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ABSTRACT Tin oxide is a unique material of widespread technological applications, particularly in the field

of environmental functional materials. New strategies of fractal assessment for tin dioxide thin films formed at

different substrate temperatures are of fundamental importance in the development of microdevices, such as gas

sensors for the detection of environmental pollutants. Here, tin dioxide thin films with interesting fractal features

were successfully prepared by pulsed laser deposition techniques under different substrate temperatures. Fractal

method has been first applied to the evaluation of this material. The measurements of carbon monoxide gas

sensitivity confirmed that the gas sensing behavior is sensitively dependent on fractal dimensions, fractal

densities, and average sizes of the fractal clusters. The random tunneling junction network mechanism was

proposed to provide a rational explanation for this gas sensing behavior. The formation process of tin dioxide

nanocrystals and fractal clusters could be reasonably described by a novel model.
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fractal strategies - gas-sensing

emiconductor oxides are fundamen-

tal to the development of smart and

functional materials, devices, and
systems.' " These oxides have two unique
structural features: mixed cation valences
and an adjustable oxygen deficiency, which
are the bases for creating and tuning many
novel material properties, from chemical to
physical.> 8 Because of the increasing im-
portance of air pollution and the need to
monitor concentration levels of gases such
as CO, CO,, NO,, O3, SO,, etc., the develop-
ment of many kinds of sensors and control
systems has been jolted into action in re-
cent years. Tin dioxide (SnO,) has been used
as a gas sensor material to detect combus-
tible and toxic gases such as CO, NH;, NO,,
H,S, and CH,. Commercial sensors typically
use sintered SnO, powders, but thin films
Sn0, are gaining increasing popularity.>'°
With the advent of advanced thin film tech-
nology more cost-effective, reproducible
devices can be constructed with a reduc-
tion in device size and a concomitant in-
crease in the speed of response by using
SnO, thin films.
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It is known that SnO, is used as a gas
sensor because the number of electrons in
the conduction band is affected by the ad-
sorption of gaseous species on its surface."
Reducing gas molecules, such as CO, react
with the oxygen species (O, 0,7, 07, and O)
on the semiconductor surface.' This low-
ers the height of the Schottky barrier and in-
creases the conductance of the
material.">'* Gas sensors using SnO, are
widely used owing to the high sensitivity
of SnO; to humidity and inflammable gases.
In this type of sensors, gas concentration is
related to the material’s electrical imped-
ance due to the adsorption of gas mol-
ecules on the SnO; surface. In a pure air en-
vironment, SnO, adsorbs oxygen that
captures its electrons, thereby raising its re-
sistivity. When a reducing gas is present, it
competes for the adsorbed oxygen and
hence the SnO, resistivity decreases. How-
ever, the electrical properties of SnO, are
strongly dependent on material fabrication
parameters. Since gas sensing is based on
the adsorption mechanisms on the SnO,
grain surface, for high sensitivity a small
grain size is desirable in order to achieve a
high specific area, that is, adsorption area
per unit volume.’*'®

The surface conductance of semicon-
ducting oxide is affected by the concentra-
tion of ambient gases. Resistive gas sensors
are based on this principle and the nature
of the sensing mechanism is related to the
electrical response of gas sensors to reactive
gases. The change in the sensor resistance
provides an indication of the gas concentra-
tion."” These sensors can be quite versatile
as they may be used to detect oxygen, flam-
mable gases, and common toxic gases.
Their mechanism of operation is complex,
involving interactions between gaseous
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molecules and defects on the surface and grain bound-
aries. The sign of a change in resistance depends on
whether the solid has n-type or p-type conductivity.'®'®
Structural properties such as grain size and grain geom-
etry as well as specific surface area can significantly af-
fect the gas sensing properties of semiconducting SnO,.
To control these structural characteristics, the micro-
structure evolution of SnO, thin films should be under-
stood. Fractal method is a potentially powerful tech-
nique to characterize microstructures, and we are
applying this technique to SnO, thin films for the first
time in this study. Besides showing some examples of
geometric structures of SnO, thin films, we shall discuss
in detail the applicability and relevance of fractal theory
to studying the microstructure and gas sensing behav-
ior of Sn0,-based environmental functional materials.

An integrated device for different gas species is
highly desirable for versatile advanced applications.
Despite the high sensitivity of SnO, to many gases, it
is often susceptible to electrical drift which requires
long stabilization periods, as well as permanent poi-
soning after extended periods of operation. New
fractal assessment strategies for this material formed
at different substrate temperatures are of fundamen-
tal importance in the development of microdevices.
In this article, we first report on new insight on frac-
tal assessment strategies on SnO, thin films pre-
pared by the pulsed laser deposition (PLD) tech-
nique. We report new results on the experimental
preparation of SnO, thin films at different substrate
temperatures with interesting fractal features. The
microstructure evolution of SnO, thin films has been
investigated using X-ray diffraction and scanning
electron microscopy, and its structure has been
evaluated by fractal methodology for the first time.
The dependence of fractal dimensions on substrate
temperature in the SnO, thin films has been charac-
terized by fractal theory. Experimental evidence indi-
cated that fractal clusters with various sizes, densi-
ties, and fractal dimensions formed in SnO; thin films
prepared under different substrate temperatures.
This formation of significant fractal features is rather
unusual. It was found that these fractal structures
were sensitively dependent upon the substrate tem-
perature, which was a key parameter affecting the
gas sensing behavior. Our findings may enable novel
tin dioxide environmental functional materials with
appropriate fractal structures to be tailor-made for a
large number of applications such as the monitor-
ing of environmental harmful gases and provide new
opportunities for future study of fractal structure
tin dioxide architectures, with the goal of optimiz-
ing environmental functional material properties for
specific applications. The complete synthetic experi-
mental details and experimental apparatus is de-
scribed in detail in Methods.
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Figure 1. X-ray diffraction (XRD) patterns of SnO, thin films
prepared on Si (100) substrate at temperatures of (A) 300; (B)
350; (C) 400; and (D) 450 °C.
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RESULTS AND DISCUSSION

It is known that tin dioxide has a tetragonal rutile
crystalline structure (known in its mineral form as cas-
siterite) with point group D}# and space group P4,/
mnm. The unit cell consists of two metal atoms and
four oxygen atoms. Each metal atom is situated amidst
six oxygen atoms which approximately form the cor-
ners of a regular octahedron. Oxygen atoms are sur-
rounded by three tin atoms which approximate the cor-
ners of an equilateral triangle. The lattice parameters
are a = 4.7382(4) A, and ¢ = 3.1871(1) A. Figure 1 pan-
els A, B, C, and D show X-ray diffraction (XRD) patterns
of the SnO, thin films prepared on Si (100) substrate at
300, 350, 400, and 450 °C, respectively. The major dif-
fraction peaks of some lattice planes can be indexed to
the tetragonal unit cell structure of SnO, with lattice
constants a = 4.738 A and ¢ = 3.187 A, which are con-
sistent with the standard values for bulk SnO, (Interna-
tional Center for Diffraction Data (ICDD), PDF File No.
77-0447). The (hkl) peaks observed are (110), (101),
(200), (211), (220), and (002). No characteristic peaks be-
longing to other tin oxide crystals or impurities were de-
tected. The high intensity of these peaks suggests that
these thin films mainly consist of the crystalline phase.
As the substrate temperature increased, the crystallinity
of the thin films was enhanced as manifested by the in-
tensity and sharpness of the XRD peaks of the SnO,
thin films. The substrate temperature dependence can
be interpreted mainly by the mobility of the atoms in
the thin films. At low substrate temperatures, the vapor
species have a low surface mobility and are located at
different positions on the surface. The low mobility of
the species will prevent full crystallization of the thin
films. However at high substrate temperatures the spe-
cies with high enough mobility will arrange them-
selves at suitable positions in the crystalline cell.?>~2°
The SnO, average grain sizes were calculated using the
Scherrer formula: D = K\/B cos 6, where D is the diam-
eter of the nanoparticles, K = 0.9, \ (Cu Ka) = 1.5406 A,
and B is the full-width-at-half-maximum of the diffrac-
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Figure 2. SEM images of SnO, thin films prepared on Si (100) substrate at temperatures of (A) 300; (B) 350; (C) 400; and (D)
450°C.

tion lines. The results show that the average grain sizes  0.906 wm (see Figure 2B), 1.202 pm (see Figure 2C),

of the SnO, nanoparticles at different substrate temper-  and 1.608 um (see Figure 2D). The average sizes of the
atures are in the range of 25.3—27.8 nm. SnO, nanopar-  fractal clusters for four thin films were estimated by
ticle size increases from 25.3 nm at 300 °C to

26.2 nm at 350 °C. It then increases to 27.0 nm 7 /./° A 7 c
at 400 °C and finally to 27.8 nm at 450 °C. In ol ,/‘ ol J'(f
fact, SnO, nanostructures can work as sensi- il o
tive and selective chemical sensors. SnO, 5L .;'/ 51 __-’.
nanostructure sensor elements can be config- s i’
ured as resistors whose conductance can be 4r /." 4r ,-"
modulated by charge transfer across the sur- ./. J
- A . 3t / b= 3r /
face or as a barrier junction device whose D =1.896 /- D=1.865
properties can be controlled by applying a po- Al 2l o
tential across the junction. Functionalizing y _/
the surface further offers a possibility to im- g 1 : : . . 1 . : ; ;
. . . 5 4 3 2 1 0 5 4 3 2 -1 0
prove their sensing ability based on a better p
understanding of the influence of significant = 7 + B 7 b
microstructural features, for example, the de- ol ,‘"/ 6l ))/0
velopment of gas sensors for the detection of x"‘ £
environmentally harmful gases. 51 A‘A/ 50 .?f
Figure 2 presents scanning electron micros- s &
copy (SEM) images of SnO; thin films pre- ar fA ar /f
pared on Si (100) substrate at temperatures i
of (A) 300, (B) 350, (C) 400, and (D) 450 °C, re- o // b Lsgs d| /y - 1818
spectively. The SEM observation indicated that ol A 2l
all thin films produced under different sub- A/ /
strate temperatures exhibited self-similar frac- 1 . . . . 1 . L - :

; 5 4 3 2 1 0 -5 4 3 2 -1 0
tal patterns. It can be seen from Figure 2 that

the fractal patterns are open and loose struc- Ln (1/L)
ture with increasing substrate temperature. Figure 3. Plots of In(N) versus In(1/L) of the fractal cluster regions in

. Figure 2, where L is the box size and N is the number of boxes occu-
The average sizes of the fractal patterns (or pied by the SnO, crystalline structure for substrate temperatures at (A)
clusters) are about 0.307 wm (see Figure 2A), 300; (B) 350; (C) 400; and (D) 450 °C.
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vious increase in average fractal size (see Fig-
ure 4A), and the fractal dimension generally
decreases (see Figure 4B) with increasing sub-
strate temperature. In general, the fractal den-
sity is determined by the initial nucleation
probability of the core crystal. From Figure
4C, the fractal density was calculated to be
18,6, 3,and 2 mm~2 at 300, 350, 400, and 450
°C, respectively. It was found that the fractal
density gradually decreases with increasing
substrate temperature. In the present work,
the initial increase in nucleation probability
was due to strain relaxation caused by the low

short-range temperature field at 300 °C, so
that the fractal density and their occupation
area were high. With the increase of substrate
temperature, the higher long-range tempera-
ture field may promote new nuclei and subse-
quent growth, which leads to the fractal
growth of the fine branches and a lower frac-
tal density. This fractal structure may lead to
improvement in the design of gas sensors for
the monitoring of environmental pollutants.
On the basis of our experimental observa-
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Figure 4. (A) The fractal average size; (B) the fractal dimension; (C) the

fractal density versus the substrate temperature.

measurement on the fractal regions. The measuring
procedure is as follows: for each SEM image, we chose
10 fractal patterns at random to get an average value.
The average sizes of the fractal patterns were obtained
by averaging the values of SEM images with different
orientations. It was found that the average sizes of the
fractal clusters increase with increasing substrate
temperature.

Figure 3 shows that the plots of In(N) versus In(1/L)
of the fractal cluster regions in Figure 2, where L is the
box size and N is the number of boxes occupied by the
SnO; clusters. It can be seen that all plots show good
linearity, which means that the morphologies of SnO,
clusters have scale invariance within these ranges. So
the SnO;, clusters can be regarded as fractals. To obtain
the fractal dimension (D), we fit a linear relationship
for the function In(N) versus In(1/L). The results show
that the fractal dimension (D) is 1.896 at 300 °C as
shown in Figure 3A, 1.884 at 350 °C as shown in Figure
3B, 1.865 at 400 °C as shown in Figure 3C, and 1.818 at
450 °C as shown in Figure 3D. We found that the fractal
dimension (D) decreases with increasing substrate tem-
perature. The smaller fractal dimension means that the
SnO; thin films are composed of the open and loose
fractal structure with finer branches. Figure 4 panels
A—C show the distribution of the fractal average size,
fractal dimension, and fractal density for different sub-
strate temperatures. It can be seen that there is an ob-
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250 tion, the formation process of SnO, nanocryst-
als and fractal clusters could be reasonably de-
scribed by a novel model and be separated
into eight steps, which are illustrated in detail
in Figure 5.

(i) Operation of the KrF excimer laser at a repetition
rate of 10 Hz at an incident angle of 45° to the pol-

Sn0O,
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Figure 5. The formation process of SnO, nanocrystals and fractal clus-
ters: (A) laser; (B) target; (C) plasma; (D) plume; (E) nucleation; (F) grain
rotation; (G) coalescence; (H) growth; and (1) fractal.
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ished sintered cassiterite SnO, target rotating at a rate
of 15 rpm to avoid drilling.

(ii) Production of the high-temperature and high-
pressure tin dioxide plasma at the solid—liquid inter-
face quickly after the interaction between the pulsed la-
ser and SnO, target.

(iii) Subsequent expansion of the high-temperature
and high-pressure tin dioxide plasma leading to cool-
ing of the tin dioxide plumes.?® 2° In our case, the in-
terval between two successive pulses is much longer
than the life of the plasma. Therefore, the next laser
pulse had no interaction with the former plasma.

(iv) Deposition of the tin dioxide plume on the Si
(100) substrate after the disappearance of the plasma,
inducing the initial nucleation of SnO, nanocrystals.

(v) Grain rotation culminating in a low-energy con-
figuration. This process is directly related to the reduc-
tion of surface energy, aimed at minimizing the area of
high-energy interfaces.>'

(vi) Possible formation of a coherent boundary be-
tween grains due to grain rotation, with the conse-
quence of removing the common grain boundary and
culminating in a single larger SnO, nanocrystal. This is
the coalescence process.

(vii) Growth of SnO, nanocrystals along preferred
crystallographic directions which could be predicted
by an analysis of the surface energy in several crystallo-
graphic orientations.

(viii) Formation of the fractal structure as SnO, crys-
tallizes and nucleates at high energy interfaces such as
grains boundaries.

According to the fractal theory, the heat re-
leased by crystallization leads to a local temperature
rise in the surrounding area and this temperature field
can propagate quickly and stimulate new nuclei ap-
pearing randomly in nearby regions. The stimulated nu-
clei of the next generation can also cause a local tem-
perature rise and repeat the above process many times
until SnO; fractal patterns are formed. On the basis of
the above proposed formation mechanism, we charac-
terize the formation processes of SnO, nanocrystals and
fractal structure in Figure 5A—I1. We believe that laser
ablation technique is an appropriate method to synthe-
size a series of environmental functional materials with
controlled composition, morphology, and nanocrystal
size, which are important in the study of the sensitivity
of Sn0O, thin films.

To verify the gas sensing behavior of these SnO,
thin films with interesting features of the fractal
structure, we investigate the sensitivity dependence
on carbon monoxide (CO) concentration, so as to
achieve the aim of monitoring environmental pollut-
ants. Figure 6 shows the CO gas sensing behavior
of the SnO, thin films prepared on Si (100) sub-
strate at (A) 300, (B) 350, (C) 400, and (D) 450 °C, re-
spectively. The measurement was performed at
room temperature with CO concentrations of 25,

32,33
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Figure 6. The CO gas sensing behavior of SnO, thin films
prepared on Si (100) substrate at temperatures of (A) 300;
(B) 350; (C) 400; and (D) 450 °C.

50, 75, 100, 200, 300, 400, and 500 ppm. We ob-
serve that the sensitivity increases with increasing
CO concentration and substrate temperature. Simi-
larly Cooper and Cicera found their SnO, thin film
sensor possessed higher sensitivity to CO by using
different procedures.®*3° Further advancement of
this gas sensor fabricated by the SnO; thin films with
fractal structure to detect environmental harmful
gases such as CO requires a clear understanding of
its gas sensing mechanism. Our experimental results
show that the CO gas sensing behavior clearly de-
pends on the fractal dimension, fractal density, and
average sizes of the fractal clusters (see Figures 4
and 6). We propose a random tunneling junction
network (RTJN) mechanism to explain this gas sens-
ing behavior. After the fractal formation, the fractal
clusters consist of the SnO, grains with the morphol-
ogy of fine dendrite-like nanocrystals incorporating
many tunneling junctions of varying sizes. From the
view of electron transport, the whole thin film is
made up of a series of tunneling junctions. For the
SnO; thin films deposited at different substrate tem-
peratures, the sizes of the fractal branches with dif-
ferent fractal dimensions are different, leading to dif-
ferences in the height of the Schottky barrier of the
tunneling junctions, with the consequence that the
breakdown voltages are also different. During the
measurement of the gas sensitivity, the reducing gas
molecules such as CO react with the oxygen spe-
cies (0O,, 0,7, O, and O) ionized on the surface of
the SnO, particles. This lowers the height of the
Schottky barrier, and increases the
conductance.'? ' For example, for the SnO, thin
film deposited at the lower substrate temperature
(e.g., at 300 °C) with the larger fractal dimension, the
junction i will have the higher resistance state due
to the thicker fractal branches, so the external volt-
age V; cannot lower the Schottky barrier S; and the
junction i cannot be broken. The gas sensitivity is
then lowered (see Figure 6A). Conversely, for the
SnO; thin film deposited at the higher substrate tem-
perature (e.g., at 450 °C) with the smaller fractal di-
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mension, the junction i will have the lower resis-
tance state due to the finer fractal branches, so the
external voltage V; can lower the Schottky barrier S;
and the junction i will be broken. Therefore, the gas
sensitivity would be higher (see Figure 6D). As men-
tioned above, there is a relationship between the
fractal dimension and the size of the fractal branches
in that the number of the fine branches increases
with decreasing fractal dimension. Therefore, the
smaller the fractal dimension, the larger the num-
ber of junctions with the smaller Schottky barrier S;
and lower resistance state. The present findings re-
veal new opportunities for future study of fractal
structure tin dioxide architectures, with the goal of
optimizing environmental functional material prop-
erties for specific applications.

CONCLUSION

We have prepared SnO; thin films at different
substrate temperatures with interesting fractal fea-
tures. The experimental evidence indicated that the
fractal clusters with various sizes, densities, and frac-

METHODS

To obtain the sintered SnO, target for pulsed laser deposi-
tion (PLD), we synthesized a pure nanocrystalline SnO, powder
by the sol—gel method.?° The fabrication method is described in
the following. Meta-stannic acid sol (parent sol) was precipi-
tated by treating a cold ethanol solution of SnCl, (27%) with an
aqueous ammonia solution (28%) until a suitable pH value was
reached. Dry powder with average grain size of about 4 nm was
obtained by drying the parent sol, which had been washed re-
peatedly with deionized water. The SnO, discs, 15 mm in diam-
eter and 4 mm in thickness, were prepared by compacting the
powder under uniaxial pressure of 0.4 GPa, and sintered at 1150
°C for 2 h. The sintered disk consisted of high-purity cassiterite
structure SN0, (99.8%).

SnO, thin film was prepared by PLD techniques using the
above sintered SnO, disk®. The target was cleaned with metha-
nol in an ultrasonic cleaner before installation to minimize con-
tamination. The laser was a KrF excimer laser (Lambda Physik,
LEXtra 200, Germany) producing pulse energies of 350 mJ at a
wavelength of 248 nm and a frequency of 10 Hz. The duration of
every excimer laser pulse was 34 ns. The laser energy was trans-
mitted onto the target in a high-vacuum chamber through a UV-
grade fused silica window using an UV-grade fused silica lens.
During the experiment, the target was kept rotating at a rate of
15 rpm to avoid drilling. The fluence was set at 5 J/cm? per pulse,
corresponding to a total of approximately 1.5 X 10° laser pulses.
The growth rate was estimated to be about 0.3 nm/s (or about
1 wm/h). The ablated substance was collected on a Si (100) sub-
strate mounted on a substrate holder 4 cm away from the target.
The high vacuum in the deposition chamber was achieved by us-
ing a cryopump (Edwards Coolstar 800). The base pressure prior
to laser ablation was about 1 X 107¢ mbar, and the oxygen par-
tial pressure during laser ablation was set about 3 X 1072 Pa.
All deposition processes were carried out by in situ operation on
the substrate at temperatures of 300, 350, 400, and 450 °C.

X-ray diffraction (XRD) was performed with a Philips X'pert
diffractometer using Cu Ka radiation (1.5406 A) in reflection ge-
ometry. A proportional counter with an operating voltage of 40
kV and a current of 40 mA was used. XRD patterns were recorded
at a scanning rate of 0.05° s™' in the 26 ranges from 20° to 60°.
Scanning electron micrographs were obtained using a JEOL-
JSM6335F scanning electron microscope (SEM). SEM images
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tal dimensions were affected by different substrate
temperatures. This formation of significant fractal
features is rather unusual. This process could be rea-
sonably described by a novel model: (i) operation
of the KrF excimer laser; (ii) production of the tin di-
oxide plasma; (iii) cooling of the tin dioxide plumes;
(iv) deposition of the tin dioxide plume on the Si
substrate; (v) grain rotation; (vi) formation of coher-
ent boundary between grains followed by coales-
cence; (vii) growth of SnO, nanocrystals along pre-
ferred crystallographic directions; and (viii)
formation of the fractal structure. CO gas sensitivity
measurement confirmed that the gas sensing behav-
ior is sensitively dependent on fractal dimensions,
fractal densities, and average sizes of the fractal clus-
ters. It was found that the sensitivity increases with
increasing CO concentration and decreasing fractal
dimension. We have shown that fractal methodology
can be applied to the evaluation of tin dioxide thin
films. This gas sensing behavior could be explained
by the random tunneling junction network (RTJN)
mechanism.

were digitized by using the Fractal Images Process Software
(FIPS). These digitized images were divided into boxes of 360 X
360 size and then processed by the fractal theory.?' Four intact
fractal patterns were selected from these digitized images. The
average value of the fractal dimensions (D), the fractal density
and the average size of the fractal clusters for these digitized
fractal patterns were obtained by using the box-counting
method.?? The carbon monoxide (CO) gas sensing property in
the sensor was measured by a simple electrical measuring sys-
tem. The test CO gas was introduced in the chamber by an injec-
tor with variable volume which facilitated control of gas concen-
tration in the range 25—500 ppm. After the sensor was stabilized,
the process was repeated by injecting a higher amount of the CO
gas.
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