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Abstract

In this paper, the sensing characteristics of Ni/Al,0,/Ni/n-Si devices as magnetic tunneling transistor (MTT) hydrogen gas sensors were
investigated. The Ni/Al,O,/Ni/n-Si sensors were prepared using an electron beam deposition of Ni, AL,O, and Ni layers, respectively with different
tunnel barrier (Al,0,) thicknesses of 10, 15, 20 and 25 nm onto n-type Si substrates. An appropriate profile of magnetization was used to magnetize
the ferromagnetic Ni layers of emitter and base. We measured current-voltage (I-V) characteristics of the sensors in absence and presence of 500
ppm hydrogen gas at room temperature. From I-V characteristics, we obtained the sensing response of the sensors with different tunnel barrier
thicknesses when exposed to 500 ppm hydrogen gas. We have found that the MTT sensors showed an excellent response to hydrogen at room
temperature so that the response was inversely related to the Al,O, film thickness and a higher response was recorded for thinner tunnel barrier
layers which exhibited an excellent agreement with the results obtained from the simulation of the device.
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INTRODUCTION

Detection of hydrogen gas in different atmospheres is
of importance in many environments especially in industrial
process control applications such as petroleum industries.
Security systems operating in hydrogen environments demand
fast and highly sensitive hydrogen sensors. Despite the research
efforts already reported in literature [1-3], still many problems
deserve to be further investigated and different aspects of
gas sensors have to be studied to improve their sensing
characteristics. It is well known that in normal electronic the
charge of carriers for controlling the electric current is used.
However, there are new devices in which the spin of carriers
is used for controlling the electric current. The new approach
is known as spintronic [4-6] and the phenomenon is used in
this study for gas detection. When some gases exposed to the
surface of ferromagnetic layers the magnetization properties
of the layers are affected significantly [7-9]. In our previous
work [10] we fabricated a magnetic Ni/n-Si Schottky diode
as hydrogen gas sensor so that the exposure of the gas to the

surface of ferromagnetic Ni layer affected the magnetization
of the layer significantly and so a considerable improvement in
sensing response of the device towards hydrogen gas at room
temperature was achieved. Hence, we will be able to detect the
hydrogen if the changes of the magnetization characteristics of
the layers are measured properly. Therefore, we believe that
there is a reason to investigate new structures of ferromagnetic
layers for gas detection. It is known that in the spin device of
magnetic tunneling transistor (MTT) (see figure 1) containing a
magnetic tunneling junction (MTJ) and a Schottky barrier [11-
13], little change of the magnetization of each ferromagnetic
layer (emitter or base) causes a significant change of output
current (collector current) of the device.

It means that the changes of the magnetization characteristics
of the layers are converted into the electric current using the
MTT structure proposed. So, we report that Ni/AL,O,/Ni/n-Si
magnetic tunneling transistor can be used as a novel hydrogen
gas sensor.

To our knowledge, works on MTT structure as a gas sensor
has not been published yet.
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EXPERIMENTAL PROCEDURE

In the present study, we investigated the effect of hydrogen
gas on magnetization of ferromagnetic Ni thin layers as well
as the influence of this process on the functionally important
gas sensing response. In order to investigate these aspects, we
fabricated Ni/ALO,/Ni/n-Si device, as shown in figure 2 using
n-type Si wafer (1 0 0) implanted with a phosphor impurity
concentration of 1.0x10" atoms/cm®. The Si wafer was
chemically etched and then cleaned by the standard method.
The Si-substrates were cut into a 12 mm x 12 mm size and then
loaded in a deposition chamber.

First the ohmic contact of collector was done using AuGe/
Au (100 nm/250 nm) by an evaporation system followed by
annealing at 400 °C in nitrogen gas for 3 min and then the base
contact, tunnel barrier and emitter contact were prepared using
an electron beam deposition of Ni (30 nm), AlZO3 (10, 15, 20
and 25 nm) and Ni (50 nm) layers, respectively onto the Si
substrates. To prepare magnetic Ni/ALO,/Ni/n-Si sensor for
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Fig.2. Image of Ni/A1203/Ni/n-Si MTT sensor.

gas sensing applications, an appropriate profile [10] was used
as a function of magnetic field (B) and time (f) to magnetize
the emitter and base ferromagnetic layers anti-parallel. Using a
vibrating sample magnetometer on the magnetized Ni layers, we
confirmed the magnetic effect on the layers which was similar
to the results reported in [14]. For sensing measurements, after
injecting hydrogen into the gas chamber through a mass flow
controller, a KEITHLEY source measurement unit was used to
measure current—voltage (/-V) characteristics of the sensor. It
should be noted that all the /-J characteristics were measured
after receiving stable state in the presence of hydrogen.

RESULTS AND DISCUSSION

The changes in collector current (I ) of the MTT sensors
with different tunnel barrier thicknesses of 10, 15, 20 and 25 nm
versus bias voltage (V, ) in clean air are shown in figure 3(a). It
is observed that the collector current value of the MTT device
increases with decreasing the tunnel thickness at identical bias
voltage.

To study the effect of hydrogen gas on the sensing
characteristics of the Ni/Al,O,/Ni/n-Si sensors, we measured
the changes in collector current (Icg) ofthe sensors with different
tunnel barrier thicknesses when exposed to 500 ppm hydrogen
gas at room temperature. The results are shown in figure 3(b).
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Fig.3. I-V characteristics of Ni/A1203/Ni/n-Si devices with different
tunnel barrier of 10, 15, 20 and 25 nm thick at room temperature (a)
before hydrogen exposure and (b) after exposure of 500 ppm hydro-
gen.
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It is exhibited that the collector current of each sensor
increases in presence of hydrogen gas compared to the collector
current of that sensor in absence of hydrogen at the same bias
voltage of V, .

The response time to hydrogen of the magnetic Ni/ALO,/
Ni/n-Si sensors were also measured. A response time of 1.5 s
was obtained for the sensor with tunnel thickness of 10 nm when
subjected to 500 ppm hydrogen at room temperature. However,
the recovery time was observed at a longer time of around 34
min. In contrast, the sensor with tunnel barrier of 25 nm thick
showed a longer response time of 2.8 s but the recovery time
was similar to that of the other sensors.

To characterize the sensing response of the sensors with
different tunnel barrier thicknesses towards hydrogen gas, we
measured the changes of the collector current at a fixed bias
voltage of V, = 0.5 V using the /- curves of figure 3. The
sensing response was calculated from (1)

IC
§% = (- =1)x100

ca

(M

Where I, and I denote the collector current values of the
MTT sensor at bias voltage of V, = 0.5V in presence of 500
ppm hydrogen and in clean air, respectively [10]. The results are
summarized in figure 4 as a function of tunnel barrier thickness.

Figure 4 shows the sensing response of the MTT sensors. It
is obvious that the MTT responses increase considerably with
a decrease in tunnel barrier thickness. A very high response
of 82 was recorded for the device with tunnel thickness of 10
nm, whereas a response of 19 was obtained for the device with
tunnel thickness of 25 nm to the same hydrogen concentration.

This is a more than 4-fold increase of the sensing response of
the MTT sensor, exhibiting the high performance of the sensor
with thinner tunnel thicknesses for detection of hydrogen at
room temperature. For more clarity, we summarized the results
of the response to 500 ppm hydrogen gas for the Ni/Al,O,/Ni/n

Si sensors in the inset of figure 4. It is observed that the
sensing response of MTT sensor to hydrogen was inversely
related to the AL,O, film thickness.
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Fig.4. Variations in sensing response of Ni/AI203/Ni/n-Si sensors ver-
sus different tunnel barrier thicknesses towards 500 ppm hydrogen gas
at room temperature. The inset is representative the sensing response
of the MTT sensors to 500 ppm hydrogen.

We believe that in the Ni/Al,O,/Ni/n-Si device when exposed
to hydrogen gas the change in the arrangement of magnetic
clusters can affect the electronic properties of the device [15,16]
so that the magnetization of upper ferromagnetic layer (emitter)
decreases resulting in a decrease in spin polarization of the
electrons in the layer which creates higher collector current
in the circuit. This means that the number of spin-polarized
electrons from ferromagnetic/semiconductor contact increases
at the junction interface. The experimental results exhibited a
significant response towards hydrogen. So the MTT device can
be used as a gas sensor to promote the sensing response towards
hydrogen. The trend shows an excellent agreement with those
of the sensing characteristics obtained from the simulation of
the MTT sensor [17].

CONCLUSIONS

In summary, we fabricated magnetic Ni/ALO,/Ni/n-Si
sensors in which the effect of tunnel barrier thickness of the
emitter-base junction on the response of the sensors towards
500 ppm of hydrogen concentration at room temperature was
studied. It is observed that a higher sensing response towards
hydrogen was recorded for thinner tunnel barrier layers
subjected to similar concentration of hydrogen, exhibiting the
high performance of the MTT device for detection of hydrogen
at room temperature and we propose it as a good candidate of
hydrogen sensor.
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