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Abstract

A novel approach has been presented using a sensor model to study the sensing response of magnetic tunneling transistor (MTT) as a highly
sensitive hydrogen gas sensor. We have shown that when MTT was exposed to hydrogen gas the magnetization of upper ferromagnetic layer
(emitter) decreased resulting in a decrease in spin polarization of the electrons in the layer which creates higher collector current in the circuit. We
conducted a sensor model using simulation of the device to examine the effect of the Schottky barrier of the collector-base junction on the sensor
response towards various hydrogen concentrations. An interesting result of the simulation was a very high response of 13.7 times increase in sensing
response of the device with Schottky barrier subjected to a very low concentration of hydrogen compared to the device without Schottky barrier,
exhibiting the high performance of MTT sensor for detection of very low hydrogen concentrations. Further, the relation between the response of
MTT sensor and the thickness of the insulator barrier of emitter-base magnetic tunneling junction was also investigated. The sensing response of

MTT sensor was inversely related to the insulator barrier thickness and a higher gas response was obtained for thinner insulator layers.
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INTRODUCTION

In recent years gas sensors using different materials and
different techniques have been vastly investigated [1-3], but
due to constraints in low gas concentration response and low
operating temperatures new semiconductor structures are needed
to be investigated. 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 [4-6]. The new approach
is known as spintronic 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 was achieved.
Hence, we will be able to detect the hydrogen gas if the changes
of the magnetization characteristics of the layers are measured
properly. We believe that there is a reason to investigate new
structures of ferromagnetic layers for gas detection. So, in
the present paper we report that magnetic tunneling transistor
(MTT) can be used as a novel hydrogen gas sensor. To our
knowledge, works on MTT structure as a gas sensor has not yet
been published.

Presentation of MTT Gas Sensor

It is known that in the spin device of MTT the upper
ferromagnetic layer (emitter) which acts as a spin filter
propagates the spin-polarized electrons by tunneling across
the insulator barrier into the inner ferromagnetic film (base)
serving as a spin detector [11-13]. The n-type Si semiconductor
(collector) forms Schottky barrier at the collector-base interface.
When a current is injected by tunneling across the emitter-base
barrier, some electrons will pass straight across the base into the
collector causing a current flow between the collector and the
base. These are called “hot” electrons because their energy is
well above the Fermi level of the metal and they have enough
energy to overcome the Schottky barrier at the collector-base
interface. In contrast, electrons that scatter inelastically in
the gap lose energy and usually are accumulated in the base
[14,15]. In such structure we are able to control the collector
current (I) with a change in amount of the magnetization of
each ferromagnetic layer (emitter or base). Figure 1 shows the
explanation of gas sensing procedure using MTT structure. In
Figure 1(a), the situation of the sensor in clean air is shown.
The tunneling probability of electrons across the tunnel barrier
is low before the gas exposure because the magnetization
directions of two ferromagnetic layers (emitter and base) are
definitely anti parallel. Therefore little spin-polarized electrons
are injected from the emitter into the base. Since these electrons
lose their energy while crossing the base region they can not
overcome the Schottky barrier at the collector-base interface
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Fig.1. Presentation of MTT gas sensor proposed in the present study:

(a) Before the gas exposure (b) After the gas exposure.

and are scattered back [Figure 1(a)]. As a result no electric
current flows in collector of the circuit. Now in exposure of
hydrogen gas [Figure 1(b)], the arrangement of the magnetic
domains in emitter layer is changed by surface adsorption of
the hydrogen atoms resulting in a reduction of the emitter layer
magnetization. Therefore, the spin-polarization of electrons in
the emitter region decreases which causes an increase in density
of the opposite spin states (the states have the spin anti parallel
to the magnetization direction of the emitter or parallel to the
magnetization direction of the base) in that region. Thus, the
tunneling probability of electrons across the insulator barrier
increases significantly and the spin-polarized electrons are
injected from the emitter into the base. The base width is very
thin namely less than the diffusion length of the carriers and
so the electrons injected by tunneling into the base pass across
the base [16]. Because these electrons have the spin parallel to
magnetization direction of the base they keep the energy while
crossing the base and pass the Schottky barrier at the collector-
base interface as shown in Figure 1(b). So, the collector current
of the circuit (I ) increases drastically which is used for detection
of hydrogen gas in the ambient.

If we record the change of the collector current as sensing
response of the sensor then the Equation (1) can be used for
calculations [10]:

1
S%=(IL—1)><IOO (1)

Where I and I denote the collector current at identical
bias voltage in presence of hydrogen gas and in clean air,

respectively. As mentioned before we currently are working on
fabrication of the proposed sensor but prior to that we report the
results of the simulation as follows.

Analysis of MTT Gas Sensor

It should be noted that some effective parameters show a
crucial role on the response of the proposed sensor towards test
gas. The number of the electrons reaching the collector terminal
increases exponentially with mean free path of the electrons in
the emitter and base ferromagnetic layers. This is significantly
dependent on amount of the magnetization of the layers [17]. The
electrons will pass the tunnel barrier of the emitter-base junction
and the transmission probability of the tunneling event declines
exponentially with tunnel barrier thickness with a time constant
depending on potential barrier height [18,19]. Moreover, some
other factors such as the base width and the Schottky barrier of
the collector-base junction (@) are important in the response
of MTT sensor. The analysis of the effect of each parameter by
itself can be useful in optimum sensor design. In the present
paper we studied the effect of @, tunnel barrier thickness and
hydrogen concentration on the sensing response of MTT gas
sensor. For this purpose the sensor was considered to have the
collector current towards hydrogen gas as a function of insulator
thickness in two different samples with Schottky barrier and
without Schottky barrier and so, we calculated the sensing
response of the sensor using the Equation (1), where other
parameters were assumed to be constant. MATLAB software
was used to obtain the sensing characteristics of the sensor in
response to hydrogen gas. First in Figure 2, we studied the gas
sensor without Schottky barrier which is a magnetic tunneling
junction (MTJ) [11,12].
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Fig.2. Schematic picture of carrier tunneling and density of electron
states at Fermi level (E,) in the emitter-base junction.

The tunneling current density of the carriers (J,) between
emitter-base magnetic tunneling junction can be calculated
using [20]:
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N N
Where N, e and N, b are densities of the electron states

with up and down spins in the emitter and base sides of the
emitter-base junction, respectively. V, is bias voltage of the
junction, a is a factor related to the thickness of the insulator
barrier and k. is proportion factor of the tunneling. So, we can
calculate the electric current (I) using:

I=AJ, = Ak, N*NV¥e “ "
NJ.NZ N(J.’.N,J;
=Ak, N .Nle = ~+A4k, N' Nie =
3)

Where A4 is surface area of the unction. To determine

we should measure N and N before and after the
gas exposure. We assume ‘that the dens1ty of states of total
electrons in emitter and base are N_and N, respectively and
N_=N,=N. Now if we assume that with hydrogen gas exposure
the densities of electron states with up and down spins near the
Fermi level in emitter region changes as a result of a change in
emitter magnetization then N and N in emitter region can
be calculated using:
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Where g represents hydrogen gas concentration in ppm and
G, denotes the saturation concentration of hydrogen gas which
causes the elimination of the magnetization of emitter region
and is dependent on different parameters such as the type of
test gas, the thickness and the magnetization of ferromagnetic
layer exposed to test gas. Further, with gas exposure the
ma, netlzatlon of the base region remains constant and hence

N and N in the base region can be calculated using:
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Substituting of the values of the Equation (4) and Equation
(5) into the Equation (3) we obtain the electric current in
presence of gas (1) using:
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To calculate the amount of the electric current in clean
air (I ) we should substitute g=0 in the Equation (6). We then
obtain:
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At a fixed bias voltage (V, ) of 1V if we denote ¢ as n

then the response of MTJ gas sensor in emitter-base junction
(S,) can be calculated using:
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Since 77 is inversely related to o, and a denotes the tunneling
factor which is related to the thickness of insulator barrier,
so, we can consider 77 is inversely defined by the thickness
of tunneling barrier if the other parameters are assumed to be
constant.

To analyze the effect of the Schottky barrier of @ on the
sensing response of the sensor we used the electron traveling
factor (y) over the Schottky barrier of @ , for the electrons in two
different positions of spin up and spin down as shown in Figure
3. In this figure T and ¥ denote the electron traveling
factors in spin up and spin down conditions, respectively. So,
we can calculate }/T and y using:
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Fig.3. Schematic picture of Schottky barrier of @ and its effect on

sensing response.
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Where @, is barrier height of Ni/n-Si Schottky contact if the
collector and base sides of the junction are made of n-type Si
semiconductor and ferromagnetic Ni metal layer, respectively
and is calculated from the Equation (10) [21]:
O =(kT/q)In(A*AT*/1) (10)

Where I is the saturation current; A, the contact area; A",
the effective Richardson constant; T, the absolute temperature;
k, the Boltzmann’s constant and q, the elementary charge.
It should be noted that the base region is narrow to such an
extent that @ causes the travelling of down spin electrons to be
obstructed as shown in Figure 3.

So, the collector current in presence of gas (1)) is obtained
from:
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To calculate the amount of the collector current in clean
air (I ) we should substitute g=0 in the Equation (11). We then
obtain:

I, =1"+1"=y"1" vy 0t =11"+o0u1* =1
N, 8N
()-(==)
N 8N 10 10 Ve
= Ak, (.0 e «
r( 10)( m )
(12)

The response of MTT gas sensor with Schottky barrier of @
(S,) can be calculated using:
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(13)
RESULTS AND DISCUSSION

Using the Equations (13) and (8), the response of MTT and
MT] sensors (S, and S, respectively) towards various hydrogen
gas concentrations from zero to saturation concentration (G,)
is shown in Figure 4. The thickness of the tunnel barrier was
changed in three steps. Comparing the results shown in Figure
4, it is observed that the response of MTT sensor to hydrogen
exhibits a significant increase compared to MTJ sensor. Curve
’f” shows that the MTT sensor exhibits much higher response
to hydrogen gas, in contrast to the MTJ sensor with the same
tunnel thickness (Curve ’c’). A response value of around
3310 was calculated for MTT sensor to G, of hydrogen with
tunnel barrier thickness defined by n=6 (Curve ’f”), whereas
a response value of 596 was obtained for MTJ sensor at the
same conditions (Curve ’c’). This is a more than 5.5-fold
increase of the sensing response of the sensor, exhibiting the
high performance of the device for detection of hydrogen gas
when Schottky barrier was used. Further, as shown in Curve
’e’, the response of MTT sensor with thinner tunnel barrier
thickness (n=3) towards hydrogen gas is much higher than that
of MTT sensor with thicker barrier thickness (n=1) shown in
Curve ’d’. The difference shows an increase of about 2 orders
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Fig.4. Sensing response of the sensors towards various hydrogen gas

concentrations. Curves ’a’, b’ and ’¢’ show MTIJ sensor with 1 =1, 3
and 6, respectively and curves ’d’, ¢’ and ’f” show MTT sensor with
=1, 3 and 6, respectively. The inset shows the sensing response of MTT
and MTJ samples exposed to saturation concentration (G,) of hydrogen.
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Fig. 5. Relative response of the sensors towards various hydrogen
concentrations. M =1, 3 and 6 for curves ’a’, ’b”and ’c’, respectively.

of magnitude in response to G, of hydrogen gas. For the clarity
of the changes, we summarized the results of the response to
G, of hydrogen gas versus three different tunnel thicknesses
for MTT and MTJ sensors in the inset of Figure 4. It is shown
that both MTT and MTJ responses increase considerably with
a decrease in tunnel barrier thickness and the response value of
MTT samples towards hydrogen gas are more significant than
those of MTJ devices.

In order to compare S, and S, the relative response (S,/S)
towards various hydrogen concentrations obtained from the
proportion of the Equations (13) and (8) is shown in Figure 5.
It is obvious that a very high response of 13.7 times increase
in sensing response of MTT device was achieved towards very
low hydrogen gas concentration compared to MTJ device.

To characterize the variations of the response values of MTT
and MTIJ sensors with various tunnel thicknesses when exposed
to different concentrations of hydrogen, we used the Equations
(13) and (8). The results are shown in Figure 6. It is observed
that the response values of both MTT and MTJ devises increase
with increasing the hydrogen concentration. Further, the sensing
response of MTT sensor towards hydrogen is much higher
than that of MTJ sensor subjected to similar concentration of
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Fig.6. Sensing response of the sensors versus various tunnel bar-
rier thicknesses. Curves ’a’, ’b” and ’c¢’ show MTJ sensor exposed to
g=0.1G,, 0.2G, and 0.3G, of hydrogen gas, respectively and curves *d’,
’e” and ’f” show MTT sensor exposed to g=0.1G, 0.2G; and 0.3G, of
hydrogen, respectively. The inset shows the sensing response of MTT
and MTJ samples with n=6.
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Fig.7. Relative response of the sensors versus various tunnel barrier
thicknesses. g=0.1G, 0.2G, and 0.3G, of hydrogen gas for curves ’a’,
’b’ and ’¢’, respectively.

hydrogen. The trends in Figure 6 exhibit an excellent agreement
with those of the sensing characteristics shown in Figure 4.
The changes of the response values of MTT and MTJ samples
at a fixed tunnel thickness versus three different hydrogen
concentrations are shown in the inset of Figure 6. It is shown
that both MTT and MTJ responses increased considerably
with an increase in hydrogen concentration and MTT sensor
exhibited much higher response compared to MTJ sensor.

For more clarity of the sensing response of MTT and
MTIJ devices versus various tunnel thicknesses, we obtained
the relative response of the sensors (S,/S)) submitted to three
different concentrations of hydrogen gas. The results were
summarized in Figure 7. It is shown in Figure 7 that the relative
response increased drastically with increasing the hydrogen
concentration.

CONCLUSION

In conclusion, we proposed a new approach of gas sensing
using a sensor model of MTT as a highly sensitive hydrogen

gas sensor so that the gas adsorption on the surface of the
sensor causes a reduction of emitter magnetization and the
MTT structure converts the changes of the magnetization
characteristics into the collector current of the circuit (I)
which is used for gas detection in the ambient. We studied the
effect of @  on the response of the sensors towards various gas
concentrations using simulation of the device. It was observed
that the sensing response of MTT sensor towards hydrogen was
much higher than that of MTJ sensor subjected to a very low
gas concentration, exhibiting the high performance of MTT
device for detection of very low concentrations of hydrogen
gas at room temperature. Moreover, the effect of the tunneling
barrier thickness on the sensing response of the sensor was also
investigated. It was obvious that a higher gas response was
obtained when we decreased the insulator barrier thickness.

So, using the appropriate design of MTT parameters, we
propose it as a good candidate of hydrogen gas sensor.
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