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Abstract

Antimony doped tin oxide (SnOx:Sb) thin films with
low resistivity (9.0x10“4 @ cm) and excellent optical
transmittance were successfully grown by novel mist CVD
system in this work. Besides the effect of Sb doping ratio
on the conductivity, it was found the HNOs in doping
solution also has a positive effect on the conductivity of
SnOx films. In order to identify the contribution of HNO3
to the conductivity, the behaviors of HNOs were studied
by analyzing the optical, electrical, and chemical proper-
ties of high conductivity SnOx thin films. The experi-
mental results show that the moderate amount of HNO3
in doping solution improved the conductivity. Compared
to the SnOx films fabricated using only SbClz or HNOs,
the sample shown lower resistivity when both SbCls and
HNO:s were used. Most likely, the change in valence state
of N (V) and/or the substitution of N (V) for Sn (1V) in-
creased the conductivity of SnOx films.

1. Introduction

Transparent conducting oxide films (TCOs) are widely
used in the fabrication of optoelectronic devices because of
the high electrical conductivity and excellent optical proper-
ties [1-4]. The tin oxide (SnO.), which is generally an n-type
semiconductor with large band gap of 3.6 ~ 3.85 eV, high
chemical stability, mechanical hardness, and heat resistance,
is one of most promising TCOs [5-8]. Previous researches
have verified that the metal oxides with dopants always ex-
hibited higher electrical conductivity than non-doped ones.
The common dopants for preparing highly conductive SnO;
films are fluorine (F), indium (In), and antimony (Sh). As a
doping material, Sh has the characteristics of stable chemical
nature and extensive origin, illustrating it is more suitable to
prepare high conductivity SnO; films than F and In [9]. SbCl;
are the most common and frequently used dopant precursor
when antimony doped tin oxide (SnO2:Sb) films are fabri-
cated, and the substitution of Sb (V) for Sn (1V) is thought to
be the main reason for obtaining the high conductivity films.

In this work, the high conductivity SnOy:Sb films were
fabricated by novel mist CVD system with a special supply
unit, which is composed of two solution chambers and one
mixing chamber, this system has been reported in [10-12].
Based on the effects of Sb and HCI in dopant solution on the

highly conductive SnOx:Sb films have been studied in our
previous researches, in order to further determine the factors
of obtaining high conductivity, the behaviors of HNOj3 in do-
pant solution were studied by analyzing the optical, electrical,
and chemical properties of thin films.

2. Experimental

SnOy:Sb thin films were deposited on quartz substrates
under atmospheric pressure at 400°C. Tin(ll) chloride dihy-
drate (SnCl-2H,0) was selected as host precursor, and dis-
solved in a mixture solute of H.O, HCI (ag), and HNOs (aq).
The doping solution is composed of H,O, HCI (aq), SbCls and
HNO; with different combinations. In order to avoid the com-
plex reaction, the host precursor solution and doping solution
were added to different solution chambers of novel mist CVD
system and misted separately.

Sheet resistance (Rg) of sample was studied by the Hall
effect setup in the Van der Pauw configuration. The electrical
resistivity (R) and conductivity (¢) were determined by the
relation R =Rg-t and o =1/R. X-ray photoelectron
spectroscopy (XPS) was used to investigate the chemical
states of N, O, Sb and Sn. The chemical bond of film was
determined in long-wavelength range from 1.7 to 30 um by
IR-VASE Mark 11 Ellipsometer (J.A. Woollam) under differ-
ent measurement angles (55°, 65° and 75°)

3. Results and discussions

The resistivity of SnOx:Sb films fabricated using differ-
ent doping solutions are summed up in Table I. It is obvious
that, the resistivity of films fabricated using both SbCl; and
HNO:s in doping solution, was much lower than that of films
fabricated using either SbCls or HNOs in doping solution. Ac-
cording to previous studies, the Sb doping was considered as
the major factor for obtaining the conductivity thin films,
there was few studies focus on the effect of other components.
In our work, it was found that the HNO3 was beneficial for
increasing the conductivity of SnOy:Sbh films. Two possible
reasons were given to explain the HNOj3 behaviors in the high
conductivity film fabrication process. One reason is that the
HNO;s played a role of an oxidizing agent in the fabrication
process, the reduction reaction of HNO3 promoted generation
of Sn (1V), and the substitution of Sb (V) for Sn (1V) resulted
in the generation of conduction electrons when the SnO,:Sh
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films were fabricated. This idea can be confirmed by the fol-
lowing reaction:
6510, + 4H;0* 4+ 4NO3~ — 3SnCl, + 3510, + 4NO + 6H,0

In addition to the HNO3 acts as an oxidizing agent, an-

other reason for the HNOj; affects the conductivity of

SnOy:Sh films is considered that the N (V) derived from

HNO; acts a dopant due to the N (V) has same valence state

with Sb (V). This hypothesis will be verified later.

Table | Resistivity of films fabricated by different doping solutions

ShCl3
without with
HNOs Without >108 Q cm >108 Q cm
with 7.62x103%Q cm  9.72x10% Q cm

The XPS measurement was performed to determine the
composition and chemical states of the SnOy:Sb films fabri-
cated by different doping solutions. Fig. 1 (a)-(d) show the N
1s, Sn 3d, O 1s core level, and valence band XPS spectra of
SnOy:Sh thin films. Because of the Sb signal was too weak to
be observed, the XPS result of Sb was not included here. In
Fig. 4(a), the N 1s XPS spectrum possessed a peak at ~ 400.3
eV, which is assigned to nitrogen located in NO»- related
groups. However, it is possible that the incorporation of N
into SnOy thin films was not surely verified due to the weak
XPS N 1s intensity. In Fig. 4(b), the peaks at 486.8 eV and
495.2 eV correspond to the binding energy (BE) of Sn 3ds.,
and 3ds, levels in SnO,, while in Fig. 4(c) the peak at 530.8
eV corresponds to the O 1s level in metal oxides. However,
the BEs of Sn 3ds, in SnO; and SnO (486.5+0.5) are very
close, causing difficulty in determination of the x value in the
formula SnOy. Based on intensities of Sn 3d and O 1s levels,
the composition ratio [O]/[Sn] was calculated. For the SnOx
film fabricated using both SbCl; and HNOs in doping solution,
the value of [O]/[Sn] was 1.34, and that ratio was 1.38 for the
film fabricated using only HNO3 in doping solution.
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Fig. 1 XPS pattern of (a) the N 1s peak, (b) the Sn 3d peak, (c) the
O 1s peak, and (d) VB (orange curve is the films fabricated using
ShClz and HNOs; blue curve is the films fabricated using HNOs3)

Infrared spectroscopic ellipsometry was performed on
the SnOx films using IR-VASE in a wide spectral range from
250 to 8000 cm™. Fig. 2 (a) and (b) show the long-wavelength

optical constants of SnOx:Sh films fabricated using different
dopant solutions. It can be seen that both samples had the sim-
ilar band near 610 cm, bands #1-2 (609 cm™) and #2-2 (610
cmt), which were attributed to the Sn-O vibration. For the
film fabricated using both SbCls and HNO3 in doping solution,
the band #2-1 (462 cm™) were assigned to the O-Sn-O stretch-
ing vibration. However, in the case of films fabricated using
only HNOjs in doping solution, the band #1-1 (489 cm™) cor-
responds to the O-Sn-O group, which showed a large shift
compared to the band #2-1.
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Fig. 2 Long-wavelength optical constants of (a) the film fabricated
using HNOg; (b) the film fabricated using both SbCls and HNO3

4. Conclusions

The SnOy:Sb thin films with low resistivity (9.0x10* Q
cm) were successfully fabricated using novel mist CVD sys-
tem. In this work, it was found that the HNOs3 in doping solu-
tion has a positive effect on the conductivity of SnOx films.
The experimental results show that moderate amount of
HNOs in doping solution improved the conductivity, and the
resistivity of the films fabricated using SbCl; and HNOs in
doping solution was much lower than that using either ShCls;
or HNOs. The N (V) originated from HNO3 acted as dopant
and/or oxidizing agent were put forward to explain the behav-
iors of HNOs in the film fabrication process. Moreover, the
XPS and IR-VASE results confirmed the tin oxide thin films
fabricated using SbCls; and/or HNOs in doping solution were
a mixture of SnO and SnO,.
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