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Abstract: Oxide semiconductors are regarded as promising materials for large-area and/or flexible
electronics. In this work, a ring oscillator based on n-type indium-gallium-zinc-oxide (IGZO) and
p-type tin monoxide (SnO) is presented. The IGZO thin-film transistor (TFT) shows a linear mobility
of 11.9 cm2/(V·s) and a threshold voltage of 12.2 V. The SnO TFT exhibits a mobility of 0.51 cm2/(V·s)
and a threshold voltage of 20.1 V which is suitable for use with IGZO TFTs to form complementary
circuits. At a supply voltage of 40 V, the complementary inverter shows a full output voltage swing
and a gain of 24 with both TFTs having the same channel length/channel width ratio. The three-stage
ring oscillator based on IGZO and SnO is able to operate at 2.63 kHz and the peak-to-peak oscillation
amplitude reaches 36.1 V at a supply voltage of 40 V. The oxide-based complementary circuits, after
further optimization of the operation voltage, may have wide applications in practical large-area
flexible electronics.
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1. Introduction

Oxide semiconductors have received much attention for a wide range of emerging applications
such as flexible screens and wearable electronics [1,2]. Compared with conventional thin-film
semiconductors such as amorphous silicon, they have a number of advantages including high electron
mobilities, low fabrication temperatures, scalable deposition methods, highly uniform surfaces, and
mechanical flexibility [3]. The desirability of oxide semiconductors is furthered by their large band
gap which allows for high optical transmittance in the visible spectrum, a prerequisite for transparent
electronics [2].

So far, vast progress has been made in n-type oxide semiconductors such as ZnO and amorphous
InGaZnOx (IGZO). For instance, IGZO has started to be commercialized to replace amorphous silicon
for backplane drivers of flat-panel displays [4]. Schottky diodes [5,6] and thin-film transistors (TFTs) [7]
based on IGZO have also demonstrated operating frequencies in the gigahertz regime. In contrast,
there are relatively few studies on p-type oxide semiconductors. P-channel TFTs are necessary in
order to fabricate high-performance CMOS logic gates for practical applications in order to achieve
high noise immunity, low static power consumption, high yield, and good reliability [2]. Currently,
SnO has been regarded as the most promising p-type oxide semiconductor due to its high stability
in air and field-effect mobility in comparison to copper oxide Cu2O [4]. SnO exhibits excellent
p-type conductivity due to the effective overlap of Sn 5s orbitals at the valance band maximum [8].
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Different deposition techniques, including thermal evaporation [9,10], electron beam evaporation [11],
pulsed laser deposition [12,13], and RF/DC sputtering [14–16], have been used to obtain p-type SnO.
Among these techniques, sputtering is more desirable as it is widely used in industries for thin-film
deposition [17]. A field-effect hole mobility above 10 cm2/(V·s) has been realized for SnO TFTs [15],
which is comparable to the typical values obtained by n-type oxide semiconductors such as IGZO
and ZnO. This makes SnO a suitable candidate for future thin-film complementary electronics. So far,
CMOS inverters using n-type semiconductors (such as SnO2, ZnO) and p-type SnO TFTs have been
fabricated [18–22]. CMOS-like inverters based on bipolar SnO TFTs have also been demonstrated [12].
From an applications point of view, it may be highly desirable to complement SnO with IGZO for
CMOS logic gates because both semiconductors can be deposited by sputtering techniques, the
same method widely used in the current IGZO electronics industries. Their mechanical flexibility
and high transparency in the visual region are also preferable for future flexible and transparent
electronic devices, which are regarded as the basis of the Internet of Things. In this work, we
fabricated n-type IGZO and p-type SnO TFTs. The p-type SnO TFTs were optimized through the
use of different thermal treatments of the SnO thin-films. Complementary inverters based on IGZO
and SnO TFTs were demonstrated with a full output voltage swing. By cascading the inverters
with large noise margins, a three-stage IGZO and SnO ring oscillator was fabricated to operate
at 2.63 kHz with a high output amplitude. The incorporation of IGZO and SnO into CMOS logic offers
a promising route towards flexible CMOS electronics, such as radio-frequency identification tags and
fully oxide-based microprocessors.

2. Materials and Methods

The TFTs were fabricated on highly p-type doped Si substrate with 100-nm-thick thermally
oxidized SiO2. By using a 3 in metallic Sn target, a 27-nm-thick SnO film was deposited by using RF
sputtering at 150 W in the Ar/O2 mixture gas. The pressure was 4.6 mTorr and the flow rates of Ar
and O2 were 21 sccm and 3 sccm, respectively. Then the SnO films were thermally annealed in air at
different temperatures from 100 ◦C to 250 ◦C for 1 h. The 50-nm-thick Pt source/drain contacts were
deposited by RF sputtering at 80 W in Ar.

For the n-type TFTs a 24-nm-thick IGZO active layer was deposited by using RF sputtering at
80 W with a pressure of 4.2 mTorr. The atomic ratio for the target was In:Ga:Zn = 1:1:1. Titanium
source/drain contacts were deposited by E-beam evaporator for 50 nm.

The channel width and the channel length of the TFTs were 2 mm and 60 µm, respectively.
All patterns were defined by shadow masks as shown in Figure 1a. The electrical characteristics were
measured by using Agilent E5260B at room temperature in dark. The output of the ring oscillator was
measured by using Agilent 54622A oscilloscope.

Materials 2017, 10, 319  2 of 7 

 

the valance band maximum [8]. Different deposition techniques, including thermal evaporation [9,10], 
electron beam evaporation [11], pulsed laser deposition [12,13], and RF/DC sputtering [14–16], have 
been used to obtain p-type SnO. Among these techniques, sputtering is more desirable as it is widely 
used in industries for thin-film deposition [17]. A field-effect hole mobility above 10 cm2/(V∙s) has 
been realized for SnO TFTs [15], which is comparable to the typical values obtained by n-type oxide 
semiconductors such as IGZO and ZnO. This makes SnO a suitable candidate for future thin-film 
complementary electronics. So far, CMOS inverters using n-type semiconductors (such as SnO2, 
ZnO) and p-type SnO TFTs have been fabricated [18–22]. CMOS-like inverters based on bipolar SnO 
TFTs have also been demonstrated [12]. From an applications point of view, it may be highly 
desirable to complement SnO with IGZO for CMOS logic gates because both semiconductors can be 
deposited by sputtering techniques, the same method widely used in the current IGZO electronics 
industries. Their mechanical flexibility and high transparency in the visual region are also preferable 
for future flexible and transparent electronic devices, which are regarded as the basis of the Internet of 
Things. In this work, we fabricated n-type IGZO and p-type SnO TFTs. The p-type SnO TFTs were 
optimized through the use of different thermal treatments of the SnO thin-films. Complementary 
inverters based on IGZO and SnO TFTs were demonstrated with a full output voltage swing. By 
cascading the inverters with large noise margins, a three-stage IGZO and SnO ring oscillator was 
fabricated to operate at 2.63 kHz with a high output amplitude. The incorporation of IGZO and SnO into 
CMOS logic offers a promising route towards flexible CMOS electronics, such as radio-frequency 
identification tags and fully oxide-based microprocessors. 

2. Materials and Methods 

The TFTs were fabricated on highly p-type doped Si substrate with 100-nm-thick thermally 
oxidized SiO2. By using a 3 in metallic Sn target, a 27-nm-thick SnO film was deposited by using RF 
sputtering at 150 W in the Ar/O2 mixture gas. The pressure was 4.6 mTorr and the flow rates of Ar 
and O2 were 21 sccm and 3 sccm, respectively. Then the SnO films were thermally annealed in air at 
different temperatures from 100 °C to 250 °C for 1 h. The 50-nm-thick Pt source/drain contacts were 
deposited by RF sputtering at 80 W in Ar.  

For the n-type TFTs a 24-nm-thick IGZO active layer was deposited by using RF sputtering at  
80 W with a pressure of 4.2 mTorr. The atomic ratio for the target was In:Ga:Zn = 1:1:1. Titanium 
source/drain contacts were deposited by E-beam evaporator for 50 nm. 

The channel width and the channel length of the TFTs were 2 mm and 60 µm, respectively. All 
patterns were defined by shadow masks as shown in Figure 1a. The electrical characteristics were 
measured by using Agilent E5260B at room temperature in dark. The output of the ring oscillator 
was measured by using Agilent 54622A oscilloscope. 

 
Figure 1. (a) Schematic of the SnO and IGZO TFTs; (b) Transfer and (c) output characteristics of the 
IGZO TFT; (d) Transfer and (e) output characteristics of the SnO TFT. 
Figure 1. (a) Schematic of the SnO and IGZO TFTs; (b) Transfer and (c) output characteristics of the
IGZO TFT; (d) Transfer and (e) output characteristics of the SnO TFT.



Materials 2017, 10, 319 3 of 7

3. Results and Discussion

Figure 1b,c show the transfer and output characteristics of the IGZO TFTs. The device
demonstrated an on/off ratio higher than 107. In the output curves, the good linear regions at low drain
voltages (VD) indicate Ohmic contact between Ti and IGZO. In order to obtain high-quality p-type
SnO films, post-annealing treatments at temperatures below 300 ◦C are normally required [12–15].
In this work, different annealing temperatures were tested on SnO TFTs as shown in Supplementary
Figure S1. The as-deposited film showed high conductivity and no field-effect modulation.
After annealing at 150 ◦C, the device started to exhibit a weak p-type gate dependence, indicating
the formation of a p-type channel. The device performance further improved after annealing at
a higher temperature. It is found that the device annealed at 225 ◦C showed the best overall
performance, and also demonstrated good air stability (Supplementary Figure S2). However, for
the device annealed at 250 ◦C, the off-current increased almost one order of magnitude, which may be
due to the disproportionation reaction of SnO (4SnO→ Sn3O4 + Sn→ 2SnO2 + 2Sn) [12]. In Figure 1d,e,
the transfer and output characteristics of the SnO TFT annealed at 225 ◦C are presented. As the affinity
and bandgap of SnO are estimated to be 3.59 eV [23] and 2.7–3.4 eV [24], in order to form good Ohmic
contact with SnO, metals with a high work function need to be used as the source/drain contact.
In this work, Pt with a work function of 5.4 eV [25] provides a good Ohmic contact according to the
output curves shown in Figure 1e. In the linear transfer curve, the field-effect mobility, µ, and the
threshold voltage, VTH, can be obtained by using

ID =
W
L

Coxµ(VG −VTH)VD, (1)

where ID is the drain current; W and L are the channel width and length; Cox is the capacitance per unit
area of the dielectric; VG is the gate voltage. As shown in Table 1, for the IGZO TFT, it was found that in
the linear regime, the threshold voltage was 12.2 V and the linear mobility was 11.92 cm2/(V·s). For the
SnO TFT, the linear mobility was found to be 0.51 cm2/(V·s). The threshold voltage was 26.3 V which
is higher than that of the IGZO TFT, making it possible to form a high-performance complementary
inverter by using SnO and IGZO TFTs. Another important parameter to describe the performance of
TFTs is called subthreshold swing (SS), given by

SS = ln10
dVG

d(lnID)
= ln10

kBT
q

Nt

Cox
, (2)

where kB is the Boltzmann constant; T is the temperature; q is the electron charge; and Nt is the
total interface trap density (an indicator of the interface and bulk trap densities) in the channel layer.
In the IGZO TFT, the subthreshold swing (SS) was 1.84 V/dec which is slightly high due to the thick
SiO2 dielectric layer. The extracted total interface trap density was 6.41 × 1012 cm−2·eV−1, which is
comparable with the values found in other studies [26]. The extracted total interface trap density of
the SnO TFT was found to 1.03 × 1013 cm−2·eV−1, which is typical for SnO TFTs [12,27] but still much
higher than the value obtained in the IGZO TFT. This might be due to the polycrystalline structure and
the multi-phases in the SnO active layer [2,15]. Such a high trap density also makes the Fermi level
difficult to move up at positive biases, resulting in a low on/off ratio of 102 [13].

Table 1. Electrical characteristics of the IGZO and SnO TFTs.

IGZO TFT at VD = 1 V SnO TFT at VD = −1 V

µ (cm2·V−1 s−1) 11.92 0.51
VTH (V) 12.21 20.11

SS (V/dec) 1.84 28.70
Nt (cm−2 eV−1) 6.41 × 1012 1.03 × 1013

On/off ratio 107 102
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Figure 2a shows the surface morphology of an annealed SnO film which was fabricated under
the same conditions as the SnO in the TFT. The root-mean-square roughness was 0.83 nm. The grain
size was estimated to be around 50 nm, which might contribute to a better hole conduction as the
grain boundaries would restrain the electron transport [9]. In both the AFM image and the scanning
electron microscopy (SEM) image shown in Figure 2b, there are some clusters formed on the SnO
film, which appear to be metallic Sn grains [27]. These clusters are formed after annealing as they
cannot be seen in the SEM image of the as-deposited film (shown in the Supplementary Figure S3).
Since the as-deposited SnO film was highly conductive, it is possible that such high conductivity is
caused by the excess metallic Sn continuously distributed throughout the film [27]. After annealing,
the formation of discontinuous Sn clusters may help to reduce the off-current. The XRD pattern of
the 1-µm-thick SnO film in Figure 2b confirms the existence of metallic Sn. In the SnO films annealed
at 225 ◦C, the excess Sn can exist in two forms, Sn clusters and interstitial tin atoms, in the SnO
lattice [8,27]. The discontinuous Sn clusters should not affect the electrical performance of the SnO TFT.
However, according to first principles calculations, interstitial tin atoms may result in a higher mid-gap
trap density and thus lower the on/off ratio [8]. As these traps are sensitive to the stoichiometry of the
SnO film, the device performance can be further improved by using different sputtering conditions
and post-treatments [27,28].
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The operation of the IGZO and SnO complementary inverter at different supply voltages, VDD,
is shown in Figure 3a. The device demonstrated a full output voltage swing from 0 V to VDD.
The threshold voltage was found to be 17 V where Vin = Vout. It is close to the ideal value, VDD/2.
The input-low voltage (VIL) and the input-high voltage (VIH) are defined as the point where
d(Vout)/d(Vin) = −1. It was found that VIL = 14.4 V and VIH = 20.0 V. The transition region can
be determined by (VIH − VIL) which equals 5.6 V. The noise margin high was found to be 20 V by
using (VDD − VIH), which is 50% of VDD, and the noise margin low was 14.4 V which equaled VIL,
around 36% of VDD. The large values suggest that the complementary inverter could withstand a high
noise level. In Figure 3b, the gain of the inverter at VDD = 40 V was found to reach as high as 24 even
with the same W/L ratio. Compared with the gain obtained by other complementary oxide-based
inverters, for example, 10 for SnO and In2O3 [29], four for SnO and SnO/Cu2O [22], 17 for SnO and
ZnO [21], the combination of SnO and IGZO TFTs shows a promising potential pathway towards
the realization of fully oxide-based electronics. In Supplementary Figure S4, the leakage current, IDD,
at VDD = 5 V was found to be 1.4 nA in the on-state and 2.5 µA in the off-state, corresponding to
9 nW and 12.5 µW static power consumption at the on- and off-states, respectively. The high leakage
current in the off-state is due to the high off-current of the SnO TFT. This can be further improved
by optimizing the device geometry such as the channel width and channel length. By using high-κ
dielectrics or decreasing the thickness of the SiO2 layer, the operation voltage of the inverter can be
further reduced to meet the supply voltage in standard integrated circuits.
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As the maximum gain of the inverter was obtained at a positive input voltage, a ring oscillator
can be built by directly stacking three inverters together as shown in Figure 4a. The extra inverter was
used as a buffer to allow measurement of the output without disturbing the oscillation. The output
voltage as a function of time is shown in Figure 4b at different supply voltages. The output amplitudes
and frequencies are summarized in Table 2. It was found that the peak-to-peak amplitude and the
frequency of the output signal at 40 V were 36.1 V and 2.63 kHz, respectively. Thus, the delay time
for each stage was estimated to be 63 µs by using f = 1/(2ntd), where n is the number of stages
and td represents the delay time. This value is similar to the propagation delay per stage of 50 µs
in the SnO/ZnO ring oscillator [21]. However, the oscillation frequency of the complementary ring
oscillator depends on the transit frequency of the TFT [30], which is proportional to µ/[Lch(Lch + Lol)]
where Lch is the channel length and Lol represents the length of the total overlapping area between
the source/drain and the gate. In this work, Lol was 1.3 mm, significantly larger than the 25 µm used
in the SnO/ZnO ring oscillator [21]. If scaling the device in this work down to the same dimensions
as the bottom-gated IGZO pseudo-ring oscillator with a channel length of 10 µm, a 2 µm overlap
and a td of 136 ns [31], the propagation delay is estimated to be 92 ns. By further reducing Lch to
2 µm and Lol to 5 µm, it is possible to improve the oscillation frequency to 13.56 MHz, which could be
used as the clock generator in oxide-semiconductor–based flexible radio-frequency identification tags.
Despite that being the subject of future work, the demonstration of the complementary SnO/IGZO
ring oscillator shows the potential of the fully oxide-based complementary electronics.
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Table 2. Properties of the three-stage complementary ring oscillator.

VDD Peak-Peak Amplitude Measured Frequency

20 V 8.9 V 0.97 kHz
30 V 23.0 V 1.83 kHz
40 V 36.1 V 2.63 kHz
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4. Conclusions

In this work, complementary inverters composed of the n-IGZO TFT and the p-SnO TFT were
fabricated on Si substrates. The SnO TFT was annealed in air at 225 ◦C for 1 h to obtain p-type
performance. The inverter demonstrated a gain of 24 at a supply voltage of 40 V. By cascading the
inverters, a three-stage ring oscillator was demonstrated. The output frequency was 2.63 kHz with a
supply voltage of 40 V. Our study suggests that other CMOS logic gates and more complex CMOS
circuits can be made using SnO and IGZO TFTs in potential larger-area transparent electronics fully
based on oxide semiconductors.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/3/319/s1,
Figure S1. Transfer characteristics of the SnO TFTs annealed at different temperatures at VD = −1 V.
Figure S2. Transfer characteristics of the SnO TFT annealed at 225 ◦C measured immediately after the fabrication
and after six months in air, respectively. Figure S3. SEM image of the as-deposited SnO film. Figure S4. Output
voltage and the leakage current of the inverter with VDD = 5 V.

Acknowledgments: This work was supported by the Engineering and Physical Sciences Research Council
(EPSRC) (Grant No. EP/N021258/1), the National Natural Science Foundation of China (Grant Nos. 11374185 and
11304180), the Natural Science Foundation of Shandong Province (ZR2013EMQ011), the Independent Innovation
Fund of Shandong University (2013TB008 and 2014QY005), Suzhou Planning Projects of Science and Technology
(SYG201527 and SYG201616) and the North-West Nanoscience Doctoral Training Centre, EPSRC (Grant No.
EP/G03737X/1). All research data supporting this publication are directly available within this publication.

Author Contributions: Aimin Song, Qian Xin and Jiawei Zhang conceived and designed the experiments;
Jiawei Zhang, Jia Yang, Yunpeng Li and Joshua Wilson performed the experiments; Jiawei Zhang and
Xiaochen Ma analyzed the data; Jiawei Zhang and Joshua Wilson wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Toshio, K.; Kenji, N.; Hideo, H. Present status of amorphous In–Ga–Zn–O thin-film transistors. Sci. Technol.
Adv. Mater. 2010, 11, 044305.

2. Fortunato, E.; Barquinha, P.; Martins, R. Oxide semiconductor thin-film transistors: A review of recent
advances. Adv. Mater. 2012, 24, 2945–2986. [CrossRef] [PubMed]

3. Park, J.-S.; Kim, H.; Kim, I.-D. Overview of electroceramic materials for oxide semiconductor thin film
transistors. J. Electroceram. 2014, 32, 117–140. [CrossRef]

4. Park, J.S.; Maeng, W.-J.; Kim, H.-S.; Park, J.-S. Review of recent developments in amorphous oxide
semiconductor thin-film transistor devices. Thin Solid Films 2012, 520, 1679–1693. [CrossRef]

5. Zhang, J.; Li, Y.; Zhang, B.; Wang, H.; Xin, Q.; Song, A. Flexible indium-gallium-zinc-oxide Schottky diode
operating beyond 2.45 GHz. Nat. Commun. 2015, 6, 7561. [CrossRef] [PubMed]

6. Zhang, J.; Wang, H.; Wilson, J.; Ma, X.; Jin, J.; Song, A. Room temperature processed ultrahigh-frequency
indium-gallium–zinc-oxide Schottky diode. IEEE Electron Device Lett. 2016, 37, 389–392. [CrossRef]

7. Su, L.-Y.; Huang, J. Demonstration of radio-frequency response of amorphous IGZO thin film transistors on
the glass substrate. Solid-State Electron. 2015, 104, 122–125. [CrossRef]

8. Togo, A.; Oba, F.; Tanaka, I.; Tatsumi, K. First-principles calculations of native defects in tin monoxide.
Phys. Rev. B 2006, 74, 195128. [CrossRef]

9. Ou, C.-W.; Dhananjay; Ho, Z.Y.; Chuang, Y.-C.; Cheng, S.-S.; Wu, M.-C.; Ho, K.-C.; Chu, C.-W.
Anomalous p-channel amorphous oxide transistors based on tin oxide and their complementary circuits.
Appl. Phys. Lett. 2008, 92, 122113. [CrossRef]

10. Lee, H.-N.; Kim, H.-J.; Kim, C.-K. P-channel tin monoxide thin film transistor fabricated by vacuum thermal
evaporation. Jpn. J. Appl. Phys. 2010, 49, 020202. [CrossRef]

11. Liang, L.Y.; Cao, H.T.; Chen, X.B.; Liu, Z.M.; Zhuge, F.; Luo, H.; Li, J.; Lu, Y.C.; Lu, W. Ambipolar inverters using
SnO thin-film transistors with balanced electron and hole mobilities. Appl. Phys. Lett. 2012, 100, 263502. [CrossRef]

12. Nomura, K.; Kamiya, T.; Hosono, H. Ambipolar oxide thin-film transistor. Adv. Mater. 2011, 23, 3431–3434.
[CrossRef] [PubMed]

13. Ogo, Y.; Hiramatsu, H.; Nomura, K.; Yanagi, H.; Kamiya, T.; Kimura, M.; Hirano, M.; Hosono, H.
Tin monoxide as an s-orbital-based p-type oxide semiconductor: Electronic structures and TFT application.
Phys. Status Solidi A 2009, 206, 2187–2191. [CrossRef]

www.mdpi.com/1996-1944/10/3/319/s1
http://dx.doi.org/10.1002/adma.201103228
http://www.ncbi.nlm.nih.gov/pubmed/22573414
http://dx.doi.org/10.1007/s10832-013-9858-0
http://dx.doi.org/10.1016/j.tsf.2011.07.018
http://dx.doi.org/10.1038/ncomms8561
http://www.ncbi.nlm.nih.gov/pubmed/26138510
http://dx.doi.org/10.1109/LED.2016.2535904
http://dx.doi.org/10.1016/j.sse.2014.10.007
http://dx.doi.org/10.1103/PhysRevB.74.195128
http://dx.doi.org/10.1063/1.2898217
http://dx.doi.org/10.1143/JJAP.49.020202
http://dx.doi.org/10.1063/1.4731271
http://dx.doi.org/10.1002/adma.201101410
http://www.ncbi.nlm.nih.gov/pubmed/21721056
http://dx.doi.org/10.1002/pssa.200881792


Materials 2017, 10, 319 7 of 7

14. Hsu, P.-C.; Chen, W.-C.; Tsai, Y.-T.; Kung, Y.-C.; Chang, C.-H.; Hsu, C.-J.; Wu, C.-C.; Hsieh, H,-H. Fabrication
of p-type SnO thin-film transistors by sputtering with practical metal electrodes. Jpn. J. Appl. Phys. 2013, 52,
05DC07. [CrossRef]

15. Caraveo-Frescas, J.A.; Nayak, P.K.; Al-Jawhari, H.A.; Granato, D.B.; Schwingenschlögl, U.; Alshareef, H.N.
Record mobility in transparent p-type tin monoxide films and devices by phase engineering. ACS Nano 2013,
7, 5160–5167. [CrossRef] [PubMed]

16. Hsu, P.-C.; Chen, W.-C.; Tsai, Y.-T.; Kung, Y.-C.; Chang, C.-H.; Wu, C.-C.; Hsieh, H.-H. Sputtering deposition
of p-type SnO films using robust Sn/SnO2 mixed target. Thin Solid Films 2014, 555, 57–61. [CrossRef]

17. Kamiya, T.; Hosono, H. Material characteristics and applications of transparent amorphous oxide
semiconductors. NPG Asia Mater. 2010, 2, 15–22. [CrossRef]

18. Martins, R.; Nathan, A.; Barros, R.; Pereira, L.; Barquinha, P.; Correia, N.; Costa, R.; Ahnood, A.; Ferreira, I.;
Fortunato, E. Complementary metal oxide semiconductor technology with and on paper. Adv. Mater. 2011,
23, 4491–4496. [CrossRef] [PubMed]

19. Sunamura, H.; Kaneko, K.; Furutake, N.; Saito, S.; Narihiro, M.; Hane, M.; Hayashi, Y. High-voltage
complementary BEOL-FETs on Cu interconnects using n-type IGZO and p-type SnO dual oxide
semiconductor channels. In Proceedings of the 2013 Symposium on VLSI Technology (VLSIT), Kyoto,
Japan, 11–13 June 2013; pp. T250–T251.

20. Li, Y.-S.; He, J.-C.; Hsu, S.-M.; Lee, C.-C.; Su, D.-Y.; Tsai, F.-Y.; Cheng, I.C. Flexible complementary
oxide-semiconductor-based circuits employing n-channel ZnO and p-channel SnO thin-film transistors.
IEEE Electron Device Lett. 2016, 37, 46–49. [CrossRef]

21. Chiu, I.C.; Yun-Shiuan, L.; Min-Sheng, T.; Cheng, I.C. Complementary oxide-semiconductor-based circuits
with n-channel ZnO and p-channel SnO thin-film transistors. IEEE Electron Device Lett. 2014, 35, 1263–1265.
[CrossRef]

22. Wang, Z.; Al-Jawhari, H.A.; Nayak, P.K.; Caraveo-Frescas, J.A.; Wei, N.; Hedhili, M.N.; Alshareef, H.N. Low
temperature processed complementary metal oxide semiconductor (CMOS) device by oxidation effect from
capping layer. Sci. Rep. 2015, 5, 9617. [CrossRef] [PubMed]

23. Xu, Y.; Schoonen, M.A.A. The absolute energy positions of conduction and valence bands of selected
semiconducting minerals. Am. Mineral. 2000, 85, 543–556. [CrossRef]

24. Sivaramasubramaniam, R.; Muhamad, M.R.; Radhakrishna, S. Optical properties of annealed tin(ii) oxide in
different ambients. Phys. Status Solidi A 1993, 136, 215–222. [CrossRef]

25. Lee, D.H.; Nomura, K.; Kamiya, T.; Hosono, H. Diffusion-limited a-IGZO/Pt Schottky junction fabricated at
200 ◦C on a flexible substrate. IEEE Electron Device Lett. 2011, 32, 1695–1697. [CrossRef]

26. Zhang, B.; Li, H.; Zhang, X.; Luo, Y.; Wang, Q.; Song, A. Performance regeneration of InGaZnO transistors
with ultra-thin channels. Appl. Phys. Lett. 2015, 106, 093506. [CrossRef]

27. Li, Y.; Xin, Q.; Du, L.; Qu, Y.; Li, H.; Kong, X.; Wang, Q.; Song, A. Extremely sensitive dependence of SnOx

film properties on sputtering power. Sci. Rep. 2016, 6, 36183. [CrossRef] [PubMed]
28. Zhang, J.; Kong, X.; Yang, J.; Li, Y.; Wilson, J.; Liu, J.; Xin, Q.; Wang, Q.; Song, A. Analysis of carrier transport

and band tail states in p-type tin monoxide thin-film transistors by temperature dependent characteristics.
Appl. Phys. Lett. 2016, 108, 263503. [CrossRef]

29. Dhananjay; Chu, C.-W.; Ou, C.-W.; Wu, M.-C.; Ho, Z.-Y.; Ho, K.-C.; Lee, S.-W. Complementary inverter
circuits based on p-SnO2 and n-In2O3 thin film transistors. Appl. Phys. Lett. 2008, 92, 232103.

30. Brown, A.R.; Pomp, A.; Hart, C.M.; de Leeuw, D.M. Logic gates made from polymer transistors and their
use in ring oscillators. Science 1995, 270, 972–974. [CrossRef]

31. Yin, H.; Kim, S.; Kim, C.J.; Park, J.C.; Song, I.; Kim, S.-W.; Lee, S.-H.; Park, Y. Bootstrapped ring oscillator with
propagation delay time below 1.0 nsec/stage by standard 0.5 um bottom-gate amorphous Ga2O3-In2O3-ZnO
TFT technology. In Proceedings of the 2008 IEEE International Electron Devices Meeting (IEDM), San
Francisco, CA, USA, 15–17 December 2008; pp. 1–4.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.7567/JJAP.52.05DC07
http://dx.doi.org/10.1021/nn400852r
http://www.ncbi.nlm.nih.gov/pubmed/23668750
http://dx.doi.org/10.1016/j.tsf.2013.06.059
http://dx.doi.org/10.1038/asiamat.2010.5
http://dx.doi.org/10.1002/adma.201102232
http://www.ncbi.nlm.nih.gov/pubmed/21898609
http://dx.doi.org/10.1109/LED.2015.2501843
http://dx.doi.org/10.1109/LED.2014.2364578
http://dx.doi.org/10.1038/srep09617
http://www.ncbi.nlm.nih.gov/pubmed/25892711
http://dx.doi.org/10.2138/am-2000-0416
http://dx.doi.org/10.1002/pssa.2211360126
http://dx.doi.org/10.1109/LED.2011.2167123
http://dx.doi.org/10.1063/1.4914296
http://dx.doi.org/10.1038/srep36183
http://www.ncbi.nlm.nih.gov/pubmed/27824093
http://dx.doi.org/10.1063/1.4955124
http://dx.doi.org/10.1126/science.270.5238.972
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 

