Copper and nickel doping effect on interaction of SnQO, films with H,S
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The pyrosol spraying deposition technique has been used for the synthesis of SnO,, SnO,—-CuO and SnO,-NiO polycrystalline
films with grain size of 3—10 nm. The composition, microstructure and electrical properties of the films have been investigated by
X-ray diffraction, electron probe microanalysis, Auger electron spectroscopy and X-ray photoelectron spectroscopy. The
interaction of SnO,, SnO,—CuO and SnO,-NiO polycrystalline films with the reducing gases: H,S, C,H;OH, CO and CH, has
been investigated by conductance measurements. It has been found that copper and nickel have a significant effect on the
sensitivity of SnO, films to H,S. The model of interaction of SnO, films with H,S gas and different sensor properties of tin dioxide
films doped with copper and nickel are discussed with regard to the position of these metals in the films.

Tin dioxide thin films and ceramics are widely used for gas
sensor applications. The operation principle of such devices is
based on the increasing of material conductance in the presence
of reducing gases. For hydrogen sulfide this effect is related to
an interaction of H,S molecules! or its dissociation products?
with O, ions adsorbed on the SnO, grains. The effect of
different doping metals on the response of SnO, materials to
H,S was analysed by Takahata.’ It was suggested that some
metal cations promote the H,S dissociation to H*, HS™ and
S?~. It was demonstrated that the cations with a low electro-
negativity value are best suited for SnO, doping with regard
to hydrogen sulfide detection. However, it was found by
Yamazoe and co-workers* that doping of tin dioxide ceramics
with copper, that is intermediate in electronegativity, gives rise
to the outstanding sensitivity S=35000 at 200 °C to 50 ppm
H,S in air. But in this case the mechanism of response is
attributed to the chemical reaction of high-resistive CuO grains
with H,S. The formation of high conducting CuS results in
removing of the electrical barrier between the n-SnO, and
p-CuO grains. XPS analysis of Sn 3d, O 1s and S 2p electron
transitions in air and H,S containing atmosphere supports this
supposition.® The extremely high sensitivity of SnO,~CuO thin
films and ceramics to H,S was confirmed later.>’

The importance of mutual reversible chemical transform-
ations of corresponding oxides and sulfides in H,S and air
have been demonstrated. Recently we carried out the thermo-
dynamic simulation of these chemical reactions for a variety
of metals (M) by the Gibbs energy minimisation method®
using the thermodynamic data bank IVTAN THERMO. The
estimation of equilibrium composition for all binary phases in
the system Sn—-M—-O-H-S was made under the experimental
conditions: pure air or an atmosphere of 100 ppm of H,S in
air (temperature=25-550°C, pressure=1 atm). It is demon-
strated that Cu, Ni, Ag, Pb and Bi may by used for the
development of SnO,-based hydrogen sulfide gas sensors. Here
we compare the composition, microstructure, electrical and
sensing properties of SnO, thin films doped with two members
of this group: copper and nickel. We examine the location of
copper and nickel in SnO, polycrystalline thin films and their
response to H,S and other reducing gases.

Experimental

Sn0O,, SnO,—~CuO and SnO,-NiO thin films of 1.0-1.2 um
thickness were grown by pyrolysis of an aerosol generated by
ultrahigh frequency. The synthesis process has been described

in detail.® The precursors used were solutions of 0.2 M dibutyltin
diacetate in acetylacetone, 0.05M copper trifluoroacetylace-
tonate in butanol and nickel ethylhexanoate. The solutions
were mixed to produce SnO, films with different copper and
nickel contents. The concentrations of additive metals in the
solution were: [Cu],,;=100[Cu]/([Cu]+[Sn])=0.0, 0.1, 0.5,
1.0, 3.0 and 5.0%; [Ni]s,;=100[Ni]/([Ni]+[Sn])=0.0, 7.0,
23.0, 30.0, 38.0 and 57.0%. The films were deposited on
oxidised (100) silicon at temperatures of 460, 490, 520 and
560 °C. The thickness of the SiO, layer was ca. 1.0 pm.

The films thickness and microstructure were studied by
scanning electron microscopy (JSM-35, JEOL). X-Ray
diffraction (XRD) patterns were obtained using a Siemens
diffractometer with monochromatic Cu-Ko radiation. The
SnO, average grain sizes depending on the synthesis conditions
were calculated from the X-ray diffraction patterns using the
Debye—Scherrer equation.

The copper and nickel concentrations in the films were
determined by electron probe microanalysis (EPMA, Cameca-
SX50). EPMA was performed for six points and four electron
voltages: 8, 12, 16 and 20 kV. Single crystals of Si and SnO,,
ceramic Cu,O and metallic Ni were used as reference samples.
The mean values of the K ratio (I;/I; reference) Of lines Si-Kot,
Sn-La, Cu-Ka, Ni-Ka and O-Ka were determined for each
sample and voltage. The results were treated using a multilayer
analysis software based on the Pouchou and Pichoir model'®
of ¢(p, z) function of depth distribution of ionisation.

Auger electron spectroscopy (AES) (JAMP-10, JEOL) was
performed for six to eight points in vacuum (1 x 10~° mmHg)
with an electron energy of 3 keV and an electrical current of
1x1078-1 x 10~° A. The primary electron beam diameter was
100 nm, and the points were spaced 500—1000 nm apart. The
spectra were recorded from 50 to 1000 eV in the dN(E)/dE
mode. The copper and nickel oxidation states were analysed
by X-ray photoelectron spectroscopy (XPS) using a PHI-5400
(Perkin Elmer) spectrometer with Mg-Kao radiation.

The samples conductance behaviour was investigated in the
temperature range 77-273 K. Measurements were performed
in dc regime at a fixed voltage U =1 V. The contact wires were
carefully soldered on the preliminarily deposited gold layers.
The current—voltage characteristics of the samples appear to
be linear up to U=10V.

The gas sensing properties, steady-state conductance and
electrical response, were investigated in the temperature range
100-500 °C with an automatic measurement system in dry air,
nitrogen and gas mixtures: (100-1200) ppm H,S in nitrogen,
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80 ppm ethanol in air, 300 ppm CO in air and 1000 ppm CH,
in air. The contacts were pressed on thin gold films.
Measurements of electric current which were proportional to
the conductance were performed in dc mode at a fixed voltage
U=1V. The steady-state conductance is measured during the
gradual temperature decrease from 500 to 100 °C. The compari-
son of the conductance values G, in dry air and G in the
reducing gas containing atmosphere allowed the estimation of
the film sensitivity S=(G— G,)/Go.

Results and Discussion

XRD demonstrates that all the obtained films were of the
cassiterite SnO, phase. It should be noted that no copper or
nickel containing phases were detected apparently owing to
the low content of these phases in the films as well as their
small dimensions. The widths of the SnO, lines in the
diffractograms depended on the growing process temperature.
The influence of synthesis conditions on the SnO, grain size
is shown in Table 1. The value of the average grain size
calculated from the Debye—Scherrer equation varies from 3.0
to 10.0 nm for the most of the layers. Larger crystallite sizes
were obtained at a higher deposition temperature for a given
content of added metal in the initial solution. The copper or

Table 1 Copper and nickel content, SnO, average grain size and film
resistance as a function of the deposition temperature (T) and concen-
tration of the metal in the initial solution

[MItution [MIfim SnO, average R/Q
T/°C (%) (atom %) grain size/nm (T=273 K)
SnO,
460 — — 5.6 3x10°
490 6.8 2.7x10°
520 9.0 1.3x10°
560 10.5 5.6 x 10*
SnO,-CuO
460 0.1 0.73 4.0 5.0 x 107
0.5 1.26 39 1.4x 108
1.0 245 2.6 3.0x 107
3.0 2.50 3.6 1.2 x 107
490 0.1 0.52 6.5 2.9 x 107
0.5 1.20 5.7 53x107
1.0 1.45 5.0 1.9x 108
3.0 1.40 5.1 1.3 x 107
520 0.1 0.16 8.4 1.0x 107
0.5 0.76 6.3 1.4 x 107
1.0 1.16 5.3 2.0x10®
3.0 1.58 7.0 1.5x 107
560 0.1 0.09 10.3 1.5x 107
0.5 0.23 9.1 2.9 x107
1.0 0.66 6.8 2.8 x 107
3.0 0.9 10.0 1.4x107
SnO,-NiO
460 7.0 0.16 6.2 1.9x10°
23.0 0.36 5.7
30.0 0.78 4.5 1.38 x 107
38.0 1.13 5.0
57.0 1.90 4.8
490 7.0 0.16 7.0 3.5x10°
23.0 0.45 6.9 3x10°
30.0 0.89 5.6 5.6 x 10°
38.0 1.25 5.6 2 x 107
57.0 2.83 6.1 6x10°
520 7.0 0.21 7.8 1.9x 106
23.0 0.67 8.3
30.0 1.27 7.9
38.0 1.44 7.4
57.0 2.63 10.1
560 7.0 0.28 9.9 1.2x10°
23.0 0.79 10.2
30.0 1.51 9.1 1.1 x 107
38.0 1.52 11.6
57.0 1.53 17.1
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nickel content in the solution has only a minor effect on the
grain size.

The microstructure studies demonstrate that the films have
a porous structure and SnO, grains are combined into aggre-
gates of 30—150 nm in diameter. The secondary electron micro-
graph of Fig.1 was obtained on the cross-section of a
SnO,—CuO film deposited at 520 °C. The size of most of the
aggregates is in the range 60—100 nm.

The content of copper and nickel in the films is listed in
Table 1 as a function of the growth temperature and the
composition of initial solution. The concentration of copper
in the films increases from 0.1 up to 2.5 atom% with decreasing
deposition temperature and increasing copper concentration
in the initial solution. It is worth noting that SnO,—CuO films
prepared in this work have low copper concentrations in
comparison with ceramic samples (SnO,+5 mass% CuO)
studied in ref. 4-6. The highest concentration of Cu of ca. 2.5
atom% was found in the film prepared at 460°C from a
solution containing 3.0% Cu. An increase of copper concen-
tration to > 5.0% results in precipitation in the initial solution.
The maximum Ni concentration was 2.8 atom% at a deposition
temperature of 490 °C and for a solution containing 57% Ni.

XPS analysis demonstrates that both Cu and Ni are likely
to be divalent in the SnO, films. Small changes in the peak
position of Cu 2p;, and Ni 2p;, from the binding energy
corresponding to oxidation state (+2) is due to instability of
Cu—O and Ni—O bonds under high vacuum conditions, as
reported previously in ref. 11. XPS investigation of Sn 3ds,
and O 1s levels shows that these binding energies are lower
for the doped SnO, films compared with pure tin dioxide.
Analysis of relative energy of Sn 3ds, (E;) and O 1s (E,) levels
in the pure and doped films revealed that nickel even at a
concentration as low as 1.2 atom% has a pronounced effect
on the value of E,—E; in SnO,. The same concentration of
copper in the films has no influence on the relative binding
energy.

AES depth analysis of copper and nickel concentration also
demonstrates the different behaviour of these doping metals in
polycrystalline SnO, films. It was found that copper produces
a segregation in the surface layer. In SnO, films doped with
1.5 atom% Cu the coefficient of copper distribution K¢, =
[Cul,/[Cu]yq between the surface [Cu], and at a depth of
100 nm [Cu]y is >5. By contrast, AES depth analysis of
SnO, films doped with the same concentration of Ni shows
homogeneous nickel distribution (Ky; & 1.)

The SnO, grain size and content of additive metals in the
films have an influence on the electrical properties presented
in Table 1. Fig. 2(a) and (b) show the values of relative resistance

Fig. 1 Secondary electron micrograph of a SnO, film cross-section,
typical thickness ca. 1 um
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Fig. 2 Relative resistance as a function of temperature for SnO,—~CuO
(a) and SnO,-NiO (b) with different additive metal contents (in atom %)

R.=R(T)/R(T=273 K) measured as a function of a tempera-
ture for series of SnO, films doped with copper [ Fig. 2(a)] and
nickel [Fig.2(bh)]. An increase of copper or nickel content
results in growth of the samples’ resistance accompanied by
the appearance of a linear region on the curves of log R vs.
1/T. The activation energy V calculated from the relation R=
exp(V/kT) rises and saturates at a value of ca. 0.5 eV as copper
and nickel concentration reach 1.0 and 0.45 atom%, respect-
ively. The resistance character change seems to be connected
with the acceptor action of both doping metals in SnO,. The
activation energy may be attributed to the barrier mechanism
of conductivity in the investigated films. It is reasonable that
the appearance of the barrier is connected with the effect of
compensation of native donor oxygen vacancies V, by acceptor
impurities defects of substitution Mg, in the tin dioxide
structure. Processes on the grains boundaries, electrodes or
substrate, may also contribute to barrier formation.

Steady-state conductance

Fig. 3-5 show the curves of steady-state conductance in air
Go(T) and in the gas mixtures G(T): 100 ppm H,S+N,,
80 ppm ethanol in air, 300 ppm CO in air and 1000 ppm CH,
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Fig. 3 Steady-state conductance curves for pure SnO,, in air, Go(T),
and in the gas mixture, G(T): 80 ppm ethanol in air (a), 300 ppm CO
in air (b), 100 ppm H,S +N, (c) and 1000 ppm CH, in air (d)

in air for pure SnO, (Fig. 3), SnO,—CuO films with 1.0 atom%
Cu (Fig. 4) and SnO, films doped with 0.7 atom% Ni (Fig. 5).
It can be seen that the shape of steady-state conductance
curves measured in atmospheres containing H,S and other
reducing gas mixtures is significantly different from the G,
curves. The curves Gy(T) indicate semiconductor behaviour.
The conductance in the presence of reducing gases is much
higher than in the support gases (air, nitrogen). The G(T)
curves measured for the SnO,-NiO films have a well defined
maximum at 250 °C for C,Hs;OH, 210°C for H,S and 300°C
for CH,. For SnO, doped with copper the G(T) curves have
a maximum only for C,H;OH at 210°C, for other reducing
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Fig. 4 Steady-state conductance curves for SnO,—CuO films with 1.0
atom% Cu in air, Go(T), and in the gas mixture, G(T): 80 ppm ethanol
in air (a), 300 ppm CO in air (b), 100 ppm H,S+ N, (¢) and 1000 ppm
CH, in air (d)

gases studied in this work G(T') curves are monotonous. The
difference in the Gy(T) and G(T) curves provides a strong
proof of the film sensitivity to the presence of reducing gases
in the atmosphere. Copper and nickel exert a significant effect
on steady-state conductance of the tin dioxide films. The
essential difference of the doped films from pure SnO, is
observed in the conductance-temperature dependences in air.
For pure SnO, the value of G, at 100 °C varies in the range
of (0.2-5.0)x 107 Q™! depending on the growth conditions,
while for doped samples containing 0.5-1.5 atom% of copper
or nickel this value is 1078-107° Q™! (Table 1). Because of
this difference films doped with copper and nickel are much
more sensitive towards H,S. For other reducing gases studied
in this work no effect of copper and nickel on the gas sensitivity
of SnO, films was found.
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Fig. 5 Steady-state conductance curves for SnO,-NiO films with 0.7
atom% Ni in air, Go(T), and in the gas mixture, G(T): 80 ppm ethanol
in air (a), 300 ppm CO in air (b), 100 ppm H,S+ N, (¢) and 1000 ppm
CH, in air (d)

Electrical response

The electrical response is measured as a function of copper
and nickel concentration and the operation temperature (7).
The response transients on changing of the gas phase composi-
tion from air to 100 ppm H,S in nitrogen at the temperature
of 200 °C for the three films SnO,, SnO,—CuO and SnO,-NiO
is shown in Fig. 6. It should be noted that the rate of the film
interaction with H,S is rather slow. In H,S containing atmos-
pheres, the SnO, film reached a sensitivity S=2-5 in ca. 240
min. The relatively slow rate of response and recovery processes
may be also caused by the inertness of our measurement cell.
The resistance of SnO,—CuO film in a 100 ppm H,S containing
atmosphere decreased by ca. 10>-10% in 30 min. The maximum
sensitivity values estimated from the electrical response for this
film are 10*-10* supporting the data of Yamazoe and co-
workers.* On the other hand the rate of electrical response of



1x1072pr T T T T T T
R=8.7x102 Q
Re=83x102Q e = = TNl | __(3)
1x107%p -1
R=6.6x10%Q
———r ——
1x 1074 / ] -

p /
S 5| R=1.2x10° Q -
Six0 ’ ‘l
1x 1078~ Il -{ —
I N \‘s__ (b)
1x107}= — ~—— A
(¢)
Ag=(1.4-1.8)x 107 Q
1X10—8 1 1 1 | 1 1 i
0 200 400 600
t/min

Fig. 6 Electrical response of () SnO,, (b) SnO,—CuO with 1.0 atom%
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nitrogen at 200 °C
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Fig. 8 Temperature dependence of sensitivity for 60 min of exposure
in 100 ppm H,S for SnO,~CuO with 1.5 atom% Cu ([J) and
SnO,—NiO with 0.7 atom% Ni (A)

SnO,—NiO films is significantly slower. Although the sensitivity
of these films in 100 ppm H,S was comparable with that of
SnO,—CuO samples the time necessary to reach the steady-
state conductance was >4 h.

It is interesting that for the doped films at 100-150°C the
full recovery time after removal of the test gas is greater than
the response time taken to reach the saturation sensitivity
value. However the rate of the removal process increases with
operation temperature. At temperatures of 200-250°C the
resistance returns to the baseline in 15-20 min whereas the
response time is considerably longer (70% of response time is
ca. 40 min).

The sensitivity value of SnO, films to H,S detection increases
with copper and nickel content up to 1.5 and 0.7 atom%
respectively as shown in Fig. 7. This is in accord with the
electrical properties of the doped samples, the resistance of the
films increasing similarly with copper and nickel concentration
(Table 1). Fig. 8 shows the temperature dependence of sensi-
tivity for the SnO, film doped with 1.1 atom% Cu and 0.7
atom% Ni for the same exposure time of 60 min in 100 ppm
H,S. The maximum of SnO,—CuO film sensitivity §=2500 is
attained at 150-160°C. For SnO,-NiO films the optimal
conditions of gas response occur at 280 °C.

The sensitivity values for pure SnO,, SnO,-CuO and
SnO,-NiO films in H,S (100 ppm)+ N, are shown in Fig. 9 in
comparison to the data obtained in the gas mixtures: 80 ppm
C,H;OH in air, 300 ppm CO in air and 1000 ppm CH, in air.
The results show the remarkable selectivity of the films doped
with copper.

Despite some common properties of tin dioxide films doped
with copper and nickel, the results obtained show evidence of
some differences. (i) For SnO, films doped with nickel all the
processes of solid—gas interaction are significantly slower than
for SnO,—CuO, leading to poorer response and recovery times.
(i1) The temperature corresponding to the maximum of sensi-
tivity for the SnO, films doped with nickel is higher than for
SnO,—-CuO films.

The above features of SnO, films doped with copper and
nickel may be explained by the difference in distribution of
these metals between the surface and the bulk of the polycrys-
talline tin dioxide. It is suggested that most of the nickel atoms
occupy tin positions in the tin dioxide structure forming
acceptor centres Nig,. By contrast, copper segregation on the
surface is most likely with the Cu adding to polycrystalline
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1
H,S CyH50H CcO CH,
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Fig.9 Comparative sensitivity to different gases of the films: pure
SnO, (white), SnO,-CuO with 1.5 atom% Cu (black) and SnO,-NiO
with 0.7 atom% Ni (stripes) at a temperature of: 150 °C for H,S,
250°C for CO, 280 °C for C,Hs;OH and 300 °C for CH,
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SnO,. Direct depth composition analysis by AES and indirect
evidence obtained by XPS analysis of relative Sn—O binding
energy in SnO,-NiO and SnO,—CuO films confirm these
speculations.

Both Cu and Ni doping results in increased resistance. The
concentration of native atomic defects [Vo2*] in tin dioxide
varies in the range 1072-10"* atom% as a function of P(O,)
and temperature.!> Formation in the bulk of SnO, doped with
0.7 atom% of nickel with a comparable concentration of
acceptor centres [Nig,?>~ ] could give rise to the effect of
compensation. For copper a calculation was performed on the
p-CuO-n-Sn0O, junction influence on the conductance of SnO,
films doped with 1.5 atom% Cu. It is known'? that in a three-
dimensional lattice the percolation mechanism occurs with a
critical probability of occupation of sites from 0.50 up to 0.70.
Assuming that copper forms a segregation layer of thickness
1 nm on the surface of the SnO, spherical particle, it can be
shown that the limits of the percolation mechanism in tin
dioxide films doped with 1.5 atom% Cu, may be achieved if
the diameter of the SnO, particle is ca. 100 nm. It is reasonable
to conclude that most of the copper is concentrated at the
surface of the SnO, agglomerates which have an important
influence on the electrical behaviour of polycrystalline films.
The same effect of modification of tin dioxide electrical proper-
ties by ZnO distributed on the surface of SnO, particles has
been observed by McAleer et al.'*

The above considerations demonstrate that both bulk
doping (for nickel) and surface doping (for copper) give rise
to a decrease in the Fermi level and formation of a barrier
with activation energy (V) calculated from the relation
R= exp(V/kT).

Taking into account the different distributions of copper
and nickel between the bulk and the surface of SnO, particles
we propose two different mechanisms of interaction with H,S
molecules for SnO,—~CuO and SnO,-NiO films (Fig. 10). In
each several chemical reactions take place simultaneously.
According to ref. 15 the reaction resulting in injection of
electrons into the depleted surface layer is an interaction of
H,S with O~ ions adsorbed at the SnO, surface. In the case
of copper, the H,S molecules react with CuO segregations,
producing a transformation of highly resistive CuO to highly
conducting CuS. The direct consequence of this reaction is the
removal of the p—n junction and an increase in the tin dioxide
conductance to the value characteristic for pure tin dioxide.
The interaction of H,S molecules with SnO, films doped with
nickel involves the following processes: dissociation of H,S
molecules at the surface, diffusion of dissociation products into
the bulk and reaction with Nig,—O bonds. This interaction
gives rise to partial substitution of oxygen atoms by sulfur in
the tin dioxide structure and removes the effect of compen-
sation. The more complicated mechanism of H,S interaction
with SnO,-NiO relative to SnO,—CuO films and particularly
the availability of a slow diffusion process can explain the long
response time of films doped with nickel (Fig. 6).

Conclusions

The pyrosol spraying deposition technique has been used for
the synthesis of the SnO,, SnO,—-CuO and SnO,-NiO polycry-
stalline films with average grain size varying from 3 to 10 nm.
AES and XPS techniques have demonstrated the different
distributions of copper and nickel between the surface and
bulk of SnO, crystallites.

The effect of additive metals on the electrical properties of
tin dioxide films has been investigated. The low-temperature
conductivity for Cu- and Ni-doped tin dioxide films shows
similar exponential character. This similarity suggests that
copper and nickel give rise to barrier formation and as a result
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Fig. 10 Model of interaction of SnO,-CuO (¢) and SnO,-NiO (b)
polycrystalline films with H,S gas

enhances significantly the semiconductor resistance. It is
proposed that an effect of compensation of Vo2* centres by
substitution centres Nig,?>~ has a dominant role in barrier
formation for SnO, films doped with nickel. By contrast, for
films doped with copper it most likely that p—n junctions form
at the surface of SnO, aggregates.

It is proposed that different impurity locations in nanocrys-
talline SnO, system: nickel in the bulk and copper at the
surface, are responsible for the significantly different dynamic
sensor properties of the doped films to H,S detection.
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