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Abstract— In this work, by altering oxygen partial pres-
sure (OPP) and sputtering power (PRF) of the radio
frequency (RF) magnetron sputtering process, we investi-
gate electrical evolution of the p-type SnOx film and tran-
sistor. Herein, combining device current–voltage (such as
ON-state current and field-effect mobility), low-frequency
noise (LFN), and gate-bias-stress characteristics, we find
that the optimal OPP range is 4.8%–7.2% for the SnOx film
deposition at PRF of 70 and 30 W. Based on X-ray pho-
toelectron spectroscopy (XPS), the SnOx films deposited
at high power (70 W) show less sensitivity to OPP, which
leads to the slow transition of internal Sn2+, Sn4+ states,
and a relatively large process window. Furthermore, the
defect states inside the SnOx are analyzed. The oxygen
interstitials (Oi), as deep acceptors, keep inactive regard-
less of the external bias. The oxygen vacancies (Vo) and
the ionized Vo2+ states, which act as the electron traps, get
suppressed and are attributed to the ambipolar behavior in
the SnOx transistor, while increasing the OPP. This work
benefit lies in a comprehensive analysis of the sputtering
process parameters impact on SnOx film and transistor
properties and their underlying defects.

Index Terms— Defects, electrical characteristics, metal-
oxide semicondutors (MOs), sputtering, thin-film transis-
tors (TFTs).

I. INTRODUCTION

METAL–OXIDE–SEMICONDUCTORS (MOs) have
made an impressive progress in the recent decades and
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been used as semiconducting channel of thin-film transistors
(TFTs) in the display applications [1], [2], because of their
relatively high carrier mobility, low deposition temperature and
cost, large-area uniformity, excellent process compatibility,
and so on [1]. However, unlike industrialization of the n-type
(e.g., InGaZnO) TFTs [3], [4], the development of the high-
performance p-type MOs film and device still lags a lot [5],
which hinders the CMOS circuit design and fabrication. In the
p-type MOs, the transport path for holes is mainly attributed
to the anisotropic and localized O 2p orbitals at valence
band maximum (VBM), leading to a large hole effective
mass and low carrier mobility [1], [5]. As it is reported, the
promising p-type oxides that have been extensively studied
are tin monoxide (SnO), copper oxide (Cu2O or CuO), and
nickel oxide (NiO) [6], [7], [8], [9]. Among them, there is
a relatively higher hole mobility in SnO due to the creation
of a suitable dispersed VBM by hybridization of the Sn
5s and O 2p orbitals [1], [5], [10]. Nevertheless, SnO also
holds some disadvantages, for example, the Sn2+ states are
thermodynamically metastable [11], and may be reduced
to the metallic Sn (Sn0) or oxidized to the Sn4+ states.
That means, the Sn0, Sn2+, and Sn4+ states co-exist in the
SnO film, leading to the SnOx phases. According to the
experimental observations, the optimal property of the thin
film often occurs when SnOx occurs as mixed phases of Sn,
SnO, and SnO2 [12]. Therefore, considerable efforts have been
made to study the growth conditions to optimize the SnOx

film quality as well as the TFT performance [1], [11], [13],
[14]. The impact of oxygen partial pressure (OPP) on the
formation of oxide phase (SnO, mixed-phase SnO, or SnO2)

and the amount of metallic Sn have been investigated in [13],
in which a well-controlled amount of metallic tin (deposited
at 1.8 mtorr and with OPP = 9%) can substantially increase
the hole mobility. While altering the OPP, the phase change
pattern and the n- or p-type conductivity of the SnOx

films are also investigated in [11] and [14], but the device
performances are still largely behind. In [15], a sensitive
dependence of electronic property and stoichiometry of
the SnOx film on sputtering deposition power have been
experimentally investigated. However, in these researches,
there is no complete analysis of defect states inside the
SnOx [11], [16], with respect to the deposition parameters
and the film or device electrical properties. Therefore, in this
study, we alter the OPP and reactive sputtering power to
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Fig. 1. Transfer curves (IDS–VGS, at VDS = −1.0 V) of the SnOx TFTs
with different channel thicknesses fabricated at OPP = 3.6% and PRF =

70 W. Device structure of the as-fabricated TFT shown in inset.

deposit the SnOx films and transistors. Combining with the
electrical characterizations (e.g., transfer and output curves
of TFTs), X-ray photoelectron spectroscopy (XPS), grazing
incident X-ray diffraction (GIXRD), and low-frequency noise
(LFN) measurements, we figure out the impact of sputtering
parameter and obtain a clear and comprehensive map of the
intrinsic defects distribution inside SnOx .

II. EXPERIMENTAL FABRICATION
AND CHARACTERIZATION

The SnOx TFT fabricated in this work has a bottom-gate
staggered structure, as shown in Fig. 1. A heavily doped n-type
silicon wafer with a thermally grown 100-nm-thick SiO2 was
used as the bottom gate and the corresponding gate dielectric
layer. The SnOx channel layer was deposited by reactive radio
frequency (RF) magnetron sputtering, using a 99.99% metal
Sn target. To investigate the variation in SnOx film quality
as well as the device characteristics, the OPP ratio (which
was defined as the relative oxygen flow rate of [O2]/([Ar] +

[O2]), with a fixed O2 ratio of 30% in the ([Ar] + [O2])
gas flow) was varied from 2.4% to 9.6%, and the sputtering
powers PRF of 30 and 70 W were chosen as the representative
cases, as no sensitive dependence of the p-type film quality
on PRF was observed in our experiments. The deposition
pressure was fixed at 6 mtorr. The SnOx films were deposited
at room temperature (RT) and then annealed at 250 ◦C for
10 min to achieve the optimal microstructure and quality [17].
Finally, a 50-nm Au/10-nm Cr film was deposited by thermal
evaporation (using metal shadow masks) as the source and
drain electrodes. Channel width (W ) and length (L) of the
SnOx TFTs were 140 and 140 µm, respectively. The electrical
characteristics of the SnOx TFTs were measured by using
a semiconductor characterization system (Keithley 4200) at
RT. All the electrical parameters, e.g., threshold voltage VTH,
field-effect mobility µEF, and subthreshold slope (SS), were
extracted at forward sweep from OFF-state to ON-state of
the TFTs.

TABLE I
ELECTRICAL PARAMETERS OF THE SNOx TFTS DEPOSITED AT 70 W

III. RESULTS AND DISCUSSION

Fig. 1 shows the transfer curves (IDS–VGS, in logarithmic
and linear scale) of the p-type SnOx TFTs measured at drain
bias VDS = −1.0 V, in which the different channel thicknesses
d = 12, 15, and 18 nm were obtained via controlling the
sputtering time (45, 50, and 55 s, separately) at the fixed PRF
of 70 W. Here, the thin-film thickness d was measured by
atomic force microscope (AFM) technique. Correspondingly,
key parameters (e.g., ON-state current ION, linear mobility
µLIN, OFF-state current IOFF, and SS) of the SnOx TFTs are
extracted in Table I. The TFT ON-state current (ION) can
achieve a reasonably high value of >10−6 A, in the cases
of d = 15 and 18 nm, but sharply decreased at d = 12 nm,
which can be attributed to the degraded quality (microstructure
disorder) of the SnOx film. The linear mobility µLIN maintains
a stable value of 1.7 cm2/Vs (d = 15 and 18 nm) and then
falls down to an extremely low value at d = 12 nm. The
OFF-state current (IOFF) also shows its strong dependence on
d and is reduced from 3.37 × 10−8 to 1.78 × 10−10 A, while
decreasing d from 18 to 12 nm. Based on the channel depletion
mechanism [18], in the OFF-state, holes in p-type SnOx film
are depleted by the applied positive gate bias (VGS). Therefore,
thinner film with lower holes density is the main reason for the
decrease of OFF-state current in Fig. 1. As well, an enhanced
gate control is also observed with the decreased d, in which SS
is improved from 26.3 to 11.0 V/dec. Therefore, the estimated
width of the depletion layer for our SnOx TFTs is ∼15 nm in
this work, which corresponds to a maximum channel thickness
that can control the carrier depletion and the density.

Fig. 2(a) and (b) and (d) and (e) shows the transfer curves
(IDS–VGS, at drain bias VDS = −1.0 V) of the 15-nm-thick
SnOx TFTs fabricated at RF sputtering power (PRF) of 70 and
30 W, respectively, in which the OPP is altered from 2.4% to
9.6%. Here, the SnOx TFTs deposited at the high (PRF =

70 W) and low (PRF = 30 W) power present similar trends of
electrical performance, when the OPP is varied. The ON-state
current ION is improved as OPP increases and then gets
degraded while OPP increasing up to the maximum value of
9.6%. Correspondingly, the OFF-state current IOFF presents the
similar “up-to-down” trend with the varied OPP. Moreover, the
ambipolar behavior is observed in these p-type SnOx TFTs.
At high RF power of 70 W, the ambipolar behavior appears
while increasing OPP ≥ 4.8%, whereas it also occurs in the
low RF power (30 W) deposited SnOx TFTs with OPP >

7.2%. Fig. 2(c) and (f) plots the output curves (IDS–VDS, with
the gate bias VGS ranging from 50 to −50 V) of the SnOx

TFTs deposited at OPP = 4.8% and 7.2% (the optimal range
of OPP which will be discussed next).
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Fig. 2. Transfer curves (IDS–VGS, at VDS = −1.0 V) of the 15-nm-thick
SnOx TFTs deposited at RF sputtering power (PRF) of (a) and (b) 70 W
and (d) and (e) 30 W, with the varied OPP of = 2.4%, 4.8%, 5.4%, 7.2%,
and 9.6%. Output curves (IDS–VDS, with VGS ranging from 50 to −50 V)
of the SnOx TFTs fabricated at (c) PRF = 70 W and (f) PRF = 30 W, with
the representative OPP = 4.8% (unfilled dot) and 7.2% (filled dot).

Detailed device parameters are illustrated and summarized
in Fig. 3 to investigate the influence of the RF power PRF
(70 and 30 W) and oxygen flow OPP (ranging from 2.4%
to 9.6%) on the SnOx TFTs. At 70 W [see Fig. 3(a)–(c)],
the ON-state current ION is improved as OPP increases,
then keep approximately stable (7.1–7.8 µA) within the
OPP range of 4.8%–7.2%, and finally gets degraded. In the
meantime, IOFF presents the maximum value of 21 nA at
OPP = 5.4% in Fig. 3(a). In comparison, a higher ION

(8.0–9.4 µA) is presented in the 30-W-deposited SnOx TFTs
[see Fig. 3(d)], at OPP = 4.8%–7.2%. Therefore, considering
industrial demand (high drive current, large ON/OFF ratio, and
low operation voltage) for the display technology, we then
focus on the OPP optimal range of 4.8%–7.2%. Within the
optimal range (OPP = 4.8%–7.2%), the linear mobility µLIN
is extracted to be 3.6–4.0 cm2/Vs for PRF = 70 W and
3.9–4.9 cm2/Vs for PRF = 30 W, showing an improvement
by a factor of ∼2, compared to µLIN in Table I, where device
is deposited at OPP = 3.6% and PRF = 70 W, and these
µLIN values are relatively competitive, compared with other
studies [14], [16], [19]. SS shows the similar trend with IOFF,
in which the degraded, highest value is extracted at OPP =

5.4%, and then, SS gets optimized as OPP increases over 5.4%.
Fig. 3(b) and (e) shows the OPP impact on bias-stress-

induced electrical instabilities of the SnOx TFTs fabricated at
PRF = 70 and 30 W, respectively, under a gate bias stress
of VGS = −15 V and with stress durations of 100, 500,

and 1000 s. Generally, the relatively stable negative-bias-stress
(NBS) characteristics (i.e., the shift of threshold voltage 1VTH
and SS) are observed. In the optimal range of OPP (4.8%–
7.2%), NBS characteristics of the SnOx TFT deposited at 70
W are slightly degraded with 1VTH changing from −2.1 to
−2.5 V at the stress duration of 1000 s.

At low PRF (30 W), NBS is optimized from 1VTH =

−2.1 to −1.0 V. In the meantime, the SS of the SnOx TFTs
deposited at PRF = 70 W keeps around 12.0 V/dec for OPP
= 4.8% and 11.0 V/dec for OPP = 7.2%, and the SS values
of the TFTs deposited at PRF = 30 W are 12.5 V/dec for
OPP = 4.8% and 9.5 V/dec for OPP = 7.2%. Physically,
there are two models to explain the VTH shift (1VTH): charge
trapping or defect generation [20], [21]. Since the SS) did not
change significantly during the NBS in this work, 1VTH can
be attributed to charge trapping at the SnOx channel/dielectric
interface or within the gate dielectric layer [22], [23].

Correspondingly, the LFN characterizations in
Fig. 3(c) and (f) can validate the performance improvement to
the SnOx TFTs, while altering the OPP at PRF = 70 and 30 W.
The lowest value of the LFN spectra density is obtained at
OPP = 4.8% and 7.2%, compared to the cases of OPP =

2.4% and 9.6%. Meanwhile, the insets show the normalized
SID/I 2

D versus |VGS − VTH| at a frequency of 20 Hz. A slope
value of ∼2 indicates that the main mechanism of LFN
is carrier number fluctuation model [24], which is related
to the interface trap density (Nit). Nit can be extracted by
Nit = (SIDC2

OXWLf(VGS − VTH)2γ /q2kT I 2
DS) [25], where

Cox is the capacitance per unit area, γ is the attenuation
coefficient with a value of 108 cm−1, q is the elementary
electric charge, k is the Boltzmann constant, and T is the
temperature [26]. The lowest value of Nit is approximately
calculated to be 5–10 × 1022 eV−1

·cm−3 at high power
(PRF = 70 W) and to be 1–6 × 1022 eV−1

·cm−3 at PRF =

30 W. These values are all extracted in the OPP range of
4.8%–7.2%.

XPS and GIXRD measurements have been performed to
analyze the chemical composition of the SnOx films, deposited
at PRF = 70 and 30 W and with OPP ranging from 2.4% to
9.6%. According to the typical core-level spectra of Sn 3d and
O 1s, the Sn 3d5/2 spectrum consists of the Sn0 peak located
at ∼484.4 eV, the Sn2+ peak at ∼485.9 eV, and the Sn4+

peak at ∼486.6 eV [27], the O 1s spectrum consists of the
OLatt peak located at ∼530.4 eV, the OVac peak at ∼531.8 eV,
and the OChem peak at ∼532.8 eV [28]. In Fig. 4(a) and (d),
we find out that the area percentage of Sn4+ becomes higher
with the increased OPP, whereas the percentages of Sn2+ and
Sn0 get decreased, i.e., the Sn2+ state continues to be oxidized
into the Sn4+ state. Here, while increasing OPP from 2.4%
to 9.6%, the proportion of Sn2+ in the SnOx film, which
was deposited at PRF = 30 W, gets decreased by 14.0%
(i.e., decreased from 37.5% to 23.5%), and the proportion of
Sn4+ increased by 16.3% (i.e., rising from 59.5% to 75.8%),
respectively, compared to 4.4% and 5.3% at PRF = 70 W. For
such case, we can reasonably infer that the reactive sputtering
power affects the process of phase transition between SnO
(Sn2+) and SnO2 (Sn4+), 2SnO + O2 → 2SnO2 [29]. In the
meantime, the transition is accompanied by the oxidation of

Authorized licensed use limited to: Univ Catholique de Louvain/UCL. Downloaded on January 10,2024 at 13:05:13 UTC from IEEE Xplore.  Restrictions apply. 



ZHOU et al.: ELECTRICAL EVOLUTION OF p-TYPE SnOx FILM AND TRANSISTOR 3103

Fig. 3. (a) and (d) ON-state current ION and OFF-state current IOFF, linear mobility µLIN, and SS, (b) and (e) threshold voltage shift ∆VTH under
NBS and SS, versus stress time, and (c) and (f) normalized LFN characteristics at VGS–VTH = −5 V and normalized SID/I2D versus |VGS − VTH|

at 20 Hz of the SnOx TFTs deposited at 70 and 30 W, respectively.

metallic Sn (Sn0), Sn + O2 → SnO2. At high-power PRF
(70 W), SnOx seems to be less sensitive to oxygen, the
internal chemical state transition is slower, and the chemical
composition itself tends to be more stable. Correspondingly,
the evolution of O 1s spectra is well consistent with that trend
of Sn 3d5/2 spectra, as shown in Fig. 4(b) and (e). As OPP
increases from 2.4% to 9.6%, the content of the OLatt peak
(consisting of the O–Sn2+ and O–Sn4+ components) at 70 W
changes from 58.5% to 67.1%, whereas the oxygen vacancy
(OVac) content decreases from 35.7% down to a minimum
value of 24.2%. Similar trends are also observed in the case
of 30 W, in which OLatt increases from 53.8% to 64.1% and
OVac decreases from 39.2% to 28.2%. The GIXRD patterns
in Fig. 4(c) and (f) show the phase change in the SnOx films
deposited at PRF = 70 and 30 W, respectively. The peaks
of the β-Sn phase [14] are slightly detected at OPP = 2.4%
and then get disappeared while increasing OPP. It is consistent
with our XPS characterizations [see Fig. 4(a) and (d)], the Sn0

components get decreased or oxidized while OPP increasing
from 2.4% to 9.6%. The (101), (110), and (112) diffraction
peaks of the α-SnO phase [30] are observed within 2.4%–7.2%
of the OPP, indicating the polycrystalline formation. While
OPP ≥ 9.6%, there are no characteristic peaks for any phases
perceived, suggesting the amorphous nature of the films.
The scanning electron microscopy (SEM) characterizations
validate that the polycrystalline SnOx films are converted into
the amorphous ones while increasing OPP from 2.4% to 9.6%
in our experiments.

To physically understand the device performance, the defect
states inside the SnOx film are schematically illustrated in
Fig. 5, in which the bulk defects are represented by the
sum of the tail and Gaussian states [31], [32]. Normally,
the tail states are mainly composed of the donor-like defect
states (NTD) and acceptor-like defect states (NTA). In the
Gaussian distributed defects, Sn vacancies (VSn) act as shallow
acceptors, lying at 0.12–0.13 eV above the VBM, which were
often expected to contribute to the p-type conductivity inside
the tin monoxide but turned out unlikely to form because
of their high formation energy [33]. With energy level at
∼0.07–0.1 eV above the VBM and much lower formation
energy compared to that of the isolated VSn, the shallow-
acceptor complexes (VSn–H) with the Sn vacancies and the
unintentional impurities (i.e., hydrogen) offer an explanation
for the observed p-type conductivity, as concluded in [33].
Regarding the oxygen-related defects, oxygen vacancies (VO)

are deep donors with a transition level occurring at 0.24 eV
above the VBM and get ionized to form the Vo2+ charge state
in p-type SnOx . When the Fermi level (EF) shifts away from
VBM under a positive gate bias VGS, the ionized Vo2+ will
act as an electron trap (acceptor) and get negatively charged
to form Vo0. That means, the presence of tremendous oxygen-
related (e.g., OVac) defects or subgap states would impede the
EF shifting from the energy level of near VBM to the vicinity
of conduction-band minimum (CBM) because of the trapping
and detrapping effect [34], [35]. Consequently, it leads to the
absence of the ambipolar operation in the p-type SnOx TFTs
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Fig. 4. (a) and (d) Area percentages of the Sn0, Sn2+, and Sn4+ components by deconvoluting the XPS Sn 3d5/2 profile, (b) and (e) area
percentages of the OLatt, OVac, and OChem peaks by deconvoluting the XPS O 1s profile, and (c) and (f) GIXRD spectra of the SnOx TFTs deposited
at 70 and 30 W.

Fig. 5. Schematic illustration of defect states distribution in the p-type
SnOx film.

when a large |VGS| is applied. These are consistent with our
experimental observations in Figs. 2 and 4, and the ambipolar
behavior appears in the SnOx TFTs while increasing OPP up to
4.8% (at RF power of 70 W) or 9.6% (at RF power of 30 W),
with the reduced content of the OVac component in XPS (i.e.,
the oxygen vacancy defect VO). Therefore, on the contrary to
other discussion [36], we confirm that by reducing the oxygen
vacancy and near-VBM defects, it is allowed to change the
electrical characteristics from p-channel only conduction to
ambipolar behavior. In the meantime, oxygen interstitials (Oi )

keep electrically inactive and present in the neutral charge
state for all the values of Fermi level EF [37], while the back-
gate bias (VGS) is swept from the negative to the positive.
Therefore, we conclude that Oi is one acceptor-like, deep
defect in the p-type SnOx .

IV. CONCLUSION

To summarize, we systematically investigated the impact of
OPP and sputtering power (PRF) on the electrical property
of the SnOx films and TFTs. ON-state currents ION of the
SnOx transistors deposited at PRF = 70 and 30 W show a
similar “up-to-down” trend, while OPP is varying from 2.4%
to 9.6%. Within the optimal range of OPP of 4.8%–7.2%, the
device field-effect mobility µLIN can be improved by a factor
of ∼2, compared to the transistors fabricated at the initial OPP
of 3.6%. LFN characterizations confirm that the minimized
noise spectra density and defect density Nit are achieved in the
optimal OPP range. Based on the XPS measurements, it seems
that the chemical states (e.g., the Sn2+ and Sn4+ components)
of the SnOx film sputtered at high-power PRF of 70 W are
less sensitive to oxygen, i.e., less oxidation or phase transition
(2SnO + O2 → 2SnO2), compared with the low-power (PRF
= 30 W) deposition. The GIXRD and SEM characterizations
prove that the polycrystalline SnOx films are converted into the
amorphous nature while increasing OPP from 2.4% to 9.6%
in the experiments. A complete description of defect states is
finally presented for the SnOx material system. We find that
the oxygen interstitials (Oi ) act as deep acceptors but turn to
be inactive regardless of the external back-gate bias (VGS).

Authorized licensed use limited to: Univ Catholique de Louvain/UCL. Downloaded on January 10,2024 at 13:05:13 UTC from IEEE Xplore.  Restrictions apply. 



ZHOU et al.: ELECTRICAL EVOLUTION OF p-TYPE SnOx FILM AND TRANSISTOR 3105

The oxygen vacancies (VO), as the deep donors which can
get ionized to form the acceptor-like Vo2+ charge states,
are effectively suppressed while increasing the OPP, resulting
in the ambipolar behavior in the SnOx TFTs. This work offers
a physical interpretation of the electrical evolution of the SnOx

film and transistor to boost their further exploration and high-
performance development.
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