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ABSTRACT: A new solid-state microelectronic based 
carbon monoxide(C0) gas sensor, catalytic-SnO,/i- 
diamond/p'-diamond CAIS diode, has been 
developed. The CO gas sensing performance and 
detection mechanism of the new sensor have been 
studied by using I-V and I-t characteristics as a 
hc t ion  of gas concentration over a wide temperature 
range (50-500°C). The gas sensitivity of the sensor is 
high, repeatable, and reproducible. The response time 
is in seconds to a small concentration of CO gas. Gas 
detection mechanism of the new sensor is attributed 
to the modification of the oxygen vacancies in the 
SnO, layer through the reduction reaction between 
pre-adsorbed oxygen and CO gases. This new 
diamond-based microelectronic gas sensor could be 
applied for the detection of oxidizing and reducing 
gases over a higher and wider temperature range than 
currently possible. 

INTRODUCTION 
Conventional microelectronic-based gas sensors 

(MOSFET, MOS capacitor, and Schottky diodes) can 
be used for gas sensing applications at operating 
temperatures up to nominally 150°C for Si and 200°C 
for GaAs [l-61. The need for gas sensing at higher 
temperature has created an urgency for new 
microelectronic devices based on high temperature 
tolerant semiconductors [7]. Therefore, we have 
utilized diamond as high temperature tolerant 
semiconductor in an MIS structure for the detection 
of hydrogen gas [8-101 and a CATS structure for the 
detection of oxygen [11,12] and, in this work, CO 
gases. Major advantages of using diamond-based 
structures with an adsorptive oxide electrode such as 
SnO, for gas sensing are higher operating temperature 
range, reliable sensing performance in harsh 
environments, simplicity in fabrication process, 
flexibility in the choice of substrate, compatibility with 
silicon microfabrication technology, and cost 
efficiency. Along with its well known physical and 
optical properties, diamond is superior to Si, GaAs, 
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and Sic, having higher breakdown voltage, energy 
band gap, and thermal conductivity. Moreover, the 
use of adsorptive oxide in conjunction with a catalyst 
enables the sensor to detect oxidizing and reducing 
gases (such as 0 2 ,  CO, Hz, and hydrocarbons) at 
elevated temperatures range with a lower activation 
energy. It will also enhance the sensor performance 
such as reproducibility, stability, selectivity and 
sensitivity over a wide temperature range. 

SENSOR FABRICATION 
The sensor is fabricated in a Pr/SnOJi- 

diamodp'diamond CAIS (Catalyst/Adsorptive- 
Oxide/lnsulator/Semiconductor) device structure on 
various supporting substrates such as tungsten, 
molybdenum, and p*-silicon. Boron doped p+-type 
polycrystalline diamond films were deposited on 
prepared substrates via in-situ boron compound solid 
source doping method while performing PECVD 
(Plasma Enhanced Chemical Vapor Deposition). A 
thin intrinsic (undoped) diamond layer was then 
deposited onto the p"- diamond layer. The films were 
deposited using a mixture of 99% hydrogen and 1% 
methane gas, and 2.45GHz/l SkW plasma microwave 
source at T=850°C. Films were annealed for one 
minute at 800°C in argon. Then a SnO, electrode was 
formed by depositing 800A of Sn on the intrinsic 
diamond, followed by thermal oxidation at 400°C for 
1 hour. Finally, a catalyst Pt layer (less than 500A 
thick) was evaporated on the SnO, film to complete 
the diamond-based microelectronic gas sensor (Figure 

Figure 1: Diamond-based CAIS sensor 
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Current-Voltage (I-V) Characteristics of the gas 
sensor are performed with the polarity of applied 
voltage shown in Fig. 1 (gate with ”+” bias and 
substrate “grounded”). 

STEADY-STATE ANALYSIS 
Typical I-V characteristics of the sensor in both 

forward and reverse bias regions at 450°C is shown in 
Figure 2. The sensor shows a good rectifjing behavior 
over a wide temperature range with relatively higher 
turn on voltage (-0.7 V) and low leakage current. 
The thickness of the i-diamond plays an important 
role in determining the rectifjling behavior of the 
CAIS device. In addition, the highly resistive 
adsorptive-oxide layer, SnO,, fiuther enhances the 
rec teng  behavior and reduces the reverse bias 
saturation current. Hence, a better rectdjing behavior 
of the CAIS device is maintained at a high 
temperature as shown in Fig. 2. Figure 3 is 
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Figure 2: Current-Voltage of the CAIS sensor 

the I-V characteristics of the device, operated at 
300”C, in air ambient and the subsequent change in 
the I-V characteristics upon exposure to CO gas (flow 
rate: ZOdmin.). As seen in the figure, the reduction 
reaction between pre-adsorbed oxygen and CO in the 
device leads to a several d s  of increase in device 
current. The I-V characteristics of the device goes 
back to its value in air upon turning CO gas off. CO 
sensitivity of the sensor can be measured in terms of 
the change in device current at a fixed voltage and 
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Figure 3: Device current in CO gas 

constant temperature versus oxygen partial pressure 
at different temperatures. Figure 4 shows the change 
in the CAIS device current, AI, versus partial pressure 
of CO (in 0.4-torr oxygen gas background) at T=210, 
225, and 240°C for V=-3 volt. 
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Figure 4: Change in device current vs. CO 
concentration 

The positive direction of the curves indicates the 
increase in device current upon CO exposure. The 
curves shows a rapid increase in AI at low CO 
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concentrations, followed by a saturation appearance 
at higher CO concentrations. Also observed is the 
increase in CO sensitivity of the device with 
increasing temperature. The changes in device 
current, AI, are 0.7, 1, and 1.7 mA, for a k e d  (10- 
torr) CO concentration at T=205, 240, and 280"C, 
respectively. 

molecules will collide with the adsorption site and be 
adsorbed. At T=240°C, as the partial pressure of CO 
gas increases from 0.4 to 5.4 torr, the initial rate of 
change in current increases from 2.29 to 10.2 pNsec. 
with the corresponding response time decreasing from 
28 to 24 seconds (Table I). 

TRANSIENT BEHAVIOR OF THE SENSOR 
Adsorption transient behavior of the device upon 

oxygen gas exposure was measured by monitoring the 
current of the device as a function of time, at a fixed 
forward bias voltage. A group of transient responses 
of the sensor as a function of CO partial pressure at a 
constant operating temperature of 240°C is shown in 
Fig. 5.  Adsorption transient parameters are 
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Table I: Adsorption rate, Response 
time, and CO concentration 
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Figure 5 :  Adsorption rate, Response 
time, and CO concentration 

characterized by the rate of change of the current, 
[A(AI)/At]sti.l, in the initial region of the AZ vs. time 
plot and the adsorption time constant, z, is defined as 
the time required for the measured AI to reach e-' of 
its saturation value. The extracted parameters from 
Fig. 5 are summarized in Table I. In general, the initial 
adsorption rate, [A(AI)/At]stir~, increases with 
increasing CO partial pressure. This result can be 
explained by the collision theory of reaction rate on a 
solid surface. The higher the concentration of the 
reactant molecules, the more frequently the reactant 

Typical repeatability and reproducibility test of the 
CAIS sensor for CO and oxygen (air) gases at 
T=300"C is shown in Fig. 6. The same transient 
behavior of the device is observed over several 
consecutive pulses of gas exposure, indicating the 
response of the device to CO and oxygen gases is 
repeatable and reproducible. The device also shows a 
response and recovery time in seconds, revealing that 
the response is fast and highly sensitive to CO gas at 
T=300"C. 

GAS DETECTION MECHANISM 
The oxygen detection mechanisms of the 

diamond-based CAIS device has been found to be due 
to the mod6cation of the doubly ionized oxygen 
vacancies in the SnO, film upon adsorption of oxygen 
gas [11,12]. It is well known that the SnO, film is a 
wide-band gap semiconductor with excess metal ions 
or oxygen vacancies [4,5,13-161. Oxygen vacancies 
and excess metal ions act as donors, contributing 
electrons to the conduction band. When oxygen gas is 
introduced from the atmosphere at high temperatures, 
atomic oxygen can diffise into the bulk fiom the 
surface, leading to a decrease in the number of oxygen 
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Figure 7: Repeatability, reproducibility, 
and response 

vacancies in SnO,. Since the conductivity of SnO, 
arises &om the oxygen vacancies, the decrease of 
oxygen vacancies also decreases the conductivity. 
This modifies the voltage distribution across Sn0,h- 
diamond structure, leading to the decrease of the 
CAIS device current. 

The CO detection mechanism of the diamond 
based CAIS device is attributed to the reduction 
reaction between oxygen and CO, leading to the 
decrease of oxygen atoms (or increase of oxygen 
vacancies) in SnO,. Increasing the oxygen vacancies 
will also increase the conductivity of SnO,, causing 
restoration of the voltage distribution across the 
SnO,/i-diamond structure. This will, in turn, cause the 
current of the CAIS device to increase (or recuperate) 
in the presence of CO gas. 

CONCLUSION 
The CO gas sensing performance and detection 

mechanism of the diamond-based CAIS (catalytic- 
SnOJi-diamond/p'-diamond) sensor have been 
presented by using I-V and I-t characteristics as a 
fbnction of gas concentration over a wide temperature 
range (50-500°C). The gas sensitivity of the sensor 
was found to be high, repeatable, and reproducible. 
The response time of the sensor is in seconds for a 
small concentration of CO gas. The gas detection 
mechanism of the new sensor is attributed to the 
change in the oxygen vacancy concentration of the 

SnO, layer. These results indicate that the new gas 
sensor can be used to provide higher and faster 
response to oxidizing and reducing gases such as CO 
at higher and wider operating range than currently 
available microelectronic gas sensors. 
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