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Abstract

We present a comparison study of the microstructure developments during aqueous solution deposition of SnO»,, particularly, through
chemical bath deposition (CBD) and liquid phase deposition (LPD) at very low temperatures (40-75 °C). The effects of solution
chemistry on the microstructural details and electrical properties of SnO, thin films are presented and discussed. Smooth,
nanoparticulate SnO, films were obtained from supersaturated precursor solutions with lower precursor concentrations while more
aggregated SnO, films were generated from higher precursor concentrations. Loosely-packed and porous structures were obtained from
low supersaturation solutions with very low pHs. The deposition rates were also evaluated under various deposition conditions. XRD
result shows that annealing process helps improve the degree of crystallinity of the as-deposited films that are composed of 3—10 nm
nanocrystalline particles. One advantage of LPD of SnO, films is in-situ fluorine doping during deposition. The resulting electrical
resistivity of F-doped SnO, films was about 18.7 Q cm after the films were annealed at 450 °C.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Nanostructured semiconducting oxides have attracted
considerable interests due to its unique properties and
applications. Among such semiconductors, tin oxide (SnO,)
is one of the promising candidates for many applications due
to its outstanding chemical, optical and mechanical proper-
ties. SnO» behaves like an n-type semiconductor with various
microstructure and morphology, which can be applied to
such applications as gas sensors [1-3]. By tailoring various
nanostructures of SnO, thin film, the sensitivity and selectiv-
ity towards specific gas are improved. SnO, is also a good
candidate for UV luminescent material [4,5] due to its wider
band gap (E,=3.67¢V) and smaller exciton Bohr radius
(ag=1.7nm). SnO, by coating with a thin layer of ZnO,
TiO, or other semiconducting oxides can be used for solar
cell applications, exhibiting good energy conversion efficien-
cies and long-term stability [6-8]. Mesoporous SnO; spheres
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with tunable particle size has also shown a good potential to
achieve high photoconversion efficiency [9]. Therefore, hav-
ing the capability to tailor microstructures and surface
morphologies is essential in the above applications in order
to meet the performance requirements.

Size- and shape-controlled antimony-doped tin oxide
nanoparticles has also shown some advantages over TiO,
based electrochromic devices due to its improvement in a
fast-switching response which is one of the crucial aspects for
commercial applications of this device [10-12]. In addition,
field effect transistors (FETs) provide another opportunity
for SnO, materials [13-15]. Through the conventional
lithography and lift-off processes, low-cost metal-oxide-
semiconductor FETs can be fabricated. This technology is
not only useful for the development of on-screen electronic
devices, but also gives great interesting opportunities for the
FET-like gas sensors [16]. One of the important properties of
SnO; is its transparency while exhibiting conductivity with
the proper doping to form a transparent conducting oxide
(TCO) film such as fluorine doped tin oxide (FTO) [17-19]
and antimony doped tin oxide (ATO) [20-22].
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Various techniques have been developed to fabricate tin
oxide thin films including spray pyrolysis [23,24], magnetron
sputtering [25,26], chemical vapor deposition [27] and sol—gel
coating [21,28,29]. All these techniques listed involve high
temperature processing or post-annealing conditions. As a
result, the choice of substrates is limited. The coating
techniques being capable of depositing high-quality ceramic
films at low temperatures are therefore needed as more
flexibility for choosing substrates including temperature sensi-
tive materials will be of considerable interest these days. Given
that, chemical bath deposition (CBD) [30-33] and liquid phase
deposition (LPD) [34-36] provide a sensible alternative to
conventional processes since both of them can achieve high
controllability of film thickness and morphology and have low
temperature processing capability with simple and low cost
instrumentation, have low energy consumption and use less
hazardous chemicals.

In our study, a capability to tailor nano- and micro-
structures in such low-temperature solution processes was
developed by means of solution chemistry that controls
nucleation and growth of nanoparticles. CBD was utilized
to fabricate undoped SnO, films while an LPD technique
was employed to fabricate in-situ fluorine-doping in tin
oxide films, which eliminates an additional process for
doping. These tin oxide films were successfully deposited
on both glass and plastic substrates. Various surface
morphologies and properties obtained from different
solution conditions are discussed in the following sections.

2. Experimental methods
2.1. Treatment of the substrate

The substrates used in this study were 0.2 mm thick
microscope cover glass (VWR International), and poly-
ethylene terephthalate (PET). The glass slides or PET were
cut into ca. 11 mm x 11 mm samples. The substrates were
ultrasonicated in acetone for 20 min, then rinsed by DI
water and dried completely with nitrogen gas, followed by
cleaning in oxygen plasma for 20 min. The plasma treat-
ment also made the substrate surface hydrophilic.

2.2. Chemical bath deposition of SnO, films

The deposition of SnO, films was carried out at near-room
temperature. Tin tetrachloride (SnCly, 99.99%, Alfa Aesar,

Table 1

Ward Hill, MA) and hydrochloric acid (HCI, 36.5-38%,
J.T. Baker, Phillipsburg, NJ) were used as received without
further purification. Appropriate amount of concentrated
HCI was first added to ice-cold deionized (DI) water and
then tin tetrachloride was added to the HCI solution while
stirring was applied. Finally, additional cold DI water was
added and the as-prepared solutions were stored in refrig-
erator (4 °C) before use. The detailed precursor solution
conditions are given in Table 1.

The glass substrates were placed vertically in a polyte-
trafluoroethylene (PTFE) sample holder which was
immersed in the SnCl, precursor solution. The deposition
apparatus was kept in a constant temperature oil bath set
at 75 °C. A stepwise deposition process was implemented
by changing the precursor solution with a freshly prepared
one every 1h. No forced stirring was applied to the
solutions during deposition. After the desired steps, the
substrates were taken out from the sample holder and
rinsed and ultrasonicated with anhydrous ethanol for
1 min, followed by complete drying with nitrogen gas.

2.3. Liquid phase deposition of SnO, films

The precursor solution was prepared by dissolving a
certain amount of tin(II) fluoride (SnF;) in hydrofluoric
acid (HF) aqueous solution. Then hydrogen peroxide
(H,0,) aqueous solution was added to the mixture. H>O,
used in this study acts as the oxidant reagent of tin ionic
dissolving species for stabilized Sn(IV)—fluorine complex.
Boric acid (H3BO3), dissolved in DI water, was used as an
initiator (F~ scavenger). The precursor and its initiator
were mixed together with stirring just before the experi-
ment started. The glass or PET substrates were placed
vertically in the sample holder. The deposition setup and
processes were the same as those of CBD.

2.4. Characterizations of thin films

The microstructure and morphology of the as-deposited
SnO, films were characterized by using field emission SEM
(Supra 55 VP, Carl Zeiss). Impurity content was examined
by energy dispersive X-ray spectrometry (EDS; EDAX
Inc., Mahwah, NJ) analysis with FE-SEM. Cross-sectional
SEM specimens were prepared by fracturing the brittle
glass substrates with the film. The crystallinity of the films
was characterized by an X-ray diffractomer (XRD; Scintag

Precursor solution conditions, as-deposited film thicknesses and annealing conditions with two processing techniques.

Processing Substrate Precursor solution condition Film thickness Heat treatment condition

technique (nm)

CBD Glass, Silicon [SnCly]=1.0-15.0 mM; 40-308 Up to 450 °C, 2 h for each temperature,
[HCI]=10.0-199.0 mM; T=75°C heating rate 10 °C/min

LPD Glass, PET* [SnF,]=5-60 mM; [HF]=20-240 mM; 100-315 Up to 450 °C, 2 h for each temperature,

[H0,]=5-60 mM; [H3;BO3]=30-230 mM; T=40-60 °C

heating rate 10 °C/min

*Due to glass transition temperature, SnO, film grown on PET was annealed at 100 °C.
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XDS 2000) with Cu Ko radiation with wavelength
/=1.541 A. The diffraction angle 20 was varied from
10 ° to 90 ° by step of 0.02 ° and scanning rate was fixed
at 0.3 °min~'. The electrical resistivity was measured using
the standard van der Pauw four probe method. Colloidal
silver paste was used for the top electrodes.

3. Results and discussion
3.1. Chemical bath deposition (CBD)

3.1.1. Effect of preparation conditions on the morphology
of as-deposited film

Generally, the hydrolysis of Sn** ions in the solution is
described with the following reaction:

Sn** +2H,0=2Sn0,+4H ™" (1)

From the reaction, Sn*" concentration ([Sn**]), pH
and temperature are the three key parameters to control
the film formation and microstructure. Since temperature
was fixed at 75 °C in our CBD process, we would discuss
the [Sn**] and pH effects separately. Fig. 1(a) and (b)
shows representative SnO, morphologies prepared at
different [Sn**]’s with a fixed HCI concentration. Particle
attachment through bulk precipitation seemed to be the
controlling mechanism for film formation. The best surface
morphology with smooth and fine particulate surface
formed with the solution condition of 2.0 mM SnCl,
and 10.0 mM HCI (Fig. 1(a)). With the higher [Sn**], a
higher degree of supersaturation of the precursor solution
reaches, which promotes more homogenous nucleation of
SnO,. Therefore, aggregation occurs frequently among
those growing particles which causes the film surface to
display a rougher morphology (Fig. 1(b)). Compared to
particle sizes ranging from 5 to 10 nm in Fig. 1(a), the
average particle size at higher [Sn**] is larger between 10
and 20 nm.

Fig. 1(a) and (c¢) indicates the pH effect on microstruc-
ture and morphology of as-deposited films. From reaction
(1), it can also be expected that the chemical equilibrium is
retarded toward the right side by increasing the concentra-
tion of HCI. Hence, increasing HCI concentration yields
fewer nuclei and a slower precipitation rate which leads
to mild particle growth in the solution without being
aggregated with others. Further, they get more opportu-
nity to be attached to the substrate under low pH. At
high pH (i.e., at low HCI concentration), however, the
particle cluster gets larger, and if it is larger than a certain
size, it would not be attracted to the substrate. Fig. 1(c)
shows a loose-packed porous film, in which the particle
size is about 20-30 nm. The precursor solution in this case
has a larger [HCI] with a lower pH=0.66. The value of
pH was measured right after the precursor solution was
prepared.

Therefore, the microstructure and surface morphology
of the as-deposited SnO, films are significantly affected by

Fig. 1. SEM images of the as-deposited SnO, films under various
precursor solution conditions at 75 °C: (a) 2.0 mM SnCly+ 10.0 mM HCI
solution; (b) 15.0 mM SnCly+10.0 mM HCl solution; (¢) 2.0 mM
SnCls+199.0 mM HCI solution.

the precursor solution conditions. More bulk precipitation
occurs in high [Sn**] that can make the surface quite
rough as shown in Fig. 1(b). At very low supersaturation
by adding more HCI (as is the case for Fig. 1(c)), we have
also observed bigger aggregated particles that lead to
increased roughness. This indicates that while extensive
bulk precipitation can be avoided at low supersaturation
obtained from very low pH solution, relatively small
particles available in the solution can grow and then be
attracted to the growing film surface quite strongly and
randomly. Importantly actual attachment of those formed
particles in solution will also be dependent on the colloidal
forces such as DLVO force [37,38] and therefore solution
pH should play an important role in arranging the
particles on the growing films since their surface charges
are dependent on the pH of the precursor solution. The
iso-electric point (IEP) of SnO, can be about 5.5-6.0 [39],
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Fig. 2. (a) Film thickness as a function of deposition steps. Precursor
solution condition is [SnCly]=2.0 mM, [HCI]=10.0 mM; and [SnCly]=
4.0 mM, [HCI]=199.0 mM. (b) One example of cross-sectional SEM
image of the as-deposited SnO, films.

so it is expected that very low pH will result in highly
positively charged SnO, particles in solution.

3.1.2. Structural analysis of SnO; films

Fig. 2(a) shows film thickness as a function of deposition
steps. Each step lasted for 1 h since the film did not grow
much after deposition of 1 h. This is because the particles
formed by homogeneous nucleation in the precursor
solution are attracted to the properly treated substrate
surface as a result of colloidal interactions before they
grow into larger colloidal particles. In fact, after 1h
processing, the small particles which can be attracted
are depleted and the film growth rate almost saturates.
Film thickness increases linearly with the number of steps
when the solution is changed with the freshly prepared one.
With a linear fitting, the deposition rate was calculated from
5 nm/step (for mid-level supersaturation) to 44 nm/step (for
low supersaturation). The latter case was achieved with the
addition of large HCI concentration to the solution. Fig. 2(b)
shows one example of the cross-sectional SEM view of a
CBD SnO, film whose thickness is around 70 nm.

The XRD patterns of the as-deposited (75°C) and
annealed SnO, film (450 °C) are presented in Fig. 3. The
broad peaks indicate amorphous or nanocrystalline nature
of the film at the deposition temperature. Cross-sectional
high-resolution TEM image of the as-deposited SnO, films
(not shown here) indeed demonstrates that the film con-
tains densely-packed SnO, nanocrystallites of ~5 nm size.
After as-deposited films were annealed at 450 °C for 2 h in
air, crystallinity of the films improved as the peaks were
getting sharper and more distinct from the background.
The average crystal size, as estimated by the Scherrer
equation, is in the range 6-10 nm after 450 °C annealing.
EDS analysis confirmed the absence of residual CI in the
films within its detectability limit.

3.2. Liquid phase deposition

3.2.1. Effect of the precursor solution on the morphology
of as-deposited film

Liquid phase deposition refers to the formation of oxide
thin film from an aqueous solution of a metal-fluoro
complex [MF,]™ ™" which is slowly hydrolyzed by adding
water, boric acid (H3BO;3) or aluminum metal. While the
addition of water directly forces precipitation of the oxide,
boric acid acts as a fluorine scavenger, which destabilizes
the fluoro complex and forces the oxide precipitation. In
particular, tin—fluoro complex can involve the following
equilibrium reactions [40]:

SnF,+4HF +H,0,—[SnF¢*~ +2H5 O )
[SnF¢]*~ +nH,O2[SnF¢_,(OH),J*~ +nHF (3)
[SnF¢_ ,(OH),]*~ + (6 —n)H,0=[Sn(OH)¢)*~ 4 (6—n)HF (4)

[Sn(OH)¢]*~ +2H " - Sn0O,+4H,0 (5)
(101) (211)
(110)
T
S (112)
o (200)
o
>
*5; 450°C
C
[0}
£
75°C
20 40 60 80 100
26 (deg.)

Fig. 3. XRD patterns of as-deposited (at 75 °C) and annealed (at 450 °C)
SnO» films.
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H;BO;+4HF — BF; + H;0 " +2H,0 (6)

Fig. 4(a) and (b) shows the film morphologies with two
different tin—fluoro complex concentrations. We achieved
higher [SnF¢]*~ by adding more SnF, powder, HF, and
H,0, solution while keeping [Sn*T]/[F "] ratio to 1/6 and

Fig. 4. SEM images of the as-deposited SnO, films at fixed [F~]/[Sn**]=
6/1 at 60 °C: (a) [SnF,]=5mM, [H3;BO;]=30 mM; (b) [SnF;]=10 mM,
[H3BOs]=30 mM; (c) [SnF,]=10 mM; [H3BO5]=230 mM.

[Sn?*]/[H,0,] ratio to 1/1. With lower [SnF¢l*~, the SnO,
film shows denser underlying structure that contains finer
particles ( <25 nm) but larger adsorbed particles (~40 nm)
and less aggregated clusters. With higher [SnF¢*~, on the
other hand, the SnO, film exhibits more porous structure
with relatively larger particles (~60 nm) and more aggre-
gated clusters. It can be expected that the hydrolysis of
[SnF¢J*~ shifts the reaction toward the right by increasing its
concentration, which leads to more bulk precipitates through
homogeneous nucleation in solution, thereby resulting in
more aggregation on the films. Higher [SnF¢J*~ can provide
a larger driving force for nucleation because of a higher
degree of supersaturation.

Boric acid is an F~ scavenger which shifts the equili-
brium reactions to the right hand side. Hence, the amount
of H3BOj3 should be one of the key factors in the LPD
process. As expected, larger particles and strong aggrega-
tion appeared to occur on the film surface with higher
[H3BOs3] because of a large driving force for the nucleation
and growth of SnO, particles in such solution conditions,
as shown in Fig. 4(b) and (c). High supersaturation was
therefore achieved by adding more boric acid that depletes
HF in the solution. Its morphology shows a more porous
and loosely-packed microstructure.

Compared to CBD, current precursor solution condition
for LPD seemed to involve a higher degree of super-
saturation as the solution became more turbid in the same
duration of deposition. The films become more particulate
and thus rougher with the degree of supersaturation.
Adding more SnF, or H3;BO; in the LPD process in fact
yielded the same effect as in the CBD case with higher
[Sn**] by adding more SnCl,. Fig. 5 depicts a deposition
mechanism that can possibly explain nanoparticle-based
film morphologies grown from the supersaturated solution.
Actual particle attachment and surface morphologies, how-
ever, also seemed to be controlled by nanoparticle-substrate
(or growing film once the substrate is covered with SnO,)

Increasing time and supersaturation (e.g.,
with [SnCl,], [SnF,], [H;BO,], temp, ...)
>

& &

Critical
. —
cluster size

Increasing with [HCI]
(i.e., at low pH)
—> Settling due to gravity
Attraction to substrate
Precursor solution
Fig. 5. Schematic of the deposition mechanism that involves nucleation,

growth, and aggregation. Critical cluster size defines the particle size small
enough to be attracted to the substrate.
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interactions that can increase or decrease depending on
their surface charges, which are very sensitive to pH of the
precursor solution.

As we mentioned before, one of the advantages of
aqueous solution deposition is low-temperature process.
As a result, PET substrate whose glass transition tempera-
ture is ~70 °C [41] can be utilized without any possibility
for its degradation during deposition. Fig. 6 shows the
surface morphologies of the films grown on PET and glass
substrates. When the precursor condition was the same,
similar nanoparticulate structure was observed for the film
on PET substrate, compared to that on the glass substrate.
It proves the potential of current processing protocol to be
used for flexible substrates, as well as for rigid substrates.

3.2.2. Structural analysis of SnO, thin films

The film growth rate under a specific LPD solution
condition is shown in Fig. 7. Compared to the precursor
solution condition discussed in Section 3.2.1, this LPD
solution has a higher degree of supersaturation. Step-wise
approach was employed with 1 h per step in order to avoid

Fig. 6. SEM images of the as-deposited SnO, films prepared from
[SnF,]=60 mM, [F’]/[Sn2+]=6/l, and [H3;BO3]=230 mM at 40 °C on
two different substrates: (a) PET; (b) glass.

a
T T T T
250+
L]
m [SnF]=30mM; [H3 BO3]=230mM
® [SnF,]=10mM; [H3 BO3]=90mM T
200 +
B
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)
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501 &
T T T T T
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Number of steps
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Fig. 7. (a) Film thickness as a function of deposition steps. Precursor solution
condition was [SnF,]=30 mM, [Sn2+]/[F*]=l/6, [H3BO3]=230 mM and
[SnF,]=10 mM, [Sn*T]/[F~]=1/6, [H3BO3]=90 mM. (b) One example of
cross-sectional SEM image of the as-deposited F —SnO, films.

the depletion of the particles which are small enough to be
attracted to the surface of the film. The deposition rate
seemed to be accelerated, and were from 48 to 87 nm/step
on average based on the varying solution conditions.
Higher deposition rate reaches by the addition of SnF,
and H3;BOj. Fig. 7(b) shows one example of the cross-
sectional SEM view of an LPD SnO, film whose thickness
is around 110 nm. Here, a few large aggregated clusters are
shown on the film surface, which can be excluded via more
stringent solution control to yield a smoother film.

The crystal structure of the SnO; thin films fabricated by
LPD was also investigated. The XRD patterns of the as-
deposited (40 °C) and annealed SnO, films are presented in
Fig. 8. As-deposited films were annealed at a temperature
of 100 °C, 250 °C or 450 °C for 2 h in air. Due to its quite
low solution temperature, the as-deposited film displays
more amorphous nature, compared to the as-deposited
films prepared by CBD at 75 °C. The peaks shown on the
annealed samples are getting sharper and more visible
from the background. It indicates that the crystallinity of
the films improves with the annealing temperature. The
average crystal size, as estimated by the Scherrer equation,
is in the range of 3—5 nm after 250 °C while 6-10 nm after
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Fig. 8. XRD patterns of as-deposited (at 40 °C) and annealed SnO, films
(at 100 °C, 250 °C, and 450 °C).
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Fig. 9. EDS analysis of LPD SnO, film.
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450 °C annealing. The sample after annealing at 100 °C did
not significantly increase its crystallinity. In addition, an
EDS spectrum confirmed the presence of fluorine in the
film as shown in Fig. 9.

3.3. Electrical property of low-temperature processed
Sn0; films

In order to produce SnO, thin films for electronic
applications, electrical conductivity is one of the crucial
parameters. While as-deposited films were annealed at up to
450 °C for 2 h in air, the longer annealing treatment times
did not further reduce the electrical resistivity. The resistivity
of as-deposited and heat-treated films with two processing
techniques is shown in Table 2. The resistivity of the as-
deposited thin film by CBD processing was too high to be
measured. The resistivity of the annealed film was 2.93 x 10°
Q cm. On the other hand, LPD SnO, film shows a higher
electrical conductivity due to the fluorine doping. After heat
treatment, it decreased to 18.7 Q cm. Compared to other
literature electrical conductivity values [42,43], our low-
temperature processed films have relatively high resistivity.
This is probably due to the difficulty in forming high
crystalline films and the strong interaction between the
carriers and the interfaces and defects resulting from
nanoparticles. The grain size reported in Agashe’s work
[43]1s ~230 nm which is much larger than the current study.
Another possibility which can further improve the film
conductivity is the film thickness. We have so far grown
the LPD SnO, film with a thickness up to 250 nm without
film cracks. Therefore, in order to have more conductive
films from low-temperature solution processing, the next
step should be directed at depositing a thicker, denser, and
crack-free SnO, film, along with larger grain structures.

4. Conclusions

Nanostructured SnO, thin films were deposited on glass
substrates from two aqueous solution deposition techniques
at very low temperatures (40-75°C). Solution chemistry
provides a good insight to understand the morphology of
the resulting thin films. In particular, supersaturation and pH
play an important role in controlling the morphology of the
thin films. Interactions among the particles and the growing
films need to be better understood to obtain more quantita-
tive microstructure predictions. The as-deposited SnO, films

Comparison of electrical resistivity of as-deposited and annealed films with two deposition procedures.

Processing Solution condition Film thickness Electrical conductivity
technique (nm)
As-deposited Heat treated (at 450 °C)
CBD [SnCly]=2 mM; pH=2.0; T=75°C 93 Not measurable 293 x 10°Qcm
LPD [SnF,]=5mM; [Sn*]/[F"]=1/6; 254 4.0 x 10* Q cm 18.7 Qcm

[H3BOs]=15mM; T=60 °C
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consist of crystalline SnO, nanoparticles. After heat treat-
ment, the crystal size increases. Specifically, LPD processing
gives a deposition method which can in-situ dope F~ to SnO,
thin films with the resistivity of ~18.7 Q cm. EDS results
confirmed the presence of small amount of fluorine in the
film. In addition, thin SnO, films were fabricated on a PET
substrate with the similar microstructure and morphology
using the same low temperature processing.
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