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ABSTRACT 

We report investigations on resistive material SnO2: Cu (9 wt. %) evaluated and optimized for the application of gas sensor. 
SnO2: Cu has been thoroughly characterized by using X-ray photoelectron spectroscopy (XPS). The deconvolution of XPS 
spectra confirms the existing surface reactive species in the form of states of the metal orbital and the presence of multiple 
pathways for the detection of CO vis-à-vis sintering temperature effect. Enhanced CO pickup at the sintering temperature of   
650 

0
C (wide range and low sensitivity) and 750 

0
C (short range and high sensitivity) has been observed. The CO sensing and 

XPS data correlates well along with the nonconventional use of variation in average XPS background intensity of general scan 
seems to be related to optimized sensitivity conditions of various gases. Copyright © 2016 VBRI Press. 
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Introduction  

Semiconducting oxide nanomaterial-based gas sensors have 
been utilized for a variety of applications including 
industrial emission control, medical diagnosis, civil life, 
and environmental monitoring. The development of 
miniaturized, low-cost sensor device techniques is 
important to make gas sensors commonly accessible for 
variety of applications. In particular for indoor and outdoor 
air quality monitoring, medical diagnostics and food quality 
control requires small and low-cost gas sensors. Carbon 
dioxide (CO) sensors can be used in vehicles interiors or in 
the air-conditioned buildings. Oxygen sensors can be used 
to monitor the ignition in engines and power plants and the 
methane gas sensors can be used to identify gas leaks. The 
sensors in intelligent food packaging can recognize if the 
meat or fish is still fresh or not. Furthermore, number of 
diseases can be detected by analyzing trace gases in 
exhaled breath. The use of sensors in various applications 
has the advantage for relevant signal that can be easily 
detected and recorded. The sensor that is investigated in 
this manuscript was based on two terminal devices which 
act as a micro-electronic switch. An interesting application 
area of oxide based sensors is the detection of various gases 
such as nitrogen oxides (NOx). Nitrogen oxides are 
generated due to the combustion of fossil fuels which play 
important role in formation of ozone, acid rain and fog. The 
NO2 gas is the indicator of larger group of NOx and is the 
module of greatest interest because of its inhalation leads to 
respiratory problems, such as airway inflammations. Real-

time monitoring of NO2 is very important for public health 
and environmental protection. 

The surface electronic structural properties of metal-
oxides nanostructures play an important role in their use in 
many technologically important areas such as catalysis, 
chemical gas sensing and micro/nanoelectronics. The 
variety of metal oxide nanomaterials with various 
morphology such as  ZnO, SnO2, Fe2O3, MoO3, CuO, NiO, 
V2O5, TiO2 and their composites materials like Pt/SnO2, 
Pt/ZnO, Pd/SnO2 has been found to be superior in sensing 
applications with fast response and recovery time as well 

[1-13].  The advantage of metal oxide nanomaterials are 
their low cost, highly robustness and highly sensitivity and 
selectivity.  

Recently variety of morphology synthesized for sensing 
performance which includes nanowires, nanorods, 

nanosheets and nano flowers etc [14-17].  
The SnO2 has a tetragonal structure with lattice 

parameters of a =b = 4.737Å and c = 3.816Å. [18] The 
undistorted system has regular octahedron co-ordination in 
which one tin (Sn) atom is surrounded by six oxygen (O) 
atoms. At room temperature it has a band gap of 3.6 eV. 

[19] The unique optical, electrical and magnetic properties 
of SnO2 system have generated an enormous interest for its 

use [20]. Researchers are actively trying to achieve 
different morphology of SnO2 because with the change in 
surface morphology, the surface reactivity changes which 
ultimately affect the properties like electrical, optical, and 
magnetic properties. Systematic emergence of inherent 
surface states and extrinsic defects state are therefore 
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fundamental and of practical interest for different 
applications such as gas sensor. The surface properties of 
SnO2:Cu, SnO2:CuO, ZnO:CuO, etc. were investigated in 

terms of chemical (gas) sensing activity [21-25].  
Present investigations deals with surface 

characterization and effect of oxygen at different sintering 
temperatures (600-800 ºC) in SnO2: Cu pellets. The 
SnO2:Cu surfaces were studied using XPS and XRD to 
know the surface and interface interaction of Cu with 
SnO2and electrical properties of SnO2:Cu material. Further, 
the operational mechanisms of NOx detection with electron 
transition were investigated and are used to develop a 
sensitive real-time NO2 sensor. 

 

Experimental 

Material synthesis 

In present study the commercially available nano-structure 
SnO2 (tetrahedral coordinated) powder (Thomas Baker, 
99.9 %) with optimized 9 wt. % Cu powder was thoroughly 
mixed in acetone medium and dried in ambient air. Above 
mixture is sintered at different temperatures and 
subsequently pulverized to get fine powder. The powder is 
than cold-pressed (5 tone) to form pellet (13 mm diameter) 
by mixing it with 3 wt. % polyvinyl alcohol (PVA). The 
pellets are then fired at 300 

o
C in ambient air to burn out 

PVA. The average thickness of the pellet was about          
1.2 mm. 
 
Characterizations 

In the present system ESCA 3000 electron spectrometer 
with non-monochromatic (200W), Mg Kα (1253.6 eV) was 
used to characterize the surface of the samples. The vacuum 
in the analyzer was used to detect the photoelectron energy 
state. The XPS spectrum was acquired at 50 eV pass 
energy, with 5mm slit width and at normal incidence angle. 
The spectrometer was calibrated by determining the 

binding energy value of Au 4f7/2 line at 84 eV [33-35,      

37-39]. XPS instrumental resolution obtained under this 
condition is 1.0 eV {full widths at half maxima (FWHM) 

for the Au4f 7/2 level [40, 41] the compound structure was 
confirmed by X-ray diffraction using ['Phillips', Model 
1729] X-ray diffractometer (Cu Kα λ=1.5406 Å). Energy 
dispersive X-ray analysis (EDAX) study was also carried 
out for elemental analysis (Leica 440 Model). The XPS 
spectrum of SnO2: Cu samples in the form of pellets       

[21-23] sintered at various temperature from 600 
0
C to     

800 
0
C were recorded. X-Ray photoelectron spectroscopy 

(XPS) measurements were carried out for mixed metals and 
metal oxide which shows the presence of multivalent 
oxygen species on the surface. Due to its surface sensitive 
nature and non- deification (degradable) nature of the 
surface the XPS is used to distinguish the different species 
formed during the surface dispensation, segregation and 
through the defect chemistry can be described consistently 
by assuming fully ionized oxygen vacancies and conduction 
electrons as native defect. The oxygen non-stoichiometry is 
also one of the causes of instability in the electrical 
behavior of tin dioxide and copper oxide pellets. In the 
sintering / annealing processes the oxygen molecule interact 

and diffuses in to SnO2 [26-34] / CuO [35]. The atomic 
state like lattice oxygen, carbonates oxygen, hydroxide and 

oxygen contain impurities such as O
2-

, O
-
, O2

2-
 ions [36, 37] 

and adsorbed atomic oxygen. Due to the surface sensitive 
nature of the XPS it is possible to study the surface 
oxidation states, surface pore formation and the formation 
of intermediate complex due to the metal oxides/metal 
oxide interaction, grain boundaries etc. These properties 
are related to kinetic mechanisms of the gas sensing.  

 

 
 
Fig. 1. SEM images of SnO2 micro/ nano particles pellet sintered at (a) 
600oC, (b) 650oC, (c) 700oC, (d) 750oC (e) 800oC. 

 

Results and discussion 

Fig. 1 shows the SEM images of SnO2 micro / nano power 
pellet sintered at various temperatures. The SEM images 
clearly demonstrate an increase in the grain growth. The 
presence of Cu in SnO2 can form a series of inter-metallic 
phases. It is also known that substitution of Sn

4+
 by Cu

2+
 in 

SnO2 increases concentration of "O" vacancies and 
decreases concentration of free electrons. Existence of 
cuprous ion (Cu

+
) due to partial reduction of Cu

2+
 during 

sintering /calcinations increases sensor response for NO 

and CO2, H2S, CO and  H2 [21-23]. Fig. 3 gives typical 
survey scan of a sample of SnO2:Cu pellet. In the survey 
scan data about 30 lines are observed which are given in 

Table 1. We have analyzed only for three selected high 
resolved lines of Sn, O and Cu (which are marked by * in 

the Table 1). XPS is taken only for SnO2:Cu                    
(Cu = 9 wt. %) pellets sintered at 600, 650, 700, 750 and 

800 
o
C. As seen from Fig. 3 there are about 30 lines which 

indicate that the Sn, Cu, O and C elements are present. 
However, there are only 25 lines in samples sintered    

(Table 1) at 650 and 750 
o
C. The sample sintered at 700 

and 800 
o
C shows only 20 and 27 lines, respectively. The 

absent lines are also given in Table 1.It is clear from this 
data that the presence of CuO, Cu2O and adsorbed O2 at 
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700 and 800 
o
C. The Tsinter has reduced the number of 

lines(Sn as well as Cu elements) and it has probably 
quenched the SF value for H2 and CO and (c) Cu2O is 
present only for 800 

o
C sintered which is apparently useful 

for increase in LPG (liquefied petroleum gases) sensitivity 
(an LPG signature in XPS). We discussed more critical 
points below. 
 

) (a)

(b)

 
 
Fig. 2. The XRD pattern of various SnO2: Cu pellets sintered at different 
sintering temperature with a comparison with pure SnO2, CuO and Cu2O. 

 

Fig. 2 Shows XRD pattern for SnO2: Cu pellet nano 
powder sintered at various temperatures. The selected 
region of X-RD pattern from 40-48

0
 at various sintering 

temperature exhibits single-phase material with tetragonal 
symmetry. Furthermore, XRD patterns show additional 
reflections due to CuO and there is no reflections 
corresponding to Cu metal were observed. The reflection 

(2 = 35.54
0
) corresponding to CuO was observed only in 

case of 9 and 11 wt. % of Cu with the monoclinic 
symmetry. The absence or low intensity of the reflection 

(2 =35.54
0
) of CuO corresponding to 1, 3, 5 and 7 wt. % 

of Cu may be due to the lower concentration of Cu. All the 
reflections are corresponding to only the tetragonal phase 

of SnO2 [JCPDS data card No. 21-1250]. In addition 2 or 3 

reflections (at 2 = 35.54, 38.72, 48.76
0
) corresponding to 

the monoclinic phase of CuO [JCPDS data card no. 5-661] 
are also observed in all the XRD patterns. The intensity of 
the peaks corresponding to CuO peak goes on increasing 
slightly for sintering temperatures of 600 to 650 

0
C. Then it 

is nearly constant up to the sintering temperature of 800 
0
C. 

Further a very small peak at 2 = 42.60
0
 corresponding to 

the cubic Cu2O phase [JCPDS card no. 34-1354] is also 
observed in the patterns for the pellets sintered at and 
above the 800 

0
C. Furthermore, resolved pattern shows a 

probable reflection of composite of SnO2:Cu. The 
crystallite size for all the samples is calculated by using the 
Scherer equation. The average crystallite size of the 
samples sintered at 600, 650 and 750 

0
C for SnO2:Cu 

system is 15-20 nm whereas for the samples sintered at 700 

and 800 
0
C; the crystallite sizes are  30 nm. 

 

 
 
Fig. 3. The survey scan for SnO2:Cu, Cu = 9 wt. % sample sintered at   
600 oC. 
 

Generally, it is well known that XPS patterns do contain 

carbon (For C 1s B.E. ~ 285.6 eV, Fig. 3, 4 which is used 
as reference for BE shift for any specific line. This is 
followed in present work as well. High resolution expanded 
raw patterns of only a few selected lines give corresponding 
plots of variation of intensities (this can be related to CO 
and LPG optimum Tsinter) with sintering temperature. It can 

be seen from Fig. 4(b) that the intensities of Sn and O 
successively decrease up to 700 

o
C and then increase 

rapidly, while intensity of Cu element decreases gradually 
up to 750 

o
C and again increases at 800 

o
C. The 

deconvoluted patterns of most of the above related XPS 
samples are seen for Sn 3d core level particular to 700, 750 
and 800

o
C and the deconvoluted patterns for O 1s and Cu 

2p respectively for 600, 650, 700, 750 and 800 
o
C samples.  

In all the cases, the notations of Sawatzky et al. [35] are 
followed [figures not shown]. Figure shows the Sn 3d5/2 
orbital with deconvoluted components of Sn

4+
. The binding 

energy (B.E.) values agree with the literature [33, 34, 36, 

37]
.
 A small shift in peak of B.E. value is seen for samples 

sintered at 600, 650, 800 (lower B.E.) vis-à-vis 700, 750 
0
C 

(higher) with an identical shift in the O 1s spectrum. The O 
1s spectrum shows 2 components. High resolution scans for 
Sn 3d, Cu 2p, and O 1s have been deconvoluted 
(decomposed) using both linear sub-routines (Microcal 
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Origin Commercial Software, Ver. 6.1).The shack up 
satellite (SUS) from fig 4a, for 800 

0
C data shows positive 

shift of ~3 eV and existence of structure for Cu 2p3/2 line 

which is shown by Sawatzky et al. [35, 36, 42, 43]. The 
presence of O

-
 species at the surface is an important 

pathway for catalysis reaction [38, 44]. The BE at 529 eV 
has been identified to bridging "O" on the surface [44] and 
also the presence of O

-
 and O

2-
 leads to depletion layer at 

surface of SnO2 [44]. The peak at 532.6 eV corresponds to 

O2
2-

 [38]. Sn3O4 is known to form between 250 and 525 
o
C 

[44]. The O2
- 
and O

- 
form at the temperature of < 180

o
C and 

> 200 
o
C respectively [44]. These may have been 

responsible during sensor operation at the operating 
temperature.  

 

(a)

(b)

 
 

Fig. 4. (a) High resolution XPS spectra of selected regions 
for Cu 2p (3/2, 1/2) and (b) Variation of intensities of Sn 
3d (3/2, 5/2), O 1s and Cu 2p (3/2, 1/2) with sintering 
temperature (Tsinter). 

 
It is well known that XPS nonlinear background is 

mostly due to deep core level electrons and hence the above 
conventional analysis may not give, directly the resistive 
sensor relation (conventional band) information. On the 
other hand, the general background is expected to be 
mainly related to inelastic scattering by the other (outer) 
atomic electrons and band level electrons. Therefore this 
may also give some information about conduction band (& 
nearly donor /acceptor levels). We therefore decided to 
summarize these general scan through the general 
background. However, the relative change in slopes and 
appearance of new features will be sufficiently reliable. 
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Fig. 5. (a-d): The full scan for samples of SnO2:Cu, Cu = 9 wt. % sintered 
at 600, 650, 700 and 750oC it is divided into different parts/ranges: A, B, 
C, D, E and F each containing few intense peaks. 
 

More importantly it was seen that the general trends in 
all the five sintered samples was the same as e.g. see in   

Fig. 5 gives six regions (A to F) with stepped background 
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structure. There are some overall changes with Tsinter e.g. 
The 600, 650 and 800 

o
C samples show higher intensities 

than 700, 750 
o
C samples, but this needs to be conformed 

and may not be very reliable observation. There are some 
relative changes given below, which are (being relative), 
reliable the end region of A (called as it  is near 1000 eV) 
gives slightly rising slop for Tsinter 600 & 650

o
C & for 700, 

750 
o
C it is very fast rising, but for 800 

o
C it becomes a 

falling slop [These can be signature of H2, CO and LPG 
respectively].  
 

(a)

(b)

 
 

Fig. 6. Typical sensitivity factor for CO, H2 and LPG at 1000 ppm with 
varying operating temperature for SnO2:Cu,(Cu = 9 wt. % ) pellets 
sintered at (a) 6500C and (b) 7500C. 
 

The slopes levels A1, A2 (just before A5) behave in 
similar fashion as A5 i.e. equal level at 600 & 650 

o
C, rising 

slope at 700, 750 
o
C.  In region B (see Fig. 5) the BE levels 

B1, B2 have same amplitude at 600, 650, 800 
o
C but at 700, 

750 
o
C Amplitude B1> B2 rise at 600, 650 

o
C sub steps is 

similar at 700, 750 
o
C and at  800 

o
C it is somewhat falling 

sub steps. Peaks E5 (E4 & E6) are suddenly reduced at 650 
o
C from that of 600 

o
C, peak E4 splits into two & peaks E4 

& E5 are absent at 800 
o
C. These critical changes at ~ 600, 

750 and 800 
o
C can be possible signature in XPS (general 

background) for H2, CO, LPG gases sensing. Of course 

these are only indirect conclusions and not proved with any 
theoretical basis, we need to see the effect of wt. % of Cu 
(not studied), startling with pure SnO2 for seeing Cu effects.  
This will give Cu signature and variations in it may related 
to Cu wt.% & sintering temperatures as well (the 
experiments which is not carried out even for sensor work 
with such various combinations of at Cu. % and Tsinter) 

given in Table 1. 
 

Table 1. Experimental XPS survey scan data [Binding energy units (eV)] 
of all the samples sintered at 600, 650, 700, 750 and 800oC. Sn [39]:  1s2 
, 2s2, 2p6, 3s2, 3p6, 4s2,.3d10, 4p6, 5s2, 4d10, 5p2 

; Cu [29]:  1s2 , 2s2, 2p6, 
3s2, 3p6, 4s2, 3d9

;  O[8]:  1s2, 2s2, 2p4
; * Overlapping transition Cu L3  M23  

M23 and Sn 3d ; O KVV and Sn 3p, O 2s and Sn 4d ; Cu L3M23M23 and Sn 
3p; Auger transitions are given in kinetic energy (KE – eV) units , [?]: 62, 
110, 160 and 260 transitions are not assigned. 
 

 

Fig. 6, shows the typical Sensitivity for SnO2:Cu       
(Cu = 9 wt. %) nano powder pellet operating at various 
temperature for CO, H2 and LPG at 1000 ppm of gas for 
pellet sintered at (a) 650 

0
C and (b) 750 

0
C. As we can see 

the sintering temperature is very crucial for sensitivity. As 
in case CO gas sensitivity increases from ~ 600 % to ~ 
1350 % as we increases the sintered temperature from     
650 

0
C to 750 

0
C. One can also see the noticeable change in 

H2 gas sensitivity also. But in case of LPG sensitivity factor 
found to be slightly decreases. In the presence of a reactive 
gas such as carbon monoxide, the surface catalyzed 
combustion CO +O

2-
 → CO2 + 2e

-
 and H2 + O

2
↔ H2O + 

2e
-
 may occur so that the surface coverage of Adsorbed 

oxygen ions is decreased and the resistance decrease as 
consequence of the reduction in both surface potential 

barrier height and the depletion range [12, 21-22, 35, 37].   

 

Conclusion  

In conclusion, the XPS depth profile investigations on SnO2 
modified with Cu have proven to be a useful tool toward 
better understanding of sensing mechanisms of CO, H2 and 
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LPG gas. The sensitivity of SnO2:Cu sensors is shown to 
depend on the work function of the metal additive. The gas 
sensing characteristics and the XPS valence band studies 
both indicates that the gas sensitivity of the sensor increases 
with the work function of the additive concentration. The 
core level studies give some very interesting observations 
and conform the sensitization mechanism in SnO2:Cu (O) to 
be purely chemical and largely electronic. The core levels 
of Sn and O in SnO2:Cu (O) show a shift in the binding 
energy as compared to virgin SnO2 with change in additive 
concentration. This has been attributed to increase in the 
surface work function because of the incorporation of the 
proper additive concentration (Cu = 9 wt. %). The 
enhancement of CO dissociation with effect of material 
sintering temperature is observed CO interaction with 
SnO2: Cu (O) leads to formation of carboxylate like O-C-O 
species. The addition of Cu enhances the CO dissociation 
via CO surface by an electronics effect of a semi 
conducting material interaction. CO exposure at optimum 
operating temperature results in CO dissociation and 
carbon contamination of the surface.  
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