Development of NiO-based thin film structures as efficient H2 gas
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Abstract

P-type NiO thin films have been developed on high resistivity Si and SiO2 substrates by a pulsed laser deposition technique using an ArF* 193 nm excimer laser at deposition temperature of
300oC and in 40 Pa partial oxygen pressure. Structures based on such NiO films as host material in the form of an Au:NiO Schottky diode have been subsequently developed under vacuum. In a
different procedure, an n-SnO2 layer has been deposited by a CVD technique on a NiO film to produce a p/n heterojunction. The sensing properties of all above structures have been tested upon
exposure to a 3% H2 in air mixture flow at various operating temperature ranging from 30 to 210 oC. For the NiO films, the optimum temperature was about 150 oC exhibiting a sensitivity of
94%. After surface sensitization of NiO by Au the NiO films showed an H2 response at operating temperature of 30 oC. The sensitivity of p-NiO/n-SnO2 heterojunction devices was extracted
from II-V
V measurements in air and under H2 flow mixed in air. In this case a dramatic increase of the sensitivity was achieved at operating temperature of 30 oC for a forward bias of 0,2 V.

Growth
NiO films

The depositions of the NiO nanostructures were
performed inside a stainless steel vacuum chamber.
Prior to each irradiation the vacuum chamber was
evacuated down to a residual pressure of 7x10-4 Pa. We
applied the UV laser pulses generated by a Lumonics
Mo. TE-861T ArF* excimer laser (λ=193 nm,
τFWHM∼12 ns) at a repetition rate of 10 Hz, with an
estimated fluence of 3 J/cm2. The laser beam was
focused on the Ni target (a 99.99% metal foil) with an
incidence angle of about 45o relative to the normal of
the target surface. To avoid fast drilling, the target was
placed on a movable vacuum-compatible, computercontrolled XY table. The high resistivity Si substrates
were positioned at 40 mm from the targets and were
heated during the thin films growth at 300 °C. The
depositions were performed in 40 Pa oxygen pressure
for 92 min.

H2 sensing properties
•The H2 sensing properties of the NiO thin films
were strongly dependent on the working
temperature (Fig.1a) as well as the surface
morphology of the substrates.
•The response time decreases from 15 to 7 min
and the recovery time changes from 2 to 1min as
the working temperature increases from 150 to
210oC (Fig. 1a).
•The Rgas/Rair ratio of the NiO/Si sensor increases
almost 10 times (from 4 to 40) as the working
temperature changes from 150 to 210 oC (Fig. 1a).
•A dramatic increase of the H2 sensitivity as
observed at a working temperature of 210 oC in a
NiO thin film grown on single Si when compared
with that of a film grown on SiO2 substrate is
obviously related to the surface roughness and
porosity of the films (Fig. 1b)
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Fig.1
Dynamic response characteristics of NiO thin films exposed in 3% H2 in air mixture: (a)
films deposited on (001) Si at working temperatures of 150 oC (■), 180 oC (●) and 210oC
(▲), (b) Comparison of dynamic response characteristics for films deposited on (001) Si and
SiO2 substrates at 210oC. H2 mixture application started at 0 min and ceased at each curve’s
maximum.

Growth
Au/NiO Schottky diod
des

For the deposition of Au on the NiO thin films, the reactive
(a)
(b)
H 2 + 2 Au + ↔ 2 H ( Au + )
gas O2 was pumped out to the residual pressure and the
substrate cooled down to room temperature. Then the Au and then the species are oxidized according to
target, mounted on the same XY table as the Ni target, was the following equation:
placed onto the laser focus. For the Au:NiO Schottky diode,
4 H ( Au + ) + O2( ads ) ↔ 2 H 2O + e −
we applied the same UV laser fluence for 30 min.
•The formation of the strongly reactive species
H2 sensing properties
H(Au)+ accelerates the charge exchange thus
•In the case of the Schottky or p-n type sensing elements, the improving the sensing properties of the film.
relative response (sensitivity) can be defined as: S=(Io-Ig)/Io •The enhanced oxidation of adsorbed
where Io is the forward current at a specific bias value in air hydrogen due to Au effect can be seen in Fig.
Fig.2
while Ig the forward current in the gas flow at the same bias 2a where the response time of the Schottky
value.
diode working at 70 oC is identical to the (a) Dynamic response characteristics of Au/NiO/Si Schottky diode exposed in 3% H2 in air
The action of Au could be attributed to the formation of response time of the NiO thin film working at mixture at working temperatures of 70oC (∆), 50oC (○) and RT (29oC) (□) and at forward bias of
2,4 Volts. (b) I-V characteristic at 29oC of the Schottky diode in air flow(■) and in the presence of
strongly reactive species according to the reaction equations: 210 oC.
3% H2 in air mixture flow (○).

•PLD grown NiO thin films have been examined as potential H2 sensors at
temperatures of 150-210 oC with best results at working temperature of 210oC on (001)
Si substrate while the use of SiO2 as substrate greatly worsened the sensing properties.
•The implementation of a Schottky Au/NiO/Si diode as sensing element lowered
remarkably the required working temperature even at R.T. with 8% sensitivity and
response times of 7-8 min.
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Dynamic response characteristics of
NiO thin films exposed in 3% H2 in air
mixture: (a) films deposited on (001) Si
at working temperatures of 150 oC (■),
180 oC (●) and 210oC (▲), (b)
Comparison of dynamic response
characteristics for films deposited on
(001) Si and SiO2 substrates at 210oC.
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Conclusions

H2 sensing properties
•All three I-V characteristics at temperatures of 30, 60 and 90 oC
showed a decreasing rectifying behavior in air ambience, as the
working temperature was increased (Fig.3a).
•When exposed in hydrogen at room temperature, the I-V graph
changed from rectifying to ohmic, hence the current increased
(Fig.3b). The observed change in the junction current upon hydrogen
exposure in respect to the baseline current in air, is strongly
d
dependent
d t on the
th applied
li d forward
f
d bias.
bi
•The sensitivity SI vs bias voltage decreases almost exponentially
(Fig. 3c) and then a conversion from positive to negative values
takes place at a bias of about 1,65 Volts, revealing a competition
between two sensing mechanisms.
•Individual p-NiO and n-SnO2 elements exhibit different hydrogen
responses due to differences in the respective sensing mechanisms.
In general, sensor current decreases for p-NiO and increases for nSnO2 upon hydrogen exposure.The electrons released on both the
oxide surfaces after the interaction of the surface oxygen atoms and
the absorbed hydrogen atoms result in an increase of the resistivity
of the p-NiO element due to recombination between the released
electrons and free holes. In the n-SnO2 element there is no
recombination process and thus the current increases.
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Growth
For the p-n heterojunction, a NiO thin film
grown on (001) Si substrate was used.
Afterwards, the NiO film was mounted on the
deposition plate of the APCVD reactor, covered
by an appropriate golden mask and SnO2 was
deposited on it at 390oC in order to obtain a
planar p-n hetero-junction. The resulting SnO2
film was almost 450nm thick and its electrical
resistivity, carrier concentration (n-type) and
Hall mobility values were found of 0,06 Ω.cm,
2x1019 e/cm3 and 6 cm2/V.sec respectively for a
sample grown simultaneously on (100) Si. Two
Ohmic contacts were made using silver paste,
on the two discrete areas of the device – namely
the SnO2 and NiO films. Electrical
measurements were conducted on the NiO thin
film prior to SnO2 deposition. The NiO film
was of high specific resistance (40 Ω.cm) and
low carrier concentration values (1016 cm-3).
Mobility value was almost negligible. The NiO
thin film’s thickness was found to be ~150nm.
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•A planar heterjunction by CVD grown n-SnO2 thin film on PLD grown p-NiO film
exhibited higher sensitivity compared to that of a sensor based on pure NiO as well as a
room temperature operation. Its sensitivity was found to be strongly dependent on the
applied forward bias of the diode and its I-V characteristic exhibited typical metal-oxide
dependence on the working temperature. The sensing mechanism, apart from the wellknown surface reactions involved, is believed to be based on the competitive
contributions of the two oxides on the p-n junction conductivity.

