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Abstract: P-type tin oxide thin film deposited by RF sputtering for transparent thin film transistor (TFT) applications is the
subject of this study. P-type tin oxide thin film can be made by doping a cation with a lower valence into n-type SnO2 as an
acceptor impurity or by fabrication with tin monoxide (SnO). The later method was investigated in this study by RF magnetron
sputtering process, which has a high deposition rate, uniform thickness control, simple stoichiometry control, and
reproducibility. A Sn/SnO composite target was used in RF sputtering to utilize the benefits of both metallic and ceramic
sputtering targets. A Sn/SnO composite target is expected to provide p-type tin oxide thin films that are easier to manufacture
than metallic target or ceramic target. The metallic Sn element provides an excellent control of structural defects, while the
ceramic SnO element provides stable stoichiometry. The p-type tin oxide thin film with a Sn/SnO composite target showed
very good transparency of ~95%. and excellent electrical properties. The p-type tin oxide thin film of 15nm thickness had a
carrier concentration of 8.03X1015cm-3 and a mobility of 15.2cm2/Vs. With these ultrathin tin oxide films, a p-channel TFT was
fabricated with a staggered bottom-gate structure, and the effect of different channel thicknesses and different distances
between the two electrodes were evaluated. The tin oxide TFT with a thick p-channel layer showed a significant increase in
current measured than the tin oxide with a thin p-channel layer. The current measured tended to increase greatly as the
distance between electrodes decreased. The IV output curves of the tin oxide TFTs exhibited characteristics of bipolar
transistors potentially due to the partial creation of the oxygen-deficient SnO2 like structure, but the mechanism of bipolar
transistor characteristics from the p-channel tin oxide TFT is still unclear. The fabrication of highly transparent tin oxide thin
film with bipolar transistor characteristics is demonstrated herein.
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1. Introduction
Oxide semiconductors have good electrical conductivity
and excellent optical transparency for use as transparent
conducting materials [1]. Oxide semiconductors with higher
carrier mobility are generally n-type semiconductors such as
In2O3, ZnO, and SnO2. While significant progress has been
made in n-channel thin film transistors (TFTs), highly
purified p-type oxide semiconductors are still required for the
realization of optoelectronic devices or p-channel TFTs. The
first p-type oxide semiconductors reported were p-type nickel
oxide (NiO), thin films by Sato et al. [2] and p-type copper
aluminum oxide (CuAlO2), by Kawazoe et al. in 1990 [3].

Tin oxide thin films, due to their high carrier mobility, have
recently received significant attention as promising materials
for TFTs; however, only a few research groups have covered
tin monoxide (SnO) thin film transistors [4-9]. Tin monoxide
thin films are typically known to be p-type oxide
semiconductors without any doping. Unlike n-type tin
dioxide (SnO2), thin film, which is electrically and
chemically stable, p-type SnO thin film presents technical
challenges such as low temperature processing and
difficulties in mass production as well as lack of reliability
[10, 11]. However, p-type SnO thin film is potentailly an
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excellent material, with a large hole mobility stemming from
the hybridized orbitals composed of Sn 5s2 and O 2p at the
VBM (valence band maximum) [4, 12, 13]. In this study, the
fabrication of p-type tin oxide thin films have been
investigated with the purpose of achieving a p-type
characteristic for p-channel thin film transistor applications.
There are a wide range of deposition methods for tin oxide
thin films: sputtering, pulsed laser deposition, chemical vapor
deposition (CVD), sol-gel techniques, and spray pyrolysis
[14-22]. The electrical and structural properties of tin oxide
thin films can vary depending on the deposition methods.
Among these methods, sputtering is most commonly used,
because it has an ability to produce dense films and an easy
control of film stoichiometry. In addition, sputtering may
provide a relatively high deposition rate, uniform thickness,
scalability, stable chemical composition (homogeneity), and
reproducibility [16]. Conversely, there are possible plasma
damages and inequality of film composition. Since the
sputtering method is the process produced by particle
emission of the target, it is very important to select a sputter
target material. Metallic Sn, ceramic SnO, or ceramic SnO2
targets are typically used to deposit tin oxide thin films by
sputtering. The advantages of a metallic Sn target are easy
control of electrical properties and compositions of tin oxide
thin films as well as high deposition rate, and the
disadvantages are the low melting temperature of Sn and the
fact that the p-type processing window is narrow [16]. On the
other hand, a ceramic target has stable stoichiometry, but less
variation of stoichiometry. There are some reports on the use
of Sn/SnO composite target [14, 15]. or Sn/SnO2 composite
target [23]. A composite target can provide a potential
composition of chemically stable tin oxide thin films and can
easily control material properties.
In this study, tin oxide thin films were deposited by
reactive RF magnetron sputtering with an Sn/SnO composite
target, and electrical, optical, and structural properties of tin
oxide were evaluated. Then the p-channel tin oxide TFT was
fabricated on a Si substrate, and the device characteristic of
the p-channel tin oxide TFT was measured.
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Figure 1. Sputter Schematic and Sn/SnO Composite Target.

The tin oxide thin film was deposited onto borosilicate
glass. The substrate temperature was kept at 100oC, the
plasma power was set at 20W, and the working pressure and
chamber base pressure were 5mTorr and <8×10-6Torr
respectively. The O2 content (%), denoted by O2/(O2+Ar),
was 12%. For the repeatability test, ten identical tin oxide
thin film samples were prepared and analyzed. For the
structural analysis of the tin oxide thin films, X-ray
diffraction (XRD; ATX-G, Rigaku), and X-ray photoelectron
spectrometry (XPS; EscaLab 250, VG Scientifics) were
employed. The optical property was measured by a UV-Vis
spectrometer (Lamda 35, Perkin Elmer), The electrical
properties associated with the carrier concentration, carrier
mobility, and electrical conductivity were measured by a Van
der Pauw Hall Effect Measurement System (HMS-3000,
Ecopia) operated at room temperature with a 0.55 T magnet,
and Sn electrodes were deposited using a shadow mask.

2. Materials and Methods
Reactive RF magnetron sputtering with an Sn/SnO
composite target was used; this material, compared to Sn
metallic targets or tin oxide ceramic targets, may potentially
provide manufacturable p-type tin oxide thin films as well as
simpler control of structural defects [14]. The Sn/SnO
composite target used was composed of 20mol% Sn metal
powder. The sintering of Sn/SnO composite target needs
more careful control than that of Sn/SnO2 composite target,
because the SnO phase compared to the SnO2 phase tends to
show a disproportionation reaction [15]. The metallic Sn
component in the composite target provides a means of
controlling the structural defects when using RF reactive
sputtering; the SnO component provides stable stoichiometry
[15]. The sputter schematic and the image of the Sn/SnO
composite target are shown in Figure 1.

Figure 2. Schematic Diagram of Staggered Bottom Gate Thin Film
Transistor.

The tin oxide TFT fabricated in this study had a staggered
bottom-gate structure, as shown in Figure 2. The fabrication
flow of the TFTs is shown in Figure 3. A heavily n-doped (ρ
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= 0.0035Ωcm), 6-inch silicon wafer was used as a substrate
that became a gate electrode. After wet cleaning of the n+ Si
substrate, thermal oxidation was performed to grow a ~60nm
SiO2 layer. Then, lithography patterning and SiO2 etching
processes were employed to form an individual TFT device
on the Si wafer. After that, the p-type tin oxide thin film was
deposited as a p-channel layer, and then Ni electrodes for
source, drain, and gate were deposited by shadow masks.
Several p-channel tin oxide TFTs were fabricated with two
different channel thicknesses (15nm and 35nm), and three

different distances between the two electrodes (100µm,
500µm, and 1000µm), and the effects of tin oxide channel
thickness and distance between two electrodes on TFT
characteristics were evaluated. The IV characteristics of pchannel tin oxide TFTs were measured using a
semiconductor parameter analyzer (SPA; 4155C, Agilent).
For the output curve (IDS/VDS), measurements, the
gate/source voltage was swept at ±20V (5V/step), and the
source/drain voltage was swept at ±20V (0.2V/step).

Figure 3. Schematic Diagram of Tin Oxide Thin Film Transistor Fabrication.

3. Results and Discussions

characteristics. The conductivity was on the order of 10-3 Ωcm-1, which was sufficient for the purpose of TFT
fabrication. The thinner tin oxide thin films showed lower
carrier concentration and higher mobility. Additionally, all of
the fabricated tin oxide thin film samples showed almost no
difference in electrical properties showing a good film
reproducibility. The 12% O2 content condition during
sputtering adequately controlled the stoichiometry and
created excellent transmittance. The tin oxide thin films
exhibited good optical transmittance of about 95% in the
visible range, as shown in Figure 5.
1

According to the results of XRD analysis of the tin oxide
thin film, as shown in Figure 4(a), the tin oxide thin film used
in p-channel TFT fabrication appeared to be an amorphouslike phase. It potentially suggests a short-range ordered
structure. Furthermore, based on the XPS analysis shown in
Figure 4(b), the tin oxide thin film had a binding energy of
the Sn3d5/2 peak of ∼486.3eV, indicating a p-type tin oxide;
the stoichiometry of the tin oxide thin film was estimated to
be SnO1.09. The electrical properties of the tin oxide thin
films are presented in Table 1 which confirmed the p-type

Figure 4. Structural Analysis of Tin Oxide Thin Films: (a) XRD Analysis and (b) XPS Analysis.
Table 1. Electrical Properties of P-type Tin Oxide Thin Films.
SnOx Thickness (nm)
15
35

Carrier Concentration, NCarrier (cm-3)
8.03x1015
1.80x1017

Mobility, µ (cm2/Vs)
15.2
0.80

Conductivity, σ (Ω-1cm-1)
8.21 x10-3
7.23 x10-3
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deficient SnO2 like structure.

Figure 5. Transmittance Spectra of Tin Oxide Thin Film (35nm-Thick SnO
Sample).

Figure 6 provides a top view of the fabricated p-channel
tin oxide TFT structures. Due to the shadowing effect of the
masks, edge rounding in channel and electrode patterns was
observed. In general, a p-channel TFT has two regions in the
IV output curve in the on-state: a linear region (-VDS ≤ -VGS
+ VT) and a saturation region (-VDS ≥ -VGS + VT) per VDS. In
Figure 7 (e) and (f) the saturation region is shown somewhat,
but the other cases do not reveal a clear saturation region in
the sweeping voltage range. More importantly, the IV output
curves in Figure 7(a) – (f) show characteristics of bipolar
transistors. This means that the p-channel tin oxide TFT
fabricated here was a current-controlled device, and the
current flow in this device was due to both electron and hole
carriers instead of a majority carrier of hole carriers. Under
12% oxygen content condition, oxygen incorporation in the
p-channel tin oxide did not generate holes, but it did generate
electrons, which in turn causes n-type characteristics. This
may be explained by the partial creation of the oxygen-

Figure 6. Optical Images of P-Channel Tin Oxide TFT.

The p-channel tin oxide TFT is operated both in
accumulation p-channel mode and inversion n-channel mode.
In literature, both bipolar and unipolar transistor characteristics
of p-channel tin oxide TFTs have been reported [4–12]. The
measured current in the tin oxide TFT with a 35nm-thick
channel layer was increased significantly compared to the tin
oxide TFT with a 15nm-thick channel layer, due to a current
enhancement. For the same reason, the measured current
tended to increase greatly as the distance between electrodes
decreased. Although the mechanism of bipolar transistor
characteristics from the p-channel tin oxide TFT is still unclear,
the capability of using both holes and electrons in one device
opens up potential possibilities for the development of various
thin film transistors and optoelectronic device.

Figure 7. IV Output Curve of P-Channel Tin Oxide TFT (VGS = -20V at 5V/step).
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4. Conclusion
P-type tin oxide is an important element for transparent
thin-film transistor (TFT) applications. In this study p-type
tin oxide thin films deposited using RF magnetron sputtering
of Sn/SnO composite target were studied, and films with
95% transmittance, mobility of 15.2 cm2/Vs, and carrier
concentration of 8.03x1015 cm-3 were obtained. A sputtering
method with a Sn/SnO composite target provides a promising
candidate for fabricating manufacturable p-type tin oxide thin
films. The p-channel tin oxide TFTs fabricated in this study
showed bipolar transistor characteristics, and the mechanism
of bipolar transistor characteristics from p-channel tin oxide
TFTs has not been elucidated.
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