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(57) ABSTRACT 
The present invention discloses a gas sensor made of ?eld 
effect transistor based on ZnO nanoWires (ZnO-FET) Which 
operates according to the principle of metal-oxide-semicon 
ductor ?eld effect transistor (MOSFET) and has a charge 
carrier channel made of ZnO nanoWires between source and 
drain. The gas sensor device disclosed in the present invention 
has three electrodes-gate, source and drain, so that it is dif 
ferent from the known gas sensor device Which has only tWo 
electrodes-cathode and anode. The ZnO nanoWires as charge 
channel in the gas sensor device of the present invention is an 
n-type semiconductor With high speci?c surface area, and its 
electric resistance can be controlled by the gate bias, so that 
the capability of the present device for sensing gas can be 
largely promoted. 

7 Claims, 3 Drawing Sheets 
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GAS SENSOR MADE OF FIELD EFFECT 
TRANSISTOR BASED ON ZNO NANOWIRES 

FIELD OF THE INVENTION 

The present invention relates to a gas sensor device, espe 
cially to a gas sensor device based on the principle of ?eld 
effect transistor. The gas sensor device has three electrodes: 
source, drain, and gate, and charge channel made of ZnO 
nanoWires betWeen source and drain. Due to the high speci?c 
surface area and the gate bias controlling for the electric 
resistance of ZnO nanoWires, the gas sensor device disclosed 
in the present invention is superior to the knoWn device in 
sensing gas. 

DESCRIPTION OF THE PRIOR ART 

There are more and more gases With ?ammability, 
explosibility, toxicity created in the human living space along 
With the science progress and technology development. In 
order to reduce the environmental contamination and pro 
mote the safety of human life, it is necessary to detect and 
control these harmful gases. Therefore, the studying and 
manufacturing of the gas sensor device for various gases are 
needed and urgent [1]. 
Among the various gas sensor devices, the semiconductor 

gas sensor is more and more paid attentions and extensively 
investigated by the World due to its loW cost, small volume, 
simple construction, and high sensibility. There are many 
oxides such as SnO2, ZnO, Fe2O3, W03, Mn, and CrO used as 
the semiconductor materials for the gas sensors. 

In the process of sensing gas for the semiconductor gas 
sensor, the gas is adsorbed on the surface of semiconductor. If 
the electron af?nity of gas molecular is larger than the Work 
function of semiconductor, the electrons on the semiconduc 
tor surface Would be transferred to the gas molecular, so the 
latter Would become cathodic ion. Such a gas like 02 and NO,C 
is called oxidiZing gas. Reversely, if the electron a?inity of 
gas molecular is smaller than the Work function of semicon 
ductor, the electrons on the gas molecular Would be trans 
ferred to the semiconductor so the former Would become 
anodic ion. Such a gas like H2, CO, and CZHSOH is called 
reducing gas. 

There are four types of mechanisms proposed up to date for 
explaining the behavior of sensing gas for the semiconductor 
materials. They are volume control, surface adsorption, grain 
boundary barrier, and oxygen adsorption mechanisms. The 
mechanism of oxygen adsorption is proposed from the com 
bination of surface adsorption and grain boundary barrier 
mechanisms and is one of the most extensively accepted. The 
oxygen adsorption mechanism can be brie?y described as 
folloWs. 
When the semiconductor materials are in air, the oxygen 

molecular in air can be adsorbed on the semiconductor sur 
face. The electrons a?inity of oxygen molecular is larger than 
that of semiconductor, so the electrons Would be transferred 
form semiconductor to oxygen molecular, as shoWn in the 
folloWing formula. 

Where 0'41“0 is the adsorbed oxygen and carries negative 
charges. 
When the semiconductor of Which surface has adsorbed 

oxygen is put in the gas to be sensed, the gas to be sensed 
Would react With the adsorbed oxygen. For example, the 
reaction for H2 is as the folloWing. 
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2 
The released electrons ne' Would be transferred to semi 

conductor, so the electric resistance of semiconductor Would 
vary accordingly. The kind and concentration of sensed gas 
can be determined from the electric resistance variation of 
semiconductor. 
The necessary condition for a semiconductor as a good 

sensing material is high sensitivity, strong selectivity, good 
stability, short time for response and recovery. The n-type 
semiconductor of ZnO is a potential material for the urage of 
sensing gas. It canbe used for sensing reducing gas, oxidiZing 
gas, and ?ammable gas such as C2H5OH, C6H6 , . . . , etc. 

The sensing function of gas sensor is by means of the 
adsorption effect betWeen semiconductor surface and gas 
molecular, so the more the surface area of semiconductor, the 
more the performance of sensing gas, in other Words, the 
semiconductor material With smaller siZe is more suitable for 
gas sensor. For the present, it is a trend to make use of 
nanosiZed ZnO as the material for sensing gas. 
ZnO is a semiconductor of II-IV compound With a energy 

gap of 3.4 eV. It has a Wur‘tZite symmetrical center, so it 
possesses pieZoelectricity There are many methods for pre 
paring nanosiZed ZnO of quasi-one-dimension (QID). The 
QID nanosiZed ZnO is generally a single crystal and has an 
axis along [0001] direction. Due to the oxygen de?ciency and 
the Zinc interstitial defect, ZnO is an n-type semiconductor. 
The charge carrier mobility of QID ZnO is 20~100 cm2/V~s 
and can reach 4000 cm2/V~s after surface treatment [12]. In 
addition to the energy gap of 3.4 eV, ZnO has exciton binding 
energy of 60 meV, so it is suitable for the photoelectric appli 
cation in short Wave. Moreover, the electric resistance of QID 
ZnO is quite sensitive in response to some gases, so it can be 
also applied to gas sensing. 
The ZnO nanotetrapods after Pd2+ dopping can be used to 

sensing ammonia [2]. The nanosiZed ZnO in Wire shape has a 
better sensing performance for H2 than those in tube and rod 
shapes [3]. The performance of nanosiZed ZnO in rod shape 
for sensing H2S and CZHSOH is determined by the preparing 
process [4]. The ZnO nanorod formed by hydrothermal pro 
cess Without any treatment has better sensing selectivity and 
stability than the traditional materials [5]. The quartz crystal 
microbalance (QCM) formed by ZnO nanoWires deposited 
on the surface of quartz electrode can sensing ammonia [6]. 
The ZnO nanorod about 95 nm in diameter has been shoWn 
that it has quite high sensitivity and selectivity in sensing 
C6H6 and CZHSOH [7] . When the transparent thin ?lm of ZnO 
is formed on Si and glass substrates, its performance for gas 
sensing is much affected by the surface morphology, espe 
cially the roughness and grain siZe [8]. The porous ZnO 
nanopar‘ticle formed in autoclave is superior to the general 
ZnO nanopar‘ticle in sensing organic gases [9]. The electric 
resistance of ZnO ?lm doped With Cu by co-sputtering pro 
cess has an obvious change in 6 ppm CO at 1500 C. This 
displays the materials has potentiality in gas sensing [10]. The 
junction betWeen p-type ZnO and n-type ZnO behaves like a 
tunneling diode, Which is sensitive for sensing H2 at 4000 C. 
[1 1]. 

In the past decade QID semiconductor has been much 
noticed and studied by the World due to its high potentiality in 
the application for nanosiZed electronic and photoelectric 
devices [13-17]. When the siZe of materials is reduced to 
nanometer scale, the packing density of device can be 
increased, the consumed poWer can be decreased, and the 
sensitivity of surface can be much promoted. Comparing With 
bulk material, QID material has larger speci?c surface area 
and its siZe also approach the Debye screen length. Its electric 
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property can be largely varied due to the surface states created 
by the adsorption so that its sensitivity can be largely 
increased. 

Speaking about ?eld effect transistor (FET), there are three 
types of different structureszjunction ?eld effect transistor 
(JFET), metal-semiconductor ?eld effect transistor (MOS 
FET), and metal-insulator-semiconductor ?eld effect transis 
tor (MISFET). If the insulator in MISFET is formed by SiO2, 
the MISFET is then called as metal-oXide-semiconductor 
?eld effect transistor (MOSFET), Which is one of the most 
extensively used electronic device for present. 

In most MOSFET, the semiconductor is made of Si, the 
insulator is made of SiO2 and the metal or heavily dopped 
polysilicon is used as gate. As shoWn in FIG. 1, the charge 
carrier (electron or hole) channel (c) is at the interface 
betWeen SiO2 insulator (d) and Si semiconductor (a). At the 
tWo sides of channel (c) are the source (bl) and drain (b2) 
Which are formed by metal or heavily dopped poloycrystal 
line silicon. The How of charge carrier through the channel 
can be controlled by the gate (e) bias. In other Words, a small 
variation of gate voltage can much affect the electric current 
betWeen source and drain. Due to this characteristics MOS 
FET has tWo fundamental functionsimagnifying and 
sWitching. 

There are three types of the knoWn gas sensor devicesi 
sintering type, thick ?lm type, and thin ?lm type. The sinter 
ing type of gas sensor device is one of the most mature and 
extensively used. It is made from semiconductor poWder 
added With catalyst and adhesive by using poWder metallur 
gical technology. The thick type of gas sensor device is made 
by using screen printing technology. The measuring elec 
trode, heating electrode, and sensing paste containing semi 
conductor, catalyst, and adhesive are ?rst printed on ceramic 
substrate and then sintered. For the process of making thin 
?lm type of gas sensor device, a thin sensing ?lm is ?rst 
coated on a ceramic substrate by vacuum thin ?lm technology 
and an electrode is then formed on the ?lm. 

For all the conventional gas sensor devices as stated above, 
there are only tWo electrodeipositive and negativeifor 
measuring. Between the positive and negative electrodes is a 
semiconductor for sensing of Which electric resistance can 
vary With the type and concentration of gas adsorbed on its 
surface so that the electric current ?oWing through the posi 
tive and negative electrodes also vary accordingly. Therefore, 
the type and concentration of sensed gas can be determined 
basing on the characteristics and the conventional gas sensor 
device is then called tWo-electrode-typed gas sensor device. 

The device in the present invention is designed basing on 
the principle of PET and can be called three-electrode-typed 
gas sensor device. Addition to the positive and negative elec 
trodes, i.e. source and drain, there is a gate, and a charge 
carrier channel betWeen source and drain is made from ZnO 
nanoWires. Because the gate bias can strong affect the electric 
current through from source to drain and the ZnO nanoWire of 
channel has a large speci?c surface area and a character of 
semiconductor, the performance of the device in the present 
invention for gas sensing can be largely promoted. 
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SUMMARY OF THE INVENTION 

The present invention discloses a ZnO nanoWire FET gas 
sensor device Which has three electrodes and is different from 
the conventional tWo-electrode-type device. The device in the 
present invention is made basing on the principle of PET. In 
the device there is a gate in addition to the source and drain 
and a charge channel of ZnO nanoWire betWeen source and 
drain. Because the ZnO nanoWire as charge channel is a 
semiconductor and has a large speci?c surface area, and the 
electric resistance betWeen source and drain can be controlled 
by the gate bias, the performance of the device for the gas 
sensing can be largely promoted. 

For the device of the present invention, a Si Wafer is taken 
as the substrate. On the substrate a layer of SiO2 ?lm is groWn 
in a furnace for the diffusion barrier betWeen Si and Cu. A 
layer of Cu ?lm as gate is coated on SiO2 ?lm. On the Cu ?lm 
a layer of Si3N4 ?lm is deposited as the insulator. On the 
Si3N4 ?lm a layer of ZnO nanoWire ?lm is coated and a lager 
of Cu ?lm is deposited on the ZnO nanoWire ?lm. A trench is 
formed in the Cu ?lms and the Cu ?lms at the tWo sides of 
trench are used as source and drain, respectively. The ZnO 
nanoWire under the trench and across the source and drain is 
the charge channel. Moreover, a layer of Ni4Cr alloy ?lm is 
coated on the back side of Si Wafer, Which is further etched 
and formed to a curved NiiCr Wire for the use of heating. 
The ZnO nanoWire FET gas sensor device disclosed in the 

present invention has a small siZe and is essentially an elec 
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tronic device like MOSFET. Except for Si substrate, the 
metal, insulator, and semiconductor are thin ?lms from 
nanometer to micrometer in thickness. The ZnO nanoWire 
can used the gas sensing material and the charge carrier 
channel. The ZnO nanoWire is an n-type semiconductor itself 
and has a large speci?c surface area. Therefore, the gas sensor 
device made from ZnO nanoWire FET disclosed in the present 
invention has the advantages as follows: (1) small siZe, light 
Weight, and little material needed; (2) loW manufacturing cost 
due to the utiliZation of the knoWn semiconductor technol 
ogy; and (3) high performance for sensing gas. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For describing in detail the gas sensor device of ZnO 
nanoWire FET disclosed in the present invention, there are 
some accompanying draWings, Wherein: 

FIG. 1 is a schematic diagram for shoWing the structure of 
metal-oXide-semiconductor ?eld effect transistor (MOS 
FET). 

FIG. 2 is a schematic diagram for shoWing the gas sensor 
device of ZnO nanoWire ?eld effect transistor (ZnO-FET) 
disclosed in the present invention and the peripheric equip 
ments. 

FIG. 3 is a schematic diagram for shoWing the structure of 
the gas sensor device made of ZnO nanoWire ?eld effect 
transistor (ZnO-FET) disclosed in the present invention. 

FIG. 4 is a schematic diagram for shoWing top vieW of 
ZnO-FET gas sensor device disclosed in the present inven 
tion. 

FIG. 5(a) is a scanning electron microscope (SEM) image 
of the present invention. 

FIG. 5(b) is a energy dispersive spectrum (EDS) of the 
present invention. 

FIG. 5(c) is a transmission electron microscope (TEM) 
bright ?eld image of the present invention. 

FIG. 5(d) is an electron diffraction pattern of the ZnO 
nanoWire used in the ZnO-FET gas sensor device disclosed in 
the present invention. 

FIG. 6 is a schematic diagram for shoWing the Ni-Cr Wire 
formed on the back side of Si substrate. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The gas sensor device made of ZnO nanoWire ?eld effect 
transistor (ZnO-FET) disclosed in the present invention and 
its peripheric equipments are shoW in FIG. 2. The peripheric 
equipments needed in the present invention contains heating 
controller (10), voltage controller (11), electric current detec 
tor (13), signal converter (14), and display (15). These periph 
eric equipments are the knoWn devices so they do not belong 
to the claims of the present invention. Here only brie?y state 
their function, and the statement about their structure is then 
omitted. 

The heating controller (10) is used for heating the ZnO 
FET and keeping the ZnO-FET at constant temperature. The 
heating controller (10) consists of an poWer supply, a ther 
mometer, and an auto -thermo controller. The voltage control 
ler (11) is used for controlling the voltages of gate, source, 
and drain. The electric current detector (13) is used to detect 
the current ?oWing betWeen source and drain of ZnO-FET. 
The signal converter (14) is used for converting the electric 
current to the gas concentration. The corresponding relation 
betWeen the electric current and the gas concentration should 
be pre-stored in the signal converter for the signal conversion. 
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6 
The display (15) is used to shoW the result of gas sensing on 
paper or screen and store the result for using in days to come. 

FIG. 3 shoWs the structure of gas sensor device made of 
ZnO nanoWire FET disclosed in the present invention. The 
substrate (2) is made of Si Wafer, and on its surface a SiO2 ?lm 
(3) is groWn in a fumace. A metal ?lm (4) is coated on the 
SiO2 ?lm, and on the metal ?lm an insulator Si3N4 ?lm (5) is 
deposited. On the Si3N4 insulator is coated a ?lm of ZnO 
nanoWire on Which there are tWo spaced metal ?lms as source 
and drain (7), and the ZnO nanoWires across the source and 
drain can act as charge carrier channel. Moreover, there is an 
NiiCr Wire (1) coated on the back side of Si substrate for the 
use of heating. 

Before the groWth of SiO2 ?lm, the Si Wafer should have a 
treatment for cleaning. A base and an acid solution With 
supersonic vibration are used to remove the grease, organic 
and nonorganic dirts on the surface of Si substrate. The SiO2 
?lm groWn on Si Wafer is used as the diffusion barrier 
betWeen Si and metal of gate. The gate is made of Cu ?lm 
Which is coated on SiO2 ?lm by using electroless plating and 
vacuum deposition containing thermal evaporation, electron 
beam evaporation and sputtering deposition. The diffusion 
betWeen Si and Cu can take place and the copper silicide can 
be formed at the Working temperature, T2400o C., of the 
ZnO-FET gas sensor device. This Would degrade the Cu ?lm 
as gate. The SiO2 ?lm is about 1 pm in thickness for hindering 
the inter-diffusion of Si and Cu effectively. The thickness of 
Cu ?lm is about 0.5 pm Which is determined by considering 
the gate performance and material saving. 

The Si3N4 ?lm on the Cu ?lm gate is used as the insulator 
of MOSFET. The insulator ?lm can be also made of other 
insulators such as SiO2, and A1203. The insulator can inter 
rupt the electric connection betWeen gate and source, drain 
and charge carrier channel. It enable gate to control the resis 
tance of charge carrier channel effectively. The Si3N4 ?lm can 
be formed by using sputtering technique. 

In the process of forming the source, drain and ZnO nanoW 
ire ?lm on Si3N4 insulator, a ?lm of ZnO nanoWires is ?rst 
coated on the Si3N4 ?lm, a ?lm of Cu metal is then deposited 
on the ZnO nanoWire ?lm, and a trench about 2 um in Width 
is ?nally formed on the Cu ?lm by using lithography tech 
nology. The ZnO nanoWires across the source and drain act as 
the charge carrier channel. The top vieW of ZnO-FET gas 
sensor device is shoWn in FIG. 4. Under the trench 80 is the 
ZnO nanoWire ?lm 81. The thicknesses of both ZnO nanoWire 
?lm and Cu ?lm are about 0.5 pm. 

FIG. 5 shoWs the ZnO nanoWires used in the ZnO-FET gas 
sensor device of the present invention. These ZnO nanoWires 
are prepared by chemical vapor deposition (CVD) process in 
Which a brass (CuiZn alloy) plate is taken as substrate on 
Which a ?lm of Fe, Co, or Ni is coated as catalyst and the ZnO 
nanoWires are then groWn in an atmosphere of O2 or H2O. The 
scanning electron microscope (SEM) image of the ZnO 
nanoWires is shoWn in FIG. 5(a). The length of ZnO nanoWire 
is over 10 um. FIG. 5(b) is the energy dispersive spectrum 
(EDS) of the sample of FIG. 5(a). The EDS displays the 
sample consists of pure Zn and O, and the amount of O is 
smaller than that of Zn so the compound of Zn and O can be 
deduced as ZnOl_,C Which is an n-type semiconductor. FIG. 
5(c) is the transmission electron microscope (TEM) image of 
one piece of ZnO nanoWire. The ZnO nanoWire is about 200 
nm in diameter. The selected area electron diffraction 
(SAED) pattern of the sample of FIG. 5(c) is shoWn in FIG. 
5(d). It displays the ZnO nanoWire is a single crystal With 
hexagonal closed packing (H.C.P) structure. 
The trench betWeen source and drain in ZnO-FET gas 

sensor device of the present invention is only about 2 pm and 
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the ZnO nanoWire is over 10 um in length. Therefore, it is not 
a problem for the ZnO nanoWires to cross the source and 
drain. 

In the process for forming an Ni4Cr Wire for heating on 
the back side of Si substrate 9, a ?lm of Ni4Cr alloy is ?rst 
coated by sputtering on the back side of Si substrate, and a 
curved Ni4Cr Wire 90 is then formed by lithography tech 
nology, as shoWn in FIG. 6. The Ni4Cr Wire 90 is about 1 pm 
in both thickness and Width. An electric voltage can be 
applied to the tWo sides of NiiCr Wire for producing an 
electric current, therefore, the ZnO-FET can be heated to a 
preset temperature. 
As described above, the ZnO-FET gas sensor device dis 

closed in the present invention is indeed a novel design and 
has a high performance in gas sensing, so it can be effectively 
applied to various ?elds such as environmental protection, 
manufacturing industry, and traf?c. The present invention 
possesses novelty, progressivity, and practicability. Although 
the present invention has been described in detail With refer 
ence to accompanying draWings, other modi?cations in siZe, 
material, and partial construction are possible. Therefore, the 
scope of the appended claims should not be limited to the 
description contained in the disclosure. 

The invention claimed is: 
1. A gas sensor device made of ZnO nanoWire ?eld effect 

transistor consisting of: 
(a) a Si substrate; 
(b) a SiO2 ?lm groWn on Si substrate; 
(c) an metal ?lm coated on SiO2 ?lm; 
(d) an insulator ?lm deposited on metal ?lm; 
(e) a ZnO nanoWire ?lm coated on insulator ?lm; 
(f) tWo metal electrodes deposited on ZnO nanoWire ?lm 

and spaced by a trench; and 
(g) an alloy Wire coated on the back side of Si substrate. 
2. A gas sensor device made of ZnO nanoWire ?eld effect 

transistor according to claim 1, Wherein the SiO2 ?lm about 1 
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pm in thickness is directly groWn on Si substrate in 02 atmo 
sphere in a fumace, and is used as the diffusion barrier 
betWeen Si and metal. 

3. A gas sensor device made of ZnO nanoWire ?eld effect 
transistor according to claim 1, Wherein the metal ?lm about 
0.5 um in thickness may be Cu orAl Which is formed on SiO2 
?lm by using electroless plating or vacuum deposition (con 
taining thermal evaporation, electron beam evaporation, and 
sputtering deposition) and is used as the gate of ?eld effect 
transistor. 

4. A gas sensor device made of ZnO nanoWire ?eld effect 
transistor according to claim 1, Wherein the insulator about 20 
nm in thickness may be Si3N4, SiO2, or A1203 Which is 
formed on metal ?lm by using sputtering deposition and is 
used for interrupting the electric connection betWeen metal 
?lm (gate) and source, drain and charge carrier channel. 

5. A gas sensor device made of ZnO nanoWire ?eld effect 
transistor according to claim 1, Wherein the ZnO nanoWire 
over 10 um in length is groWn on brass (CuiZn alloy) sub 
strate in an atmosphere of 02 or H2O under the catalysis of Fe, 
Co or Ni, and is across the source and drain and is used as the 
charge carrier channel of ?eld effect transistor. 

6. A gas sensor device made of ZnO nanoWire ?eld effect 
transistor according to claim 1, Wherein the tWo metal elec 
trodes (Cu or Al) about 0.5 pm in thickness as source and 
drain of ?eld effect transistor is formed by the process in 
Which the metal ?lm is ?rst coated on ZnO nanoWire ?lm by 
vacuum deposition and a trench about 2 um in Width is then 
formed on the metal ?lm by lithography technology. 

7. A gas sensor device made of ZnO nanoWire ?eld effect 
transistor according to claim 1, Wherein the alloy Wire for 
heating the ZnO nanoWire ?eld effect transistor may be made 
of Ni%r alloy Which is formed by the process in Which a 
NiiCr alloy ?lm about 1 um in thickness is ?rst coated on the 
back side of Si substrate by sputtering deposition and a curved 
NiiCr Wire about 1 pm in Width is then formed by lithogra 
phy technology. 


