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A correlation between the surface reactions and the electrical response of doped
nano-metal-oxide-semiconductors exposed to reducing gas is established using Fourier transform
infrared (FTIR) spectroscopy. The effect of processing temperature on the microstructure evolution
and the electronic conduction of the nanocrystalline In—SnO, is presented. Variation in the charge
carrier density is correlated to the solid/gas reaction of In—-SnO, in the nanodomain using the
Drude-Zener theory including Spitzer and Fan’s [Phys. Rev. 99, 1893 (1955)] correction to
accommodate for the quantum effects. Higher gas sensitivity for nanocrystalline size less than twice
the space charge layer thickness is observed using in situ FTIR. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2360185]

Nanocrystalline metal oxides are widely used in energy
conversion and storage, microelectronics, UV absorbance,
and gas sensors. " However, the atomic scale interaction on
the surface of metal oxide nanoparticles (NPs) with interact-
ing gases is still unexplored. Fourier transform infrared
(FTIR) spectroscopy can be used for studying such surface
reactions and chemistry of the materials.” A few studies have
shown that the variation in the infrared absorption of mate-
rials can be correlated to the variation in the free carrier
densities.” The absorption by the free carriers on the surface
in the space charge layer (SCL) may differ from that in the
bulk.” Beer’s law shows that the absorbance can be directly
related to the absorption coefficient using5

I=1I,exp(- Kx), (1)

where x is the thickness of the measured sample, I and [ are
the initial and transmitted intensities, respectively, and K rep-
resents the absorption coefficient. The Drude-Zener theory
was used to calculate the conductivity as well as the major
free carrier concentration using the relation™®
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where N is the free carrier concentration (m™), o is the
electrical conductivity (S/m), w is the angular frequency, m
is the carrier effective mass (kg), u is the carrier mobility
[m?2/(V s)], n is the index of refraction, and \, is the wave-
length in free space (1/n=N/\;). Equation (2) is valid when
w7>1 and oy<we’, which holds up in the infrared region
for most semiconductors. Equation (2) also considers that the
infrared absorption of free carriers exhibits the Drude shape.7
However, the Drude-Zener theory assumes classical statis-
tics, which means that they assume that the energy absorbed
by the carriers from the radiation is a small perturbation
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compared with the mean carrier energy and this assumption
can be written as hw<27kT.) However, quantum effects are
important below a critical wavelength at a given temperature.
Spitzer and Fan® have shown that the right-hand side of Eq.
(2) for the absorption coefficient is needed to be corrected by

hw

when hw = 27kT. (3)
2mkT

For low temperatures in the infrared region this relationship
is required for nanomaterials. This leads to a A¥? variation
with the wavelength for the conductivity of oxides in the
infrared region.

Space charge layer of the nanocrystalline tin oxides for
gas sensors can be tuned with doping various metallic ele-
ments. However, a systematic study of the major free carrier,
as well as their concentration, in the SCL upon different
doping amounts will give insight to the change in the con-
duction behavior. An increase in the surface oxygen vacant
sites may further help surface dissociation reactions of gases
to have immediate access to a site for electron injection.
Doping with trivalent cations (such as AI** and In**) in-
creases the number of intermediate energy levels created in
the forbidden region of SnO,. This increases the conduction
ability of the semiconductor by reducing the activation en-
ergy for conduction. Previous studies from the author’s
group9 have shown an increase in the hydrogen sensitivity of
In** doped SnO,. This creates even more of the desired oxy-
gen vacancies by substitution on a tin lattice site, which in
equilibrium expects a 4+ charge to occupy the lattice site.
This happens because a 3+ on a 4+ site makes the tin site
feel a negative charge. To compensate, an oxygen vacancy
will form which causes the previous oxygen site to experi-
ence a positive charge. This charge compensation enhances
the gas sensing of doped SnO,. Charge modification oc-
curred can be shown using Kroger-Vink notations as
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FIG. 1. (Color online) (a) X-ray diffraction of In doped SnO, nanoparticles
(NP) and (b) HRTEM of In doped SnO, NPs; inset showing selected area
electron diffraction confirming the growth of the In—SnO, particles in (110)
plane of the cassiterite structure. (c) FTIR spectra of In doped SnO, NP (i)
before and (ii) after hydrogen exposure. (d) Effect of testing temperature on
the conductivity variation of the NPs.
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In this letter, we present the utilization of an in situ FTIR
spectroscopy to study the effect of particle size of the doped
and undoped nano-tin-oxide, its corresponding changes in
the free carrier concentration, and subsequent variations in
the SCL of the nanocrystalline SnO,.

The phase transformation and the particle size variation
of the doped SnO, particles as a function of different calci-
nation temperatures were studied using x-ray diffraction
(Rigaku Model) with a CuKal radiation at 30 mA and
35 kV [Fig. 1(a)]. The sample calcined at 500 °C presents
the dominant peaks at (110), (101), and (211), which further
confirms the cassiterite structure of the nano-SnO,. The
rutile crystal structure of SnO, has a tetragonal unit cell with
space-group symmetry of P42/mnm. The lattice constants
are a=b=4.731 A and ¢=3.189 A. In SnO,, Sn atoms are
sixfold coordinated to threefold coordinated oxygen atoms.
The (110) plane is the most stable plane of the low index
faces'® and cassiterite is the most stable phase of SnO,. The
(110) plane is the preferred growth plane, which performs
the best in the gas sensing applications.11 The surface mor-
phology of the nanoparticles was determined by high resolu-
tion transmission electron microscopy (HRTEM) [Fig. 1(b)].
Particle sizes of samples calcined at 500, 600, 800, and
1000 °C observed using TEM were 5, 9, 20, and 40 nm,
respectively, while the crystallite sizes calculated using con-
ventional x-ray diffraction method for same samples were 4,
8, 15, and 30 nm, respectively. It can be observed that each
individual grain is a single crystal, helping to reduce the
barriers for conduction of the free carriers. Due to this very
reason, the space charge variations can be considered the
dominating conduction mechanism.

Figure 1(c) shows the variation of FTIR absorbance
from doped SnO,. An upward shift is observed in the absor-
bance spectra after exposure to H,. Nano-SnO,_,, when ex-
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FIG. 2. (a) Impact of nanocrystalline size on the sensitivity of the In doped
SnO, on hydrogen exposure. (b) Formation of space charge layer (SCL) and
corresponding band bending and energy barrier. (¢) Reduction of space
charge layer in SCL after injection of electron by hydrogen interaction of
particles.

posed to air, oxygen molecules are physisorbed on the sur-
face and take free electrons from SnO,_, and a change
occurs to O 4 or Oy, species. When a reducing gas (e.g.,
H,) comes in contact with nanoparticles, it is oxidized via
reaction with the O; 4 or O, species, and, subsequently,
electrons are reintroduced into the electron depletion layer.
The electrons added to the space charge region of an n-type
surface will lead to an increase in the absorption [see Fig.
1(c)]."* The broad peak around 3450 nm™' is due to phys-
isorbed water (O—H bond stretching) or surface hydration.13

In Fig. 1(d), the conductivity increased with increasing
temperature until a testing temperature of 500 °C, where a
decrease was observed for all the samples. This is due to the
switching of the conduction mechanism around this tempera-
ture from extrinsic to intrinsic conduction and a scattering
effect from the two mechanisms is observed.'* The slope of
the straight part of the curve was taken as the activation
energy for such conduction. From the promotion energy, the
major charge carrier density is determined for In—SnO,
samples calcined at 600, 800, and 1000 °C. The promotion
energies are attributed to the electron transition from the
monoionized oxygen vacancies to the conduction band
which occur between 0.1 and 0.18 eV." The calculated en-
ergies are 0.159 eV for 600 °C, 0.134 eV for 800 °C, and
0.11 eV for 1000 °C calcined nanocrystalline In—SnO,.
There is a monotonous decrease in the energies as the tem-
perature is increased from 600 to 1000 °C. This is likely due
to the location of the bottom of the band gap relative to the
shallow donor levels created by the oxygen vacancies. This
band bending has been reported by other authors, caused by
shifts in the Fermi level at different calcination
temperatures.16 It has been suggested that the Fermi level
position may be affected by the presence of uncoordinated
surface atoms.'” For samples calcined at 500 °C, the promo-
tion energy was found to be 0.31 eV.

The samples calcined at 500 and 600 °C showed the
largest response to H, [see Fig. 2(a)], though both mecha-
nisms for conduction appear to be different at present. This
result confirms that with decreasing crystallite size, there is
an increased sensitivity to H, in spite of the bulk conduction
mechanism. This increase in response can be explained by
the SCL model, Figs. 2(b) and 2(c). When oxygen molecules
are physisorbed onto the surface of nano-SnO,_,, they re-
ceive electrons from SnO,_, and a change occurs to O 4, or

O, species. Consequently, positive and negative space
ﬁgslicense or copyright, see http://apl.aip.org/apl/copyright.jsp
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TABLE 1. Effect of operating temperature on free carrier densities observed from In doped SnO, NPs calcined

at different temperatures.

Sample name (ITO)

Measured
temperature Calcination
(K) T°C 500 °C 600 °C 800 °C 1000 °C
473.15 1.64 4.37 3.50 6.64
573.15 Vacancy 6.64 8.00 7.44 6.36
673.15 concentration 5.01 7.21 7.50 10.8
773.15 10%3(1/m’) 9.94 9.94 2.59 5.03

charge layers form above and below the surface of SnO,_,.
For nano-SnO, particles, a space charge layer of 3 nm has
been reported. ¥ As the grain size D approaches twice the
depth of the SCL L, sensitivity to H, is drastically
improved.19 Twice this space charge layer thickness would
correspond to approximately 6 nm for the desired grain size,
not far from the 5 and 9 nm calculated for samples calcined
at 500 and 600 °C, respectively. It has been previously cal-
culated that addition of Al (3+) in SnO, increases the space
charge layer from 3 to 90 nm. A similar effect is likely oc-
curring in our In-SnO, system. In this case, both D and L
were modified by controlling the grain size and introducing
impurities to modify the surface, as well as the bulk elec-
tronic structure, of SnOZ.18

Table I shows the effect of operating temperature on the
free carrier density (using relationships 1-3) of the SnO,
nanoparticles calcined at different temperatures. From Table
I it can be inferred that overall variations of charge carrier
density is in the range of 10?*/m3-10*/m?, indicating ex-
trinsic conduction at the lower testing temperatures. This is
very significant to low temperature gas sensing. One of the
possible ways to achieve low temperature sensing is to have
higher oxygen vacancy concentrations. If the actual magni-
tude of the free carrier density does not reduce drastically
with reducing temperature, then a nonequilibrium concentra-
tion of these vacancies has been achieved. This means that
a high vacancy density can be maintained at lower
temperatures.

The calculated free carrier densitg is lower than what has
been reported for nano—SnOQ,zo’ " in the range of
10%°~10%"/m3. Lower carrier density may be due to a grain
boundary effect similar to that reported for doped ceria.’? A
likely place for the undoped indium to be located is at the
grain boundaries or dispersed around the SnO, particles. If
this is the scenario, conduction would be more inhibited at
the grain boundaries only. Also, doping may have caused
some of the dopants to pair with an oppositely charged oxy-
gen vacancy, hindering the charge movement further. An-
other possibility is that our carrier density numbers reflect a
characteristic of the space charge or the depleted region. The
charge carriers held to a region near the surface by the po-
tential well of a space charge region may have their mobility
reduced by surface scattering.23 This would change the value
of the mean free path of the carriers which would explain the

discrepancy between the reported values and our calculated
data. Further doping and structural studies are being carried
out and will be reported in the future.

Trivalent In substitution into the nano-SnQO, lattice struc-
ture has proven to be an excellent gas sensor at low tempera-
tures. FTIR has shown the ability to calculate both the gas
sensitivity and the electronic properties of nano-In—SnO, as
a function of temperature. The controlling factors for en-
hanced gas sensing abilities at lower temperatures are extrin-
sic free carrier densities and NP size in relation to its Debye
length.
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