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ABSTRACT 

The properties of ZnO based materials for ethanol detection have been studied. Cu 

doped samples obtained from different precursors have been investigated. ZnO and ZnS 

have been used as host and Cu and CuO as dopant sources.  

The sensing measurements have been mostly performed at room temperature. To 

monitor the effect of the presence of gas, resistivity and photoluminescence experiments 

with and without sensing gas have been carried out. The sensing behavior is affected by 

the nature of the precursors used. For ZnO:Cu and ZnO:CuO series, a higher sensitivity 

is obtained at the lower gas concentrations, the better response is obtained for the 

sample ZnO:Cu with wt.1% of metallic copper. Strong segregation effects observed in 

these samples could be deleterious for the sensing properties. In the series ZnS:CuO, no 

segregation is observed, however the sensing behavior is erratic and attributed to the 

reduction of Cu ions to the metallic state.  
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INTRODUCTION 

Metal oxides have been extensively studied due to their versatility in various 

applications such as gas detection, optoelectronics or photocatalysis. Among the metal 

oxides, ZnO occupies a predominant position, its chemical and physical stability, large 

bandgap, high exciton binding energy or piezoelectric properties, make this material an 

excellent candidate for multifunctional approaches. During the last decades, the main 

interest of the study of ZnO as a semiconductor has focused on its use for optoelectronic 

applications, such as laser diodes, transistors, LEDs or solar cells. The high binding 

energy of the excitons opens possibilities for manufacturing emission lasers at room 

temperature. In addition, the fact that microstructures and nanostructures can be grown 

with high crystal quality and with different morphologies: nanotubes, nanobelts and 

nanowires, further extends the possible applications of this material [1, 2]. However, an 

important drawback of ZnO is the difficulty to obtain p-type conductivity, required for 

the fabrication of p-n junctions, present in most of the applications. Due to self-

compensation mechanisms, for ZnO it is energetically more favorable to maintain 

defects (oxygen vacancies, for example) than to incorporate acceptor centers in its 

structure that convert it into a p-type material [3]. Despite this, numerous studies in this 

field have already been carried out, reaching important results such as doping ZnO with 

arsenic and nitrogen. The case of doping ZnO with copper has been also studied to 

elucidate how and why it positively influences photocatalytic processes, as well as its 

usefulness in the manufacture of gas sensors [4, 5, 6]. 

 

The use of semiconductors for sensing processes could be traced back to the works of 

Brattain, Bardeen and coworkers [7, 8, 9], who conducted a systematic study on the 

influence of adsorbed molecules on the electrical properties of the semiconductor 

materials. This study boosted the research on metal oxides (MO) for sensing 

applications. In 1962, Seiyama and co-workers studied the changes in electrical 

behaviour of zinc and titanium oxide as a response to changes in the composition of the 

ambient atmosphere [10, 11] and Taguchi patented a sensing device based on oxides 

[12]. Since then, the technology has evolved, improving the sensitivity and response and 

the selectivity to the different gases by incorporating dopants, reducing the grain size or 

altering operation temperature and humidity [13 and references therein]. The first 

generation of gas sensors was based on thick SnO2 films since it was first reported by 
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Taguchi in the 1960s. MOs gas sensors have some advantages such as small size, low 

power consumption, simple construction, good detection properties and high 

compatibility with microelectronic processing. Therefore, they have quickly gained 

attention over the years [14]. They are used in numerous applications and processes 

such as the control of emissions in vehicles, the analysis of breath in breathalyzer 

controls and for chemical diagnosis, detection of toxic gases and fuels, even in 

chemical, cosmetic and food industries for the quality control. 

At present, several types of metal oxides (SnO2, TiO2, WO3, Zr2O3 or ZnO) have been 

studied extensively for use in applications such as sensors for reducing ethanol 

atmospheres. The specific case of ZnO is interesting to study since it is used in different 

technological fields thanks to its piezoelectric and pyroelectric properties, its large and 

direct band gap energy (3.3 eV), the high exciton binding energy (60 meV) and the high 

refractive index (2.2 in the visible middle range), in addition to n-type conductivity 

[15]. Different types of nanostructure morphologies such as cables, tapes, rods and 

tetrapods have been widely studied for gas sensor applications, it is known that 

sensitivity in sensing using this type of sensors depends largely on scale of its 

morphology; the nanowires, nanoparticles, etc., have a very high sensitivity due to the 

high surface-volume ratio. That is why in recent years the morphologies of one-

dimensional nanostructures such as nanowires and nanobelts have gained much interest 

in the design and manufacture of nano devices [16]. These nanowires can be prepared 

by various techniques, such as pulsed laser deposition (PLD), chemical vapor deposition 

(CVD), thermal evaporation, metal-catalyzed molecular beam epitaxy (CBE) and the 

thermal oxidation technique. 

The sensing mechanism in metal oxides is based on chemoresistance phenomena. The 

gas molecules interact with the metal oxide either as donor or as acceptor (receptor 

function) altering the resistivity of the metal oxide (transduction function). The basic 

mechanism is illustrated in Figure 1 [12, 17]. 



4 

 

 
Fig. 1. Band diagrams of bulk ZnO (a) in presence of air and (b) ethanol atmosphere. 

The sign of the change in resistance depends on the combination of conductivity type (p 

or n) of the semiconductor (oxide) and the reducing or oxidizing character of the 

atmosphere. For n-type materials an oxidizing atmosphere induces an increase in the 

resistivity, while reducing gases bring a decrease of resistivity, and conversely for p-

type semiconductors. As an example, the exposition to a highly oxidizing atmosphere as 

NO2 (it acts accepting electrons from the material surface) leads to the reduction of 

conduction electrons in the conduction band, then increasing resistivity in a n-type 

oxide semiconductor. The REDOX reactions behind may be written as 

���	(���) +	�(������)
� → ���(�������)

�  

when no oxygen is present or  

���	(���) + ��(�������)
� + 2	�(������)

� → ���(�������)
� + 2��������

�  

when oxygen is present.  

For a reducing gas as ethanol, one of the most important gases to be detected, electrons 

are released to the conduction band of the metal oxide (if n-type), leading to a decrease 

of the resistivity. The reactions behind are 

������ → ����	 ↑ +���	 ↑ (������	 !���); 

���� + 3��(�������)
� → 2��� ↑ 	 + 2��� ↑ +3�� 

if dehydration occurs; or 

2������ → 2��#��� + �� ↑ $%&'��	 !���(; 

��#��� + 5��(��.)
� → 2��� ↑ +2��� ↑ +10��; 
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2��#���+�(�������)
� → 4��� ↑+ ��#���� ↑ +./

∙∙ 

if dehydrogenation takes place. The scheme in Figure 2 shows the changes occurred on 

energy bands due to the presence of the gas [18]. 

 
Fig. 2. Schematic diagram of the changes occurred on energy bands (n-type and p-type) upon exposure to 

the target gas. 

 

ZnO oxide is an n-type broadband semiconductor with excess metal or oxygen 

vacancies that act as electron donors, while the molecular oxygen of the air acts as an 

oxidizer. After adsorption of O2 molecules onto a semiconductor surface, the oxidizing 

process generates depletion of free electrons in the conduction band, forming ion 

species as O2¯, O─, or O2─ at different temperatures [19]. The equations are the 

following [2] 

O�(&�) + �� →	O�
�	(T<100°C)                                      (1) 

O�
		_ + �� → 2O�	(100°C<T<300°C)                                  (2) 

O� + �� →	O��	(7 > 300°C)                                       (3) 

It is well accepted that the response of the ZnO sensor is attributed to the chemisorption 

of oxygen at the surface and to the subsequent oxidation reaction between the adsorbed 

oxygen and the detected reducing gas, which causes changes in the ZnO resistivity. The 

electrical response is related to active sites on the surface of materials that can adsorb 
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oxygen and the detected gas, and the response is also associated with the reducing 

capacity of the detected gas and the oxygen state at the surface of the material. 

 

EXPERIMENTAL  

The starting material consists of a mixture of powders of the precursors, in the 

proportions indicated in Table I. As precursor for host material either ZnO or ZnS has 

been used, as dopant source Cu or CuO (Sigma-Aldrich, 99.99% purity) were selected. 

The powder mixture is ground in a Retsch S100 centrifugal mill with agate balls for 10 

h in order to homogenize the mixture and reduce the particle size. They are 

subsequently pressed under 1T, to form pellets with a diameter of about 7 mm. The 

obtained pellets are subjected to thermal treatments in N2. The treatment conditions 

(flux and processing temperature) depend on the precursor used. When ZnO is used as 

starting material, treatments are performed at 1250 ºC and a gas flow of 2 l/min, while if 

ZnS is used as precursor, the temperature is set at 1000 ºC and the gas flow is 1.5 l/min. 

The conditions for thermal treatments have been selected according to our previous 

works on similar systems [20 and references therein]. In all cases the temperature was 

raised to the final value during 1 h, then maintained for 15 h, and finally cooled down to 

room temperature. Table I summarizes the preparation conditions for the samples used. 

Table I. Preparation conditions for the studied samples. 

 

Resistance measurements have been performed with a Keithley 2410. Electrical 

contacts were fabricated by sputtering of Au on the surface of the samples, the distance 

between them was fixed to 3 mm and the same geometry was used for all the 

investigated samples. Photoluminescence (PL) measurements were performed using a 

JobinYbon JY-3D Fluorometer. The samples were excited using 390 nm radiation and 

the PL emission signal was collected from 500 to 600 nm. A cut-off filter above 400 nm 

 

 

Precursor 
(host) 

Precursor 
(dopant) 

Nominal 
wt% 

Nominal 
at% 

Gas flow 
( l/min) 

Temperature 
(ºC) 

Series A ZnO CuO 1-10 0.5 - 5.1 2  1250 

Series B ZnO Cu 1-10 0.7 - 6.7 2 1250 

Series C ZnS CuO 1-10 0.6 - 9.4 1.5 1000 



7 

 

was used to block the light scattered from the source. An “ad hoc” designed specimen 

holder has been placed in the fluorimeter to monitor changes in luminescence in 

presence of gases. The experimental setup for both resistance and photoluminescence 

measurements is shown in Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Schematic drawing of the experimental setup for gas detection from measurements of (a) 

photoluminescence and (b) resistance. 

 

X-Ray Photoelectron Spectroscopy (XPS) was carried out with a Phoibos 100-

DLD spectrometer (SPECS), with the hemispherical electron energy analyser working 

in the constant pass energy mode at 35 eV. Non-monochromatized Al Kα radiation 

a) 

b) 
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(hv=1486.3) was used as excitation source. In order to remove surface contamination, 

samples was finelly scratched with a glass fiber brush under a pure N2 just before their 

analysis. Survey and high energy resolution spectra of the main photoemission peaks 

from the detected elements (i.e., Zn2p, Cu2p, O1s, C1s, S2p and CuLMM) were 

collected. As samples are poor electronic conductors, spectra were binding energy 

calibrated by the Zn2p3/2 peak at 1022.1 eV for the case of ZnO based samples, or the 

S2p3/2 peak at 162.1 eV for the case of ZnS based ones. Linear type backgrounds were 

used to determine the areas under the peaks.  Later on, these raw areas were corrected 

for the transmission function of the analyser [21], the photoionization cross sections of 

each electronic level [22] and, finally,  the escape depth of photoelectrons [23], in order 

to determine the surface atomic composition. 

Ethanol concentrations between 5 and 200 ppm have been used through the resistivity 

experiments. In the case of PL measurements, ethanol pressure is varied from 3 to 

75mbars. A purge is always performed between any two measurement steps to assure 

the pressure value in the chamber. The sensing experiments have been performed 

mainly at ambient temperature although some measurements have also been carried out 

at 75 ºC. 

 

RESULTS AND DISCUSSION 

Although the dopant concentrations have been selected to have equivalent 

amounts of Cu, the precursor nature seems to play a determinant role on the behaviour 

of the samples. In the samples of series A, copper has been introduced as copper oxide, 

that is, copper with a +2 oxidation state, which, according to the Dingle model [24] 

form a complex with oxygen vacancies and, is responsible for the luminescent emission 

in the green zone and is also related to n-type conductivity. However, according to the 

XPS analyses, the presence of Cu+2 may be ruled out. The surface analysis of the 

samples by XPS can provide relevant information about the distribution of dopant in the 

host phase, as well as about the chemical states of the constituent elements. Regarding 

the first of these issues, as expected, the intensities of the Cu signals decrease with the 

nominal content of copper, and consequently, so do the Cu/Zn atomic ratios (see Table 

II). A more relevant fact is that the intensities of the Cu photoemission signals (Cu2p, 

CuLMM, Cu3s and Cu3p) are much higher for the case of ZnS based samples (series C) 
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than for those ones based on ZnO (series A and B) - with the same Cu nominal content-, 

as shown in Fig.4, where the survey photoemission spectra for the three samples with  

10% of copper are depicted. In other words, the concentration of copper on the surface 

of the host phase is quite dependent on its chemical nature, which is very likely to occur 

due to differences in the solubility of the Cu atoms in both host phases.   
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Figure 4. Survey spectra from the three samples with the higher copper content (10%) for the 

three series, as indicated. The several photoemission signals have been labeled 

In order to determine properly the chemical states of the constituent elements of 

the different samples, the acquisition of high resolution spectra is mandatory. In this 

respect, in Fig. 5, the Cu2p spectra from representative samples of series A and B are 

depicted, while Cu2p, CuLMM and ZnLMM, Zn2p3/2 and S2p spectra from 

representative samples of series C are shown in panels of Fig.6. As can be seen in Fig. 5 

and 6a), the spectral features of the Cu2p are the same for all three series of samples: 

signals are always two single and narrow peaks at around 933.0 ±0.3 eV and 952.9 ±0.3 

eV binding energy (the small satellite at around 942.6 eV is due to the non- 

monochromaticity of the x-ray excitation source). Thus, the absence of strong shake up 

satellite signals, in the 944-939 eV range, allows us to definitely discard the presence of 

copper in Cu+2 chemical state, whatever be the dopant or the host phases used for the 

synthesis. In other words, although CuO has been used as a source of copper in series A 

and C, Cu+2 species have been chemically reduced to Cu+ or Cu0 during the thermal 
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treatments.  In general terms, to distinguish between Cu+ and Cu0 is also affordable by 

means of X-ray photoemission, by accurate determination of the centre of the 

CuL3M45M45 and the Cu2p3/2 peaks (and so, determination of the Auger parameter 

value).  Unfortunately, only two samples in the whole set show CuL3M45M45 signals 

strong enough for determining properly their energy position, because of the spectral 

overlapping with the ZnLMM Auger signals (see Fig.6, panel b)). These two particular 

samples are 10% and 5% Cu of series C; for them, the Cu Auger parameter value was 

1849.8 eV and 1849.9 eV, respectively (see Table II). This result let us to definitively 

conclude that Cu0 is the chemical state of copper in these two samples [25], and the 

same can be expected for the third sample of series C. However, for the case of samples 

based on ZnO, the X-ray photoemission cannot provide any evidence to distinguish 

between Cu+ and Cu0 states. However, according to Muller [26], when the concentration 

of donors is higher than the concentration of copper ions, they cannot be found in the 

oxidation state +2 but are reduced to a lower oxidation state, most likely +1. The 

subsequent charge unbalance would be compensated by the generation of additional 

oxygen vacancies [27]. 

 

Figure 5. Cu2p spectral region for representative samples of both series with ZnO as host phase 
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Figure 6. High resolution spectral regions of interest for the two extreme Cu content samples 

with ZnS as host phase (C series): a) Cu2p, b) CuLMM and ZnLMM, c) Zn2p3/2 and d) S2p.  

In addition to the chemical state of Cu in the samples, XPS also provide 

evidences concerning the chemical state of Zn and S. Thus, the values of the Zn Auger 

parameter, which are included in Table II, are in the range 2010-2011 eV, indicating 

that the chemical state of Zn is +2 [25]. For the samples of series A and B, the Zn Auger 

parameter is always 2010.1 eV, just the reported values for ZnO. However, for the three 

samples of series C, this value ranges from 2011.0 eV for the 1% sample, to 2010.1 ± 

0.1 eV for the 10% and 5% samples. The former value corresponds to ZnS, as expected, 

but the later one corresponds to ZnO, as aforementioned. This result suggest that for the 

C series, the CuO dopant reacted with the ZnS host, producing Cu(0) and ZnO, at least 

for the two samples with higher copper content. And now, regarding this possibility, it 

is interesting to have a look to the S2p spectra of C series samples, depicted in Fig. 6 

panel d). They are quite similar, with only an asymmetrical signal at around 162.3 eV, 

which corresponds to sulphide species. No traces of SOx-n species (sulphite, sulphate, 

…) are found in any case. 
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Table II. Cu/Zn atomic ratios and energy values of Cu and Zn main signals (2p-Binding 

Energy, L3M45M45-Kinetic Energy and modified Auger parameter) for all the studied 

samples.   

Series/ A B C 
Host phase ZnO ZnO ZnS 

Dopant phase CuO Cu CuO 
%Cu 10 5 1 10 5 1 10 5 1 

Cu/Zn Atomic x100 5.1 4.9 1.1 10.0 3.1 1.2 197.0 65.9 16.5 
Cu2p3/2  

Binding Energy (eV) 
933.1 932.9 932.9 932.8 933.4 933.3 932.7 932.8 932.7 

Cu L3M45M45 

Kinetic Energy (eV) 
---- ---- ---- ---- ---- ---- 917.1 917.1 ---- 

αCu (eV) ---- ---- ---- ---- ---- ---- 1849.8 1849.9 ---- 
Zn2p3/2  

Binding Energy (eV) 
1022.1 1022.1 1022.1 1022.1 1022.1 1022.1 1022.2 1022.4 1022.0 

Zn L3M45M45  
Kinetic Energy (eV) 

988.0 988.0 988.1 988.1 988.0 988.0 988.0 987.6 989.0 

αZn (eV) 2010.1 2010.1 2010.1 2010.1 2010.1 2010.1 2010.2 2010.0 2011.0 
 

All the samples from this series show a decrease in resistance under gas exposure. 

Under reducing atmosphere, this behaviour is expected for an n-type material [17]. 

Sensitivity or Response (S) of a gas sensor is mathematically expressed as [2] 

9 =
;<
;=

                                                            (4) 

where Rɑ is the resistance in air and Rg is the resistance in the test gas. Figure 7 shows 

the typical behaviour of the resistance measurements for this series (figure 7a). 

Response (S) is very low for all the samples, reaching 10% for the most heavily doped 

sample at low gas concentration (figure 7b). With the exception of a couple of 

anomalous points in the sample doped with the highest Cu content, in all cases the 

sensitivity is higher for the lower gas concentrations. 



13 

 

 a) 

b) 

0 20 40 60 80 100 120 140 160 180 200
23.3

23.4

23.5

23.6

23.7

Gas out

 

R
es

is
ta

n
ce

 (M
ΩΩ ΩΩ

)

Time (s)

ZnO:CuO

Gas in

0 20 40 60 80 100 120 140 160 180 200
0

2

4

6

8

10

12

R
es

p
o

n
se

 (
S

)

Ethanol concentration (ppm)

 ZnO:CuO - 1%
 ZnO:CuO - 5%
 ZnO:CuO - 10% 

 
Fig. 7. (a) Typical behaviour of the resistance measurements and (b) variation of response as a function of 

ethanol concentration in the ZnO:CuO samples. 

 

As shown in our previous work [28], segregation of copper to the grain boundaries 

occurs in all three samples regardless of their dopant concentration. However, they 

differ in the grain size since for the sample doped at 1% the grain size is between 2 and 

7 µm, the sample doped at 5% has grain sizes between 5 and 15 µm, and the sample 

doped at 10% presents sizes between 15 and 20 µm. The smaller the grain size the 

greater the ratio of grain boundary surfaces, given that the specific surface area is larger; 

this situation would be favourable if the copper did not segregate and remain 

homogeneous in the matrix. Given that segregation occurs in the three samples, in the 

sample doped at 1% (greater number of grain boundaries) the amount of copper lost at 

the borders is greater (in proportion) than for the sample doped at 10%. The ratio of Cu 

at the boundaries and in the grains would then decrease as the nominal copper content 

increases, and higher sensitivities might be obtained when the sample is doped at 10%, 

since, although an appreciable amount of Cu has segregated, still a large amount 

remains in the interior of the grains. 
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As in the samples from series A, in the series of samples doped with Cu, the XPS 

analysis allows us to discard the possibility of Cu+2, but does not allow discerning 

whether the majority charge state is Cu+ or Cu0. The samples of series B show a 

behaviour strongly dependent on the Cu concentration. It is observed that the sample 

with the lowest Cu content behaves as a p-type with a very high sensitivity to the 

presence of ethanol reaching values of almost 40% (figure 8a and c). As it has been 

explained, in this sample the segregation of the copper does not take place but it 

remains distributed in the matrix, then the sensing material could be Cu doped ZnO 

which is known to show p-type conductivity [29, 30] However, the sample with 5% 

(nominal) Cu concentration, behaves as a n-type, may be due to the fact that in the 

sample doped at 5% there is a little segregation from copper to grain boundaries, 

causing zinc oxide to be the one that is mostly sensing. In these samples the response 

time is slightly higher, and the return to the initial resistance is not as reproducible 

(figure 6b). The sample with the largest Cu concentration in this series shows a very 

erratic behaviour. It can be observed that despite an increased resistance to the presence 

of ethanol (which would explain that the semiconductor that senses is p-type), the 

recovery time is quite high (around 12 seconds). This may be due to the fact that strong 

segregation of the copper to the grain boundaries occurs in this sample, which would 

produce a confrontation between the behaviour of a semiconductor p-type (increases the 

resistance) and that of a type n (opposite effect producing a delay in the recovery of the 

resistance), this would produce an opposite effect on the resistance and consequently the 

sensitivity in this case is very small. 
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Fig. 8. Resistance measurements for (a) 1% and (b) 5% Cu-doped ZnO samples. (c) Response as a 

function of ethanol concentration in the ZnO:Cu samples. 

 

The difference in the sensitivity between the different percentages of dopant is evident 

(figure 8c). In addition to the possible explanations already described in each particular 

case, another possible reason for this behaviour is the difference in the morphology of 

the samples. The sample with the lowest concentration of dopant has equiaxed grains 
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about 10 µm in size and very well defined. On the other hand, the samples doped at 5 

and 10% even with well-defined grains, reach sizes of 60 µm for the first and up to 100 

µm for the second; in addition, more irregular grains with larger pores appear. Figure 9 

shows the typical grain structure observed in these samples (a), along with a detail of an 

EDX map for Cu (b) and Zn (c) showing strong segregation at the boundaries. 

 
Fig. 9. (a) SEM image of typical grain structure observed in ZnO:Cu samples. EDX mapping of different 

elements: (b) Cu and (c) Zn. 

 

As mentioned, a greater response is achieved in the case of using copper instead of 

copper oxide as dopant. The grain size is slightly smaller in the samples doped with 

metallic copper, hence a larger proportion of grain boundary could be behind the 

enhanced sensitivity of the ZnO:Cu. On the other hand, the segregation of the copper to 

the grain boundaries in ZnO:CuO samples would leave the matrix of the grains with a 

copper deficit, and hence a lower sensitivity. Both samples have similar response times 

around 4 seconds, however the recovery time is much faster in the case of ZnO:CuO 

Although most of the studies on the sensing behaviour are done on the basis of 

resistance measurements, in materials as ZnO with a very intense luminescence in the 

visible range, it can be worthy to study the effect of ambient gases on the luminescence 

emission. Figure 10 shows the photoluminescence spectra (a, c, e) obtained from the 

different samples at different gas (ethanol vapour) pressures. For comparison we have 

selected the samples doped with 1% Cu from each series. A band centered at 510 nm is 

clearly observed for all the samples. This is the well-known green luminescence band of 

ZnO, usually attributed to VO. In addition, a wide band with components at around 550, 

620 and 650 nm is also observed, they can be related to different point defects, such as 

VZn, and to the presence of Cu ions [28]. The relative intensity of these components 

varies from the different samples and also changes with gas exposure. In the samples of 

series A (doped with CuO), a decrease of the luminescence with increasing gas pressure 
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is observed. From the spectra in figure 10a it seems that a “white” decrease of the 

intensity is produced, however if we consider the CIE diagram (figure 10b) a slight 

colour shift is observed, that would indicate that not all the PL components vary in the 

same proportion. The series of samples ZnO:Cu (series B) show a very different 

behaviour. The first point to be noted is the dramatic difference between these spectra 

and those to be expected from ZnO. On the other hand, there is practically no difference 

for the different gas pressures, although a slight decrease of the red components is 

reflected in the shift towards the blue region observed in the CIE diagram (figure 10d). 

This sample is the one that showed the best behaviour in terms of sensitivity as obtained 

from resistance measurements, however as shown in figure 6a the behaviour was 

characteristic for p-type, not the n-type expected for ZnO. Finally the series C 

(ZnS:CuO) shows a very interesting behaviour. As mentioned above, in this series it 

was not possible to estimate sensitivity, due to erratic behaviour of the resistance, that 

leads us to conclude that they were not adequate for sensing. However, from the 

luminescence spectra clear differences are observed. In these samples the main emission 

is centred in the green region (figure 10e), however after gas exposure a shift towards 

yellow is observed (figure 10f). This series has been studied at different temperatures to 

check this particular behaviour. A summary is shown in the CIE diagram of figure 11, 

where the results for two Cu percentages at 75ºC are represented. The sample with the 

lower Cu content shows a shift from green to yellow similar to that described at room 

temperature, however, when the Cu content is increased, a shift from green to blue is 

clearly observed. According to the XPS results discussed, the sample with the highest 

CuO content shows an Auger parameter characteristic of ZnO, and consequently the 

photoluminescence should have a major contribution of the ZnO NBE emission, while 

in the less doped samples, the major contribution would come from defects (mainly 

related to stoichiometry differences) and then in the green-red region of the spectrum. 

Then luminescence reveals as a good tool to investigate the sensing behaviour of this 

material, even in cases in which the resistance measurements are not so conclusive. 
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Figure 10. Photoluminescence spectra (a, c, e) and CIE colour chromaticity diagrams (b, d, f) of the 

samples doped with 1% Cu from each series. 
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Figure 11. CIE chromaticity diagram of the samples of ZnS:CuO doped with 1 and 10 % Cu at sensing 

temperature of 75 ° C. 

CONCLUSIONS 

Sensitivity of the system ZnO:Cu to reducing gases has been demonstrated. All the 

studied samples exposed to an ethanol reducing atmosphere show higher sensitivities (at 

room temperatures) for the lower gas concentrations.  

The precursors seem to play a determinant role. ZnO and ZnS have been used as 

precursors for the matrix and Cu and CuO for the dopant. For ZnO:CuO samples strong 

segregation effects are observed, nevertheless, the sensing behaviour corresponds to that 

of n-type semiconductor (ZnO). Cu seems to enhance the sensitivity. ZnO: Cu samples 

show a very different behaviour. The sample with the highest sensitivity is the less 

doped, reaching responses close to 40%, but the change in the resistance observed is 

characteristic of a p-type semiconductor. The samples ZnS:CuO show a very erratic 

behaviour of the resistance, possibly caused by the oxidation state of the copper in the 

matrix of the grains which, despite being distributed homogeneously, is found as 

metallic copper. 

Luminescence reveals to be a good tool to investigate the sensing behaviour of this 

material, even in cases in which the resistance measurements are not so conclusive. 
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