1+ K(T)/Py,
where 88, is the maximum signal response of the photo-

pyroelectric detector corresponding to complete surface
coverage saturation. Figure 8 (solid curve) shows Eq. (33}

(33)
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FIG. 7. Photopyroelectric responses as a function of time, for two concen-
trations of hydrogen in nitrogen (7 = 20 °C; flow rate; §00 mi/min;). {(a)
2.5%-7.5% hydrogen in nitrogen (Pd thickness = 285 A); (b) 1.25% and
0.075% hydrogen to nitrogen ( Pd thickness = 130 A) (from Refs. 25-27).

plotted vs Py, using K(T) = 5X107* Pa~ "% We note the
good agreement between the Langmuir isotherm and the ex-
perimental points especiaily at low pressures, where the
Langmuir behavior is expected to be strictly valid. No at-
tempt was made by those authors to interpret any experi-
mental results for concentrations higher than 2000 ppm
(200 Pa)?” because the use of the Langmuir isotherm for
concentrations over 2 Torr (266 Pa) is quite problematic.>”

4, Ultimale pressure sensitivity

From the general equation of the Langmuir iso-
therm® '° and the instrumental differential signal resolution
{ = 107%), the PPE sensor should be sensitive to a minimum
coverage, ®,,,,, at STP of approximately:*’

5S it -8

me o 0 1ixi0-t.
8S,.,.. 9x10-°
Using Egs. (9) and (10) (with £=5) and the minimum
detectable coverage, it can be shown that the photopyroelec-
tric sensor shouid have the lowest pressure sensitivity £, 1>’

G . =

min

(34.1)
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FIG. 8. Variation of output differential saturated signal amplitude 85, asa

function of hydrogen concentration and Langmuirian isotherm fit to the
data, as per Eq. (33) (7= 20°C; Palladium thickness: 130 A). Parenthe-
ses: Response time at shown hydrogen partial pressure in minutes (from
Ref. 29).

Plim=< ®mi"
KM{1—-o

which corresponds to 2 ppm. This estimate was found to be
20 times below the experimental sensitivity limit of 40 ppm
of hydrogen in nitrogen.””?® This discrepancy was attribut-
ed to the fact that the instrumental detection limit of 2 ppm is
valid for measurements without any interferences from oth-
er gases, and not under flow-through conditions. The poten-
tial sensitivity of the photopyroelectric sensor, however, to
such low hydrogen partial pressures makes it a promising
detection device for trace hydrogen gas analysis under STP

2
) ) =0.2 Pa (34.2)

12
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FIG. 9. Variation of output differential signal amplitude 8, response delay

for various hydrogen flow rates (60-500 ml/min; 7 = 20 °C) {from Refs,
25 and 26).
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conditions. Most importantly, the lowest (40 ppm) hydro-
gen concentration signal is not believed tc be an absolute
instrumental minimum under STP.?” It ought o be men-
tioned that the reported sensitivity of the dc pyroelectric
sensor is 1% (10* ppm).?%?*

5. Detector characteristics

To date the behavior of several Pd thicknesses (35-1600
A) has been studied under various hydrogen concentra-
tions.? It is worthwhile to note that thicknesses close to 130
A seem to be the most suitable for the photopyroelectric
detector. Palladium films thicker than 1000 A and thinner
than 100 A have been found not to be sensitive to hydrogen
concentrations less than 1%. Amico er al.>® described a simi-
lar phenomenon for their surface acoustic wave sensor but
with a different thickness range (1900-7600 A) (see Sec.
III B below).
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Hy—On:5min  (a)
Ho ~0ff: 8.3 min

16—

Exposures: Ist

]
'
]
]
§
'
[
1
§
b
€
t
§
i
b
t
1
i
i

4] 25 5 7.5 10 12.5 15 17.5 20

Hydrogen Concentration 100% (b}
Flow Rate: 500 ml/min

6 :
. ; ( i !
2+ \
{
0 T 1 T T 1
% 40 % 6 70 8

NORMALIZED P2E SIGNAL AMPLITUDE 35 (10°)

T l

g 10 20 4]

TIME (min)
FIG. 10. Variation of the output photopyroelectric signal 55 as a function of
time, after several exposures to pure hydrogen: (a) With an as-received Pd-

PVDF 285-A film; (b) With a previously exposed Pd-PVDF 285-A fim
(from Refs. 26-28).
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Using 285-A Pd thickness as an empirical guess, the
experimental results showed that the photopyroelectric sen-
sor hydrogen detection ability is completely reversible and
durable. Initially, one face of the Pd-PVDF film was exposed
several times to 100% H, (100 kPa). The experimental
curvesin Fig. 10{a) show an irreversible sensitivity loss with
each successive introduction of hydrogen up to the 4th expo-
sure, with well-reproducible responses upon further expo-
sures. A similar phenomenon has been observed by Lalauze
et al.’® who used pure Pd substrates in order to study the
influence of the surface state of a thin film of Pd on the H,
diffusion process. The phenomenon concerning the pres-
sure-concentration (P-C) isotherms as a function of the cy-
cle of exposure to H, has also been reported by Qian and
Northwood.?” These authors have shown that, after 5-10
absorption-desorption cycles, the irreversibility does not
persist on further absorption-desorption cycles, and this
seems to be in direct relation with cbservations reported on
the Pd photopyroelectric sensor.?®?” According to Lalauze
et al.*® however, sample treatment {exposure to H, and heat
treatment) has a large influence on hydrogen adsorption.
The Pd-PVYDF photopyroelectric signal saturated at a repro-
ducible value after four or five exposures [ Fig. 10(a) ] with-
out any additional treatment, unlike the work by Lalauze et
al.,’® who reported stabilization only after a relatively so-
phisticated treatment program had been followed. The sta-
bility of the Pd-PVDF photopyroelectric sensor has been
repeatedly confirmed with various Pd-PVDF films.>%?” Fig-
ure 10(b) shows the excellent reproducibility of the signal
after many exposures to pure hydrogen following the first
five “break-in" exposures. This signal level has been found to
be very reversible and reproducible with several Pd-PVDF
films. In terms of durability, the basic signal quality shown
in Fig. 10(b) lasted even after several hundred exposures, as
well as under various hydrogen concentrations. Thus, repro-
ducibility and durability of the photopyroelectric sensor has
been successfully demonstrated,’® along with very good eco-
nomic vield, considering that a 10 cm X 15 cm palladianized
sheet of PVDF (approximately $100)°% may supply 100-
150 active elements, each of which can be simply inserted in
the Inficon housing to replace an old element and generate a
new detector.??

The direct signal dependence on heat of adsorpticn due
to heat released to the Pd surface, following adsorption, is
the dominant mechanism of the dc pyroelectric sensor,
which, however, does not register in the synchronous detec-
tion mode of the ac device. Heat of adsorption will not regis-
ter in the lock-in amplifier, nor will opening and closing the
valve during gas flow cycles, thus rendering the ac device
immune to several potential pitfalls of the dc pyroelectric
sensor. 22

tH. PIEZOELECTRIC SENSORS

A. Piezoelectric quartz crystal microbalance (PQCMB)
sensor

1. Introduction and historical perspective

One gas detection device, which has proved to be very
useful, is the piezoelectric quartz crystal microbalance
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(PQCMB). King®®*' showed experimentally that a coated
quartz piezoelectric crystal could be used as a sorption de-
tector. The detector principle is well known and was de-
scribed by Sauerbrey as early as 1959.*** The oscillation
frequency of a quartz crystal depends on the total mass of the
crystal, and that of any coating layers (or electrodes) on the
crystal surfaces. When adsorbed gas molecuies are absorbed
in the thin coating layer, the resonance frequency decreases
in proportion to the mole number of dissolved molecules.
Thus, the concentration of a pollutant gas is measured by
detecting a change in the crystal vibration frequency.

In recent years, coated piezoelectric crystals have dem-
onstrated good efficiency as detectors of various pollutants.
Several workers**** have used coated crystals as sensors for
sulfur dioxide (SO,) pollution. The piezoelectric sensor has
alscbeen used by Karmarkar and Guilbault for the detection
of ammonia (NH;) and nitrogen dioxide (NG, );* by Hia-
vay and Guilbault™ for the detection of hydrogen chloride
(HC1); and by others ' for hydrocarbon compound detec-
tion. The ability of coated piezoelectric crystals to detect
organophosphorous compounds has aiso been demonstrat-
ed.’>** Piezoelectric crystal detectors for explosives and
mercury (Hg) have been described by several authors. ¢
Recently, Deakin and Byrd have used a coated quartz crys-
tal for the detection of electroinactive cations in agqueous
solution.”” Relative humidity measurements using a
PQCMB have been performed by Randin and Zulling.”® Lee
et al.>® have used coated crystals for the detection of water in
gases. The effect of air and gas pressure on the vibration of
miniature guartz tuning forks has been investigated by
Christen in 1983.%¢

In this section, we review some of the most important
points concerning the detection of hydrogen in a flow-
through system by a Pd-coated piezoelectric guartz crystal
microbalance.®'® The influence of system parameters that
affect the physico-chemical mechanism of the sensor re-
sponse is described. A discussion of the drawbacks of the
piezoelectric detector is also reported.

2. Theoretical background

The resonant frequency of a quartz crystal is dependent
on the geometric dimensions of the quartz plate and the
thickness of its electrodes. The principle of the quartz crystal
sorption detectors is simple: When gas molecules are ab-
sorbed in a thin coating layer, which is chosen according to
the desired gas selectivity on a quartz crystal surface, the
decrease in resonance frequency is in proportion to the quan-
tity of dissolved molecules. The theory which is outlined
below, was originally developed by Sauerbrey.**** The ap-
plication of an electrical field on the quartz crystal gives rise
to a resonance frequency, £, which can be expressed as*>+>%

F=FNg/z, (35)
where &V,. is a frequency constant equal to half of the trans-
verse wave propagation velocity in the plane of the crystal
and z is the thickness of the crystal. The relation between the

frequency change AF and the crystal thickness variation A?
is given by***
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AF/F= — Az/z (36.1)
Equation {36.1) can also be written as
AF/F= — AM/4,pz, {36.2)

where AM is the change of the mass of the quartz crystal due
to the absorption of the gas, 4, is its surface area and p is the
density of the quartz ( = 2.6 g cm ™ *).* Using the frequen-
¢y constant N, = 0.1679 MHz cm ™' for AT-cut guartz,*?
one finds

AF(Hz) = —2.3Xx10° F?(AM /4,), (37.1)

where now £is the resonant frequency (MHz) of the crystal
in the absence of gas absorption, AM is the mass of the ab-
sorbed gas molecules {g) and 4, is the total surface area
(cm?}. The minus sign conveniently indicates a decrease of F
with increasing mass of the guartz crystal. Equation (36)
can also be expressed as a function of concentration:*%

AF= — K.AC, (37.2)

where K, is a constant related to the resonant freguency of
the coated quartz plate, and it includes a conversion factor
between the mass of the absorbed gas (g} and the concentra-
tion AC, (ppm or %}, of the gas in the gas phase. Thus, Eq.
(36.2) becomes®

AF/F= — AM /M, (38)

where the total mass before any absorption of gas is*
M = Mo + Myy; My is the mass of the piezoelectric crys-
tal and My, is the mass of the chemically sensitive layer (Pd
in this case). In general, in the experiments which have been
reporied to date, the minirmum measurable frequency shift
was on the order of 0.1-1 Hz. The masses of the Pd-coated
quartz crystal were approximately 80~100 mg and their res-
onant frequencies, F, were 5-12 MHz. Under these condi-
tions, Eq. {38) shows that the minimum detectable mass of
absorbed gas by the Pd layer is AM~1 —2x107* g. The
theoretical detection iimit for the piezoelectric quartz crys-
tal detector appears not to have been calculated rigorously
from first principles. Sauerbrey estimated this limit to be
approximately 10 '* g*? King’s estimation was approxi-
mately 10 ~7 g.*® It is obvious from Eq. (38) that mass sensi-
tivity is better for detectors with high resonance frequency,
F.

3. Experiment and resufts

A literature survey clearly shows that the science and
technology of the detection of H, by the piezoelectric quartz
crystal coated with Pd electrodes has not progressed quite as
rapidly as other above-mentioned detection schemes. It is
likely that the complex mechanisms of the hydrogen-palla-
dium system®®"" and the strong interference of oxygen-Pd
reactions’' 7* have made quantitative aspects of this investi-
gation very problematic. Frazier and Glosser” have used a
quartz crystal in order to determine the quantity of hydro-
gen absorbed by an evaporated pailadivm film. Bucur ez al.
have used a PQCMB at 80.3 °C to study the kinetics of hy-
drogen sorption by thin Pd layers.” The mechanism of hy-
drogen sorption by thin palladium layers has also been stud-
ied at a temperature of 61.1 °C.”” Under ultrahigh vacuum
(UHYV) conditions, Bucur has further used a PQCMB in

C. Christofides and A. Mandelis Ri3




order to study the effect of CS, molecuies on the desorption
kinetics of hydrogen from a thin Pd layer at 59.6 °C.”® Mea-
surements for H,-O, reactions using the piezoelectric quartz
crystal under UHV conditions have also been performed.”
Mecea and Bucur have used the piezoelectric device for
sorption studies under dynamic conditions.*® The experi-
mental setup of a typical flow-through H, detection instru-
ment using the piezoelectric quartz crystal detector is shown
schematically in Fig. 11. The piezoelectric instrumentation
consisted of an oscillator powered by a regulated power sup-
ply. The applied voltage is usually kept constant (10-20
V de). The frequency output from the oscillator was mea-
sured by a frequency counter. The response of the Pd-
PQCMB sensor could be observed as a change in the reso-
nance frequency of the crystal,** in agreement with the
simple theoretical considerations presented above. Abe and
Hosoya®' have used a piezoelectric quartz crystal for the
detection of flowing hydrogen both in ambient air and in
nitrogen (0.5% H, in N, and in air). Their limited study,
however, did not lead to definite quantitative conclusions
about the hydrogen detection capabilities and operating
mechanisms of the Pd-PQCMB sensor.

a. Influence of the Pd thickness. It is important to point
out that the thickness of the Pd coating/electrode plays an
important role in the operation of the detector. Frazier and
Glosser have shown the influence of the Pd thickness on the
piezoelectric measurements in the range of 60-1200 A at
27 °C.#' They also showed that the phase transition of the Pd
depends strongly on its thickness.®! Figure 12 shows the re-
duced pressure-concentration {P-C) absorption isotherms
for Pd-hydrides obtained by the above authors.

b. Sensitivity and limitations. We are going to describe
some recent experiments showing how problematic is the
detection of hydrogen by a quartz microbalance at room
temperature under flow-through conditions.*>® It has been
realized®’ that the pretreatment of the detector prior to any
experiments plays an important role in their interpretation.
Initially, a Pd-PQCMB sensor was left for several days un-
der ambient conditions in order to observe the influence of
atmospheric air on the catalyst.®’ Afterwards, hydrogen
([H,] = 30% in N,) was introduced into the test cell. Fig-
pre 13 shows the variation of the resonance frequency (an
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FIG. 11. Electronic setup of the PQCMB detector.

R4 J. Appl. Phys,, Vol. 68, No. 6, 15 September 1980

PRESSURE (TORR)

0 01 02 03 04 05 06 0.7
H/Pd

FIG. 12. Pressure-concentration isotherms for Pd hydride for various
thicknesses {from Ref. 81).

increase in AF) as a function of time. A signal decay toward
the baseline was observed upon closing the inlet valve and
evacuating the test call, as expected. The phenomenon of a
positive AF shift upon H, exposure is surprising in the light
of the simple accepted theory presented in section above;
however, it has been observed by both Christofides and
Mandelis®” and Abe and Hosoya,®! who used as flowing gas
mixtures of hydrogen 0.5% in air and nitrogen. Figure 14
shows some of the experimental results®' concerning the ad-
sorption-desorption curves, which indicate the increase of
AF after adsorption-absorption of hydrogen. It has been hy-
pothesized®’ that the ambient oxygen plays an important
role in the Pd-PQCMB response: Preadsorbed O, on the Pd

40 H, Off
30 o

20 - .
104

0"! -

AF (Hz)

-10 14
-20-1
30

40 -

T T T
g 2.5 5 75 10 125 15 17.5 20

TIME (min)

FIG. 13. Piezoelectric quartz crystal responses as a function of time, for two
different concentrations of hydrogen in nitrogen: 30% and 100%. The test-
cell was exposed for several days to the laboratory ambient air before the
first experiment (F = 6 MHz; Pd thickness: 800 A; flow rate: 500 ml/min;
T = 20°C) (from Ref. 62).
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FIG. 14. Piezoeleciric guartz crystal responses as a function of time (F = 6
MHz; Pd thickness: 1500 A; flow rate: 266 ml/min): (8) 5120-ppm hydro-
gen in nitrogen; (O) 5120-ppm hydrogen in sir (from Ref. 61).

surface reacts with the introduced H, gas and forms H,O
which leaves the Pd surface via evaporation. Therefore, the
weight of the quartz crystal decreases as a resuit of the H,-O,
reaction, which is consistent with a positive AF. Vannice ef
al.” have studied the absorption of H, and O, on platinum
black. The great similarity between Pt and Pd concerning
the absorption of H, and G, in these metals allows a reasona-
ble comparison to be made between the results by Vannice ef
al.,” the hypothesis put forth by Abe and Hosoya,®' as well
as the observations by Christofides and Mandelis:*? The wa-
ter formed during the reaction leaves the surface, and, in
doing so, it is not replaced by additional hydrogen.®! The
following empirical chemical reactions describe the possible
mechanism on the Pd surface:* Dissociation-recombination
of oxygen,

0,-20,, (39%a)
followed by dissociation-recombination of hydrogen,

H,-2H, (39%)
and finally resulting in water formation,

O, +2H,-2CH, (39c)

OH, + H,-H,0,,. (394)

According to Ponec e al.”' the reaction between hydrogen
and oxygen at the Pd surface at 0 °C goes to completion pro-
ducing desorbable water, in agreement with the last step,
reaction {39a), of the four-step mechanism (39). However,
according to Lundstrém et al.,> the details of the water-
production reactions on the palladium layer are still not
known. This phenomenon turned out to be a significant dis-
advantage of the piezoelectric quartz crystal detector. The
results obtained with the 30% H, in N, Fig. 13, indicate that
gas impurities in the flowing gas mixture, notably oxygen,
may play the dominant role in the response of the sensor.
The relationship between gas concentration and Pd-
PQCMB detector response, AF, is an important parameter
for sensor characterization. Figure 15(a) shows the vari-
ation of saturation resonance frequency, AF,, as a function
of gas phase hydrogen concentration.®’ Unlike the predic-
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FIG. 15. (a) Variation of the saturation resonance frequency shift, AF,,
with hydrogen concentration (or partial pressure). The three curves were
obtained from the original exposure where the presence of ambient air be-
fore the onset of the experiment was significant: AF, of curve (1} (un-
purged) is consequently smailer than that of curves (2) and (3) where the
cell was purged with N, before the experiment (from Ref. 61). (b} Vari-
ation of the saturation resonance frequency shift, AF,, as a function of hy-
drogen partial pressure and concentration of hydrogen in nitrogen in the
range of 0.1%-10% hydrogen in N, (from Ref. 62).

ticnof Eq. (37), there are three apparent response regimes; a
nonlinear one at concentrations between 20 and 70%, and
two linear regimes at low ( < 20% ) and high { > 70%) con-
centrations, a region where all experimental curves con-
verge. This convergence of all the experimental data can be
explained by assuming that at high pressures the adsorbed
and absorbed hydrogen dominates all other interfering phe-
nomena. The presence of trace oxygen is thought to be partly
responsible for the deviation of the Pd-PQCMB sensor re-
sponse at low concentrations. Figure 15(a) indicates that
the purging history of the test cell plays an important role in
determining the AF, ([H,]) curve at lower (<70%) con-
centrations. An important factor is the initial irreversible
sensitization of the Pd-PQCMB surface with increasing de-
gree of exposure to hydrogen flow, Figure 15(b) shows the
variation of the saturation, AF,, as a function of gas phase
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hydrogen concentration® in the range of 0.1~10% H, in N,
Unlike the response predicted by Eq. {37), there are two
apparent linear response regions; one with the slope &,
~7.4%107* Hz/ppm at low concentrations ( <2%) and
another one at higher concentrations (3-10%) with the
slope k, =4 % 10™* Hz/ppm. The presence of trace oxygen
even after the evacuation of atmospheric air with the help of
N, seems to be partly respensible for the deviation of the Pd-
PQCMB sensor response and the positive AF, at low con-
centrations.®"%? In fact at very low hydrogen concenirations
many impurities such as oxygen may still exist on the Pd
surface even after several activation cycles. On the other
hand, for higher H, concentrations, clean surface area will
be generated due to the reduction of the oxygen layer. The
low-concentration anomalous behavior {between 20% and
70% [see Fig. 15(a), curves (2) and (3) 1} could be due to
the o — S phase transition which takes place around 20 kPa.
According to Lundstrém ef al.*® it is probable that a phase
transition from ¢ to f may also take place at low tempera-
tures and high concentrations (1%-1009).%* This is in dis-
agreement with other evidence® showing the possibility that
at room temperature the phase transition takes place around

20 4

15 4 Q

£0 15 20 25 30 35 40
T {°C)
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w0 o
I 1
-

l T T T 1 T | T
18 19 20 21 22 23 24 25
TCO

T T T
15 16 17

FIG. 16. (a) Effect of temperature on the sensitivity of the Pd-PQCMB
device urnder exposure of 5120 ppm H, in N, (from Ref. 61}. Overlapping
data points correspond to experimental reproducibility. (b) Effect of tem-
perature on frequency shift {AF(T) ~ AF{20°C)] vs Tof the Pd-PQCMB
device in pure N, (from Ref. 62).
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2% (2 kPa). It is also well known that the phase transition
depends on the palladium thickness,*' a complicating factor.
Another problem for a quantitative analysis may be the pres-
ence of water on the Pd layer at room temperature. This
could cause the Pd layer to be saturated at low pressures, as
was observed in studies under UHV conditions.”

c. The influence of temperature and flow rate. The tem-
perature variation during the gas detection by the Pd-
PQCMB plays an important role because of the influence of
temperature on the quartz crystal operation. According to
Sauerbrey,*? if a piezoelectric AT-cut or BT-cut crystal un-
dergoes a temperature change, a significant variation of reso-
nance frequency, F, could be expected. Abe and Hosoya®!
reported a variation of 0.75 Hz/°C in the range of 15-30°C:
Figure 16(a) presents the effect of temperature on the reso-
nant frequency of Pd-PQCMB device. Christofides and
Mandelis®>*® have also reported a nonmonotonic depend-
ence of resonant frequency shift on temperature of the Pd-
PQCMB in the presence of pure hydrogen, Fig. 16(b). In
Fig.17 one can note that at relatively high temperatures the
Pd-PQCMB is more sensitive than at room temperature
(350 ppm/Hz).

The effect of flow rate, W,, on sensitivity and response
time was measured®>®® using 5% of hydrogen in nitrogen.
The flow rate was varied from 60 to 700 mi/min. It was
observed that W, does not influence AF, very much, and
saturation occurs essentially at the same level (=8 Hz). On
the other hand, the response time, R, of the sensor increases
monotonically (7-14 min) with decreasing flow rate be-
tween 600 and 60 mi/min as shown in Fig. 18. We note the
R isstrongly dependent on W,, especially at low flow rates.
At higher flow rates ( > 400 ml/min), the response time be-
comes essentially independent of flow-rate vaiue. This obser-
vation has been made earlier by Cooper ef al.** According to
these authors the response time, R, is proportional to
V./W,% where V, is the volume of the test cell (750 mi in
our case). The experimental results on Fig. 18 do not foliow

a 1/W, law. Cooper and co-workers®™®* attributed a similar
T= 80.3°C 1, ~off o
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25+
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FIG. 17. Piezoelectric response as a function of time (7= 80.3 °C) (from
Ref. 76).
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FIG. 18. Pd-PQCMB device resonance frequency shift variation as a func-
tion of time at 100% H, and 5% H, in N, for various flow rates: 70-500
mi/min. The hydrogen was turned on at ¢ = Omin (7= 20°C) (from Ref.
62).

disagreement to a bad mixing of the detectable and carrier
gas. The above results suggest that minimizing the test cell
volume offers optimal responses of the Pd-PQCMB sensor.

B. Surface acoustic wave (SAW) detectors
1. Introduction and historical perspective

The mathematical basis of the phenomenon of surface
acoustic waves (SAW ) was published first by Lord Rayleigh
in 1885.5° At that time, SAW drew the attention of the scien-
tific world and especially that of geologists because the
acoustic energy released by earthquakes moves as a surface
acoustic wave on the earth’s crust. This natural type of
waves is well known today as Rayleigh waves. The main
characteristic of surface acoustic waves is that the acoustic
field and particle displacement occur mainly on the surface
of the sclid. Almost 2 century had to pass in order for SAW
to find their first application in electronics. In 1965 White
and Voltmer®® developed the interdigital transducers (IDT)
which allowed the generation of Rayleigh surface waves in
piezoelectric solids and then the application of SAW to ra-
dio-frequency signals. The main reason of the choice of Ray-
leigh waves among other kinds of surface acoustic waves
such as Love and Stonely waves is that they are generated
quite readily in a variety of piezoelectric materials using an
IDT.

The dependence of wave velocities on temperature led to
a temperature sensor based on a SAW delay line oscillator
with a good linearity.®” On the other hand, it is well known
that SAW velocities can be strongly affected by stressing the
crystal through which the wave travels.®® This property led
to the first SAW pressure sensor developed by Cullen and
Reeder in 1975.%° Two more SAW pressure sensor devices
have been reported in 1980 and 1981.°°! Toda and Mizu-
tani”* and Joshi®® reported the first SAW electric field sensor
in 1983. They exploited the fact that an electrical field nor-
mal to the piezoelectric surface along which a SAW is propa-
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gating, causes a shift in the wave velocity because of the
change in the stiffness of the crystal. At the same time several
SAW voitmeters have been developed.*”” Hanna reported
the SAW signal dependence on an applied magnetic field in
1987.%¢ The SAW properties led to many other kinds of sen-
sors during the last few vears. The force and acceleration
detector,’®?-1% the displacement’® and flow sensors,'%®
and rotation (gyro-effect) SAW detector,'?” and others.

In recent vears, considerable research effort has been
directed toward the development of SAW gas sensors. In
1979, Wohltjen and Dessy,'"® reported the first SAW device
for chemical vapor detection. A SAW sensor has been used
by Zellers ez al. for the detection of styrene vapor,'? and by
other workers for vapor detection.''®!'? A comparison of a
bulk wave (piezoelectric guartz crystal} and a surface wave
device for the detection of SO, has been made by Bryant ef
al.''? (see Sec. III B 5). The ability of SAW devices to detect
NH, has also been demonstrated.''* The SAW detector for
humidity monitoring has been described by Joshi and
Brace,''® and Brace e al.''® SO, and H,S have been detected
by Bryant eral.'"” using SAW devices. It is important to note
that recently Amico and Verona have published an excellent
paper''® which reported the year of development, device
siructure and substrate, and the detecting membranes of sev-
eral SAW detectors.

While Wohltjen and Dessy’s work led to the develop-
ment of SAW gas sensors,'™ it was Amico ef al.''” who first
demonstrated that 2 surface acoustic wave device with an
appropriate chemically sensitive coating (Pd) could be em-
ployed as a hydrogen detector. In this section, we review the
development of the SAW device and mainly the work of
Amico ef al.>>11% 12! who developed the capability of the Pd-
SAW device as 2 hydrogen detector.

2. Theoreltical background

The principle of the SAW detectors is simple:'*%'%?
When gas molecules are absorbed in a thin chemically coat-
ed layer, which is chosen according to the desired gas selec-
tivity, they perturb the properties of the surface acoustic
waves. Surface acoustic waves travel on the surface of the
piezoelectric substrate. In other words, the energy of SAW is
Iocalized within one or two acoustic wavelengths of the sur-
face. This property gives the SAW the possibility to interact
easily and strongly with the medium adjacent to the surface.
Wave-medivm interaction is the main, necessary (but not
sufficient) property which can lead to a gas detecior. The
second question for device applications is to choose among
different kinds of SAW, such as Love, Stonely, and Ray-
leigh. According to Wohltjen'*” the primary reason for fo-
cusing on Rayleigh waves is that they are generated quite
easily in many piezoelectric substrates using an interdigital
transducer electrode. Thus, the generation of the SAW by
IDT is followed by the propagation of the wave through a
chemically selective coated layer. This wave-matter interac-
tion causes a perturbation of the Rayleigh surface wave's
characteristics, such as amplitude, phase, velocity, etc. The
measurements of changes in the SAW characteristics is an
indicator of the presence of a gas on the coating surface layer
of the device. In essence there are three different modes of
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FIG. 19. Schematic diagram of the SAW detector set-up based on ampli-
tude change (from Ref. 120). See text for description and details.

detection for monitoring gases: (i) Amplitude changes in
the waveguiding layer take place because of the coupling of
energy from the surface intc the adjacent layer of gaseous
matter; (ii) The velocity change of SAW propagation intro-
duces phase shifts in the wave, and (iii} The resonant fre-
quency, F, of the SAW device oscillator changes because of
contact between the absorbed matter (gas) and the coating
layer. In fact, there exists a relation between the fractional
changes in the oscillation frequency, F, the acoustic velocity,
U, and the phase delay ®:*°

AF A® AU
F @ U
a. SAW detector amplitude perturbations. A schematic
representation of the SAW gas sensor based on amplitude
change is shown in Fig. 19.%° The operating characteristics
of the detector are described in Table II1. This SAW detector
has been used by Amicc er al.''® for hydrogen detection.
Surface acoustic waves were generated by an input trans-
ducer T and collected by two cutput transducers T, and T
which were located at opposite sides of the YZ-LiNbO, sub-
strate. The hydrogen Pd-SAW detector was fabricated on
YZ-LiNbO;, piezoelectric substrate. One of the propagation
paths (/) was coated with a Pd thin film layer and acted as
the selective layer of the device; on the other hand, the other
path (/) was uncoated and it was used as a reference. The

(40}

TABLE IIL Operating characteristic of the Pd-SAW hydrogen detector.
From Ref. 120.

Pd-SAW sensor characteristics

Operating frequency, £ (MHz) 75-76
Number of IDT finger pairs 5
Reference length, /, (mm) 15.5
Pd Length, /; 13.5
Pd thickness, L (mm) Ix 104
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voltage outputs, ¥, and ¥, through inductances L, and L,
were connected to a double-balanced mixer and then the
output differential voltage, AS, was filtered out and recorded

as!ZO

AS=Vy — Vs =V, sin(®y — B, = V), sin(AD),
(41}
where ¥,, is the maximum output voltage (when AP

=K, w/2; K, is an odd positive integer}. From the wave
propagation delay one may write the phase shift as'*

L
A@:zﬂF(~UR—-— i) + @y,

R 5

(42)

where U, and Uy are the velocities of the acoustic waves in
the coated and noncoated surfaces, respectively, and ©, is
the electric phase shift introduced by a stretched line used to
adjust the initial phase difference A® in order to minimize
the differential output signal, AS (AS—0). When adsorp-
tion-absorption (or desorption) of hydrogen takes place on
the Pd surface, it changes the density and the elastic proper-
ties of the film which causes a shift on the SAW propagation
velocity. As a conseguence a voltage change is detected by
the device as a function of hydrogen concentration Cj:'*°
v Fl, (&US

68 = —— =27V, )cos(Afb) .
C.

— (43)
8C, " ur\ec,

As the argument of the cosine function was minimized
(A® =0) at the beginning of each experiment by the initial
phase zeroing procedure, Eq. (43) can be expressed as

Fl [3U
88 = 2o ¥, — ( : )
72 \ac,

We note in Bq. (44) that in the case of the SAW-amplitude
detector for a given substrate material, the sensitivity de-
pends on the F X/, product, so it is clear that for a fixed
sensitivity, the smaller the device to be fabricated, the higher
its operating frequency, F.

b. SAW deiector frequency (or velocity) perturbations.
Wohltjen has shown that the shift frequency, AF, of a SAW
gas detector can be expressed by the following relation-
ship: 2123

AF = (k, + k) F2Lp — ko F2L(4u/U% )0, (45)

where k|, and k, are material constants for the SAW sub-
strate (see Table IV),'** L is the thickness of the Pd film, p is
the film density (m = pXJL: mass per unit area) and o
={A +u)/{A +2u) (4 and u are the film Lamé con-
stants; in Eqs. (45) the dependence of the sensor response on
the gas concentration is pronounced through the variation of
m. In the case where the chemically selective layer is an
elastomeric organic polymer, Eq. (45) may be simplified
tollz

(44)

AF~(k,+ k,)F*(Am/4,), {46)

where Am is the absorbed gas mass and 4, is the surface of
the coated layer. In Eq. (46) one can point out the analogy in
form to Eq. (37.1) described in Sec. I11 A for the piezoelec-
tric quartz crystal microbalance detectors. In Fig. 20 we
show an experimental setup by Wohltjen ez al.'** for vapor
detection using frequency-shift output. The same experi-
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TABLE IV. Material constants for selected SAW substrates. From Ref.
124.

k, k,
Ve (m?s/kg) (m’s/kg)
Substrate (m/s) X103 X107
Y cut X propag. quartz 31593 —9.33 —4.16
Y cut Z propag. LiNbO; 3487.7 —3.77 —1.73
Z cut X or Y propag. CdS 1762.2 —8.33 — 2.67
Zemt X or Y Zn0O 2639.4 — 5.47 ~2.06
Z cut X propag. Si 4921.2 -~ 9.53 —6.33

mental setup has been used by Ballantine ef ¢l.'*® The SAW
device was coated with a polymer layer and was exposed to
small concentrations of dimethylmethylphosphonate (2
ppm) in dry air carrier strear at two operating frequencies
(31 and 112 MHz). The dual configuration improved the
detector stability against temperature and pressure changes.

3. Experimental results

In this section we will present data from Amico ef al.'*’
concerning the use of P4-SAW sensor (sec Fig. 19) for hy-
drogen detection as representative results to demonstrate the
capabilities of these sensors. This study has been performed
at atmospheric pressure and room-temperature conditions.
The above authors have used the three conventional detec-
tion modes, amplitude, phase, and frequency for monitoring
hydrogen gas. A system which allowed testing of the re-
sponse of the SAW device in flowing H,-N, mixture was
used. Their system consisted of three subsystems: a gas con-
trol (three flow meters, input and output vaives); a test cell,
containing the Pd-coated surface acoustic wave detector
(Pd-SAW); and an electronic shift amplitude analysis in-
strumentation { rf oscillator, low pass filter and recorder (see
Fig. 19) ].

The device was exposed to 0.1% H, in N, (flow
rate = 810 ml/min) and the Pd-SAW response was moni-
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FIG. 20. Top view of SAW detector set-up based on frequency shift mea-
surements (from Refs. 123 and 124).
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FIG. 21. Time response of the PAd-SAW hydrogen detector during the ab-
sorption and desorption process (H, flow rate: 828 ml/min; O, flow rate:
150 ml/min; 7= 20 °C) {from Ref. 120). 85, and R, are defined in the text.

tored as a function of time. Typical experimental results are
shown in Fig. 21. We note that it takes more than twenty
minutes for the signal amplitude to reach saturation (85,).
R denotes the saturation time. In Fig. 21 one can note thata
few minutes after the introduction of hydrogen into the test
cell the signal amplitude decreases as a function of time. The
phenomenon of a negative amplitude shift upon H, exposure
is surprising in the light of the discussion presented in the
theoretical part of this section. No attempt by the authors to
explain the decrease was made, however, it is possible that
this phenomenon could be related to the anomalous behav-
ior of the bulk piezoelectric guartz crystal (Pd-PQCME)
detector described in Sec. III A, through the effect of sur-
face-absorbed gases other than H, interfering with SAW op-
eration.

Figure 22 shows the variation of saturation response
amplitude, 85, as a function of gas phase hydrogen concen-
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FIG. 22. Variation of the saturation SAW response 85,, as a function of
hydrogen concentration at 20 °C. Parentheses: Response time at shown hy-
drogen concentration in minutes (from Ref. 120).
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tration in N, + H, fluxes in the range of 50-10% ppm, ie., in
the 0.005%-1% range of H, in N,. The parentheses show
the response time (in min) as a function of H, concentra-
tion. Contrary to the bulk wave piezoelectric detector
[PQCMB (see Sec. I 1)] the Pd-SAW sensor response
seems to be strongly influenced by the H, concentration at
very low concentrations.

Amico ef al.>® have also studied the influence of the Pd
thickness on the sensitivity of the Pd-SAW detector, as well
as the influence of flow rate on its response time R . For this
investigation the above authors have explored the velocity
change, AU. In fact, using the relation between shifi frequen-
cy and velocity change one can write

AF/F=gAU /T, (47)

where g = [/, is a geometrical factor. The net increase in
mass due to the H,-Pd reactions results in a decrease in the
resonance frequency, F, of the coated oscillator. The experi-
ments were performed using a freguency-shift detection
technique which, according to several authors®>'?' is the
most suitable for practical applications, because of its sensi-
tivity and simplicity. The Pd-SAW hydrogen detector fabri-
cated by Amico et al.'”? has the same characteristics as the
one earlier'®® (see Table II) with the exception of different
Pd thicknesses (L = 1900, 3800, and 7600 A). Figure 23
shows the variation of AF /F as a function of Pd thickness, Z,
for two different H, concentrations. AF /F increases with
increasing L. On the other hand, it can be seen that the rela-
tive frequency increase with H, concentration is not drasti-
cally influenced by the concentration, for a given Pd thick-
ness.

Figure 24 shows the variation of the response time, R,
as a function of the flow rate for three different H, concen-
trations. The flow rate does influence the response time of
the sensor, which increases monotonically with decreasing
flow rate between 810 and 8100 mi/min. Amico et al.”” have
also shown that there is an optimum Pd thickness for which
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FIG. 23. Relative frequency change vs Pd thickness for two different con-
centrations of hydrogen in nitrogen for the Pd-SAW sensor fabricated by
Amico, Palma, and Verona (from Ref. 35).
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FIG. 24. Variation of the SAW response time, R, as a function of flow rate

for three different hydrogen concentrations as measured for Pd film thick-
ness L = 7600 A, T=20"C (from Ref. 35).

R is minimum. According to these authors, among three
thicknesses of Pd coating, 1900, 3800, and 7600 .&, it is the
intermediate one (3800 A) that presented the best Pd-SAW
response, while the thinnest one presented the worst re-
sporse.

4, Sensor characleristics

a. Sensitivity limit, As is shown in Egs. {43)-(47} the
sensitivity and the size of the SAW detectors are directly
related to their operating resonance frequency. Thus, a de-
vice operating at 300 MHz presents a frequency shift 100
times greater than a 30-MHz device for the same absorbed
gas mass [see Eq. (46)]. However, the baseline noise for the
300-MHz SAW device is higher than the one which operates
at 30 MHz.'”? The reduction of the device area has implica-
tions with respect to the minimum mass change that can be
detected by the SAW delay line oscillator. Some estimates of
the SAW performances at various operating conditions are
presented in Table V.

b. Temperature effect on SAW detector. An undesirable
property of LiNbO, SAW oscillators is their high-tempera-
ture instability. According to Joshi and Brace,'"” the reso-
nant frequency is found to decrease linearly with tempera-
ture with a slope of — 6800 Hz/°C at F =75 MHz while
Ricco et al.'*® found this frequency shift to be — 880C
Hz/°C at a resonance frequency of 110 MHz.

TABLE V. Estimated SAW device sensor performance. From Ref. 122.

Device Baseline Minimum
Frequency area noise detectable
(MHz) {em?) (Hz) mass change (g)
30 1 3 Ixie~?
300 i0-? 30 3102
3000 16 300 3Ix107"
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5. Comparison between SAW and PQCMEB deteciors

it is well known that SAW and PQCMB detectors are
mass sensitive and require a selective coating layer. These
two detectors use a shift in acoustic wave resonant frequency
(AF) as a signal. However, these two devices have two fun-
damental differences: {a) The resonant frequency of the
SAW device can be a few hundred times higher than that of
the PQCMB detector, which implies greater sensitivity. (b)
The SAW device has the ability to occupy much less space
than the PQCMB device. The reduction of device area has
implications with regard to the minimum mass change that
can be detected by a SAW delay line oscillator. According to
Wohitjen,'* for a YX quartz SAW delay line oscillator Eq.
(46) can be written as

AF = 13X 10°F?(AM /A,) . (48)

It should be noted that the numerical factor of Eq. (48) is
smaller than that of Eq. (36) for the PQCMB detector (see
Sec. III A). However, since the operating frequency of the
SAW device is much greater than that of the bulk wave de-
tector, a compensation in sensitivity occurs (5000 ppm). A
direct comparison between a 6-MHz bulk wave oscillator
and a 75-MHz SAW oscillator shows that the SAW device
theoretically should produce a much higher frequency shift.
Actually, by term-to-term division of Egs. (46) and (37.1)
we have

AFgw  1.3X10° 757

- ~88.3. 49
AFpocns | 23X 10° 67 “9

Equation (49) shows that the sensitivity of the SAW device
is 88 times greater than that of the PQCMB device. This
theoretical value was experimentally confirmed by the com-
parison between results by Amico ef al.'*° for the Pd-SAW
detector and those of the present authors® for the Pd-
PQCME device.

IV. FiBER OPTIC SENSORS (FOS}
A. Introduction and historical perspective

The concept of fiber optic sensors (FOS} is far from
new. The first patents were obtained around the year
1965.'" In the same year Gamble et al.'*® reported the use of
fiber optics for a clinical cardiac characterization. However,
using the background already obtained by the conventional
gas analyzer spectrometers, serious research effort for the
development of the fiber optic detector technology only
started in the beginning of our decade.'”®

An optical fiber is essentially a “light pipe” or wave-
guide for optical frequencies. Et is typically drawn from a
spherical mirror to a diameter of a few to a hundred ym. A
large variety of optical fibers is available from commercial
manufacturers and these can be divided into five main types:
All-polymer, silica, plastic-coated silica, glass fibers and fi-
ber bundies.'?” One of the most valuable properties of an
optical fiber is its flexibility, due to which it can be used for
the transfer of an optical signal over distances of kilometers
without the necessity of perfect alignment between source
and detector and especially without any attenuations or sig-
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nal degradation due tc ambient electrical noise or electro-
magnetic interferences. This property, among others, led to
many applications in the area of optical communication and
in areas such as telephony and data transmission.

Recently there has been considerable research activity
in the development of the fiber optic sensors in the field of
sensing. The measurement basis in FOS consists of changing
the features of light transmitted along the fiber, and these
changes in turn are used to modify an output electrical signal
in a receiver. FOS is a means whereby light guided within an
optical fiber can be modified in response to an external phys-
ical, chemical, biological, or similar influence.

Detection of pressure with an optical fiber positioned in
the arms of 2 Mach-Zeknder interferometer {see next sub-
section ) has been reported by Hocker.*® The measurement
of pressure using optical fibers is effected by the variations in
the relative phase between light propagating in the two inter-
ferometer arms. This variation of phase is atiributed to the
changes in the optical propagation characteristics in the arm
exposed to the applied pressures.!*>!*! On the other hand,
the change in the optical fiber length due to thermal expan-
sion or contraction, and the change induced by temperature
in the refraction characteristics led to the development of the
optical fiber temperature detector.'*® In 1981, Leslie ez af.’*?
reported the first fiber optic spectrophotometer in which the
pressure sensing transducer was constructed using a fiber
optical acoustic sensing coil in one of the arms of an interfer-
ometric fiber sensor. A fiber-optic hydrophone has alsc been
reported.'*! While Yariv and Winsor'** demonstrated theo-
retically the possibility of detecting weak magnetic fields by
using an optical fiber with a magnetostrictive jacket, Jar-
zynski ez al.'** followed up with experimental verification. A
fiber optic probe for pH monitoring was also reported by
Peterson ef ¢l.'” in 1980. In 1988, an optical fiber sensor,
able to detect water and solvent in oil was reported by Smela
and Ariles.””® Fiber optic sensors for biomedical applica-
tions have been developed by Peterson and Vurek.'?’

In recent years, research efforts have been directed to-
ward the development of gas fiber optic detectors. Optical
fibers acting as light carriers, impact several attractive fea-
tures in the chemical sensor field. In 1975, Hardy et al.,'**
reported the first FOS device for chemical gas detection.
They used a FOS for the detection of cyanide (CN %)
traces. One year later, David ez ¢l.'*® showed the ability of
the FOS device to detect ammonia in ambient air. Giuliani ez
@l have also detected ammonia vapor with an FOS
device. The fiber optic sensor has further been used for the
detection of oxygen, glucose, carbon, CH,, carbon dioxide,
and various other gases.'*? Several review papers concerning
gas fiber optics describe in detail the development of many
FOS for the detection of several gases.'" 14

While the work of Hardy er al.'”® led 1o the fiber optic
gas sensor, it was Butler'?” who first demonstrated that an
FOS device with appropriate chemically sensitive coating
(Bd) could be employed as a hydrogen detector. In this sec-
tion, we review the development of the fiber optic hydrogen
detector and mainly the work of Butler'®” and Butler and
Ginley'*” which developed the capability of the Pd-FOS de-
vice as a hydrogen detector.
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B. Theoretical background

We can distinguish two main kinds of FOS:"'% (i)
Extrinsic: The light can be allowed to exit from the optical
fiber and to interact with different media before continuing
to further propagate inside the same or another optical fiber ;
and (ii) Intrinsic: The light continues to propagate in the
optical fiber without any outside interaction {see Fig. 25).

The principle of the FOS for gas detection is straightfor-
ward: When gas molecules are absorbed in the coated fiber
part, which is chosen according to the desired gas selectivity,
they change the optical properties of the coated layer. De-
pending on the particular device, the optical property mea-
sured can be absorbance, reflectance, luminescence, or scat-
tering. The propagation of the light in an optical fiber can be
explained with various degrees of accuracy in terms of elec-
tromagnetic theory or geometric optics.

1. Light waveguiding

Figure 26 shows the principle of light propagation in an
optical fiber with the refractive indices #, and #, for core and
cladding, respectively. In the case of the optical fiber n, > a,
in order to promote total internal reflection. An incident ray
which reaches the fiber at an angle W, is reflected at the
critical angle ¥ _ from the core/cladding interface, where ¥,
is given by

sin ¥ = n,/n,. (50)
From geometric optics (Snell’s law) it is easy to show that
nysin W, =/nf —nl, (51)

where n,, is the refractive index of the medium external to the
optical fiber (#, = 1 when the external medium is air). The
right-hand side of Eq. (51) is known as the numericai aper-
ture (NA) of the fiber. If the outside medium is air, then Eqg.
(51) can be rewritten as

NA =sin ¥,. (52)

It is obvious from Fig. 26 that the light propagation in the
optical fiber is dependent only upon the refractive indices of
the core and cladding. A large difference in the values of
these indices is necessary for a large acceptance angle;'?’ for
a typical fiber ¥, ~ 1.
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FIG. 25. Schematic diagram of intrinsic and extrinsic fiber optic sensors.
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FIG. 26. Light propagation through an optical fiber (from Ref. 142).

2. interferomeiric instrumentation

Interferometry is the most useful kind of measurement
mode applied to the FOS technology. The physics of dual-
beam interference is very old. However, the concept of this
phenomenon is extremely useful in practice in the field of
fiber optic detectors. It is well known that the maxima of the
resulting fringe pattern appear where the phase difference
between the interfering beams is 2K, 7 (X, is a positive in-
teger). Any small perturbation in the phase of one of the
beams due to external changes (temperature, pressure, mag-
netic field, chemical gas, etc.) will cause a transverse shift in
position of the fringe pattern. According to Dakin and Cul-
shaw'?’ the resolution of modern optoelectronic techniques
is about 10 * of the fringe spacing, while according to
Harmer'*° this resolution is even better and close to 107°.
Many kinds of interferometer have been developed for gas
detection; here we present the Mach-Zehnder interferome-
ter (see Fig. 27) as a representative FOS technology.

In recent years special spectrometers have been devel-
oped for fiber optics in order to adapt them to FOS technolo-
gy.'*"1* Conventional spectrometers have been modified to
allow miniaturization, integration with the processing elec-
tronics, and muliiple connection with many fibers at the
same time. According to Laude ef al."*° a small modern
spectrometer equipped with an optical fiber can be con-
structed from a small block of BK 7 glass; 20X 20 X 98 mm,’
with a spherical mirror at one end and a grating at the other.
An example of miniaturization of a FOS on a printed circuit
card inside the electronics has been reported by Korth'*"'>
and Tien and Capik.'* In the experimental part of this sec-
tion a new version of Mach~Zehnder interferometer will be
shown using optical fibers instead of mirrors.'*”'** This ver-
sion has been used for the development of FOS in the field
with the advantage of detector portability.

External influence

rotected
Reference arm

\

FIG. 27. Optical fiber Mach—Zchnder interferometer.
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3. Measurement technigues

Fiber optic sensors for gas detection exhibit a large num-
ber of measurable parameters such as: refractivity, reflectiv-
ity, absorption, scattering, etc. In essence there are three
main modes of detection for monitering gases with FOS:'#?

a. Absorbance measurements. In this case the light inten-

sity shift is determined by the quantity of abscrbing species -

(gas molecules or atoms) in the optical path and is related to
the Beer—Lambert relationship:'*?

A, =log(l/f) = m,IC,, (53)

where 4, is the absorbance, [, and 7 are the incident and the
transmitted light intensity, respectively, / is the path length
of the light, C, is the concentration of the absorbing species,
and m, is the molar absorptivity. In the case that the medi-
um and/or the selective chemistry used in FOS does not
allow any transmission of the light, a measurement of the
intensity of the reflected light may be used.

b. Reflectance measurements. The dependence of the
optical characteristics of diffuse reflectance is a function of
the composition of the system. According to the Kubelka-
Munk theory'®* the reflectance R, of a semi-infinite medium
is related to the absorption coefficient @ and the scattering
coefficient .S, (which is assumed to be independent of the
concentration) through the relation
(1—Ry)? _«a

— =m,C, (54)

Ry =
AR 2R, S,

where f{ R,) is known as the Kubelka-Munk function in the
semi-infinite sample.

¢. Luminescence {or fluorescence) measurements. This
kind of monitoring is very useful for detection of very low
concentrations. The intensity of fiuorescence [ is given by
the relationship'**

1y =E L, ®pm,IC, (53}

where £ is an experimental constant related to the instru-
mentation and sensor configuration, and &, is the quantum
yield of fiuorescence. The linearity of Bq. {55) as a function
of G, is violated at high concentrations.
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FIG. 28. Schematic of the Mach-Zehnder interferometer used for hydrogen
gas detection by Butler (from Ref. 147).
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FIG. 29, Pd-FOS response as a function of time, for 0.6% of hydrogen in
nitrogen (flow rate: 400 ml/min) (from Ref. 147).

C. Experimental results-hydrogen detection

In this subsection we will present experimental results
concerning the use of a Pd-coated fiber optic detector (Pd-
FOS) for hydrogen detection. '’ A Mach—Zehnder interfer-
ometer has been used. The experimental setup is shown in
Fig. 28. Both ends of the coated and uncoated fibers are
glued to a fused quartz plate with Eastman 910 adhesive. A
more detailed description of the apparatus has been given by
Butler and Ginley in 1988.'%° The Pd coating was made with
the sputtering method and the thickness was 1.5 um.'*® Asis
described by Butler, because of the close match in index of
refraction, this makes an effective mode stripper. The light of
a 0.5-mW He-Ne laser is split into two directions: One
through the Pd-coated fiber and the other through the un-
coated fiber. Both are exposed to the gas fiow (fiber diame-
ter: 80 um). As shown in Fig. 29, the movement of the fringe
pattern can be observed visually or by use of a simple photo-
detector and chart detector. Figure 29 presents the Pd-FOS
response as a function of time for 0.6% of H, in N,. The
movement of the fringe pattern by one fringe corresponds to
achange in optical path length of the arm of the interferome-
ter by one wavelength of light. According to Buitler the intro-
duction of hydrogen (0.6%) in the test cell volume of ap-
proximately 75 ml gas causes the passage of three fringes
(therefore one fringe corresponds to 0.29% H, in N,). In
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FIG. 30. The fringe shift for the Pd-FOS detector vs hydrogen concentra-
tion (from Ref. 148).
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1988 Butler and Ginley'** performed some new experiments
using a2 hydrogen-sensitive palladium-coated optical fiber in
the range of 20 ppb-10* ppm under STP conditions in nitro-
gen gas which presents a record of sensitivity to the H, gas
under flow-through and STP conditions. Figure 30 presents
the response of the Pd-FOS detector in a wide range of hy-
drogen concentration in N,. In this figure one can note that
the authors reported results up to T ppb, although the lower
limit of sensitivity was estimated to be z few ppb. This esti-
mation seems to be realistic due to the fact that carly mea-
surement capabilities achieved lower resolution than mod-
ern optoelectronic techniques:'*® the latter can measure
better than 10 of the fringe spacing. This phenomenon is
reversible and a similar behavior is observed when H, is re-
moved from the Pd film. The temperature fluctuation effects
were found to be equivalent to 2 ppm H,/°C. This noise level
could potentially limit the excellent resolution of the FOS.
Thus the position of the fringes as a function of time gives
much information on the kinetics of interaction of the Pd-H,
system.

In order to interpret his experimental results, But-
ler'*'*® limited his analysis to the pressure regime where
only the a phase (of Pd) exists. Then, by using a theoretical
relationship between the hydrogen partial pressure, Py , and
the hydride composition in the Pd, he expressed the axial
and radial strains as functions of Pd coating thickness in
units of optical fiber radius. Butler used the Hughes and
Jarzynski'?! relation

Ag/d = w - (n*/2)[2u(P), — Pyy)

+w{P, —P1, (56)

where n = 1.46is the index of the refraction at the fiber cen-
ter, P,, and P,, are the Pockels’ coefficients and are equal to
0.1254 and 0.0718, respectively, and u and w depend on the
Pd thickness.'*”*** By using the above equation one can cal-
culate the phase shift A¢ due to the change in optical paih
fength. However, this semiquantitative analysis led to a 60%
discrepancy between theoretical and experimental results.
The author justified this discrepancy as a result of the vari-
ation of palladium properties, nonuniformity of the Pd
thickness, etc. However, it ought to be remembered that this
discrepancy may arise because for hydrogen concentration
around 0.6% the S-phase transition becomes significant.

B. Comparison between purely electronic and optical
fiber sensors

It appears that coherent light does seem to be very com-
petitive with contemporary modern electronics as a hydro-
gen-sensing principle. The propagation of light waves is,
however, very sensitive to the absorption, reflection, and
transmission in the propagation medium. Nevertheless, the
choice of wavelength-selective fibers has minimized and
evenr made these problems negligible. The material for the
optical waveguide is carefully chosen for selected wave-
lengths at which dispersion and attenuation in the fiber are
minimal. In what follows we describe some of the attractive
features and disadvantages of chemical sensors based on fi-
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ber optics. (i} The optical nature of the signal does not intro-
duce any electrical interference. This advantage makes FOS
very useful in environments with considerable electromag-
netic activity. (ii) The most exciting possibility offered by
chemical fiber optics appears to be '** the use of multiwave-
length and time-domain information. For example, one en-
visages sensors that report simultanecusly the detection of
two or more pollutants. Naturally, is it important to note
that other detectors described in previous sections also share
this advantage. However, for simultaneous detection of dif-
ferent gases the coated catalyst has an important and weli-
defined role to play. (iii) Optical sensors can be developed to
respond in environments incompatible with electroded de-
vices. (iv) Their small size makes optical fibers attractive for
beam guidance to and from remote sensors.

Unfortunately, FOS are subject to several limitations as
compared to electronic solid state devices. The most impor-
tant is that the ambient light could interfere with back-
ground noise level. Thus FOS require a dark environment
for optimal operation and noise minimization.

V. ELECTROCHEMICAL SENSORS
A. Introduction and historical perspective

As was pointed out in Sec. I A, the detection of hydro-
gen is very important for several reasons and especially in the
chemical industry. For example, a need for a rugged device
to determine hydrogen in the environment and hydrogen
dissolved in metals led to the development of hydrogen elec-
trochemical sensors.

The first electrochemical hydrogen sensor was devel-
oped by Childs e# a/.'*® in 1978. Since then, a limited number
of solid-state electrochemical room-temperature hydrogen
detectors have been developed as prototype cells,'” '** and
some of them have been applied to practical situations, !¢ '%4
For example Hultquist'®* has used an electrochemical detec-
tor for the study of hydrogen evclution during the corrosion
of copper in pure water. An electrochemical hydrogen sen-
sor for use at elevated temperatures has been developed by
Liaw er al.'®®

B. Theoretical background

As is well known any electrochemical ceil is made up of
an electrical conductive path involving two electrodes im-
mersed in an ionic electrolyte. Each electrode exhibits its
own characteristic potential. In recent years, solid state elec-
trochemical cells of the type gas permeable electrode/solid
proton conducting electrolyte/gas permeable electrode, have
been developed as convenient devices for continuous mea-
surements of flowing H,. In such a geometry, H, provides
the proton path, equivalent to electrolytic fonic conduction.
The electron flux from the ionized protons manifests itself as
a current in the external circuit, due to charge exchanges at
the working electrode. Thus, the measured current is a moni-
tor of the hydrogen/proton concentration in the electro-
chemical cell. One of the major advantages of these kinds of
device is the fact that they follow a well-known mechanism
{Nernst law)'**'*7 and thus, they do not require calibra-
tion. According to Kumar and Fray the hydrogen sensor can
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be described in terms of the following galvanic cell using the
composile electrodes ¥-MnO,/HUP/acetylence black, and
(a and 8) PbO,/HUP/acetylene black; '*® HUP stands for
hydrogen uranyl phosphate clectrolyte:

Metal/Test gas, Pt black/HUP/Reference electrode/Metal

Anode {A) Cathade (C)

Cell: Reference electrode- (a and £) PbO,/HUP.

Cell: Reference electrode-y-MnO,/HUP/Carbon black or graphite.

The potential difference (EMF) established between the
working and the reference electrodes can be analyzed in
terms of the following half-reactions:

Anode
H,(test gas) —»2H " (HUP) + 2e 2. (57)

The above reaction takes place on an electrocatalytic surface
such as Pt black, where the half-cell potential is refated to the
partial hydrogen pressure. The half-cell potentiai can be cal-
culated from the Nerst expression given by the relation'%%!%

AE =2.303(RT /2F,Ylog Py, (58)

where AFis the potential measured across the electrolyte, F,
is the Faraday ( = 10* C/mole), R is the universal gas con-
stant, and T is the absolute temperature. Pure H, at | atm
pressure in equilibrivmn with HUP at a given temperature
defines the standard half-potential, arbitrarily chosen as
Zero:

Cathode

Cell I xPbO, + H* (HUP) + ¢ —-H(PbO,),,  (59.1)

Cell II: xMnO, + H™ (HUP) + ¢~ -H(MnG,),. (59.2)

The potential generated by these cells is due to the gradient
of Py, between anode and cathode, and can also be given
from Nernst’s law:%%1%7

RT P, (test gas)

AE., =2.303 log \
2F Py

a

(60)
where Py; represents the pressure of hydrogen in | atm.

C. Experiment and results

The method of preparation of the electrolyte hydrogen
urany}! phosphate (HUP) has already been described by
Lyon and Fray.'®! Figure 31 shows the setup of the HUP
electrochemical detector.'®® The cell was constructed in the
form of a sandwich where the middle layer of 1 mm thickness
of HUP electrolyte lies between the thin reference electrode
and the detector elecirode, made of Pt black. According to
Kumar and Fray'® the electrical connection to the working
electrode was made with the help of a stainless-steel mesh.
The clectrochemical measurements have been made by using
a digital electrometer.

Figure 32 presents some experimental results obtained
by Kumar and Fray.'® This figure shows the variation of
cell EMF as a function of the logarithm of Py in the range of
pure argonto 1 % hydrogen in Ar. In Fig. 31 one can note the
tlinear variation of EMF vs log( ;. ), with a siope of 28.9
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FIG. 31. Schematic diagram of the electrochemical hydrogen detector
(from Ref. 160).

mV/decade at 17 °C, which is in excellent agreement with
the value given by the Nernst Eq. (60). This result proves
that it is possible to make excellent quantitative measure-
ments down to 1% H, in Ar, using the linearity of the elec-
trochemical sensor. The response times of this ionic sensor
have been found to range from a few seconds (high pres-
sures) to a few minutes (low pressures), a definite disadvan-
tage over other faster solid-state electronic, molecular, and
optical sensors.

According to Lungsgaard ef al.'™® the electrochemical
sensor has shown high durability and reproducibility: ex-
perimental results obtained by the electrochemical detector
were reproduced with high fidelity at two-month intervals.

Before the end of this section we believe that it is impor-
tant to include one more electrochemical device made by
Miura er a/.'*® This four-probe-type hydrogen sensor has
been found to yield signals not only proportfional to hydro-
gen concentration in air (see Fig. 33}, but also independent
of the relative humidity from 79-90%. The response detec-
tion limit was found to be 2000 ppm in air at 25 °C.

1.6-
o 144 e
3 e
z 1 _,,/V
w121 geld b o e
= ///
= o

[
1.0 et B
0.8 : , . : -
2 10 8 6 4 2 0
~log{Py,)

FIG. 32. Potential difference response as a function of the hydrogen partial
pressure (from Ref. 160).
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FIG. 33. Potential difference response as a function of the hydrogen concen-
tration in air of the four-probe type electrochemical detector (T = 25°C)
(from Ref. 168).

Vi. SEMICONDUCTOR HYDROGEN FLOW-THROUGH
SENSORS

A. Introduction and historical perspective

The purpose of this section is to review briefly and in
general terms the progress made in the field of chemical sem-
iconductor hydrogen sensors. The reader is urged to consult
the excellent paper by Lundstrém ef a/.** for detailed critical
reviews of semiconductor hydrogen sensors. In this review
attention is going to be given to semiconductor devices
which have been used under fiow-through conditions (in air
or in inert aimosphere ). Studies made under ultrahigh vacu-
um (UHV) conditions will be omitted. A list of pertinent
devices will be given to point out the different characteristics
and to discuss some features of their operating perfor-
mances.

The development of the semiconductor technology has
led to the emergence of semiconductor chemical sensors.
The semiconductor chemical sensor is based on the metal
oxide semiconductor (MOS) junction principle.' If a sili-
con single crystal is oxidized in oxygen or water vapor at
high temperature, a high-qguality silicon dioxide film is
formed on the surface. MOS sensor devices can be made in
two different ways (see Fig. 34): (a) as MOS capacitors and
(b) as MOS transistors.'™

As of 1966 a number of gas sensors based on hydrogen-
induced changes in the electrical conductivity of MOS struc-
tures have been reported.””"'7* Furthermore, Lundstrém ez
al. developed a Pd-gate MOS transistor, and Pd-gate metal-
insulator-semiconductor (MIS) sensors,'”!'7* while Steele
and Maclver showed that a Pd-CdS Schottky barrier diode
exhibited a response to hydrogen.'’® The double metal-gate
MIS Field Effect Transistor (FET) has also been used as a
hydrogen sensor,'”’” and so have been the insulated-gate
field-effect transistor (IGFET),'”*'® and the hydrogen
sensitive MOSFETs with a catalytic gate metal, such as
Pd."” The first MOSFET device for hydrogen detection was
described by Lundstrom ef ¢l.'”* in 1975. Since then more
than one hundred papers have been published on the subject
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FIG. 34. Cross-sectional view and current-voltage characteristics of Pd-
MOS (a) transistor, and (b} capacitor; D: drain; G: gate; H,, hydrogen
concentration at the Pd-oxide interface (from Refs. 10, 33, 170, and 191).

and many of them are given in Refs. 179-194. A number of
review papers have already appeared.’*!7%195-201 The ay-
thors believe that it is important to indicate that Lund-
strom’s group in Sweden has played a leading role in the
development of semiconductor sensors. According to Lund-
strém,'® when the device is exposed to hydrogen, dissociated
hydrogen atoms absorbed at the Pd-SiQ, interface are polar-
ized and give rise to a dipole layer. This corresponds to a
voltage drop, AV, which is added to the exiernally applied
gate voltage V. The characteristics of the MOS hydrogen
sensor consist of this voltage shift by AY. Typical voltage
shifts from a Pd-MOS transistor and of P&-MOS capacitor
are shown in Figs. 34(a) and 34(b) as I,,(¥;) and C(¥)
curves, respectively.

B. Theoretical background and some experimental
resuits

Several workers hypothesized that hydrogen molecules
and atoms adsorbed on a metal surface act as dipoles and
they give rise to macroscopic measurable voltage drop, or
change in surface potential.'” The dipole layer shifts the en-
ergy levels at the metal-insulator interface. We can distin-
guish four general device groups based on this principle: (i)
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TABLE VI A global comparison of solid-state hydrogen sensors under flow-through conditions. 7:No data available/reported.

Refs. Type Year L(A) T (°C) Carrier gas Sensitivity
24 Pd-LiTaC, 1981 30007 20 N, 1%
26-30 Pd-PPE 1989 130 20 N, 40 ppm
62,63 Fd-PQCMB 1989 800 20 N, 0.5%
76 Bd-PQCMB 1976 ? 8t N, 350 ppm
120 PA-SAW 1982 3000 20 N, 50 ppm
147 Pd-FOS 1984 ? 20 N, 0.2%
148 Pd-FOS 1988 15000 20 N, 20 ppb
160 Pd-HUP 1988 oo 20 ? 100 ppm
168 Four-probes 1987 e 25 air 2000 ppm
180 Pd-MOS 1975 100 150 air 40 ppm
174 Pd-MOS 1975 io 100 air 10 ppm
182 Pd-MQOS 1982 ? 150 air 1 ppm
182 P4-MOS 1982 ? 150 N, 0.03 ppb
179 Pd-MIS 1983 350 22 N, 100 ppm
176 Pd-diode 1976 &00 25 N, 100 ppm
181 Pd-MOS 1981 ? 150 G, 10-100 ppm

MOS-transistor, (ii) MOS8-capacitor, (iii) MIS-capacitor,
and {iv) Schottky barrier. The characteristics of several of
these kinds of devices, among others, are presented in Table
V1. Figure 35 shows a typical experimental setup for measur-
ing the hydrogen sensitivity of the Pd-gate-MOS transis-
tor.'” The voltage is recorded as a function of time for var-
ious hydrogen concenirations. Figure 36 shows
time-dependent responses from this device. The response
time was found to be 10 s. Figures 37(a) and 37(b) show the
variation of the saturated voltage A ¥ as 2 function of hydro-
gen concentration at 210 and 240 [Fig. 37(a)}, and 150°C
[Fig. 37(%)]. The sclid lines in this figure show a fit to the
Langmuirian isotherm,'” similar to the one advanced for the
photopyroelectric sensor:

K(T),/ P
AV; = Asz\x (u) 3
1+ K(D)Py
where AV,

nax 18 the maximum voltage output of the device
[AV =0.5Vin Fig. 37(a)].

(61}

Vil. GENERAL DISCUSSION, COMPARISONS, AND
CONCLUDING REMARKS

Table VI contains a global comparison of characteristic
parameters of several hydrogen detectors, which have been

D Iy

Vg X-t recorder
Gases ——

FIG. 35. Electronic setup of the Pd-gate MOS sensor transistor (from Ref.
1703,
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presented in: this review. In this table information is present-
ed on the year of development of each type of detector, the
thickness of the Pd layer (L) coated on the device, the oper-
ating temperature, the carrier gas under which the experi-
menis were performed, and finally the sensor sensitivity lim-
it. The response time of the detectors has not been reported
on the table because (i) many authors have defined the re-
sponse time in a different way; (ii} this time depends on the
volume of the test cell,*® and (iii) it also depends on the flow
rate. The main points of this Table and of this review can be
summarized as follows:

(1) All H, sensors {presented in this paper) use a Pd
metal trap, except for the four-probe electrochemical device.

{2) The oxidation of the palladium layer introduces sig-
nificant problems for the operation of the hydrogen detec-
tOfS.:m'GZ‘G}

(3) The MOSFET hydrogen sensors have the longest
history of research and development. This is one of the rea-
sons why much more knowledge concerning their operating
mechanism has been accumulated than for other sensors.

T=156°C —-- 4.3 Pa {43 ppm)
1.2+ H, in air —~—21.3 Pa (210 ppm)

5 — Vro
<}
R . .
= ”"\‘ \ AV e
£ \
[=] i \\ _,/
S \ Rt bl
E 0.8- \
&
= f f

~ Hp~in H,p—off

-

i

0 15 30 45 60 7

TIME (s)

FIG. 36. Pd-gate MOS transistor responses as a function cf time, for two
concentrations (43 and 210 ppm) of hydrogen in air { 7= 150 °C) (from
Refs. 10 and 170).
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FIG. 37. Variation of the threshold saturated voltage A ¥, as a function of

the square root of the hydrogen pressure. Solid lines: Langmuirian isotherm
fit to the data, as per Eq. (61). (a) at 210 -O- and 240 °C -@- and (b) at
15 °C (from Refs. 10 and 170).

(4) MOSFET devices usually operate under high tem-
perature; otherwise their sensitivity and response time are
adversely affected.”® On the other hand, the non-FET de-
vices usually operate under room-temperature conditions.

(5) At high temperature the FET devices present sensi-
tivities at least three orders of magnitude greater than the
best non-FET sensor.

(&) At room temperature, the highest sensitivity has
been exhibited by the Pd-FOS device. We note the enormous
progress that has been achieved by the Pd-FOS device. In
four years the ali-optical sensor became more than 8 orders
of magnitude more sensitive than the first generation device.
Thus, the Pd-FOS is actually the most sensitive detector in
the entire group of solid-state H, sensing devices at room
temperature.

(7} We note that the photopyroelectric sensor is the
second best in terms of sensitivity in the group of non-FET
devices even though it has only been developed very recent-
ly. The ac photopyroelectric device has been found to be
almost three orders of magnitude more sensitive than the de-
pyroelectric sensor.

(8) Operation at 80.3 °C of the piezoelectric crystal mi-
crobalance leads to a sensitivity 13 times better than that at
room temperature. Operation at low H, concentrations is
impeded by interference from other ambient gases.

R2s J. Appl. Phys., Vol. 68, No. 6, 15 September 1880

(9) The SAW piezoeleciric device is much more sensi-
tive than the bulk piezoelectric sensor.

(10) The Pd-HUP electrochemical sensors have rela-
tively low sensitivity compared with the other FET and non-
FET devices.

{11) The MOSFET devices have a good sensitivity even
when the carrier gas is not inert. For example, the Pd-MOS
device is able to detect up to 10 ppm, even when the carrier
gas is oxygen.'®!
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Note added in proof. It has come to the attention of the
present authors that a new ac dielectric device has been fabri-
cated as a flow-through hydrogen sensor.”® This new device
utilizes optical excitation and electrical detection techniques
similar to ones presented for the ac photopyroelectric sensor
in this Review.”” It consists of a Pd film-mica-Au capacitor.
Preliminary experimental results are consistent with the
thermal modulation of the contact potential difference be-
tween the Pd and the Au counter-electrode and a reference
structure involving a metal electrode inert to hydrogen as the
proposed operating mechanism for this new sensor.
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