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Supplementary section S1. Fabrication flow schematics

Figure S1. Stepwise fabrication flow of TiO2 thin film transistors and the corresponding 

cross-section illustration for each step. 
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Supplementary section S2. Top-view SEM image and device dimension

Figure S2 shows the SEM planar image of our fabricated TiO2 thin film transistors. 

The active channel of TiO2 TFTs is 18 (length)× 10 (width) m2, while the contact pad 

area is designed 120 × 120 m2 for probe electrical measurement. The gap lengths 

between the top gate and the active channel were fabricated as 2.2 and 4.4 m, 

respectively. We notice that the edge of metallic pads is rounded and not perfectly 

complete probably due to contamination during the photolithography process.

Figure S2. SEM image of the fabricated TiO2 thin film transistors. 
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Supplementary section S3. XRD and Raman measurement of TiO2 thin film

To investigate the TiO2 film quality as the channel material, the X-ray diffraction 

technique and Raman spectroscopy were typically utilized to characterize the crystalline 

phase and thin film quality. Figure S3a exhibits the XRD spectrum of TiO2 thin film 

deposited on silicon substrates, where three distinct diffraction peaks were collected at 

25o, 35o, and 46o. These three peaks correspond to the crystalline facets of  (101),  (004), 

and (200) for the anatase phase of TiO2 (JCPDS, No.21-1272), showing a good 

crystallinity of deposited TiO2 thin film after annealed at 500 oC for 30 min.1-2  We also 

observe that our collected signal intensity of XRD spectra is much lower than the 

counterparts reported in other literature due to the ultrathin thickness of our deposited 

TiO2 thin films (~ 15.8±0.4 nm). This is also the reason why we have chosen silicon as 

the substrate for material characterization for high collection signals (TiO2 thin film was 

deposited on Si substrate for XRD analysis. To confirm the improvement of crystallinity 

and quality of TiO2 thin film before and after annealing, we also collected the 

corresponding Raman spectra using a 325 nm laser at the Raman shift ranging from 100 

cm-1 to 800 cm-1 (Figure S3b). For as-deposited TiO2 thin film, we can only observe one 

Raman peak of Si substrate located at 520 cm-1 without significant Raman features of 

TiO2 thin film, which suggests the amorphous phase before annealing. In terms of the O2-

annealed TiO2 thin film, there exist three obvious Raman features located at 142, 396, 

and 635 cm-1, which corresponds to the Eg, B1g, and Eg modes of the anatase phase of 

TiO2 accordingly.3 We also noticed that the Raman peaks of silicon are present since an 

ultrathin layer of TiO2 thin film (15.8±0.4 nm) was deposited directly on bare silicon 

substrates due to their low Raman scattering cross-section and high optical 
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transparency.4-5 Based on the XRD and Raman spectrum, we can confirm the formation 

of the anatase polycrystalline phase of TiO2 thin film after O2 annealing, which could 

contribute to a higher electron mobility as a channel material. 

Figure S3 Material characterization of as-deposited and annealed TiO2 thin film. (a) 

XRD spectrum showing the (101) orientation and the anatase phase after TiO2 thin film 

annealing at 500 oC for 30 min at an oxygen atmosphere. (b) Raman Spectra showing the 

improvement of crystallinity after O2 annealing treatment.
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Supplementary section S4. XPS measurement of TiO2 thin film

Figure S4 shows the X-ray photoelectron spectroscopy (XPS) and ultraviolet 

photoelectron spectroscopy (UPS) characterizations for the as-deposited and annealed 

TiO2 films. Figure S4a gives the survey results of the material, O 1s, Ti 2p, and the VB 

binding energy can be found in the spectra, and the existence of C 1s could be due to the 

inevitable contamination. Figure S4b exhibits the Ti 2p orbital binding energies with 

typical Ti4+ splits at 464.8 eV (2p1/2) and 458.9 eV (2p3/2); while for the as-deposited one, 

a pair of extra peaks present at 463.3 eV (2p1/2) and 457.2 eV (2p3/2) could be due to the 

byproducts of Ti3+ species6-7. The O 1s spectra (Figure S4c) confirm the existence of Ti3+ 

species before annealing, where the O 1s at 530.4 eV and 530.8 eV are assigned to O 

bonded to Ti4+ and Ti3+, respectively7. The valence band results from UPS 

characterization are shown in Figure S4d, we can see a shift of the valence band from 

2.61 eV to 3.00 eV after annealing the TiO2 which removes the defects raised from Ti3+-

associated species, the phenomenon is in good agreement with the previous report6. The 

characterization results indicate that the annealing process removes the defects of non-

totally oxidized Ti, therefore improving the crystalline lattice and electron mobility. 
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Figure S4 XPS characterization of as-deposited and annealed TiO2 thin film. (a) XPS 

survey for the as-deposited (pink line) and annealed (dark cyan) TiO2 layers. Ti 2p 

spectra (b), O 1s spectra (c), and UPS valence bands (d) for as-deposited (top section) 

and annealed (bottom section) TiO2 layers. 
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Supplementary section S5. AFM measurement of TiO2 thin film

AFM technique is one of the common techniques to characterize the surface 

roughness of thin films. Figure S5a shows the 3D schematic illustration of surface 

roughness over an area of 1×1 m2. The root mean square (RMS) of thin film is to 

characterize the surface microscopic peaks and valleys. The root mean square of the 

surface roughness is around 0.3 nm, which suggests the surface of the as-deposited TiO2 

thin film is quite uniform at atomic levels. Figure S5b presents the vertical profile as a 

function of horizontal distance. 

Figure S5. AFM measurement of the as-deposited TiO2 thin film. (a) 3D schematic 

illustration of surface roughness over an area of 1×1 m2. The surface roughness (RMS) 

of the thin film is around 0.3 nm, which is limited by the detection limit. (b) Vertical 

profile as a function of horizontal distance.
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Supplementary section S6. Ellipsometry measurement of TiO2 thin film

To measure the thickness and uniformity of TiO2 thin film, ellipsometry is an 

indispensable technique to investigate the dielectric properties by collecting the change of 

polarization of incident light and fitting the result to an appropriate model. The change of 

polarization can be characterized by the amplitude ratio (ψ) and phase difference (Δ), 

which are dependent on the optical properties and thickness of thin films. Figure S6 

shows the spectral ellipsometry result of TiO2 thin film on silicon substrates. As is shown 

in Figures S6a, 6b, and 6c, we have collected the ellipsometry signals over five different 

locations and the averaged thickness is 15.76±0.43 nm, suggesting excellent TiO2 thin 

film uniformity. Figure S6d illustrates the spectral dependent amplitude component (ψ) 

and phase difference (Δ), which are fitted by the Cauchy model with good agreement.8-9 

Even though the electron mobility of TiO2 thin film is dominated by thin film quality and 

crystalline phases, the electron mobility can deteriorate significantly when the thickness 

of TiO2 thin film decreases to a threshold value due to significant surface scattering. It 

would be interesting to take a closer look at the role of decreased thin film thickness on 

the transistor electrical performances, which will be our future work. 
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Figure S6. Ellipsometry measurement of TiO2 thin film on silicon substrates. (a) 

Schematic illustration of measured various positions across the whole sample (2 cm × 2 

cm). (b) Color map of thermally-grown TiO2 thickness collected at five positions. (c) 

Table of measured results of TiO2 thickness collected at various positions. The average 

thickness of thermally-grown TiO2 is 15.76±0.43 nm. (d) Fitted curves of Psi and delta 

signals as a function of wavelength in a unit of nm. 
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Supplementary section S7. Source and drain contact resistivity between Al(Pt)/TiO2 

interfaces

Before we investigate the electrical properties of TiO2 thin film transistors, we have 

to make sure of the formation of Ohmic contact between Al and TiO2 layers. The transfer 

length method, also known as TLM, is a common technique to determine the specific 

contact resistivity of metal-semiconductor interfaces, which show Ohmic contact 

behaviour10-11. The specific contact resistivity (ρC) can be fitted via the function between 

total resistance (Rtotal) and transfer length (LT) as illustrated in the following Equation (1): 

wherein RS stands for the sheet resistance of the semiconducting layer. Figures S7a and 

S7b illustrate the top-view design layout and the corresponding cross-section schematic 

for TLM measurement. The blue rectangular represents the metal pad directly deposited 

onto as-fabricated TiO2 thin film. The deposited metal pads are spaced at various 

distances from 5 m to 150 m for the electrical measurement of I(V) curves. Figure S7c 

represents the current-voltage characteristics performed across each gap spacing and  I(V) 

curves show good Ohmic properties since each curve crosses the origin (0,0) and the 

calculated resistance increases as the gap widens. Figure S7d shows the plot of calculated 

total resistance (Rtotal) as a function of gap length and the red dotted line represents the 

fitting result, where we can determine the transfer length (LT) of 6.58 m and the specific 

contact resistivity (ρC) of 0.13 Ω·cm2. We also notice the fitted specific contact resistivity 

is 3-4 orders of magnitude higher compared with well-established silicide technology, 
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which suggests there is plenty of room for improvement in terms of drain/source 

contacts12-13. 

Figure S7 (a) Top view of design layout for TLM measurement. The blue rectangular 

represents the metal pad directly deposited onto as-fabricated TiO2 thin film. (b) The 

cross-section schematic illustration shows spaced metal pads with designated distances. 

(c)  Current-voltage relation of TiO2/Al/Pt contacts. Each curve represents the contact 

measured with various spacing distances. (d) Total resistance (RTotal) plotted against the 

transfer length (L) with calculated electrical parameters of TiO2/Al/Pt contacts. 
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Supplementary section S8. MOS electrostatics: leakage current, breakdown voltage, 

and effective mobility extraction

For the electrical performance of thin film transistors, three major parameters need 

to be investigated including the leakage current, breakdown voltage, and effective 

mobility extraction. To study the electrical property of the MOS (metal-oxide-

semiconductor) configuration, as is shown in Figure S8a, we have fabricated a new 

device consisting of a Ti/Pt top metal, an Al2O3 oxide layer, and an ALD-deposited TiO2 

layer (Ohmic contacted with another layer of Al/Pt). Figure S8b shows the leakage 

current as a function of applied voltages collected from three different devices. It is 

noticeable that the breakdown voltages of the three devices are around 4.8 V and the 

corresponding breakdown electrical field is 6.0 MV/cm, which is close to the reported 

values and lower than the counterpart of SiO2 dielectrics due to the lower band gap14-15. 

We also observe that the leakage current density is below 10-6 A/cm2 at the voltage range 

-2.0 V to +2.0 V of our interest, suggesting our deposited Al2O3 layer is of good 

insulating quality. The capacitance of the Al2O3 layer can be extracted via capacitance-

voltage measurement at a frequency of 1.0 KHz (Figure S8c) and the corresponding value 

is 1.05×10-6 F/cm2. Figure S8d shows the transfer curve of TiO2 thin film transistors 

collected at VDS = 100 mV. It can be found that the threshold voltage is 0.20 V via the 

extrapolation in the linear region (gate voltage axis intercept, i.e., IDS = 0). We can also 

calculate the effective electron mobility of TiO2 thin film using the equation (E1):

𝜇= 𝐿/(𝐶𝑜𝑥 ∙ 𝑊 ∙ 𝑉𝐷𝑆) ∙
∂𝐼𝐷𝑆
∂𝑉𝐺𝑆

Where   is the geometrical capacitance of the Al2O3 dielectric layer; L and W represent 𝐶𝑜𝑥

the channel length and width, respectively. Our calculated electron mobility of TiO2 thin 
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film is 3.87 cm2·V-1·s-1, which is comparable with the as-far best-reported value (~10.7 

cm2·V-1·s-1).16 We understand that there are many other methods to estimate an effective 

electron mobility, and each method has its pros and cons. Herein, for a fair comparison, 

we followed the same extraction procedure in the field of TiO2 thin film transistors. 

Figure S8 (a) Cross-section schematic of MOS structure and the electrical connection. 

The thickness of each layer corresponds to the TiO2 thin film transistors. (b) Leakage 

current as a function of applied voltages ranging from -3.0 V to +6.0 V. (c) Capacitance-

voltage measurement based on MOS structure to extract the COX at a frequency of 1.0 

KHz. (d) Transfer curve of TiO2 thin film transistors collected at VDS = 100 mV to extract 

the effective mobility and the threshold voltage. 
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Supplementary section S9. Subthreshold swing calculated at various temperatures

To investigate the temperature-dependent transfer characteristics, we have 

calculated and plotted the subthreshold swing of TiO2 TFTs at various temperatures. 

Figures S9a and S9b present the transfer and output curves at T= 77 K (VDS ranging from 

0.2 V to 2.0 V at an interval of 0.2 V. Our proposed TiO2 TFTs can operate at low 

temperatures and show similar behaviour compared with the counterparts at T =300 K. 

Figures S9c and S9d plot the extracted subthreshold swing as a function of temperature 

collected at VDS = 0.2 V and 2.0 V, respectively. The temperature ranges from 300 K to 

77 K at an interval of 30 K. We notice that the extracted subthreshold swing decreased as 

a function of temperature at the same drain-to-source current. Figure 3e presents the 

minimum subthreshold swing as a function of temperature, which manifests that the 

minimum subthreshold swing value decreases linearly against temperature.
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Figure S9 (a)-(b) Extracted subthreshold swing as a function of temperature collected at 

VDS = 0.2 V (a) and 2.0 V (b), respectively. The temperature ranges from 300 K to 77 K 

at an interval of 30 K. 
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Supplementary section S10. Dynamic switching speed at T = 77 K

To further study the time-resolved transient switching characteristics of TiO2 TFTs 

at T = 77 K, we have repeated the measurement demonstrated in Figure 3 from the main 

text. Figures S10 (a)-(f) represent the corresponding dynamic time traces collected at 

different frequencies from 100 Hz to 10 MHz at an interval of one order of magnitude. 

We notice that the switching behaviour of TiO2 thin film transistors operated at T = 77 K 

shares a similar trend compared with the counterpart at 300 K. Our result shows that the 

proposed TiO2 TFTs can be switched on and off at various temperature ranges.

Figure S10 Transient threshold switching dynamics of TiO2 thin film transistors at T = 

77 K. (a)-(f) represent the corresponding dynamic time traces collected at different 

frequencies from 100 Hz to 10 MHz at an interval of one order of magnitude.

18



Supplementary section S11. Benchmark and highlights of electrical performance

Table S1 Benchmark of electrical performance for our proposed TiO2 TFTs and the 
counterparts reported from other literature
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