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Effect of Ni doping on thick film SnO2 gas sensor
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Abstract

Ni- and/or Al-doped and undoped SnO2 thick film gas sensors were prepared using screen printing technique and tested for their LPG
gas sensitivity. Tin oxide powder was prepared using a chemical precipitation technique. The sensitivity, optimum working temperature and
response time were investigated in relation to dopants as well as preparation route. The results show that the gas sensitivity is affected not
only by the additive but the way it is added into the sensor material. The results indicated a reduction in grain size on Al and Ni doping. The
results on resistance, response and recovery time were explained in terms of n–p junction formation between SnO2 and NiO, which increases
t
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. Introduction

Tin oxide is the most widely used semiconductor metal
xide in gas sensing because of its capability to detect
ombustible gases such as methane and poisonous gases like
arbon monoxide. Recently, due to increase in the usage of
PG and CNG gases, the frequency of accidental explosions
ue to leakage has increased. Therefore, the ability to
onitor and precisely measure leakages of explosive gases

s crucial in preventing the occurrence of such accidents. Ac-
ordingly, the development of sensors and systems that can
electively detect and determine various kinds and quantities
f combustible gases within the ranges of explosion limits
re required. Due to this, a considerable amount of current
esearch activities have been devoted to the development
f stable, pure or doped tin dioxide sensors[1–4]. SnO2
as sensor operates on the gas interaction involving the

ollowing processes; adsorption, chemical surface reactions
ith participation of chemisorbed and lattice oxygen and
xygen transport from the bulk to the surface of SnO2

grains. The surface reactions between pre-adsorbed s
oxygen species and reducing gases cause an incre
conductance of an n-type SnO2. This change in resistan
on exposure is used to detect the concentrations of red
gases. However, the SnO2 sensor material is sensitive
almost all the gases though the response is different for
gas. Many approaches have been made to modify the se
properties of these semiconductor oxide gas sensors in
to achieve high sensitivity and selectivity. In this direct
different approaches are adopted such as additives, ph
or chemical filters, or operating temperature, etc. N
metals (Pt, Pd, Au) are well known for enhancing the
of response and raising selectivity to a single gas. Chem
filters make use of this principle. They enhance the rea
to a single gas which must not be sensed. Therefore, the
gas reaching the sensor surface is the gas to be det
Grain size reduction is another approach to enhance th
sensitivity, and various techniques were developed to re
the grain size. In nano-sized materials, because the surf
bulk ratio is much greater than for coarse materials, su
properties become paramount, which makes these ma
∗ Corresponding author.
E-mail address: kiran@mail.nplindia.ernet.in (K. Jain).

particularly appealing in applications in which such proper-
ties are exploited, as in gas sensors. Further, gas sensitivity
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is expected to increase when the grain size becomes smaller
than the space charge depth[5]. Controlled ultrafine and
narrow distribution of particle size of ceramic powders can
be obtained using chemical methods, and the first step in
keeping full control of the microstructure of the material is
to control the preparation method of the starting powders.

Effect of various additives was studied by Yamazoe et al.
in details[6]. Some additives such as CaO, MgO, etc. were
suggested to inhibit the grain growth, and therefore increase
the gas sensitivity. Additives such as ZnO, CuO, MnO, etc. on
the other hand, were reported to enhance densification when
samples were fired at temperatures above 800◦C. Other ad-
ditives such as Nb2O5, Sb2O5, etc. act on the conductivity of
SnO2, generating metal vacancies and rendering it less resis-
tive. Sn oxide-based hydrocarbon sensor was prepared using
well-dispersed 5% Pt- and Pd-supported alumina catalysts for
butane and methane, respectively. The increase in sensitivity
was reported to be due to the increase in dispersion of the
noble metal used. Nickel addition in tin oxide gas sensor has
been investigated by various researchers[7–11]. The addi-
tion of Ni oxide was reported to inhibit the grain growth and
led to a small grain-sized powder due to the segregation of
Ni on the surface of SnO2 powder. Sensitivity of SnO2/NiO
films to H2S, CO, C2H5OH and CH4 have been studied and
a considerable increase in gas sensitivity was reported. The
electrical resistance of SnOfilms increased upon Ni doping
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Table 1
Preparation conditions of SnO2

Sample no. Preparation conditions

S1 Undoped SnO2 using batch I powder
S2 Al-doped SnO2 using batch II powder
S3 Al + Ni-doped SnO2 using batch III powder
S4 Al + Ni-doped SnO2 using batch IV powder
S5 Sample S1 dipped in Ni acetate solution
S6 Sample S2 dipped in Ni acetate solution

washed with ethanol added water to remove nitrate ions. This
powder was then dried and calcined.

Batch II was prepared as follows: Sn hydrate was precip-
itated as above batch I. The precipitate was dried overnight
and powdered. Aluminium nitrate (4 wt.%) was dissolved in
a small amount of water, and the above powder was dispersed
in the solution. This was then heated to remove water and cal-
cined. In batch III, all the constituents were added together
in water, i.e. 94% SnCl4, 4% Al2(NO3)3 and 2% NiSO4. Di-
luted NH3 was added to precipitate out all the constituents
together. Precipitate was washed according to batch I, dried,
powdered and calcined at 600◦C. In batch IV, batch II pow-
der was further dissolved in nickel acetate 2% solution and
dried and calcined at 600◦C.

After calcinations all powders were crushed and paste was
prepared by adding butyl carbitol and terpineol oil. Paste was
screen printed on alumina plates on which gold electrodes
(1 mm distance) were already prepared and final sintering of
all the batches were done at 800◦C for 10 min.Table 1shows
the sample preparation details. The structure of calcined pow-
der was investigated using X-ray diffraction. The sensitivity
tests were carried out in a home made testing chamber that
measures the change in resistance on gas exposure. Commer-
cially available LPG gas was used for testing. The sensitivity
was defined asRa/Rg, whereRa is the resistance in air andRg
is the resistance in the presence of reducing gas.
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ue to the barrier mechanism of conduction. Similar re
n addition of NiO to other sensor materials were repo
iO addition to In2O3 leads to increase in sensor resista
hen compared to undoped In2O3. In the present work w
ave investigated the role of nickel doping on gas sensi

urther and its application in the development of LPG
ensor.

Ni- and/or Al-doped and undoped SnO2 thick film gas
ensors were prepared using screen printing techniqu
ested for their gas sensitivity at various temperatures
oncentration of LPG gas. Tin oxide powder was prep
sing co-precipitation technique. The sensitivity, selecti
ptimum working temperature and response time wer
estigated in relation to nickel dopant as well as how
dded. The results show that the gas sensitivity is affecte
nly by the additive but the way it is added into the se
aterial.

. Experimental

Four different batches of SnO2 powders were prepare
ll the powder treatments, i.e. calcination and sintering w
one in air under similar conditions. Calcination was don
00◦C for 4 h. Undoped SnO2 powder (batch I) was prepar
sing the co-precipitation route. For this 0.1 M SnCl4·6H2O
olution was prepared and pH was adjusted to 7 by drop
ddition of diluted NH4OH solution. The precipitate was th
ashed with an ammonium nitrate solution till no chlor

on was detected on AgNO3 test. Then the precipitate w
. Results and discussion

.1. XRD

Fig. 1(a) and (b) shows the XRD pattern for an undo
ensor powder batch I and Ni/Al-doped powder batch IV
he main XRD lines belong to SnO2 with casserite structu
nd have been indexed accordingly. Ni/Al doping lowers
rain size as shown by the broadening in the XRD pea
ig. 1(b). XRD studies were performed on two samples
nd S4 in the 20–70◦ 2θ range using Cu K� radiation. The
ean grain size of SnO2 was evaluated by fitting the (1 0
iffraction peak width of SnO2 using a Lorentz function an

nserting the diffraction angle and peak full line width at h
aximum (FWHM) in the Scherrer formula:

= kλ

β cosθ
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Fig. 1. (a) XRD pattern for undoped tin oxide powder and (b) XRD pattern
for Ni- and Al-doped tin oxide powder.

wherek is 0.9,λ the X-ray wavelength,β the peak FWHM
in radiation andθ is the diffraction peak position. The grain
size for batch I powder is 16 nm and for batch IV powder
is 10 nm. The effect of Al as well Ni as dopants had been
investigated by various researchers in the past and both Ni
and Al were reported as grain growth inhibitors[6,7,10]. Our
results confirm the earlier findings and show that Ni and Al
combined doping also reduced the grain growth.

4. Resistance measurements

Fig. 2shows resistance versus temperature for the sample
S1, S2 and S3 in air, where logR was plotted against 1000/T.

les.

There is a strong increase in resistance on aluminium doping
(sample S2). Electrical resistance increased further on nickel
doping for sensor S3. The electrical behavior of all sensors is
like n-type sensor, i.e., a drop in resistance if there is a reduc-
tion in the proportion of O2 and exposure to a reducing gas.
Earlier studies on Al doping have also shown an increased re-
sistance on doping with Al[6,8]. This is explained to be due to
increase in the depletion layer thickness. Since Al3+ replaces
some of the Sn4+ sites, there is a net decrease in charge car-
rier concentration. This results in an increase in barrier height
at the grain boundaries. Our above results indicate that the
addition of Ni to aluminium-doped SnO2 led to a further in-
crease in resistance. This increased resistance may be caused
on the one hand by the substitution of Sn(IV) ion in SnO2
lattice with Ni(II), similar to the effect of Al(III) doping. On
the other hand, such an increased sensor resistance may also
be caused by the formation of n–p type junctions. It is known
that the characteristics of such barriers can strongly influence
electrical conductivity and sensitivity of semiconductor ox-
ides. Such barriers are reported to form on Cu doping, i.e.
on doping with Cu, pCuO–nSnO2 forms at grain boundaries.
Since NiO is also a p-type conductor, such n–p junction may
form on Ni doping. Further the possibility of NiO/SnO2 lead-
ing to n–p junction between n-type semiconductor SnO2 and
p-type semiconductor NiO was reported by other investiga-
tions also. Formation of n–p junction electrodes made by
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Fig. 2. Resistance vs. temperature curve for S1, S2 and S3 samp
-type SnO2 and p-type NiO have been studied for contro
harge recombination in dye sensitized solar cell[13]. This
ill be discussed later in detail. UsingR–T curve shown in
ig. 2, activation energy was calculated. An increase in
ctivation energy was obtained for doped samples as
ared to undoped sample, which showed an increase
.23 to 0.46 eV for Al doping and to 0.36 eV for Al + Ni do

ng. Rumyantseva et al.[7] studied the influence of Ni dopin
n SnO2. For the films containing > 0.45 at % Ni, theI–V
haracteristics with Au and In contacts were nonlinear w
s attributed to the formation of Schottky barrier. As the
ontent increases, the log(R) versus 1000/T dependence b
omes steeper and activation energy increases with inc
n Ni content. The existence of energy barrier is attribu
o pNiO–nSnO2 junctions near grain boundaries. Electr
esistance of polycrystalline SnO2 films increases upon N
oping due to barrier mechanism of conduction. Furthe
lope ofR versusT curve increased for doped samples
ompared to undoped sample. Our results on polycrysta
hick films showed increased activation energy in alumini
nd Ni-doped samples.

. Gas sensitivity

.1. Al doping

Fig. 3shows the gas sensitivity for 600 ppm LPG gas
ample S1 and S2 at different temperatures. A decrea
he maximum temperature at which highest sensitivity
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Fig. 3. Gas sensitivity for sensors S1 and S2.

observed is obtained. The maximum in sensitivity was ob-
served at 350◦C for undoped sample S1, which reduced to
300◦C for aluminium-doped sample. Maximum gas sensitiv-
ity increased from about 25 to 92 from sample S1 toS2. Even
without the noble metal catalyst additions the gas sensitivity
enhancement in this case was about four times.

5.2. Al + Ni doping

Fig. 4shows the gas sensitivity for S3 and S4 at different
temperatures. The highest gas sensitivity was obtained for
sample S3 at 300◦C. The gas sensitivity increased as com-
pared to S1 and S2 on Ni addition. Further, in tin oxide gas
sensors usually the dopants affect the gas sensitivity, but the
way it is introduced into the sample also influences the prop-
erties. The dopant (Ni and Al) concentration for both samples
(S3 and S4) was the same but in sample S3 it was added before
precipitation and in sample S4, nickel is added to aluminium-
doped calcined powder, during sensor fabrication. The effect

of NiO was more for sample S3 since in this case the particle
size was also affected by its addition. Further in this case the
dopant is uniformly distributed at the molecular level, hence
its effect is more. A few samples were prepared in which NiO
was added as an overlayer to uncalcined powder of batch II,
the increased sensitivity is observed for this case also (the
results are not shown here) as compared to S1 and S2.

6. Response and recovery time

Response time was determined for LPG gas at 300◦C.
All the samples sense the gas within 10–30 s. The response
time for sample S3 for 600 ppm LPG is shown inFig. 5.
LPG gas response was observed instantaneously. Sensitivity
increased with increasing gas concentration and saturation of
gas sensitivity was observed at about 1000 ppm.

The recovery time, the time taken to return back to the
normal resistance when refreshed, for undoped sensor S1
was about 10 min. However for the doped samples S2 and S3
this time is very short. It takes almost less than 10 s to recover
the sample resistance back to normal. The major advantage
observed using Ni dopant is that not only the response time
is decreased but the recovery time is also decreased. Pre-
viously it was observed[14] that on Ru doping sensitivity
i n up
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Fig. 4. Gas sensitivity for Ni and Al doping, samples S3 and S4.
ncreases linearly with the hydrocarbon gas concentratio
o 1000 ppm and saturates for gas concentration of 1200
nd above. This is similar to our results on Ni doping a
owever, an advantage of Ni doping is obvious when c
ared with earlier finding on the effect of Pd/Ru doping wh
ven though a decrease in response time was reported b
ecovery time was increased from 600 s for pure tin oxid
200 s for doped sensor in case of H2 gas sensing[15]. It was
hown by Lee et al.[16] that the gas reaction at 400◦C is
omplete after 10 s while the desorption of the gas was

ig. 5. Response time for LPG gas for sensor S3, arrow indicates ga
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Fig. 6. Gas sensitivity for sensor S1 (©) and S5 (×).

pleted after approximately 5 min. This time is more at lower
temperatures. During the recovery phase, atmospheric oxy-
gen dissociates and adsorbs on the ceramic surface and elec-
trons are extracted from the conduction band, which cause
the resistance to rise again.

To investigate the effect of Ni doping further, samples S1
and S2 were dipped in a dilute aqueous solution of nickel
acetate for 5 min and after drying, heated to 600◦C to de-
compose nickel acetate. Using this process a NiO layer is
overcoated on the surface of the sample. These samples were
again tested for gas sensitivity.Fig. 6shows the effect of Ni
overcoating on sample S1, the gas sensitivity increased from
25 to 35 for sample S5. A gas sensitivity enhancement was
observed for sample S6 also for which sensitivity increased
from about 92 to 136.

7. Discussion

As mentioned earlier, a large change in the resistance of
oxide in presence of reducing gases is generally attributed to
the changes in the potential barrier at grain boundaries. Tin
oxide is an n-type semiconductor in which adsorbed oxygen
reacts with a reducing gas releasing electrons into the con-
duction band by which conductivity increases. The degree
o the
g in a
s cate,
s rain
s nsible
f ave
s
m d
t ing,
r ime,
t ased

Debye length and decreased crystallite size combined were
responsible for high gas sensitivity[12]. Improved gas sen-
sitivity for S2 sample as compared to S1 is due to aluminium
doping.

In samples S3 and S4, Ni and Aluminium co-doping was
used and this type of co-doping have also shown a decrease
in particle size, as is evident in XRD line broadening for
doped sample. Hence the observed gas sensitivity enhance-
ment due to co-doping with Ni and Al may also be assumed
to be due to similar reasons of decreased grain size. How-
ever, an increase in gas sensitivity was observed for samples
for S5 and S6 on an overcoating with Ni. This enhanced gas
sensitivity cannot be explained due to the decrease in grain
size alone. In this case, the samples were already sintered at
800◦C, and after overcoating with Ni they were treated to
600◦C only. During this treatment at a lower temperature,
not much change in grain size is expected. Hence together
with a reduction in grain size, Ni must be influencing the gas
sensitivity and increased resistance due to some other reason
also.

NiO behaves as a p-type semiconductor. According to
the existing literature, the microstructure and structure of
NiO–SnO2 system have been investigated by Castro et al.
[10] and the segregation of the lower concentration compo-
nent to the surface of the powder matrix was observed. The
segregation of Ni on the surface of SnOwas observed even
i used
a refore
a twald
r
p l%
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a f the
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c ickel
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T en-
t ag-
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u emi-
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t can
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N

f this depletion or accumulation depends inversely on
rain size. Stronger accumulation or depletion will occur
maller grain size than in a larger one. As our results indi
amples prepared after Al and Ni dopants show lower g
ize and hence decreased particle size may be respo
or the increase in gas sensitivity. Earlier investigations h
hown that the gas sensitivity to H2 and iso-C4H10 is pro-
oted extensively by 1–5% Al doping[12]. It was observe

hat the carrier concentration is decreased with Al dop
esulting in an increase in Debye length. At the same t
he crystallite size of tin oxide was also decreased. Incre
2
n specimens with 30 mol% addition. The segregation ca
decrease in the surface energy of the powders and the
n increase in the surface area as expected by the Os
ipening model. The XRD measurements of SnO2 with Ni
resented only the SnO2 tetragonal phase even with 30 mo
dditive. Moreover, two important points noted were the
ence of any second phase nucleated by the additive f
oncentrations and no displacement of the SnO2 reflections
ndicating that there must be small or no solubility of the
itives in the crystalline bulk. These results suggested th

ons must be segregated onto the surface of the powde
t high concentrations (<30%) and just an enlargement o
iffraction peaks was noticed because the crystallite siz
rease. In the present work, we have added only 2% n
nd hence it is proposed from the results of previous inv
ations that nickel additive is segregated over the surfa
nO2.
When pure n-type oxides are exactly stoichiometric

annot chemisorb oxygen. However, when they are ox
eficient they can chemisorb just as much as is needed
tore their stoichiometry or more generally until their cha
veraged over the depth of the depletion layer is balan
herefore, it is specific for n-type oxides that the conc

ration of surface oxygen ions remains some orders of m
itude lower than the concentration of lattice oxygen in
ppermost surface layer. On the other hand, on p-type s
onductors, such as NiO, a full monolayer of oxygen
ypically adsorbs, because the metal ions of the lattice
e oxidized into a higher oxidation state, e.g. from Ni2+ into
i3+ in NiO [19].
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Fig. 7. Model for nickel-doped SnO2 sensor structure.

The observed enhancement in gas sensitivity on nickel
doping might be explained on the basis of this information
as due to a formation of an n–p junction. Using the sensor
preparation route adopted in the present work, SnO2 particles
were coated by Al2O3 in sample S2 and sample S2 is coated
by NiO layer in samples S3 and S6. As suggested earlier
Al2O3 may dope the lattice and an acceptor type of doping
may explain its affect. Ni does not go into the lattice and seg-
regates on the SnO2 surface. Hence, it is proposed that p-type
NiO semiconductor gets segregated over the n-type semicon-
ductor, forming an n–p junction. Role of hetero-junction in
enhanced gas sensitivity have been reported earlier. Wang
et al. [17,18] have reported that a sensor composed of two
successive bodies A and B whose conductivity types are dif-
ferent such as A is p-type and B is n-type, then under certain
conditions higher sensitivity and selectivity can be observed.
A hetero n–p junction model has been suggested to explain
the enhanced gas sensitivity for CuO-doped SnO2 gas sen-
sors. Fabrication of n–p junction electrode made of n-type
SnO2 and p-type NiO increase the photocurrent and photo-
voltage in dye sensitized solar cells[13], the n–p junction
formed between SnO2 and NiO facilitate the efficient charge
transfer.

The structure for nickel-doped sensor could be modeled
as shown inFig. 7. The defect equation as a function of NiO
can be written as:

N

N by
t ity of
t p–n
j und-
a eu-
t NiO
o hich
e sen-
s ill be
a s will
b nce
t nO
t om-
b tion
w to
S hin
N a)
i the
c ed
b fer

from NiO to SnO2 [13]. Such a mechanism is able to explain
the fast response on exposure to air at the time of recovery
also. As mentioned earlier, NiO being a p-type semiconduc-
tor, a full monolayer of oxygen can adsorb on its surface,
hence an enhancement in reactive sites is expected. Thus,
more the number of reactive sites, more the diffusion rate of
reducing gas/air to the adsorbing site, faster will be reaction
with increased sensitivity. Hence the improvement on nickel
doping is due to two reasons: (a) reduction in particle size due
to nickel-doping and (b) formation of p–n junction causing
increased barrier height. The oxidation–reduction reaction
takes place on p-type NiO surface, hence increased reactive
sites and enhanced rate of reduction–oxidation reaction.

Such a mechanism was justified further by results shown in
Figs. 5 and 6, where the SnO2 layer was formed initially and
then NiO was coated on it by immersion. Higher resistance
and an enhancement in gas sensitivity were observed in this
case. Our results on enhanced gas sensitivity on Ni doping
support n–p junction formation being the main reason for
enhanced gas sensitivity and decreased recovery time. This
finding is of major significance since the use of Ni instead of
Pt or Pd can reduce the cost of the gas sensor. NiO behaves
as a p-type semiconductor.
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iO → Ni2+ + 2e−1 + 1
2O2

iO present on the SnO2 grain surface can be represented
he above equation. The resistance and the gas sensitiv
he sensor will be determined by the resistance of such
unctions instead of the Schottkey barriers at the grain bo
ries of SnO2. In the presence of air, the electrons will be n

ralized by adsorbed oxygen ion. Due to the presence of
verlayer a higher depletion layer width is expected, w
xplains the increased initial resistance for nickel-doped
or. On exposure to reducing gas, the reducing gas w
dsorbed and react to the outer NiO layer. The electron
e released back and tunnel through the thin NiO layer. O

he electrons are transferred to the conduction band of S2,
he NiO layer would act as a barrier layer for electron rec
ination leading to higher barrier. In addition, n–p junc
ould direct the electrons to travel from NiO particles
nO2 particles effectively. Therefore, introduction of a t
iO layer on SnO2 particles distinctly has two functions: (

t acts as a barrier for the recombination of electrons in
onduction band of SnO2 and (b) the n–p junction that form
etween SnO2 and NiO would facilitate the electron trans
. Conclusion

The LPG gas sensitivity was measured for Al- and
oped SnO2 gas sensor. The gas sensitivity of SnO2 gas sen
or is improved by Al doping, which is further improved
i doping. Ni and Al doping reduce the grain size. The res
n resistance, response time, recovery time were explain

erms of an n–p junction formation between SnO2 and NiO,
hich increases the depletion barrier height.
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