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Abstract: Gas sensor based on the Ultraviolet and Ozone (UVO) treated Chemical Vapor Deposition
(CVD) Graphene Oxide (GO) and the Ion Sensitive GO-5i based metal-semiconductor junction
resistor was designed and realized. Under different gate voltages, the response characteristics of the
sensor to ammonia concentration, as well as the selectivity and stability of the sensor were studied.
The test results show that the comprehensive performance of the gas sensor is the best when the
UVO processing time is 1 min and the applied gate voltage is —9 V. The proposed Ion Sensitive
GO-Si based metal-semiconductor junction resistor Gas Sensor can detect 250 ppb ammonia with a
sensitivity of 4%. The detection limit of the sensor is 50 ppb. Using acetone and ethanol as contrast
gases, the sensor shows better selectivity for ammonia. The sensitivity retention rate of the sensor
after 10 days is higher than 70%, which indicates that the sensor has a good retention performance.

Keywords: gas sensor; graphene oxide; GO-5Si based metal-semiconductor junction resistor; UVO;
reduced graphene oxide; ammonia

1. Introduction

As a new type of low-dimensional carbon material, graphene not only has excellent
electrical, optical, mechanical, and thermal properties [1-5], but also has high specific
surface area. Graphene can provide more adsorption surface for gas molecules, and
can realize gas detection at room temperature. In 2007, Geim et al. reported that intrinsic
graphene can detect single gas molecules [6]. Graphene is considered to have great potential
in the field of gas molecular detection. Since then, the research on gas sensing properties of
graphene has become an important topic.

Moreover, as a toxic gas, ammonia has a great stimulating effect on the respiratory
organs of the human body. Prolonged exposure to ammonia concentrations in excess
of 25 ppm can cause cell damage and even death [7]. In industrial production and automo-
bile industry, exhaust gas will produce a lot of ammonia, in order to protect the human
property and life safety. Therefore, the detection effect of ammonia gas is very important.

The most basic gas detection device is the Chromatographic Instrument. However,
due to its big size and high cost, it is not suitable for distributed detection environment [8].
At present, gas sensors are candidates suitable for distributed measurement. In the electric
parameter gas sensor, there are chemical and physical categories, such as electrochemical
sensors and infrared sensors. At present, the infrared sensor technology is not exquisite
enough and the cost is high. Therefore, there are certain limitations in the application of
the market. In addition, the electrochemical sensor market potential is huge. It has a low
cost, long life, fast response and recovery time, simple electronic structure, and can be
designed according to sensitive materials corresponding to the gas sensor [9]. Therefore,
the paper mainly studies a kind of electrochemical gas sensor. The important performance
indexes of gas sensor are sensitivity, linearity, stability, response speed, and selectivity. The
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sensitivity reflects the relative responsivity of the sensor when it meets the measured gas.
Linearity reflects the correlation between the gas concentration and the output electrical
parameters of the sensor [10-14]. Stability is related to the service life and repeatability of
the sensor. The response speed represents the sensing speed of the sensor when it comes
into contact with the measured gas and the recovery speed when it leaves the measured gas
environment. Selectivity refers to the ability of the sensor to distinguish the interference
gas. The higher the selectivity, the stronger the anti-interference ability of the sensor and
the higher the signal-to-noise ratio of the target gas.

Graphene gas sensor can realize the ppb-level gas detection. For example, Seyedeh
Maryam et al. doped graphene with nitrogen dioxide, and the detection limit of ammo-
nia reached 200 ppb. In contrast, the detection limit of graphene before doping is only
1.4 ppm [15,16]. Jun Wu et al. achieved a three-dimensional reduced graphene oxide
hydrogel sensor with a micro heater structure, and the detection limits for nitrogen dioxide
and ammonia reached 200 ppb and 20 ppm [17], respectively. Our research team improved
the detection sensitivity of graphene to ammonia through graphene modified with gold
nanoparticles and reduced graphene oxide treated with tannic acid [18-21].

Around the research of graphene gas sensor, the graphene derivative Graphene
Oxide (GO) Gas Sensor is extended. GO is a two-dimensional, flexible material with a
highly defective structure that tends to form specific “selective groups” that can selectively
recognize different gases [22-25]. At present, the application of graphene and GO gas
sensors is focused on the research of harmful gases in life, biomedical, and industrial
production. For example, toxic gases from industrial production, such as nitrogen dioxide
and ammonia, are currently the focus of the research. Due to the low concentration of these
gases, it has become one of the goals of the researchers to extend the gas sensor to lower
the limit detection. At the same time, the sensitivity and response of the sensor are also
essential when it is used for the detection of an extremely low concentration.

As gas sensitive materials, the selectivity and sensitivity of GO to ammonia are greatly
improved, as compared to graphene. NHj is N-type compared to CVD-GO. When the
NHj3 molecule is adsorbed on the surface of CVD-GOQ, it releases an electron, and at the
same time, takes a proton from the film. The released electron binds to the holes in the
film. However, since the contamination of chemical reagents to devices is immeasurable,
it is difficult for the traditional GO process to be compatible with the integrated circuit
field. Therefore, it is very important to study the gas sensors which are compatible with
the IC technology and can realize graphically the GO preparation. Therefore, the Ion
Sensitive GO-5i based metal-semiconductor junction resistor Gas Sensor is proposed. The
gas sensor proposed in this paper is based on the surface adsorption. Its sensitivity and time
characteristics have great potential to be improved. It can bias the sensor in the region with
maximum responsiveness, thus improving the sensitivity of the sensor. It was prepared
using the method of UVO, which is compatible with the IC technology. A few of our devices
have good gate control characteristics, but most of the gate control characteristics are not
obvious. Based on this, the lon Sensitive GO-5i based metal-semiconductor junction resistor
Gas Sensor was realized. In different gate voltage conditions, the way to improve the
performance of the sensor is found by studying the sensitivity, response speed, selectivity,
and stability of the sensor. This research has important implications for future research and
commercial implementation.

2. Experiment
2.1. Structure of Ion Sensitive GO-Si Based Metal-Semiconductor Junction Resistor Gas Sensor

The structure of the proposed Ion Sensitive GO-5i based metal-semiconductor junc-
tion resistor Gas Sensor is shown in Figure 1. SEM images of similar structures have been
studied in our previous paper. The SEM image is shown in Figure 2 [26]. The device
uses Silicon On Insulator (SOI) as the substrate and Si nanoribbons as the ion effect part.
The Si nanoribbons increase the contact area and improve the responsiveness. Among
them, 50 pm-wide Si nanoribbons were obtained by Inductively Coupled Plasma (ICP180,
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Oxford Instruments PLC, Abingdon, UK) etching. After the CVD graphene is transferred
to the top of the device, it is treated by Ultraviolet Light (No. 42-220, Jelight Company Inc.,
Irvine, CA, USA) and the Ozone (UVO, No. 42-220, Jelight Company Inc., Irvine, CA, USA)
method to form the CVD-GO gas sensing material layer. The thickness of Si nanoribbons
is 300 nm, and the thickness of buried oxygen layer is 500 nm. The part of p-type
Si nanoribbons in contact with the metal electrode was implanted by ion implantation, as
shown in the blue area of Figure 1. Since the impurity concentration is less than the original
p-type impurity concentration, the ion implantation region in contact with the metal is still
p-type, and the impurity concentration is far less than the Si nanoribbons. Since the noise
is caused by the 1/f noise and Johnson noise, the 1/f noise mainly results from the changes
of minority carrier number and carrier mobility caused by defects in the sensing material
as graphene [27]. Whereas, the Johnson noise originates from the irregular thermal motion
of the carrier, and is proportional to the impedance of the sensing material [28]. Based on
the structure of this device, the component has few defects and low resistance, thus it has
low noise and high SNR.

Figure 1. Structure diagram of GO-Si based metal-semiconductor junction resistor CVD-GO
gas sensor.

SU801010.0kV 17.6mm x30 LM{UL)

Figure 2. The SEM images.

2.2. Fabrication Process of Ion Sensitive GO-Si Based Metal-Semiconductor Junction Resistor
Gas Sensor

The process flow chart of Ion Sensitive GO-Si based metal-semiconductor junction
resistor Gas Sensor is shown in Figure 3. Graphene was transferred onto Si nanoribbons,
the required graphene strips were protected by lithography, and then the excess graphene
outside the strips was removed by oxygen plasma. After gelatinization, the graphene
is transformed into CVD-GO by the UVO process, and the Ion Sensitive GO-Si based
metal-semiconductor junction resistor Gas Sensor is obtained. The top view of the sensor
is shown in Figure 3h. The main processes used are photolithography, oxygen plasma,
etc. The device array of four sensors is composed of Si substrate as the back gate, SiO, as



Coatings 2021, 11, 1310

40f12

0.0015

the gate dielectric layer, Au/Ti as the source leakage electrode, and silicon nanoribbon as

the channel.
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Figure 3. Process flow chart diagram of ion sensitive GO-5i based metal-semiconductor junction
resistor gas sensor.

The annealing process can improve the contact between the graphene and metal
electrode. By removing impurities between the graphene and metal, such as residual pho-
toresist, and enhancing the interaction between the graphene and metal, we can improve
the carrier transmission and reduce the contact resistance.

The characteristic curves of Ipg-Vpg and Ipg-Vgs were tested after graphene was
transferred to the device. The curve is shown in Figure 4a,b.

Figure 4a clearly shows that graphene is in ohmic contact with the metal electrode of
the device, and the current is about 1 x 1073 A. Figure 4b shows the transfer characteristic
curve of graphene transfer on the devices. It can be seen from Figure 4b that when the
absolute value of Vgs is greater than 10 V, the device current reaches the upper limit of the
maximum protection current, which is, 0.1 A. In Figure 4c, the transconductance of back
gate (gm = dlgs/dlgs) for different V44 can be extracted and plotted as a function of Vgs In
Figure 4c, the maximum transconductance is 3.13 x 1072 S, which is generated when V 44
is zero. Therefore, in subsequent tests, we choose V45 to be zero as the bias condition.
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Figure 4. (a) I35-Vgs and (b) I45-Vgs curves of ion sensitive GO-Si based metal-semiconductor junction resistor gas sensor.

(c) Transconductance of back-gate (gm) of different V4.

3. Results and Discussion
3.1. Gas Sensor Test System

The characteristics of Ion Sensitive GO-Si based metal-semiconductor junction resistor
Gas Sensor are studied under different back-gate biases. The equipment used is a Keithley
2000 digital multimeter, PXN-1503D DC voltage source. Here, a manual injection is
conducted through a syringe. Then, the volume of the injection is taken and converted into
the concentration. The structure diagram of the gas test system setup is shown in Figure 5.

Sensor

Test
chamber

Data
collection

Figure 5. Structure diagram of the gas test system setup.

The condition of the gas test is composed of normal temperature and atmospheric
pressure, and the humidity is about 45%. The test is divided into three stages, namely, the
stable stage, the gas in the response stage, and the gas recovery stage. The characteristics
of the gas sensor are extracted by monitoring the time response of the output current of
the sensor with ammonia under different gate pressures. All of the gas sensing tests were
implemented in the proposed self-made test system, as shown in Figure 5. The resistance
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values of several sensors changed with the injection and discharge of ammonia. The gas
sensing sensitivity can be obtained by the following equation.

Sensitivity (%) = Rammonia = Rair 400, 1)
Rair

Rammonia and Raj; are the electrical resistance values with and without ammonia gas, re-
spectively. The ammonia characteristics of Ion Sensitive GO-5i based metal-semiconductor
junction resistor Gas Sensor treated by UVO were tested. The duration of UVO treatment
was 0,1, 3,5,7,9, and 11 min, respectively. Figure 6a shows the sensitivity characteristic
scatter of gas sensor with different time lengths of UVO processing. As can be seen from
the figure, the maximum sensitivity of the device can reach 50%. Compared with the
previous sensor based on GO in our research group (the maximum sensitivity is 19%) [10],
the sensitivity is significantly improved. The samples with the highest sensitivity were the
9- and 1-min samples, respectively. However, the sensitivity of 3-, 5-, and 7- min samples
was lower than the 1- and 9-min samples for specific reasons, as follows: The proportion of
oxygen-containing functional groups (C-O, C=0, O-C=0, etc.) on the surface of graphene
increased with the increase of UVO treatment time, indicating that the oxygen-containing
functional groups of GO in CVD could be improved after the UVO treatment. This, in
turn, improves the gas sensitivity of the sensor. Therefore, the sensitivity of the 9-min
sample is higher than the 1-, 3-, 5-, and 7-min samples. However, the resistance value of
the 1-min sample decreased, since the graphene of the 1-min sample was not denaturated
or the denaturation degree was very low. Therefore, the gas-sensitive performance of the
1-min sample treatment cannot be reached. However, the gas-sensitive property of the
11-min sample is obviously not as good as the sample treated for 9 min. Since the structure
of the graphene treated by the UVO method for 11 min is seriously damaged and larger
defects are added, thus the gas-sensitive property of the graphene is damaged and the
gas-sensitive response drops sharply.

Next, the two groups of samples were fitted with linearity, and the results are shown
in Figure 7. Although the sensitivity of the 9-min sample is the highest, its linearity is lower
than that of the 1-min sample, and its R? is as high as 0.98677. The reason is as follows:
According to the Raman spectrum in Figure 6b, the Ip /Ig (=1.07) of the 9-min sample is
much higher than the 1-min sample (<0.55). The I,p/Ig (=1.121) of the 0-min sample is
greater than 1 and peak D is not visible, which shows the standard monolayer graphene
Raman characteristic spectrum. I,p/Ig increased sharply due to the fact that the CVD
graphene oxide was obtained by the UVO treatment for 1 min. As the processing time
increases, the defects increase, thus the I,p /I weakens and the Iy /I increases. Due to the
defects, the sensitivity of the 9-min sample is higher, but the linearity of the 9-min sample is
lower. From the Raman spectrum, the 1-min sample has the least defect degree, the highest
linearity, and high sensitivity. Therefore, through the experimental screening, the 1-min
sample is the preferred sample.

3.2. Sensing Performance of Ion Sensitive GO-Si Based Metal-Semiconductor Junction Resistor
Gas Sensor

The subsequent test samples were the 1-min sample. The sensitivity response curve
of Ion Sensitive GO-5i based metal-semiconductor junction resistor Gas Sensor to 50 ppm
ammonia concentration at different gate pressures is shown in Figure 8, and Vpg is 1 V. It
can be observed from Figure 8 that the sensitivity is higher when the applied gate voltage
is —10 V, but gradually tends to saturation. Therefore, it is recommended to apply the gate
voltage range of —5V to —10 V. Graphene is p-type, and the majority carrier is hole. While
the negative bias pressure produces cavities, which increases the carrier concentration, it is
helpful to improve the sensor sensitivity. When the positive gate voltage is applied, the
sensitivity decreases first and then increases with the increase of the gate voltage. Since the
positive Vg can improve the source potential and lead to the decrease of Ipg, the sensitivity
tends to decrease. However, when Vg is larger than Vpg, Ipg increases in reverse, and the
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sensitivity increases. Moreover, due to the positive gate voltage, the electron will compound
the holes in the graphene, which will reduce the carrier concentration. Therefore, on the
positive gate voltage side, the sensitivity increases, but the increase in the amplitude is

not large.
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Figure 6. Sensitivity (a) and Raman spectrum (b) of ion sensitive GO-Si based metal-semiconductor junction resistor gas
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Figure 8b shows the response time (trgs) and recovery time (trgc) characteristic curves
of the 1-min sample. It can be observed from Figure 8b that when the negative gate voltage
is applied, the recovery time of the sensor is shorter than the positive gate voltage. At the
same time, when the negative gate voltage is applied, the response time of the sensor is
relatively low. From the time response characteristics, when the gate voltage is —9 V, the
sensitivity of the sensor is almost saturated and maximum, and the response time and
recovery time are relatively low. Therefore, —9 V is the optimal gate voltage condition.

3.3. Research on the Detection Limit of Ion Sensitive GO-Si Based Metal-Semiconductor Junction
Resistor Gas Sensor for Low Concentration of Ammonia

Under a low concentration of ammonia, the detection limit of the 1-min sample was
studied. The gas sensing response curve of the UVO 1-min sample with the change of
ammonia concentration is shown in Figure 9.

In laboratory conditions, the gas sensor can detect 250 ppb concentration of ammonia,
and the sensitivity is about 4%. In the range of 250~25 ppm ammonia concentration, the re-
sponse time trgg of the 1-min sample is about 10 min. Moreover, when the concentration of
ammonia decreases, the trgc of the sensor decreases. When the concentration of ammonia
is 250 ppb, the trgs and trgc of the sensor are about 9.8 min, respectively. The reason why
the response time jumps when the ammonia concentration is 1.25 ppm may be due to the
fact that the gas in the cavity is not completely dissipated. Therefore, it can be seen that
when the Trgs of the sensor is increased, its sensitivity will naturally improve. As a result,
it is completely possible to detect the NH3 concentration below 250 ppb using this sensor.
This equation [29] can be used to calculate the detection limit of the device:

I'MSnpise

DL =
(ppb) =3 slope

@
where rmsp;ge is the root-mean-square deviation of sensor noise, and slope is the slope
of the black line (Figure 7). Finally, the gas detection limit of the sensor is calculated to be
50 ppb. Therefore, the sensor is used to detect ammonia at 50 ppb.
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Figure 9. Response curve of the UVO 1-min sample sensor under a low concentration of ammonia.

3.4. Selectivity and Stability of lon Sensitive GO-Si Based Metal-Semiconductor Junction Resistor
Gas Sensor

The selectivity and stability of UVO 1-min sample sensor were studied. Acetone and
absolute ethanol were used as contrast gases. These two gases belong to the VOC gas,
and the interference to ammonia gas is relatively large [30]. Therefore, they are widely
used in ammonia noise gas to evaluate the selectivity of ammonia sensor. Here, we test
the sensitivity to different gases by injecting different gases at once. Anhydrous ethanol
and acetone are injected through a standard pipette. The sensitivity of UVO 1-min sample
sensor to acetone, absolute ethanol, and ammonia is shown in Figure 10. On the one hand,
the sensitivity of the sensor to ammonia is the highest, which is much larger than acetone
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and absolute ethanol (the maximum difference is 38%). On the other hand, the sensitivity

to ammonia increases with the increase of concentration, but there is no trend for acetone
and absolute ethanol.

50

I Ammonia
I Acetone
B Ethanol absolute

w B
o o
T

Sensitivity(%)

N
o
T

10

50ppm 100ppm 250ppm 500ppm
Gas Concentration(ppm)

Figure 10. Bar chart of selectivity test for the UVO 1-min sample sensor.

The stability test results of UVO 1-min sample sensor are shown in Figure 10. There
was no encapsulation of the sensor during the test. The sensor was tested at four different
ammonia concentrations, and then the sensor was tested again after 10 days. It can be seen
from Figure 11 that the sensitivity of the sensor placed for 10 days is almost unobservable
compared to the fresh device. In order to accurately evaluate the aging condition of

the sensor, the retention rate of Ion Sensitive GO-5i based metal-semiconductor junction
resistor Gas Sensor is also estimated, as shown in Table 1.

[ initial response curve of sensor
20 [_1Response curve of the sensor after 10 days of pl

t

w
o
T

Sensitivity(%)
N
o

[y
o
T

50ppm 100ppm 250ppm 500ppm
Ammonia Concentration(ppm)

Figure 11. Retention characteristics of UVO 1-min sample sensor under different ammonia concentrations.

Table 1. Retention and stability of ion sensitive GO-Si based metal-semiconductor junction resistor

gas sensor.
NH; Concentration Initial Value of S/% S after 10 days/% Retention Rate/%
50 ppm 16.649 13.212 79.36
100 ppm 21.008 15.916 75.76
250 ppm 29.777 26.176 87.91
500 ppm 41.603 41.330 99.34

The sensitivity of Ion Sensitive GO-Si based metal-semiconductor junction resistor
Gas Sensor has low attenuation after a period of time, and its retention rate is higher than
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70%. When the concentration of ammonia is higher than 250 ppm, the retention rate is
higher than 85%. Since the sensor is not packaged in the process of placement, it shows
that the device can resist the pollution of various particles in the air, and the retention rate
is still higher than 70%. Therefore, the experimental results show that the sensor has good
retention performance.

The performance of our sensor is compared with sensors that are reported by other
groups. Table 2 summarizes the sensing materials, sensitivity, and response time of these
studies. Although the sensitivity of the device in this paper is not significantly improved, it
is able to detect a wider range of gas concentrations than the previously reported devices.

Table 2. Comparison of various indicators between different sensors based on GO.

Sensing Materials Gas Concentration Sensitivity Response Time Reference
GO 150 ppm 4.97% 5 min [31]
GO 100 ppm 5% <90s [32]

GO-Si 250 ppb 4% 9.8 min This Work

4. Conclusions

The Ion Sensitive GO-5i based metal-semiconductor junction resistor Gas Sensor based
on the GO-Si sensitive film is designed and implemented. The width and length of the
channel are 50 and 1000 um, respectively. The performance of gas sensor is studied under
different gate voltages, including sensitivity, time response, selectivity, and stability. The
results show that the sample of UVO 1-min sample is the best of the sensors. The Ion
Sensitive GO-5i based metal-semiconductor junction resistor has the best comprehensive
performance when the gate voltage is —9 V. On the one hand, the minimum detection
concentration of ammonia gas can reach 250 ppb, the minimum detection limit of extraction
is 50 ppb, and the linearity R? is as high as 0.987. On the other hand, when ethanol and
acetone are used as contrast gases, the selectivity of the sensor to ammonia is very high,
and the maximum sensitivity difference can reach 38%. The retention rate of the sensor
is more than 70% after 10 days without the package, which indicates that the sensor has
good stability.
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