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ABSTRACT New platinum (Pt)/nickel oxide (NiO)/GaN-based metal-oxide-semiconductor (MOS) diode-
type ammonia sensor was fabricated and studied. In addition, a new grey polynomial differential
recovery (GPDR) model was developed for the application of data transmission. The studied Pt/NiO/GaN-
based MOS diode shows good ammonia sensing performance at relatively high temperatures (>423 K).
A very high sensing response of 244.2 under 1000 ppm NHa/air gas and a low detecting level of 2 ppm
NHa/air are obtained at 423 K. The studied device also shows operating flexibility in the applied for-
ward and reverse voltages, and good reversibility in ammonia sensing. In order to expand the practical
application of ammonia sensing, a GPDR model was developed to effectively reduce data redundancy by
64.22% and achieve a recovery rate of 99.79% compared with the original data. Therefore, the studied
sensor device provides promise for ammonia sensing applications.

INDEX TERMS Ammonia, Pt/NiO/GaN, operating flexibility, Schottky diode, GPDR.

I. INTRODUCTION

Ammonia (NH3) is a compound of nitrogen and hydro-
gen, and an important raw material for various downstream
nitrogen-based products. Ammonia is widely applied in
chemical, food, and semiconductor industries, and in agri-
culture, fertilizer, factories, refrigeration systems, medical
treatment, and living environments [1]-[5]. Based on the
widespread applications indicated above, globally produced
ammonia is on a linearly increasing trend with 140 million
tons in 2015 [6], [7]. Yet, higher-concentrations of ammo-
nia can lead to severe irritation of the respiratory tract,
skin, eyes, mouth, nose, throat, and other moist mucous
membranes [8]. Under the international standards for the
toxicity level of ammonia for humans, the short-term expo-
sure over 15 min needs to be limited to 25-35 ppm and the
Time-Weighted-Average (TWA) over an 8 h period should

not exceed 25 ppm [9], [10]. The concentration that is imme-
diately dangerous to life or health (IDLH) is 300 ppm [11].
So, the development and fabrication of high-performance
ammonia gas sensors to reliably and continuously monitor
and detect the ammonia leakage are indispensable for human
and environmental safety.

Over recent decades, numerous n-type semiconduct-
ing metal-oxides (SMOs), e.g., TiO2, SnO;, ZnO, WO3;,
and ITO, have been reported to produce resistor-type
ammonia sensors with good performance [2], [12]-[15].
In addition, a p-type SMO material, ie., nickel
oxide (NiO), has also been reported to fabricate smart
resistor-type ammonia sensors due to its inherent advan-
tages, including a wide energy bandgap, high melt-
ing point, and chemical stability [16], [17]. On the
other hand, metal-semiconductor (MS) Schottky diodes
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based on III-N materials, e.g., ZnO/AlGaN/GaN and plat-
inum (Pt)/AlGaN/GaN, have been reported for ammonia
sensing applications [18]-[20]. The AlGaN/GaN heterostruc-
tures with high-density, two-dimensional electron gas
(2DEG) arising from the piezoelectric and spontaneous
polarization effects are sensitive to changes in atmospheric
conditions [20]-[22].

As IoT technology becomes ever more mature, the trend
is to analyze and monitor gas conditions by transmitting the
data of various sensors scattered over a large space to the
server/cloud computer. However, the large amount of sens-
ing data being transmitting through the network will cause
network transmission congestion and rapid power consump-
tion of the sensors. Therefore, it is important to reduce
redundant data transmission and restore the transmitted
data [23]-[25].

The grey system theory was proposed by Prof. Ju-Long
in 1982 [26]. It has been widely used in economics, meteo-
rology, hydraulics, transportation, environmental protection,
etc. It is a non-statistical theory that can use less data to
make prediction models and correlations. In the grey system,
GM(1, 1) is most commonly used and processed in the first-
order differential accumulation generation method, which is
inconsistent with the characteristics of the transient response
of the gas sensor. Hsieh et al. proposed a grey polyno-
mial method to solve the problem with the image [27].
However, the characteristics of the sensed data cannot be
clearly presented by using the grey polynomial method.
Based on this algorithm, we developed a new grey poly-
nomial difference model (GPDM) to achieve a reduction
in the amount of transmitted data [28]. However, there are
two drawbacks need to be improved. One is that the error
rate is still exist between the measured sensing data and
the reduced redundancy data. The other is that the reduc-
tion data has not been further recovered to the original data.
Hence, we also developed a new gray polynomial difference
recovery (GPDR) model to overcome the above problems.

In this work, a new approach based on the combi-
nation of a Pt catalytic metal, a NiO oxide layer, and
GaN/AlGaN heterostructures was used to fabricate a metal-
oxide-semiconductor (MOS) diode-type ammonia sensor.
Experimentally, good ammonia sensing properties, includ-
ing a very high sensing response of 244.2 under introduced
1000 ppm NHaj/air gas and a lower detecting level 2 ppm
NHzj/air at 423 K, were obtained. In addition, operat-
ing flexibility in both the applied forward and reverse
voltages and good reversibility in ammonia sensing were
acquired. Furthermore, a new Grey polynomial difference
recovery (GPDR) model was proposed to effectively reduce
data redundancy; a comparison to the original measured
data was made. Data can be recovered with an accuracy
rate of 99.79% using this GPDR model.

Il. EXPERIMENTS PROCEDURE
The epitaxial structure used in the studied sensor device
was grown on a silicon substrate using a metal organic
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chemical vapor deposition (MOCVD) system. This struc-
ture included a buffer layer, a 1.5 pwm-thick GaN layer,
a 22 nm-thick Alg,GaggN layer, and a 20 nm-thick GaN
cap layer. The as-grown samples were first treated using
an inductively-coupled-plasma reactive ion etching (ICP-
RIE) system to achieve mesa isolation. Thereafter, acetone,
hydrogen chloride (HCI), and deionized water were used to
clean the sample surfaces. Ohmic contacts were formed by
sequentially depositing Ti/Al/Ti/Au metals with thicknesses
of 10 nm/100 nm/10 nm/100 nm on the top surfaces of the
GaN cap layer, using vacuum thermal evaporating and alloy-
ing with a rapid thermal annealing (RTA) system at 900°C
in Ny ambience for 90 s. A 15 nm thick NiO layer was
deposited using a radio-frequency (RF) sputtering process
with a power of 50 W, a working pressure of 3 mtorr, and
a 10 sccm Ar ambience. After the RF sputtering process, the
samples were annealed using RTA at 400°C in an N, ambi-
ence for 30 min. Finally, Schottky contacts were formed by
evaporating a 20 nm-thick Pt metal with an effective area of
2.05x 1073 cm?. A schematic cross-sectional diagram of the
studied sensor device is depicted in Fig. 1. The experimental
current-voltage (I-V) characteristics and transient response
curves were measured with a Keithley 4200 semiconductor
parameter analyzer.

Ohmic Contact

Schottky Contact i Ti (10nm) / Al (100nm)
Vt NiO (15 nm) / Pt (20 nm) | Ti (10nm)
NiO Area: 2.05x 1073 cm? /]
Pt
NiO
GaN (20 nm)
Alg,Gag gN GaN (1.5 um)
(22 nm)

Buffer Layer

Silicon Substrate

FIGURE 1. Schematic cross section diagram of the studied device.

IIl. GREY POLYNOMIAL DIFFERENTIAL AND RECOVERY
MODEL (GPDR)

In order to construct the ammonia gas sensing model, a new
grey polynomial differential and recovery algorithm (GPDR)
was developed. First, an ammonia gas transient response
model was developed based on the GPDM [28]. Second,
the differences between the original results (ammonia gas
transient response) and GPDM data were determined. Third,
these error simulation data were replaced with the actual
sensing data. Fourth, three fixed points were added between
every 100 points. This approach has two advantages: One is
to instantly detect if the sensor is still alive, and the other is
to avoid simulation and experimental errors when restoring
data. The final GPDR model simulated curve preserves the
features of the original curve. Compared with the original
data, 64.22% of the data can be reduced before transmission,

477



ELECTRON DEVICES SOCIETY

LIU et al.: ON AMMONIA SENSING PERFORMANCE AND TRANSMISSION APPROACH OF Pt/NiO/GaN-BASED MOS DIODE

and 99.79% of the data can be recovered by GPDR after
transmission.
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Ga 31 K 51.87 69.49 48.67 2.34
N 7 K 7.47 10.01 34.90 2.05
(0] 8 K 291 3.90 11.90 0.90
Pt 46 L 11.92 15.97 4.00 0.56
Ni 28 K 0.47 0.64 0.53 0.09
Total: 74.64 100.00 100.00

FIGURE 2. (a) Top-view scanning electron microscopy (SEM), (b) atomic
force microscopy (AFM), and (c) energy dispersive spectrometer (EDS)
analyses of the studied Pt/NiO/GaN-based sensor device.

IV. RESULTS AND DISCUSSION

The top-view scanning electron microscopy (SEM) images
of the studied Pt/NiO/GaN-based device are shown in
Fig. 2(a). Clearly, uniform and smooth surface morphol-
ogy is evident. The related atomic force microscopy (AFM)
images are shown in Fig. 2(b). The corresponding root-
mean-square (RMS) roughness is 1.26£0.1 nm. The energy
dispersive spectrometer (EDS) element analysis of the stud-
ied device is provided in Fig. 2(c). Unn. C and norm. C
are the unnormalized and the normalized concentration in
weight percentage of the element, respectively. Atom. C
is the atomic weight percentage and Error is the error in
the weight percentage. Peaks in the Pt, Ni, O, Ga, and N
are observed. The EDS analysis demonstrates that no other
impure element was found in the studied device.

The measured I-V characteristics, under different concen-
trations of ammonia gas at 423 K and 473 K are shown
in Figs. 3(a) and (b), respectively. Apparently, the current
increases with the increased ammonia concentration under
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FIGURE 3. Current-voltage (I-V) characteristics of the studied device,
under different concentrations of ammonia gas, at (a) 423 K and (b) 473 K.

applied forward and reverse voltages. In addition, the cur-
rent variation (ammonia sensing performance) is sensitive
to the operating temperature. For the studied device, due
to the lower dissociation efficiency of ammonia molecules,
the ammonia sensing behavior (current variation) is negli-
gible when the temperature is lower than 423 K [19], [20].
Therefore, the studied device should be operated under
relatively higher temperatures (> 423 K) for ammonia sens-
ing. As previously reported, the ammonia sensing mech-
anism of Schottky diode-type sensors can be interpreted
as follows [19]. Under the used catalytic Pt metal, ammo-
nia molecules are adsorbed on the Pt metal surface and
dissociated into nitrogen and hydrogen atoms [19]. Some of
these hydrogen atoms that diffuse through the Pt bulk reach
the Pt/NiO interface. These accumulated hydrogen atoms are
polarized by the total internal electric field &; of NiO and
GaN to achieve a dipole layer at the interface [29]. The pres-
ence of this dipole layer causes an electrical field &4 which
is in the contrary direction toward ;. The formation of &4
leads to reduced magnitude of ¢;, energy barrier in NiO,
and an effective Schottky barrier height from q¢; to q¢;, as
shown in Fig. 4 [30]. Thus, based on the reduction of the
Schottky barrier height, the conducting current is increased
when the ammonia gas is introduced.

The ammonia sensing response Sr, as a function of
temperature of the studied device under the applied for-
ward voltage of Vypp = 0.4 V and the reverse voltage of
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FIGURE 4. Representative energy band diagrams of the studied device
under introduced ammonia gas.
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FIGURE 5. Ammonia sensing response Sg as a function of temperature of
the studied device under applied (a) forward voltage of Vappl = 0.4V
and (b) reverse voltage of Vo5 = —2 V.

Vappt = —2 V, is shown in Figs. 5(a) and (b), respectively.
The sensing response Sy is defined as [19], [20]:

Sp = INH3—Iair’ 0

Iair

where Iyy, and Iy, are currents measured in ammonia-
containing ambience and air, respectively. The Sgr is
increased (decreased) with the increase (increase) in ammo-
nia concentration (temperature), as shown in Fig. 5. For
instance, under the forward voltage of Vypp = 0.4 V, Sg
is increased from 1.4 to 244.2 when the ammonia concen-
tration is increased from 2 ppm to 1000 ppm NHj/air at
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423 K, as shown in Fig. 5(a). The significant Sg value
of 244.2 is superior to that of reported Schottky diode-
type ammonia sensors [18]-[20]. Moreover, under 1000 ppm
NHj/air gas, the Sy drastically decreases from 244.2 to 2.5 as
the temperature increases from 423 K to 523 K. The stud-
ied Pt/NiO/GaN-based MOS diode exhibits ammonia sensing
ability even under an applied reverse voltage, as shown in
Fig. 5(b). Under the applied voltage of Vypp = =2V,
the Sr increases from 0.9 to 7.3 once the ammonia con-
centration increases from 2 ppm to 1000 ppm NHj/air at
423 K. Therefore, the studied device shows ammonia sens-
ing capability and operating flexibility under applied voltages
both forward and reverse.
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FIGURE 6. Transient response of the studied device upon exposure to
1000 ppm NH3/air gas at 423K. The corresponding performance at 473 K is
shown in the inset.

The transient response of the studied device upon expo-
sure to 1000 ppm NHa/air gas at 423 K is shown in
Fig. 6. The inset shows the corresponding performance
at 473 K. The applied forward voltage is kept at
Vappt = 0.4 V. Clearly, the conducting current is rapidly
increased (decreased) upon the introduction (removal) of
ammonia gas. The sensing speed is obviously enhanced
with the increase in temperature, as illustrated in Fig. 6.
Also, the recovery action (removal of NH3 gas) is faster
than the response action (introduction of NHj3 gas). In
order to evaluate the sensing speed, the response (recovery)
time constant is defined as the time required to achieve
90% of the full response (recovery) action [31]-[33]. Under
1000 ppm NHj3/air gas, the studied device has a relatively
longer t, of 41.5 min at 423 K. This value can be drastically
decreased to 1.2 min at the higher temperature of 523 K. Yet,
the corresponding tp, value is decreased from 12.6 min to
0.15 min when the temperature is increased from 423 K to
523 K. Hence, the recovery action of the studied device is
faster than the response one, as indicated above. This may
be caused by the relatively complicated steps and processes
of the dissociation of NH3 and H, molecules on the Pt sur-
face. Therefore, a longer 7, is needed to complete the full
response action.

Figure 7 shows three repetitive dynamic responses
of the studied device under 1000 ppm NHj/air gas at
473 K. The corresponding performance at 523 K is shown
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FIGURE 7. Three repetitive dynamic responses of the studied device under
1000 ppm NH3/air gas at 473 K. The corresponding performance at 523 K
is shown in the inset.

in the inset. The applied forward voltage is fixed at Vypp =
0.4 V. Clearly, the studied device shows reversible current
variations upon the exposure and removal of ammonia gas;
therefore, the studied Pt/NiO/GaN MOS device shows
good repeatability and reversibility for ammonia sensing
applications.

Our device
- )

I

GPDR Reduced {
Model Redundancy Data ) '
PR .
Recovery Data - Reduced
‘ :Ii Redundancy Data
, CloudyService m
Our device |
‘ ~
Our device
{ * f |
R N .

Reduced
Reduced Redundancy Data

Redundancy Data

Original
Measured Data

FIGURE 8. A schematic diagram of sensing transmission of the studied
device for loT application.

Figure 8 illustrates a schematic diagram of sensing trans-
mission of our studied device for IoT application. First,
ammonia gas is sensed by our studied ammonia sensor (orig-
inal sensing data), and then the data is transmitted to the
server through the reduced redundancy operation. Finally,
the transmission data is recovered by using the proposed
GPDR algorithm. During the sensing transmission process,
it is necessary not only to reduce the amount of data transmit-
ted, but more importantly, to increase the ratio of recovery.
Practically, under introduced ammonia gas, the amount of
data at the initial stage is not large. So it is a good choice to
predict or simulate the sensing curve with the grey system
algorithm. GM(1, 1) is most commonly used as a predictive
approach in grey systems [34]. Figure 9 shows the corre-
sponding simulated results from GM(1, 1). In order to obtain
the ammonia sensing data (original) and sample data (sim-
ulated) for comparison, the mean relative recovery error
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rate (MRE) is defined as [35]:
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FIGURE 9. Comparison of measured raw sensing data and recovery
sensing data by using GM(1, 1) under 1000 ppm NH3/air gas at 473K.

where n is the number of data sets, and mg,s and mgpdr
are the data for the ammonia sensing and GPDR model
output. In this case, MRE (%) is only 56.85%. This value
needs to be improved; the dissatisfaction is mainly caused
by the first-order differential fitting. Our GPDR model can
overcome this problem. The simulation steps are as follows.

Step 1: Take three sets of data from the ammonia sensing
response starting point (D(k), 1 < k < 3), and then 1-AGO,
DU can be obtained:

k

m“z{E:D@J§k§3} (3)
i=1

Step 2: Set D'V with a one-dimensional polynomial type:

DW (k) = ak® + bk + ¢, forl <k < 3. )

Step 3: Take 1 < k < 3 from Step 2, so that the coefficient
value can be obtained.

a pOMIT1T 1 177!
bl=|DV2) |4 2 1] . 5)
c pY3)y (]9 3 1

Step 4: Find the estimated value ﬁ(k + 1):
Dk+1) =DV k& +1) — DD (k). (6)

Step 5: Find the differences between the original results
and GPDM data.

Step 6: Replace these simulation data from step 5 with
the actual sensing data.

Step 7: Add three consecutive measured points based on
step 6, interval every 100 points.

By performing steps 1 through 7, the redundant data will
be removed. The remaining data can be transferred to the
server for storage and analysis. The reduced data received
by the server can be processed according to steps 1 through
4 to obtain the simulated recovery value. Figure 10 shows the
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corresponding simulated results from the GPDR model. The
MRE (%) is 96.76%, which is higher than that of GM(1, 1).
Table 1 shows the reduction point ratio and recovery rate of
the GPDR model at different intervals. At 50 point intervals,
1000 ppm NN3/air was introduced at an operating tempera-
ture of 423 K; the ratio of reduction points is 64.22%, and
the recovery rate can be as high as 99.79%.
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40}
30t
20}

Current(nA)
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FIGURE 10. Comparison of measured raw sensing data and recovery
sensing data by using GPDR model under 1000 ppm NH3/air gas at 473K.

TABLE 1. Comparison of reduced data rate and recovery rate with different
interval points by using GPDR model.

Interval points | Reduced Number Rate (%) | Recovery error rate (%)
50 64.22 0.21

100 71.84 3.24

200 80.07 20.65

500 82.01 26.37

V. CONCLUSION

In summary, a new Pt/NiO/GaN-based MOS diode-type
ammonia sensor was fabricated. The related ammonia sens-
ing performance was studied and reported. Although a rel-
atively higher operating temperature (=423 K) was needed,
the studied device shows good ammonia sensing proper-
ties. Experimentally, a high sensing response of 244.2 was
obtained under the introduced 1000 ppm NHj/air gas
at 423 K. This value is remarkably higher than those
reported by Schottky diode-type ammonia sensors. Even
under a lower ammonia concentration of 2 ppm NHj/air, the
studied device presents distinct sensing behaviors. The stud-
ied device also provides advantages of operating flexibility
in both applied forward and reverse voltages and reversible
sensing performance. In addition, we developed a new GPDR
model to reduce the redundant data and achieve a high recov-
ery rate. This is promising for the transmission of sensing
data in IoT applications.
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