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Improved performance of Pd/WO3/SiC Schottky-diode hydrogen gas sensor

by using fluorine plasma treatment
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A high-performance Pd/WO;/SiC Schottky-diode hydrogen gas sensor was fabricated by using
fluorine plasma treatment on the WO; film. From the electrical measurements under various hydro-
gen concentrations and temperatures, the plasma-treated sensor exhibited a maximum barrier-
height change of 279 meV and a static gas sensitivity of more than 30 000, which is 30 times higher
than that of the untreated sensor. This significant improvement is attributed to the larger adsorption
area caused by the plasma-roughened WOj; film and the lower baseline leakage current induced by
fluorine passivation of oxide traps. Additionally, the kinetics analysis and hydrogen coverage of the
devices were studied to demonstrate the temperature dependence of the gas sensing behaviors. The
hydrogen adsorption enthalpy at the Pd-WO3 interface significantly decreased from —31.2 kJ/mol
to —57.6kJ/mol after the plasma treatment. Therefore, the adsorption process on the plasma-
treated sample is much easier and the suppression of sensing properties is more obvious at elevated

temperatures above 423 K. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929428)]

With a metal-semiconductor (MS) contact structure,
Schottky-barrier diode (SBD) continues to play an irreplace-
able role in modern electronics industries, such as light-
emitting diodes, solar cells, fast switching circuits, and
power devices.? If platinum (Pt) or palladium (Pd) is cho-
sen as the metal layer, SBD can also be widely used for gas
sensing because these catalytic metals can dissociate gas
molecules, such as hydrogen, and thus alter electron flow.”
By inserting a thin layer of oxide at the MS interface to form
an MIS structure, the Schottky barrier height is modulated
and the sensing performance can be improved significantly.*
The intermediate insulator layer is usually tens of nano-
meters thick, and its morphology shows a massive impact on
both chemical and electrical properties of the Schottky con-
tact.” Previous studies have reported several techniques, such
as anodization, etching, or Cl, plasma treatment,6 to modify
the insulator surface and achieve better sensing performance.
Nevertheless, the detailed effects of surface modification
techniques on the hydrogen reaction kinetics of SBD hydro-
gen sensors are not sufficiently examined.

In this work, we present the fabrication, characterization,
and kinetics analysis of a SBD-type gas sensor with tungsten
trioxide (WQO3) thin film treated by a fluorine plasma. WOs, a
semiconducting metal oxide with a band gap of about 2.6eV,
is considered to be a promising material for gas sensing appli-
cations. WOs-based SBD has shown excellent sensitivity to
hydrogen-containing gases over a wide range of temperatures
and concentrations.” Moreover, it can be economically fabri-
cated by conventional planar technology and integrated with
other electronic devices on a single chip to meet the increasing
demand for compact and multi-function electronic equipment.
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However, the hybridization between W 5d electrons and O 2p
ones can be in various forms, which mean the existence of dif-
ferent stable oxidation states for tungsten. These sub-
stoichiometric compounds WO;_, have a high tendency to
generate oxygen vacancies and point defects in the cubic
perovskite-like WO5 films.® On the other hand, surface plasma
process can passivate these defects and trap states, and thus
alters the energy-band diagram of the whole MIS structure,’
influencing the gas sensing properties.

WOs;-based SBDs were fabricated using n-type 4H-SiC
wafer for its benefits of wide bandgap (3.0eV) and capability
to operate in harsh environments. A Ti/Au (20 nm/80 nm)
layer was first deposited on the backside of the cleaned
wafers using e-beam evaporation followed by a rapid ther-
mal annealing (RTA) process at 900 °C for 90s to establish
an ohmic contact. Then, a WO; thin film was sputtered on
the SiC wafers and its thickness was 20 nm as measured by
an ellipsometer. Some WOj; films were then processed with
a 20-W CHF; plasma for 60 s while those without the treat-
ment acted as control sample. All the samples were annealed
in synthetic air at 550°C for 1 h. Afterwards, Pd Schottky
contact (with a thickness of 100 nm and an area of 0.2 mm?)
was deposited on top of the WO;5 layer via DC sputtering.
Finally, an annealing process was performed in nitrogen at
350 °C for 20 min to stabilize the Schottky contact.

The gas sensing properties of the SBDs are evaluated by
the current-voltage (/-V) static test at different Hy/air concen-
trations by diluting 1% H,/air with synthetic air and for a
wide temperature range of 373-473 K to minimize the influ-
ence of moisture. Fig. 1 shows the /-V curve in air, 20, 270,
960, and 10000 ppm Hy/air operating at 423K for the
plasma-treated and untreated SBDs. Obviously, the forward
current increases monotonically with hydrogen concentration
before saturation.
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FIG. 1. Current-voltage (I-V) charac-
teristics of diodes measured at 423 K:
(a) without and (b) with CHF; plasma
air treatment. The insets show the AFM
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The atomic force microscopy (AFM) images from the
insets of Fig. 1 depict that the WOj3 film after the CHF;
plasma treatment exhibits a much rougher surface. The root
mean square (RMS) roughness of the untreated and treated
WOs3 films is 0.22 and 0.86 nm, respectively. The substantial
increase in unevenness of the WO; layer comes from the
bombardment of the high-energy ions in the plasma on the
WOj; surface. This rough oxide surface in turn affects the
growth of the Pd sensing layer, and thus a rougher Schottky
metal surface can be expected. A rougher Pd surface has a
larger surface-to-volume (S/V) ratio, which can provide
more adsorption sites for hydrogen atoms and thus a stronger
polarized layer is formed at the Pd/WO3 interface.

The measurement of contact angles of deionized water,
diiodomethane, and glycerol on the WOj; films is used to
study the wettability of the oxide surface and determine its
surface energy. Since the water contact angel is decreased af-
ter the plasma treatment, the hydrophilicity of the WO;3 sur-
face is enhanced. By comparing the contact angles of the
three different liquid drops, the extrapolated surface energy
for the plasma-treated WO; film using the Owens method'®
is 64.2 mJ/m?, which is larger than that of the control sample
(55.8 mJ/m?). The increased surface energy is attributed to
the electrostatic charges introduced by the fluorine plasma
which can cause substantial geometrical distortion, thus gen-
erating intrinsic stress and large shear force.'' This could
lead to the increased surface roughness of the WO; film, as
indicated by the topographic results in Fig. 1.

High-frequency (1-MHz) capacitance-voltage (C-V)
measurement is used to investigate the passivation effect of
the plasma treatment on the WO; layer (Fig. 2(a)). During
the plasma treatment, fluorine atoms fill up the oxygen
vacancies Vo and thus passivate the defect states in the
sputter-deposited WOs5 film.’ The gate voltage is swept from
-5V to +5V (forward) and then from +5V to —5V
(reverse). For the capacitor without plasma treatment, the
C-V curve shifts to the positive direction in the reverse
sweep, proving the existence of negative charges in the metal
oxide layer. After the surface plasma treatment, the hystere-
sis decreases from 0.46V to 0.05V, indicating the elimina-
tion of oxygen vacancies in the WOj; layer by the fluorine
plasma. Upon exposure to hydrogen gas, hydrogen atoms
diffused into the WOj; layer can react with its fluorine ions
F~ and release electrons.'? As a result, the Fermi level of the
WO3 layer is increased, and thus the barrier height can be
reduced further. The diffusion of fluorine (incorporated by
the plasma treatment) in the WOj; film caused by the anneal-
ing at 550°C is demonstrated by secondary ion mass

spectroscopy (SIMS) in Fig. 2(b). X-ray diffraction patterns
(not shown) indicate that the untreated WO; film is amor-
phous, but some monoclinic (020) phase is observed after
the plasma treatment.

Thermal emission model as described by Equation (1)
can well explain the current dependence of a Schottky diode
on applied voltage”

V — IR,
=1, {exp(CI( T >) — 1}, (1)

with the saturation current /, given by

Io = AA*T? {exp (— %)] )
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FIG. 2. (a) Capacitance-voltage characteristics of the WO3 based capacitors.
(b) SIMS profile of the fluorine-plasma-treated WO; deposited on Si
substrate.
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where V, ¢, k, and T are the applied voltage, electron charge,
Boltzmann constant, and absolute temperature, respectively.
A is the Schottky-contact area and A" is the effective
Richardson constant (146 A/cm? K? for 4H-SiC'%). R, is the
series resistance of the neutral region of the semiconductor
bulk. ¢p is the zero-bias barrier height and n is the ideality
factor.

As hydrogen molecules adsorb on the Pd surface, they
first dissociate to hydrogen atoms via catalytic reactions.
The hydrogen atoms diffuse through the metal film and
form a dipole layer at the metal-insulator interface due to
polarization by an externally applied electric field. Such a
dipole layer can change the metal work function and as a
result reduces the Schottky barrier height.* According to
Equation (2), the barrier height change A¢gpo defined as
®B0.air — PBo.H2, can be written as

Ay = %Tln (’0‘”2) : 3)

I 0,air

where the subscripts H, and air denote the saturation current
in H, and air, respectively.

To compare the sensing performance more directly, we
define the sensitivity (S) as

S:[H2 _Iair, (4)
I air
where I, and Iy, are the currents measured in air and
hydrogen-containing ambient, respectively.

Based on Equations (1)—(4) and by fitting In(/) versus V
in the thermal emission region (V >3kT/q), the saturation
current can be extracted from the y-axis intercept, and then
the barrier-height change and the sensitivity of the SBDs
measured at different temperatures and H»/air concentrations
are calculated and plotted in Fig. 3.

As shown in Fig. 3, the barrier-height change increases
with hydrogen concentration as more hydrogen adsorbates
are on the Pd surface and thus more dipoles are induced at
the Pd-WOj; interface. Upon exposure to 10000 ppm H,/air
at 423 K, the barrier-height change is 133 meV and 279 meV
for the control sample and the plasma-treated sample,
respectively. The improvement in sensitivity after the plasma
treatment is obvious. The plasma-treated sample has a maxi-
mum sensitivity of 30000, which is about 30 times larger
than that of the untreated sample. Considering the effect of
operating temperature, the rising sensitivity with increasing
temperature below 423K originates from more effective
hydrogen dissociation at the metal surface due to larger
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thermal energy.'® Above 423K, however, the decrease in
sensitivity should be attributed to the exothermic effect of
hydrogen adsorption which reduces the sticking coefficient
of hydrogen atoms at the oxide surface.'”

In order to analyze the relation between hydrogen cover-
age, hydrogen concentration, and operating temperature, a
kinetics study is performed based on the /-V data. The
kinetics of hydrogen adsorption can be explained by the
Langmuir theory. Under static condition, the hydrogen cov-
erage of the Pd-WOj interface can be expressed as'®

0 Py
19_K6<P02p)) (5)

where K is the equilibrium constant depending on the differ-
ence in hydrogen adsorption between the metal surface and
metal/oxide interface; f is the reaction order and equals to
one when temperature is higher than 348 K; P, and Py,
(20,265 Pa in this work) are the partial pressure of hydrogen
and oxygen, respectively. If all the hydrogen adsorption sites
are occupied, 0 is equal to one. Since the barrier-height
change A¢gg is proportional to the hydrogen coverage, the
above Langmuir isotherm equation can be rewritten as

1 1 (W 1 )

+1
In <107H2/10,air) In (](),HZ,max /]O,air) P

Ke P
(6)

where oo max 15 the maximum saturation current for the
Schottky diodes exposed to hydrogen ambience at a fixed
temperature. From the slops and intercepts of plots 1/
In(Zo go/lo.2ir) Versus (Pyo)~ 2 at various temperatures, the
equilibrium constant K, is calculated, and its natural loga-
rithmic value as a function of 1000/T is plotted in the inset
of Fig. 4. By substituting K. into Eq. (5), the value of hydro-
gen coverage under different Hy/air concentrations at differ-
ent testing temperatures could be obtained (Fig. 4).

Similar to the barrier-height change and sensitivity, the
largest hydrogen coverage also occurs at 423 K. An interest-
ing phenomenon is that the hydrogen coverage of the sample
without plasma treatment is 0.92, which a bit larger than that
of the plasma-treated sample (0.82), suggesting that the
effectiveness of hydrogen adsorption decreases after the
plasma treatment due to the increased surface energy men-
tioned earlier.!” However, for the latter, the increased adhe-
sion area of the roughened oxide surface is more dominant
than the decrease of adsorption efficiency, and thus a larger
barrier-height reduction is still observed.
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FIG. 3. Barrier-height (BH) change
(left y-axis) and sensitivity (right y-
710° axis) of the SBDs: (a) without and (b)
with plasma treatment upon exposure
to 20, 270, 960, and 10 000 ppm Hy/air
at 373, 398, 423, 448, and 473 K.
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FIG. 4. Hydrogen fractional coverage
of the adsorbed hydrogen atoms of the
SBDs: (a) without and (b) with CHF;
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plasma treatment when they are exposed
to 20, 270, 960, and 10000 ppm Hy/air
at different temperatures (from 373K to
473K). Inset shows the logarithmic
equilibrium constant as a function of the
reciprocal of absolute temperature and
the corresponding linear fitting.

2.1 22 23 24

073506-4 Liu, Tang, and Lai
1.5¢ (a) 4.0 15+
—=— 20 ppm H,/air sl 2 —=— 20 ppm H,/air
12| —=—270 ppm H,fair g 12k —e—270 ppm H,/air
—4—960 ppm H,/air 30l —a— 960 ppm H,/air
—v— 10000 ppm H,/air 1000/T (1/K) —v— 10000 ppm H,/air L5
09 25 09
122 23 24
:
2061 /\\ z 061
O Q
=) =
= =1
203} So03}
§ ./\-_\. E
= =
0.0 L L ! 0.0
350 500 350

400 450
Temperature (K)

According to the adsorption thermodynamics and van’t
Hoff equation,'® the logarithmic value of the equilibrium
constant K, has a linear relation with the reciprocal of the
absolute temperature

dinKe AH°

d(1/T) R ™

where AH® and R are the hydrogen adsorption enthalpy and
universal gas constant (8.31J/mol K), respectively. From the
slope of the linear fitting curve, the hydrogen adsorption en-
thalpy at the interface of the SBDs is extracted: —31.2 kJ/mol
(for the untreated sample) and —57.6 kJ/mol (for the plasma-
treated sample). The larger negative enthalpy indicates that
more thermal energy is released during the formation of hydro-
gen dipoles on the WO; surface with the plasma treatment.
This well explains why the sensitivity of the plasma-treated
sample decreases more rapidly with increasing temperature
above 423 K.

In conclusion, a Pd/WO5/SiC SBD-type hydrogen gas
sensor with fluorine plasma treatment on the metal oxide
has been investigated. Compared with the control sample
without the treatment, the plasma-treated WO; thin film
exhibits rougher surface to provide larger adsorption areas
and less interface defects to suppress the leakage current
(14;,) of the sensor. These two factors produce more dipoles
at the Pd/WOj; interface as well as raise the Fermi level of
the WOj; layer, resulting in a substantial current increase.
Consequently, the barrier height can be reduced by about 2
times and the sensitivity can be increased by about 30 times
when the sensor is exposed to hydrogen at 423 K. Based on
the current-voltage characteristics, the enthalpy of hydro-
gen adsorption for the untreated and treated samples is
—31.2kJ/mol and —57.6kJ/mol, respectively. As more
energy is released during this exothermic reaction for the
treated sample, the suppressing effect on hydrogen sensing
by thermal energy becomes more obvious at higher temper-
atures. In summary, the CHF; plasma treatment provides a
promising method for fabricating high-performance
Schottky-diode hydrogen sensors, and the kinetics study
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500

helps to understand the gas-sensing mechanism from a ther-
modynamic point of view.
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