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Abstract—Oxygen gas sensors have previously been reported 
using ZnO sensing layers deposited on langasite surface acoustic 
wave devices. The reported gas response exhibited aging effects 
that may have been due to grain growth in the ZnO or reactions 
with the langasite substrate. In addition the kinetics of the gas 
response is complex. We have examined the effect of silicon ox-
ynitride buffer layers on sensor aging and the gas response kinet-
ics. We find that a 100 nm oxynitride layer improves the response 
stability and reduces the sensor response time. We also report 
experiments using SnO2 sensing layers where the sensor response 
has been correlated with the measured resistivity of the sensing 
layer.  
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I.  INTRODUCTION 

Presently about 50% of the US electric power is provided 
by coal combustion power plants. To reduce the environmental 
impact of coal plants, sensors are needed to monitor the ex-
haust of the combustion systems so they can operate efficient-
ly.  Surface acoustic wave (SAW) sensors are very suitable for 
operation in the high-temperature environment of the exhaust 
duct. In addition SAW sensors can operate in wireless mode, 
considerably simplifying interconnection of the sensor and the 
electronics.  

Previously we reported oxygen gas sensing up to 700 ˚C [1] 
and wireless temperature sensing up to 700 ˚C [2], both using 
langasite SAW devices. In those studies we observed two types 
of non-ideal sensor behavior. There was significant aging of 
the sensor response which was attributed to grain growth in the 
ZnO sensing layer, although reactions between the sensing 
layer and the langasite substrate were acknowledged as another 
possible explanation. We also observed long time constants for 
the sensor response. In this paper we seek to understand the 
causes for this nonideal behavior.  

We will examine the hypothesis that a buffer layer between 
the sensing layer and the langasite substrate influences the 
sensing response. Such a buffer layer can influence any reac-
tion between the langasite substrate and the sensing layer. In 
addition, the buffer layers we consider here are barriers for 
oxygen diffusion.  

II. SENSOR FABRICATION AND MEASUREMENT 

SAW devices were fabricated on a 500 μm thick langasite 
wafer purchased from Roditi International with Euler angle (0º, 
138.5º, 27º). The electrodes of the interdigitated transducers 
(IDTs) were fabricated using the liftoff technique with a thick-
ness of 10 nm titanium as an adhesion layer followed by 100 
nm of platinum. Parameters for the devices used in this study 
are shown in TABLE I. The individual electrodes are 2 μm wide 
with 2 μm spacing, resulting in a surface acoustic wavelength 
of 8 μm.  

TABLE I. PARAMETERS OF SAW DEVICES. 

SAW 
no. 

mask/ 
aperture 

sensing/ 
buffer layers 

trans-
mitter 
(pairs) 

reflectors 
(distance/pairs) 

A F3/50λ 100 nm ZnO 50 
5.12 mm/50 (left) 

4.48 mm/30, 5.75 mm/50 
(right) 

B F3/50λ 
100 nm SiON 
100 nm ZnO 

50 
5.12 mm/50 (left) 

4.48 mm/30, 5.75 mm/50 
(right) 

C F2/50λ 100 nm SnO2 50 
3.2 mm/50 (left) 

2.56 mm/30, 3.85 mm/50 
(right) 

D F4/50λ 
100 nm Si3N4 
100 nm SnO2 

50 
6.4 mm/50 (left) 

5.76 mm/30, 7.04 mm/50 
(right) 

Sensing layers of either ZnO or SnO2 100 nm in thickness 
were deposited by sputtering. Some devices have buffer layers 
100 nm in thickness deposited by reactive sputtering from a 
silicon target in a mixture of Ar and N2 gases. Ideally this 
should yield a silicon nitride layer; however in practice there is 
a varying amount of gas contamination during sputtering which 
depends on the pumping time, prior runs, etc. The nitrogen 
molecule is more difficult to ionize than either H2O or O2. 
Consequently an oxynitride is formed unless the sputtering 
ambient is extremely pure. In this work the buffer layers are 
oxynitride layers that have been characterized by X-ray photoe-
lectron spectroscopy (XPS) to determine the actual composi-
tion.   

SAW sensors were characterized for oxygen response in a 
tube furnace using equipment that has been previously de-
scribed [3]. Briefly, the electronics uses phase-sensitive detec-
tion to measure the phase shift between a short exciting pulse 



and the pulse reflected by a reflector IDT after interaction with 
the sensing layer. Figure 1 shows the gas concentration as a 
function of time used for sensor evaluation. The SAW devices 
were wired to a thermocouple cable serving as a transmission 
line using thin thermocouple wire as interconnect. Electrical 
contact between the transmission line and the thin thermocou-
ple wire and between the thin thermocouple wire and the SAW 
device were formed using a conducting ceramic paste. This 
ceramic paste needs to be annealed to remove the organic bind-
er and sinter the conducting particles. All samples received an 
anneal at 700 ˚C for approximately 15 min before measure-
ments were initiated.  
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Figure 1. Gas concentration sequence for sensor measurement. 

 

III. ZnO SENSING LAYERS 

We consider first the effect of a buffer layer with a ZnO 
sensing layer (SAW B). In this case the buffer layer had only a 
small nitrogen content (~ 2%). Figure 2 contrasts the response 
of a SAW device with the buffer layer with a SAW device 
without the buffer layer (SAW A).  

 
Figure 2. Transient response of SAW sensor with ZnO sensing layer at two 
temperatures: (solid line) sensor with buffer layer and (dashed line) sensor 

without buffer layer. 

Metal oxides act as resistive oxygen sensors because the re-
sistivity is influenced by the oxygen vacancy concentration, 
and oxygen vacancies react reversibly at the surface with oxy-
gen in the ambient by the reversible reac-
tion )(
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. The time constant for resistivity 
changes is determined by the rate at which oxygen vacancies in 
the bulk of the film reach equilibrium with the gas phase. This 

involves diffusion within the film of oxygen atoms or oxygen 
vacancies. 

Figure 3 shows how a buffer layer can influence the time 
constant. If the sensing layer is in contact with the langasite 
substrate, diffusion into the langasite could result in a slow 
increase in oxygen defect concentration in the sensing film 
(left). If there is an impermeable buffer layer, equilibrium 
would be expected to be reached more rapidly. Silicon nitride 
is known to be essentially impermeable to oxygen, while diffu-
sion in silicon dioxide is relatively slow such that both are like-
ly to act as effective diffusion barriers [4]. 

Comparing data taken at the same temperature, the SAW 
device with the buffer layer exhibits a stronger oxygen re-
sponse, generally shorter response time, and less drift. Note 
that a long response time can cause apparent sensor drift. Oxy-
gen diffuses beyond the sensing layer when the oxygen con-
centration is high; if the excess oxygen is not removed during 
the next period of low oxygen concentration, there will be a net 
accumulation of oxygen during each cycle. This data supports 
the idea that the silicon dioxide layer acts as a barrier for oxy-
gen diffusion.  

x x

][O&& ][O&&

1453 SiOGaLaZnO 1453 SiOGaLaSiONZnO

 
Figure 3. Expected effect of buffer layer on oxygen response: (left) without 
buffer layer oxygen can diffuse into the langasite substrate; (right) a buffer 

layer reduces diffusion of oxygen and a steady state concentration in the sens-
ing layer is reached more quickly. 

The buffer layer could also play a role in preventing reac-
tions between the sensing layer and the substrate. Figure 4 
shows XPS profiles after annealing for 0.25 hours at 750 C. 
The similar shapes of the La, Ga, and Zn profiles with and 
without a buffer layer provide no evidence for the formation of 
a third phase, although we cannot rule out diffusion of ionic 
impurities between the sensing layer and substrate, especially 
in the absence of the buffer layer. 

 



 
Figure 4. XPS profiles of ZnO sensing layer annealed at 750 ˚C with and 

without buffer layer: (prevoius page) no buffer layer and (above) with 100 nm 
SiO2 buffer layer. 

 

IV. SnO2 SENSING LAYERS 

In order to gain additional insight, we have performed addi-
tional experiments using SnO2 sensing layers. In these experi-
ments, we have measured the resistivity response of the sensing 
layers on test structures on fused silica and langasite substrates. 
We have compared these measurements with SAW devices 
with and without buffer layers. 

To measure resistivity we used the four point L.J. van der 
Pauw method. We attached four platinum wires to the surface 
of the thin film test structures using Cermet conductor paste 
type 9595-A from ESL Electroscience. A Keithley 6220 Preci-
sion Current Source supplies a constant current through two 
adjacent wires while the voltage is measured at the other two 
leads with a Keithley 2000 Multimeter. After the resistance is 
calculated using Ohm’s law, the connections are rotated and a 
second resistance is acquired. The resistivity can then be calcu-
lated using the equation 
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Where d is the thin film thickness, R1 is the first measured re-
sistance, R2 is the second measured resistance and f(R1/R2) is 
the correction factor. The correction factor can be found in [5] 

Figure 5 shows measurements of the resistivity of SnO2 at 
550 ˚C and 650 ˚C. We show the effect of changing gas con-
centration for SnO2 on langasite (blue) and SnO2 on fused sili-
ca (red). With the fused silica substrate the response time is 
shorter and the magnitude of the resistivity change is greater. In 
addition, measurements on langasite show baseline drift while 
measurements on fused silicon do not.  

We now consider the response of SAW devices with SnO2 
sensing layers. We fabricated SAW sensors with 100 nm SnO2 
sensing layers with (SAW C) and without (SAW D) a silicon 
oxynitride buffer layer. SAW devices with the buffer layer 
exhibited delamination after the 700 ˚C contact anneal and 
SAW reflections were absent even after cooling to room tem-
perature.  Some minor delamination was also observed during 
resistivity measurements but resistivity measurements were 
still possible in this case.  

 

 
Figure 5. Resistivity upon exposure to increasing gas concentrations as a 

function of time at two temperatures for 100 nm SnO2 on fused silica (red) 
and langasite (blue) substrates. 

Measurements on the SAW sensor without buffer layer al-
low us to draw some conclusions. Figure 6 shows the measured 
phase change for 650 ˚C and 550 ˚C for device SAW C (ma-
genta and blue trace). We observe long response time and pro-
nounced zero drift similar to that observed with ZnO sensing 
layers. The phase change can be predicted from the measured 
resistivity using analytic theory [6] or finite element simula-
tions [7]. From the analytic theory we have for the velocity 
change as a function of sensing layer sheet conductivity σs 
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where Δv is the change of velocity, v0 is the original velocity, 
K2 is the electromechanical coupling coefficient, σs is the sheet 
conductivity, and εeff  is the effective permittivity. The observed 
phase change 02 ftd πφ Δ=Δ where Δtd is the change of propa-
gation time delay and f0 is the operating frequency.  

We can therefore predict the expected phase change from 
the measured sheet conductivity values. We use the known 
value for the electromechanical coupling coefficient K2 = 0.38 
[8], leaving only the effective permittivity εeff as an adjustable 
parameter.  

Figure 6 also compares the predicted phase change with the 
measured phase change. We obtain reasonable agreement for 
εeff = 10 when using the measured resistivity data on a langasite 

650 °C 

550 °C 



substrate. Using the sheet conductivity on fused silica leads to 
much poorer agreement as would be expected in the absence of 
a buffer layer.  

 
Figure 6. Phase change and predicted phase change for SAW device with 

SnO2 sensing layer: (blue and magenta) measured response at 650 and 550 C, 
respectively; and (red and green) predicted response using measured sensing 

layer resistivity.  

V. SUMMARY 

Our measurements show that a buffer layer beneath the re-
sistive sensing layer has a strong influence on sensor perfor-
mance. With either ZnO or SnO2 sensing layers slow time re-
sponse and drift are observed when the buffer layer is absent. 
Using an oxynitride buffer layer resulted in improved response 
time and reduced drift with a ZnO sensing layer. Similar meas-
urements with an SnO2 sensing layer were not possible due to 
delamination of the sensing and buffer layers.  

Resistivity measurements on a four-point test structure 
show that the SnO2 sensing layer resistive response depends 
strongly on the substrate and that measurements on a langasite 
substrate show similar response characteristics to those ob-
served in the SAW measurements. Indeed, we were able to fit 
the observed sensor response using the measured sheet resistiv-
ity on langasite substrates and analytic theory.  

These results strongly suggest some degree of chemical in-
teraction between the sensing layer and the langasite substrate 
at elevated temperatures in the absence of a buffer layer. Fur-
ther support for such an interaction comes from previous ob-
servations of progressive changes in the gas response with re-
peated temperature cycling for both ZnO [9] and SnO2 [10] 
sensing layers. 

XPS measurements do not yield strong evidence for chemi-
cal reaction between the sensing layer and substrate. However, 
the mechanism of operation of metal oxide sensors involves 
changes in the small concentration of oxygen vacancies which 
then changes the electrical conductivity. It is reasonable to ex-
pect that the small oxygen vacancy concentration could be in-
fluenced by similarly small concentrations of metal ions or 
oxygen vacancies diffusing to or from the langasite substrate.  

It is apparent that an oxynitride buffer layer significantly 
reduces this chemical interaction between the sensing layer and 

the langasite substrate. However adhesion of the sensing layer 
to the buffer layer is a significant problem. Development of a 
suitable buffer layer would aid in the fabrication of stable SAW 
gas sensors. 
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