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Hydrogen is a promising alternative energy source for next generation automobile engines
that meet the concern of energy shortage and global environmental pollution. Hydrogen
detection is an important associated technology to be developed. The recently developed
amorphous ferroelectric thin film capacitive gas sensors with a largely improved sensitivity
to hydrogen show a great potential for this associated technology. This review presents an
overall picture of amorphous ferroelectric thin film hydrogen gas sensors. It focuses on the
correlation among processing, microstructural evolution and electrical properties of
amorphous ferroelectric thin films. An attempt is made to detail the hydrogen sensitivity
and transient response of various prototype capacitive devices with respect to the quality
of the films and the hydrogen kinetic processes in the Pd/ferroelectric heterostructure.
Recent advances on the hydrogen interface-blocking model for amorphous ferroelectric
gas sensors are also described. © 2003 Kluwer Academic Publishers

1. Introduction

With the steady increase in gasoline consumption and
awareness of global environmental pollution, there have
been substantial research and development activities in
seeking substitutional energy sources for existing auto-
mobile engines using fossil fuel. Among them, hydro-
gen is a promising candidate owing to its high combus-
tion efficiency. Hydrogen has the highest energy content
per unit mass of 41.9 MJ/kg, almost three times higher
than gasoline, and a wide flammability range of 5 to
75 vol% in air as well. It is also a clean fuel, emitting
no greenhouse gases, ozone layer depleting chemicals,
and acid rain ingredients and associated pollution. Al-
though hydrogen is potentially less hazardous, some
of its characteristics could theoretically make it more
dangerous in certain applications. The technological
development for the safety and economical transporta-
tion and storage is desired before it is realized as a major
alternative energy source.

Nowadays, hydrogen leakage detection is being de-
veloped generally based on the state-of-the-art solid-
state and photonics technologies [1, 2], and sev-
eral devices have been commercialized. The ini-
tial solid-state gas sensor, having simple, small size
and low-cost structure, could be backdated to the
hydrogen-sensitive metal-oxide-semiconductor field
effect transistor (MOSFET) proposed by Lundstrom
and Svensson in 1975 [3, 4]. The general physical
description of such semiconductor devices with cat-
alytic metal gates based on the metal-insulator in-
terface has been well established [2, 5-8]. Seeking
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novel dielectric layer for further improvement is still
in progress, for example, Si3Ny [9], Ta;O5 [9], Al,O3-
Si0O; [5], Al,O3 [10, 11], SiO,-SiC [12, 13], SiC [14],
ZnO [15], TiO; [16], GaAs [17], and diamond thin film
[18, 19].

In 1998, a considerably improved sensitivity for hy-
drogen gas detection was achieved by Zhu et al. [20, 21]
using a sol-gel ferroelectric Bag 67Sr( 33Ti; 0203 (BST)
thin film in amorphous state. In their studies, a proto-
type Pd/BST/Pt capacitive device was fabricated, and
the voltage shift due to the presence of hydrogen at
1000 ppm as high as 4.5 V was measured, which is
about 7 times larger than the best value reported in
literature [9—19]. Such voltage shift is believed to orig-
inate from the high dielectric constant of amorphous
BST thin films, which would enhance the dipolar po-
larization potential at the Pd/BST interface in presence
of hydrogen ions. A similar hydrogen-sensitive con-
duction behavior was reported in a Pd/amorphous PZT
film/Pt capacitive device by Deng et al. [22]. These suc-
cesses in metal-ferroelectric-metal (MFM) capacitive
devices show great promise in fabricating monolithic
Si-based ferroelectric thin film gas sensors and open
a new area of application for ferroelectrics. To distin-
guish from other dielectric thin films, they are called
amorphous ferroelectric thin film since they are com-
monly referred to ferroelectric materials in crystal state.
This review focuses on recent advances in hydrogen-
sensitive behaviors of ferroelectric thin film capacitors,
related mechanism, and feasibility for hydrogen gas
sensor application.
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2. Fabrication of amorphous ferroelectric
films for hydrogen detection

To date, two conventional thin film techniques, sol-gel
and RF sputtering, have been used to fabricate amor-
phous ferroelectric thin films for hydrogen detection.
To meet the requirement of gas sensing devices, much
attention has been paid to the microstructural optimiza-
tion to achieve lower leakage current and higher dielec-
tric breakdown field.

A comprehensive study on the sol-gel process and
microstructural evolution of amorphous BST thin film
hydrogen gas sensors with low leakage current has been
summarized by Zhu et al. [23-25]. The amorphous
structure is essential to effectively stop the diffusion of
hydrogen into the films, whereas polycrystalline per-
ovskite shows an open structure for hydrogen diffusion
[26-28]. To achieve the amorphous structure, anneal-
ing temperature is crucial in thin film fabrication. Fig. 1
illustrates a typical thermal decomposition process of
the barium strontium titanate (Bag ¢7Sr¢ 33)Ti; 02O3 xe-
rogel. The endothermic peak at 77°C is due to the evap-
oration of ethanol in the sol-gel solution. The exother-
mic peaks at 340 and 361°C are accordingly correlated
to the decomposition of BaCO3 and SrCO3, which may
easily form at relatively low temperatures in the heat-
ing process, and those at 444 and 586°C are attributed
to be the glass transition and crystallization tempera-
ture, respectively. Thus, the pyrolyzed (Ba,Sr)TiOj3 thin
film should be subjected to a post heat-treatment in a
narrow temperature range just above the glass transi-
tion point at 444°C. Fig. 2 presents the phase evolu-
tion in (Bag ¢7S10.33)Ti1 0203 thin film by varying post-
annealing temperatures. It is clear that for the film an-
nealed at 475°C, which is just a little bit above the glass
transition temperature of 444°C, the curve (c) is virtu-
ally the same as that of curve (a) for the Pt coated Si sub-
strate, indicating that the film has the amorphous nature.
On further increasing the annealing temperatures, the
(Ba,Sr)TiO3 perovskite phase is developed, as shown
in curve (d) for annealing temperature of 575°C and (e)
of 675°C, respectively. A further microstructural study
was carried out using high-resolution transmission elec-
tron microscopy (TEM) shown in Fig. 3 [25]. From the
lattice images and electron diffraction patterns, it is ev-
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Figure 1 Thermal analysis results of the (Bag ¢7S10.33)Ti1.02003 gel at a
heating rate of 2°C/min in air: (a) DTA and (b) TGA [20].
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Figure 2 XRD patterns of the Pt-coated Si substrate (a) and of
(Bag ¢7Sr0.33)Tij. 0203 films annealed for 1 h in air at (b) 375°C (as-
pyrolyzed), (c) 475°C, (d) 575°C and (e) 675°C [20].

ident that the film annealed at 475°C has an amorphous
structure, while the film annealed at 600°C has its poly-
crystalline phase and relatively open grain boundaries.
In fact, structural evolution might affect their electrical
properties accordingly. Room temperature /-V charac-
terization [29] suggests that an excellent /-V character
is achieved for the amorphous BST thin film annealed
at475°C, giving a typical electrical insulating behavior
of amorphous ferroelectric materials. At an annealing
temperature of 400°C, organic residues in the films re-
sult in an unstable leaky /-V behavior. Further increase
in the annealing temperature to 600 and 650°C causes
the films to form polycrystalline growth of the grains,
and exhibit higher leakage currents.

In comparison, Tan et al. [30] and Chen et al. [31,
32] also prepared amorphous (Ba,Sr)TiOj3 thin film gas
sensors using magnetron co-sputtering process and in-
vestigated their microstructural evolution by changing
deposition temperature. It is identified that the films
are amorphous when deposited at a temperature be-
low 300°C. The polycrystalline perovskite grains in the
films start to grow at 350°C, and the grains grow grad-
ually with increasing deposition temperature. TEM ob-
servation indicates that the BST film deposited at 300°C
is composed of a crak-free amorphous phase. While in-
creasing the deposition temperature up to 500°C, the
BST film mainly exhibits a columnar structure, which
is composed of fine polycrystal grains. Similar to that
of sol-gel films, a minimum leakage current is achieved
at 300°C just below the crystallization temperature be-
cause of the great reduction of growth defects.

An extended study on the sol-gel amorphous
Pb(Zr,Ti)O3 ferroelectric thin film was carried out by
Deng et al. [22]. The thermal analysis results of PZT
gel suggest a lower process temperature compared to
that of the BST film. In general, the notable weight loss
at a temperature below 300°C is attributed to the sol-
vent evaporation and organic combustion. The exother-
mic peak around 350°C is attributed to decomposition
and glass transition of the PZT gel, and the peak be-
yond 440°C is due to the crystallization of PZT grains.
Similarly, pyrolyzed PZT thin films were annealed in
a narrow temperature range just below the crystalliza-
tion temperature at 410°C. The microstructural evo-
Iution in the films with the annealing temperature is
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(a)
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Figure 3 High-resolution TEM images of BST thin films annealed in air for 1 h at (a) 475°C and (b) 600°C [25].

(a)

Figure 4 The cross-section view (a) and lattice image (b) of a PZT thin film annealed at 410°C [33].

clearly shown in their XRD [22] and TEM [33] stud-
ies. The film is amorphous in nature while annealed
at 410°C. It exhibits a broad hump between 25° and
34°. Moreover, the metastable pyrochlore structure is
developed at 490°C. However, the cross-section im-
ages shown in Fig. 4 [33] indicate that 410°C-annealed
film is not completely in amorphous, but composed of
a non-uniform amorphous matrix with embedded fine
grains instead. Meanwhile, although the PZT gel was
prepared with excess Pb, it has been identified that its
surface layer is lead and oxygen deficient. Such mi-
crostructural feature is believed to significantly impact
on the electric properties and gas sensitivity of the films.
Deng [33] also depicted a consistent depth-profile using
Raman spectroscopy, as shown in Fig. 5. He adopted
a Raman spectra of 600°C-annealed PZT film as a ref-
erence curve, in which peaks at 204, 278, 331, 510,
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Figure 5 Raman spectra of amorphous BST thin film (a) and PZT thin
films in different states. Curve (b) to (d) correspond to a PZT thin
film annealed at 410°C, after 20 nm etching and after 40 nm etch-
ing, respectively. Curve (e) is for PZT thin film annealed at 600°C
[33].
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603, and 760 cm™! correspond to E(2TO), By + E,
A1(2TO), E(3TO), A1(3TO), and E(3LO), respectively
[34, 35]. After etching the Pb deficient surface layer, the
410°C-annealed PZT film displays a different spectrum
from that of the as-deposited one, indicating different
microstructural features between the surface layer and
the interior region. The broadened peaks at 288 and
760 cm ™! are attributed to nano-sized grains in the films
[36-39]. Also, similar impact of structural evolution on
their leakage currents is observed in the sol-gel PZT thin
films.

Moreover, the non-stoichiometric composition of
amorphous ferroelectric films is another concern in fab-
rication, which might affect their electrical properties
significantly. Zhu et al. [29] reported the influence of
non-stoichiometric defects on the sol-gel amorphous
BST films by varying the Ti concentration. The stoi-
chiometric film with Ti (=1.00) has the lowest leak-
age current and the leakage current for the Ti (=1.02)
film does not increase significantly. However, an obvi-
ous increase in leakage current is observed in the film
with Ti (=1.04 and 0.98). Chen et al. [31, 32] detailed
the influence of oxygen non-stoichiometric composi-
tion on /-V characteristics of sputtered BST thin films
by varying the oxygen content in the sputtering atmo-
sphere. Oxygen vacancies in these films are believed
to be largely reduced with an increase of oxygen con-
tent. They conclude that the non-stoichiometric defect
control in amorphous BST thin films is essential both in
the bulk and at the interface for the practical application
of the amorphous ferroelectric thin film hydrogen gas
sensors. In sol-gel PZT films, it is revealed [22] that the
leakage current is influenced by the Zr-to-Ti ratio, and
the amorphous PZT 30/70 thin film with 2 mol% ex-
cess lead shows the lowest leakage current and highest
dielectric breakdown field.

3. Gas sensing phenomenon of amorphous
ferroelectric thin film capacitors
3.1. Temperature influence on the hydrogen
sensing behaviors of amorphous
ferroelectric thin film capacitors
The prototype amorphous ferroelectric hydrogen gas
sensor is constructed in a capacitive configuration of
Pd/ferroelectric thin film/Pt. In such a simple capaci-
tive device, an amorphous ferroelectric thin film is fab-
ricated on a Pt-coated silicon wafer as an insulating
layer, and then a 50-nm catalytic layer Pd is deposited
as a top electrode. The Pd metal layer dissociates the in-
coming hydrogen gas, transports hydrogen atoms to the
metal-ferroelectric thin film interface, and adsorbs the
hydrogen at this interface as detectable dipoles. Such
hydrogen catalytic reaction is generally dominated
by thermal equilibrium, suggesting that the operat-
ing temperature may affect their gas sensing behaviors
significantly.

Tan et al. [40] described the influence of operat-
ing temperature on the gas sensing properties of the
devices using a temperature sweeping technique. The
gas sensitivity is defined by a difference between the
leakage current in diluted hydrogen gas and in air,
Ioas — Lyir. Since Iy, is subtracted as the background
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Figure 6 Hydrogen gas sensivity Igas — Iy versus operating tempera-
ture for an 125 nm thin film annealed at 475° in air for 1 h, biased at
—0.25 V [40].

current, a clear picture of the effect of hydrogen gas on
the change of current versus temperature is shown in
Fig. 6. It is noted that this current change increases
steadily up to around 250°C, then falls, and finally
reaches a stable value at above 300°C. High sensi-
tivity was observed in a temperature range of about
230-270°C. Tan et al. [40] explained this phenomenon
in terms of the kinetic dissolution process of hydro-
gen in the Pd layer and thermally activated conduction
at the Pd/BST interface. Under these assumptions, the
kinetics for hydrogen dissolution at the interface be-
tween Pd and ferroelectric thin film can be described
by

ki k3
Hy, 2H,
ko ky

2H T + 2e” (1

where ky, k», k3 and k4, are the rate constants of the
reactions, g, a and i stand for the gaseous, adsorbed
and interface species, respectively. By increasing the
temperature, there is an increase in the dissociation of
the H, molecules into H ions and hence the increase
of the accumulation of H" ions at the interface between
the palladium layer and the amorphous BST film. On
further increasing the temperature, more electrons in
the film are thermally activated, neutralizing part of
ionized H*, and the hydrogen ions at the interface are
also dislodged with increasing H* ion mobility. As an
overall result, the change of dc current decreases above
270°C, and a stable state is reached at about 300°C as
the final balance of these factors.

Similar results were reported by Chen et al. [32]
and Deng et al. [22] in their studies of co-sputtered
amorphous BST thin films and sol-gel amorphous
PZT thin films, respectively. Comparatively, the co-
sputtered amorphous BST thin film sensor exhibits a
lower operating temperature. The highest gas sensitiv-
ity to hydrogen gas was obtained in the temperature
range around 170-190°C. The sol-gel amorphous PZT
thin film sensor also shows a lower operating temper-
ature around 175°C. The lowering of operating tem-
perature is believed to originate from the nature of fer-
roelectric thin films. For sputtered BST thin film, it
might be attributed to the difficulty in control of the
non-stoichiometric composition. For sol-gel PZT films,



some process-related issues should be considered, in
particular, the off-stoichiometric interface and the for-
mation of nano-sized grains.

3.2. Hydrogen sensitive /-V characteristics
of amorphous ferroelectric thin film
capacitors

It is found that amorphous ferroelectric thin film ca-

pacitors exhibit hydrogen-sensitive /-V characteristics,

and the proton accumulation at the Pd/ferroelectric in-
terface is believed to be the origin of this phenomenon

[40]. Fig. 7 presents the I-V characteristics of a 125-nm-

thick BST thin film annealed at 475°C, for both in air

and in diluted hydrogen environment. Both of them ex-
hibit a Schottky barrier emission conduction behavior
owing to the Pd/BST contact. A striking feature is noted
that the turn on applied voltage for the Schottky diode
is tremendously shifted from about 5 V in air to about

0.5 V in 1000 ppm diluted hydrogen. However, the co-

sputtered amorphous BST thin film capacitor shows a

lower voltage shift of 0.6 V in the presence of same

hydrogen gas [30]. Such a small voltage shift is related
to the reduction of dissociated hydrogen atoms at the
lower operating temperature, and in turn the weakening
of the built-up space charge layer across the Pd/BST in-
terface. Similarly, the voltage shift of PZT film is about

2.3 V at the same testing condition [22].

Fig. 8 demonstrates the influence of hydrogen con-
centration on the voltage shift of the BST devices [20,
40]. It clearly shows that under the negative bias all
curves converge, manifesting no hydrogen gas effect
under the negative bias. On the contrary, under the pos-
itive bias, all curves exhibit a Schottky barrier emission
behavior, and the turn-on voltage consistently shifts to
the left with the increase of hydrogen concentration.
The plot of voltage shift versus hydrogen concentra-
tion in Fig. 8b indicates that there is a sharp slope in the
low gas concentration range, and then a nearly linear
region follows. Similarly, the PZT device also exhibits
very high sensitivity to highly diluted hydrogen gas
[22].

Such hydrogen-induced voltage shift is also depen-
dent on their microstructural feature and stoichiomet-
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Figure 7 I-V characteristics of a sol-gel amorphous BST thin film ca-
pacitive device in air and in 1042 ppm diluted hydrogen gas, measured
at 250°C [40].
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Figure 8 I-V characteristic of a sol-gel amorphous BST thin film gas
sensor as a function of hydrogen concentration (a) and corresponding
voltage shift value of the device (b) [20].

ric composition. The microstructural influence on the
gas sensitivity of BST thin film sensors has been ad-
dressed by Zhu et al. [25], and a blocking behavior
of amorphous BST thin films for hydrogen diffusion
was suggested. They compared the /I-V characteristics
of amorphous and crystalline BST thin film sensors
in air and in 1000 ppm diluted hydrogen gas (Fig. 9).
The amorphous film exhibits higher voltage shift value
than that of the crystalline one annealed at 525°C. It
is interesting that the hydrogen effect is observed both
in the positive and negative bias regions for the crys-
talline film, whereas it just appears in the positive region
for the amorphous one. It is hypothesized that amor-
phous BST films can effectively stop the protons at the
Pd/BST interface, and thus enhance the interface dipole
polarization potential. Such blocking behavior was also
observed by Chen et al. [32] in their sputtered BST de-
vices. In polycrystalline films, owing to introduction
of protons in the film, the accumulation of protons at
the interface is progressively decreased, and the hydro-
gen effects on /I-V curves can be observed both in the
positive and negative bias regions. Liedtke er al. [41],
Ahn et al. [27], lizuka et al. [26] and Baniecki et al.
[28] have independently presented their experimental
observations using SIMS, suggesting the presence of
hydrogen atoms in crystalline BST thin films while an-
nealing in hydrogen-containing atmosphere.

The influence of non-stoichiometric composition
was reported by Zhu et al. [29] by varying Ti concen-
tration in amorphous BST films. Fig. 10 illustrates the
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Figure 9 Microstructural influence on the hydrogen sensitive I-V characteristics of sol-gel BST thin films annealed at 475°C and 525°C [25].
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Figure 10 Turn-on voltage shift of sol-gel amorphous BST gas sensors
in 1000 ppm diluted hydrogen gas versus Ti concentration [29].

turn-on voltage shift of sol-gel amorphous BST films
with different Ti concentrations, measured in 1000-ppm
hydrogen gas. It evidently indicates the correlation be-
tween the gas sensitivity of the devices and their con-
duction behaviors. The stoichiometric BST thin films,
which has the lowest leakage current, yields a turn-
on voltage value of 4.5 V. In those non-stoichiometric
films showing high electric conduction, the probability
of recombination of protons with electrons increases
and the built-up potential at the interface becomes
lower. In amorphous PZT films, it is revealed [22]
that the voltage shift is also dependent on the Zr/Ti
ratio.

4. Hydrogen gas sensing mechanism of
amorphous ferroelectric thin film sensors
Exploring the amorphous ferroelectric thin films for
hydrogen detection, the physical nature of hydrogen
sensing phenomenon is of interest for the fundamen-
tal understanding of ferroelectric thin films. Several
papers focusing on this aspect have been published
recently, starting from the conduction mechanisms
of amorphous ferroelectric thin films and impedance

measurements.
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4.1. Conduction mechanism in amorphous
ferroelectric thin films

Similar to that of polycrystalline ferroelectric thin film
capacitors discussed in literature [42], the conduction
mechanism of sol-gel amorphous BST and PZT thin
films has been systematically studied by Zhu et al. [29]
and Deng et al. [33] recently. The favored mechanisms
with the noble metal Pd electrode are Schottky-barrier
emission for BST films and space charge limited current
(SCLC) for PZT films, respectively.

In the Schottky emission theory, the leakage current
density Isk can be expressed as

PE
Isg(V - —4¢B
In sk(V) —InA* + Armeos; G
T2 kgT

where A* is the effective Richardson constant, ¢g the
potential height at the surface, ¢; the dynamic dielectric
constant, g unit charge, kg Boltzmann constant, 7 tem-
perature, and E the applied electric field. The sol-gel
amorphous BST thin films exhibit linear / ~ \/E and
ln(%) versus % characteristics, confirming that their
leakage current is dominated by the Schottky emission
mechanism [29, 43]. The Schottky barrier height is de-
rived to be about 0.98 eV, and the dynamic dielectric
constant is around 1.6, corresponding to an optical re-
fractive index of about 1.3. It is consistent with that
of 1.74 in the infrared region for the sol-gel amor-
phous Lag g9p3Bag 7S1p.3TiO3 thin film by Suzuki and co-
workers [44]. The corresponding value in ellipsometric
analysis is estimated to be 1.77 at a wavelength of 900
nm. In contrary, the value derived from Poole-Frenkel
emission is about 5, indicating that Poole-Frenkel emis-
sion is ruled out in principle.

In SCLC dominated conduction, the space-charge-
limited current could be written as [45, 46]

Vm+l

1 3)

& d2m+1 ’

where d is the film thickness, V applied voltage, and m
the index indicating the trap distribution (rm = 1 for trap



with single discrete energy level and m > 1 for non-
discrete traps). For amorphous PZT films, the m value
derivedis 3.1, 2.8, and 2.6 at 155°C, 175°C and 190°C,
respectively [33]. The values exceeding 1 indicate the
energy levels of the traps in an amorphous PZT are
non-discrete owing to its microstructural feature with
nano-sized grains embedded in the amorphous matrix
and the lead-deficient surface layer.

4.2. Impedance analysis

An important experimental approach to clarify the hy-
drogen gas sensing mechanism of amorphous ferroelec-
tric thin film capacitors was performed by Zhu et al.
[24] and Deng et al. [33] using the impedance analysis
technique. The experimental results evidently suggest
a proton-blocking model at the interface between the
Pd layer and the amorphous ferroelectric thin film in
the presence of hydrogen.

The initial investigation on frequency spectra of sol-
gel amorphous BST thin films [20] suggests a Debye
dielectric behavior. Recently Deng et al. [33] found that
the impedance spectra of amorphous BST thin films
show a deviated behavior from the ideal Debye response
at a higher temperature range, as shown in Fig. 11.
The depressed semicircles indicate a deviation from
the ideal Debye relaxation, and it is usually modeled
by a so-called constant phase element (CPE) or non-
Debye capacitor instead [47, 48]. The CPE impedance
is presented as

Zepp(w) = C ' (jo) ™, 4)

and n is usually less than 1 depending on the depression
of the arc. The circuit simulation shows that the depres-
sion parameter n is about 0.98 for the bulk film in the
entire testing temperature range, suggesting a quasi-
Debye relaxation behavior. For the interface between
Pd layer and amorphous BST film, a depression pa-
rameter n of 0.9 is estimated, attributed to a distributed
space-charge region at the interface.

It is interesting that the hydrogen concentration has
a significant impact on the impedance spectra of the
Pd/amorphous BST/Pt capacitive gas sensor at 190°C,
shown in Fig. 12 [24]. The equivalent circuit simulation
indicates that the ng value of the amorphous BST thin
film bulk is approximated to be 1 independent of the hy-
drogen concentration, indicating a quasi-Debye relax-
ation behavior. Meanwhile, the interface capacitance Cy
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Figure 11 Impedance spectra of an amorphous BST thin film at different
temperatures in air: 155°C (M), 175°C (A), 190°C (@), 208°C (V), and
225°C (). The inset plot is the experimental data at 155 and 175°C [33].
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Figure 12 (a) Influence of hydrogen concentration on the impedance
spectra of a sol-gel amorphous BST thin film gas sensor operated at
190°C and the equivalent circuit, (b) and (c) are the estimated circuit
element parameters by simulation [33].

increases significantly with increasing hydrogen con-
centration, interpreted by the proton accumulation at
the Pd/BST interface. The accumulated protons can
lower the contact potential of the interface, and in turn
affect the resistance of Rg and R;. The n; value de-
creases with the increase of hydrogen concentration,
indicating a deviation from the Debye-like relaxation
behavior at the Pd/BST interface in the presence of hy-
drogen. The semicircle at the low frequencies indicates
that no infinite length Warburg element occurs even
at the frequency as low as 1 mHz. In particular, the
Warburg element with an n value of 0.5 usually stands
for a diffusion process, appearing as a linear curve in a
Cole-Cole plot. It suggests that the penetration of pro-
tons into the BST film in the presence of hydrogen can
be clearly ruled out, and instead, the protons are blocked
at the Pd/BST interface.

A similar impedance spectrum was also observed
in a Pd/amorphous PZT/Pt capacitor by Deng [33], as
shown in Fig. 13. Circuit simulation suggests that with
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Figure 13 Impedance spectra of a sol-gel amorphous PZT thin film gas
sensor in different hydrogen concentrations at 175°C [33].

an increase of hydrogen concentration, the increased
interface capacitance C1 may originate from the addi-
tional polarization potential at the interface, then Ry
and R; are affected, and their I-V characteristics are
altered. However, the increase of Cy for PZT films in
hydrogen is much smaller than that for BST. It indicates
a weakened accumulation of protons at the Pd/PZT in-
terface, which results in smaller dipole polarization po-
tential and lower hydrogen sensitivity.

4.3. Model of hydrogen gas sensing

The hydrogen-sensing model, schematically shown in
Fig. 14, was initially proposed by Zhu, Tan and Yao
[20] in 1998, to explain the effect of hydrogen gas on
the enhanced interfacial polarization potential. In this
model, when hydrogen molecules reach the Pd surface,
they become hydrogen atoms due to the catalytic effect
of palladium metal to hydrogen. The hydrogen atoms
are then ionized under a positive bias, migrate to the
interface between the Pd metal layer and the amorphous
ferroelectric BST film. It is assumed that protons are
blocked at this interface. This accumulation of positive
protons at the interface results in the build-up of charges
that in turn causes a dipole polarization potential at the
interface. While reversing the bias voltage, protons are

Hg H2
HQ +
H, H H,
Pd layer

Ferroelectric amorphous film

+ + + + + + + + + + +

Bottom electrode

Figure 14 Schematic model to explain the enhanced hydrogen induced
interfacial polarization potential between the Pd layer and the amorphous
ferroelectric BST thin film [20].
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driven out from the Pd layer, and consequently no dipole
polarization potential can be built up at the Pd/BST
interface. In this model, the proton-blocking hypothesis
of amorphous BST thin films has been confirmed in
their experimental studies both by -V characteristics
[20, 40] and by impedance analysis [24].

A mathematical description of this proton-induced
space-charge polarization potential was demonstrated
by Tan et al. [40]. It is assumed that the current flowing
through the device is a dominant process of electron
transport over the potential barrier between the BST
film and the Pd metal. Then the I-V characteristic is
expressed in terms of the thermionic emission diffusion
theory by Crowell and Sze [48]

(V) = A*Tzexp<—qz)—;o>

y [exp(—in;"V> - 1} 5)

where ¢po is the zero-field asymptotic barrier height,
A¢ the Schottky barrier lowering, V the applied for-
ward voltage and A* the effective Richardson constant.
In their consideration of hydrogen gas sensing, they
inferred that the term A¢ is dominant due to the ac-
cumulation of protons at the interface that resulted in
an electric potential build-up, induced a very large po-
larization across the BST film and caused the barrier
height lowering. This effect is analogous to the image
force-induced lowering of the potential barrier because
of the interface states. Equation 5 can be rewritten as

_ * 2 _q()bBO
I(V)=A"T exp( T )
X [exp (—qAVHk;qVFH> - 1} (6)

where A Vy is the lowering of the barrier height in the
presence of hydrogen gas and Vgy the applied forward
voltage in the hydrogen environment.

Based on the interface-blocking model, a hydro-
gen potential energy diagram of the Pd/BST interface
was described schematically by Chen et al. [32] and
Zhu et al. [24], analogous to the Pd/SiO; interface in
Pd/MOS devices, shown in Fig. 15. In the presence of
hydrogen, the hydrogen coverage equilibrium between
the surface and the interface is achieved and described
by

(N

where 6; is the hydrogen coverage at the Pd/BST in-
terface, AH; and A H, the heat of adsorption at the
Pd/BST interface and at the Pd surface, respectively.
When a new dipole forms at the interface, its charges
feel the repulsive electrostatic field from the already ex-
isting charge sheets. With the two-dimensional dipole
assumption, the potential energy change, AV, caused
by the hydrogen induced build-up space charge is
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Figure 15 Schematic hydrogen potential energy diagram of the Pd/BST
interface [24].

determined by the hydrogen coverage at the interface,

Ay = 1B (8)
&

where n; is the hydrogen concentration at the interface,
u the effective dipole moment, and ¢ the permittivity.
An effective reduction of the adsorption heat is pre-
sented by

AHi = AHio—qAV = AHio — ")
B

where A H; g is the initial adsorption energy. When the
interface adsorbate coverage becomes high enough so
that the adsorption energy is reduced to that of the Pd
bulk, A Hy, a significant amount of hydrogen will also
start to accumulate in the bulk. Therefore, a practical
upper limit exists for the sensor response. This limit is
reached at a so-called maximum hydrogen concentra-
tion n; ;, at the interface

P
nip ~ (AH; o — AH,)—. (10)
qu

This equation indicates that the high permittivity of
the amorphous ferroelectric thin film, 14 for BST and
22 for PZT, will increase the concentration of the ac-
cumulated protons at the Pd/amorphous ferroelectric
interface compared to 3.9 of silicon dioxide, and as a
direct result, the built-up space charge is largely im-
proved. It also explains why the hydrogen gas induced
interface polarization potential is greatly enhanced in a
Pd/amorphous ferroelectric film/Pt hydrogen gas sens-
ing capacitive device.

5. Gas sensing response of amorphous
ferroelectric thin film sensors

At present, the prototype gas sensor based on amor-
phous ferroelectric thin films is fabricated in a capaci-
tive device with a hot stage. The practical performance
of these ferroelectric thin film capacitive sensors is in-
vestigated in terms of selectivity, transient response and
sensitivity.
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Figure 16 Gas-selective I-V characteristics of an amorphous BST thin
film gas sensor, measured in 1000-ppm hydrogen and 1000-ppm methane
diluted in air at 190°C [33].

The amorphous ferroelectric thin film gas sensor is
found to have good selectivity to hydrogen. Zhu et al.
[21] tested the sensitivity of an amorphous BST thin
film capacitor in 1000-ppm hydrogen, ethanol and car-
bon monoxide gases. The BST capacitor shows the dis-
tinct selectivity toward hydrogen gas over ethanol and
carbon monoxide gases. Deng [33] also compared the
I-V curves of an amorphous BST gas sensor in air-
diluted 1000-ppm hydrogen and methane at 190°C,
shown in Fig. 16. A negligible shift of I-V curve is ob-
served in methane, indicating an excellent selectivity to
hydrogen gas.

Their transient response is mainly dependent on the
operating conditions and the chemical reaction in Pd
metal. Tan et al. [40] studied the transient response of
an amorphous BST thin film capacitor using a current-
time response measurement. The current rose from near
zero to around 27 nA at 250°C while introducing the
hydrogen gas, and fell back after turning off. The dc bias
voltage significantly influences the transient response
both in response phase and in recovery phase, and the
best transient response of several minutes was found
to occur at around —0.2 V. The operating temperature
also affects the transient response of BST gas sensors
considerably due to the involved kinetic processes for
the Pd/BST hetero-structure. An improved transient re-
sponse of 19 s to 100-ppm hydrogen gas at 190°C was
reported by Deng et al. [49], applying a dc bias voltage
of +0.2 V.

Meanwhile, the diluted gas also exhibits a notable
influence on the transient response of the amorphous
ferroelectric gas sensors. Deng et al. [49] compared the
transient responses of an amorphous BST gas sensor in
100-ppm hydrogen diluted in air and in nitrogen, shown
in Fig. 17. In response phase, a rising time of 9 s for the
nitrogen diluted gas and that of 19 s for the air-diluted
gas are measured. In recovery phase, the corresponding
time is 270 s and 130 s, respectively. He correlated this
phenomenon with the chemical reactions in the Pd/BST
hetero-structure. The presence of oxygen impacts sig-
nificantly on the chemical reactions described in Equa-
tion 1, and leads to the formation of water layer on the
Pd surface. In the response phase, hydrogen penetrat-
ing into the catalytic Pd metal is impeded owing to the
adsorption of oxygen and its reaction with hydrogen,
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Figure 17 Transient response and recovery of an amorphous ferroelec-
tric BST gas sensor in 100 ppm hydrogen gases diluted in air (a) and in
nitrogen (b) [49].

and consequently the transient response is slower. On
the other hand, the formation of the water layer accel-
erates the recovery process in the presence of oxygen
after turning off the hydrogen. Similar transient behav-
ior of an amorphous PZT thin film gas sensor was also
observed by Deng et al. [33]. The rising time and re-
covery time to 100-ppm air-diluted hydrogen gas are
120 and 145 s, respectively. Its transient time is slower
than that of the BST gas sensor.

6. Summary
In this review, we summarize recent research progresses
on the hydrogen-sensitive amorphous ferroelectric thin
film capacitors, and in particular stress on the feasibil-
ity to fabricate high-sensitivity hydrogen gas detectors
using ferroelectric thin films in the amorphous state. An
important breakthrough in solid state hydrogen sensors
was achieved by Zhu et al. [20, 21] in 1998 using a sol-
gel amorphous BST thin film, which displays a large
voltage shift of 4.5 V in 1000 ppm diluted hydrogen
gas. Such promising progress was extended to other fer-
roelectric thin films successively, employing an amor-
phous PZT thin film. However, since it is still under
development stage, the prototype devices are mainly
fabricated based on a simple capacitive configuration.
The research activities in the past five years cover the
fabrication and fundamental properties of amorphous
ferroelectric thin films, transient response of the de-
vices and their gas sensing mechanisms.

Several process parameters are correlated with their
microstructural features and electrical measurements.
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The elimination of non-stoichiometric defects is essen-
tial to achieve low leakage current and high breakdown
field both in sputtering and in sol-gel processes. The
appearance of nano-grains and incompletely developed
grain-boundaries usually lead to associated electronic
trapped charges, and in turn deteriorate their electrical
properties. The merit using amorphous BST thin films
is that the amorphous structure can block protons ef-
fectively at the Pd/BST interface based on the electric
measurements, whereas the protons have been proved
to penetrate into polycrystalline BST thin films.

The sensitivity of amorphous ferroelectric thin film
hydrogen detectors is dominated by their electrical
properties and the catalytic effect of the Pd layer. The
associated electronic defects in amorphous ferroelec-
tric thin films generally lower the gas sensitivity due to
the thermal-activation process. The transient response
principally depends on the kinetic process of hydrogen
dissolved into the Pd layer and associated chemical re-
actions.

The hydrogen sensing mechanism is attributed to the
build-up of a hydrogen induced polarization potential
at the interface between Pd layer and amorphous fer-
roelectric thin film. The proton accumulation at the
interface is greatly enhanced owing to the high di-
electric constant of amorphous ferroelectric thin films,
and in turn excellent hydrogen sensitivity is observed.
Compared to the existing technologies, the ferroelec-
tric thin film in amorphous state is regarded as the most
promising candidate for the prospective hydrogen de-
tecting application with high sensitivity, and in turn the
monolithic silicon-based ferroelectric hydrogen detec-
tors will be developed in the near future.
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