Enhancement on the Performance of Eco-friendly Solution-Processed InO/AlO Thin-film Transistors via Lithium Incorporation
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Abstract
Solution-processed fabrication of thin-film transistors (TFTs) has low cost and roll-to-roll capability. Indium oxide is one of the promising materials for the metal oxide semiconductor layer in TFTs. Early works used high temperature (~700 °C) anneal, which is not suitable for flexible substrates. The toxic solvents, such as 2-methoxyethanol (2-Me), have been widely used in the preparation of precursor solutions. To overcome these challenges, we propose a low temperature (≤ 250 ℃) and an eco-friendly process through the incorporation of lithium. Both X-ray photoelectron spectroscopy and electrical characterizations were carried out to optimize the process. The best result was obtained with 10 at.% lithium incorporation. The high field-effect mobility, averaged over 30 devices, is 21.6 cm2∙V-1∙s-1, which is 380% higher than the groups without lithium incorporation and is higher than or comparable with those reported by early works for the low-temperature solution prepared InO films. They were used to build an inverter successfully. Moreover, the bias stability of the transistors was also proved to be improved through lithium doping. This eco-friendly solution process has the potential for low-cost fabrication of TFTs on the flexible substrate.
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1. Introduction
Owing to its potential for large-area deposition, equipment facility, roll-to-roll ability, non-vacuum processing, and low cost, solution-processed fabrication has attracted much attention, especially for fabricating metal oxide (MO) thin-film transistors (TFTs) [1-5]. Among various metal oxides, indium oxide (InO) is a promising semiconductor due to its high carrier mobility, a wide bandgap (3.6-3.75 eV), and superb transparency in the visible region [5-9]. These advantages make the solution-processed InO a promising candidate for fabricating high-performance MO TFTs.
Early work fabricated InO film with good quality through a high-temperature (~700 °C) annealing, which gives the critical energy needed for 1) dissociation, 2) condensation and densification, and 3) solvent residues removal for the network structure formation of metal−oxygen−metal (M−O−M) [10]. There is a trade-off between the annealing temperature and the film quality. Lowering temperature leads to an increase of oxygen vacancy (Vo) and metal-hydroxyl (M-OH) bonds, which possibly act as traps in the film. Since the high-temperature process is not suitable for fabricating MO TFT on flexible substrates, there is a need to develop a new low-temperature process. Another problem with the solution-based fabrication of MO TFTs is the common use of toxic solvents such as 2-methoxyethanol (2-Me) in preparing precursor solutions [11, 12]. 
The objective of this work is to tackle these challenges by developing an eco-friendly low temperature (<300 °C) process. To address the issue of the defect-rich phenomenon with a low-temperature process, we employed an alkali metal, lithium (Li) ion, as a dopant in the InO matrix. According to related research, Li+ ion could be an appropriate dopant due to its larger Lewis acid strength and smaller size than In ion [13, 14]. As a result, the electron cloud in MO films would be polarized away and the carrier scattering would be reduced [13]. Furthermore, the dissociation energy of Li oxide ( ~3.4 eV) is stronger than that of InO ( ~3.3 eV), so that the Li+ ion in the InO could be a suppressor of VO [15-17]. The defects could be reduced and the reliability of the device could be improved through the incorporation of Li+ ion, therefore. Moreover, although previous studies showed that the dopants of the divalent metal ion or trivalent metal ion (Dy3+, Ni2+, and Gd3+, etc.) enhance the device stability, the mobility of the transistors are sacrificed due to a reduction of carrier concentration [15, 18, 19]. In contrast, as a monovalent metal ion, Li+ ion could act as an electron donor in the InO networks and lead to an enhancement on mobility, which has been proved in zinc oxide TFTs in previous investigations [20, 21]. On the non-toxic solvent, we used deionized water (DI water) as the solvent of the precursors, which has better solubility for indium nitrate (In(NO3)3), lower molar mass, and lower boiling point (100 °C) than 2-Me (>130 °C).
For the insulator layer, the solution-processed high-k dielectric materials are being widely investigated on the application of TFT, since they can simultaneously guarantee the large insulation capacitance and low leakage current [22]. In this research, we chose solution-processed AlO as the high-k dielectric. Although there are some other MO dielectrics such as HfO [23-27], ZrO [28], YO [29] and SrO [30], etc. have been reported to shows higher permittivity (>10) than AlO (~9), the AlO exhibit a better leakage performance due to its wide bandgap (~8.7 eV), and which is the main issue for the InO based TFTs [15, 18, 31]. Moreover, the aluminum nitrate (Al(NO3)3), a widely used precursor for solution-processed AlO films, has been proved to have excellent solubility in water and able to decomposition under a low-temperature process (<300 ℃) [1, 12].
In this work, we first report on the optimization of Li incorporated aqueous solution-processed InO semiconductor layers. InO films with 0 at.%, 5 at.%, 10 at.% and 15 at.% Li incorporation were prepared, tested, and analyzed in detail. TFTs were then fabricated after combining the InO films with the solution-processed AlO dielectric. Under a processing temperature below 250 ℃, the devices showed a mobility of 21.6 cm2∙V-1∙s-1, a subthreshold swing (S.S.) of 0.25 V/dec, and a threshold voltage (Vth) of 0.5 V. It should be noted that these results were averaged over 30 samples. Compared with the solution-processed In-based TFTs reported by recent works (Table Ⅰ), the TFTs in this study exhibit comparable or superior mobility [30, 32-40]. Next, through connecting the drain of TFT with a resistor, an inverter was successfully set up and tested. Finally, to further understand and optimize the TFT reliability, a positive gate bias (PGB) stress was conducted. The stability of the Li incorporated group was improved and the mechanism was analyzed.
2. Experimental
All of the chemicals were supplied by Aladdin and used as received. The AlO precursor solution was prepared by dissolving 0.6 M aluminum nitrate nonahydrate (Al(NO3)3∙9H2O, Aladdin) in DI water. 7.5 M hydrogen peroxide (H2O2, Aladdin) was added to reduce the defects in the dielectric layer. The InO precursor solution was prepared by dissolving 0.1 M indium nitrate hydrate (In(NO3)3∙xH2O, Aladdin) in DI water. Different Li concentrations (0, 5, 10 and 15 at.%) were obtained by dissolving 0, 0.005, 0.01 and 0.015 M lithium acetate (LiOOCCH3, Aladdin) in the InO precursor solution, respectively. The solutions were ultra-sonically cleaned and filtered through a 0.45 μm poly(ether sulfone) (PES) syringe.
For TFTs fabrication, Fig. 1 shows that the AlO precursor solution was spun onto the heavily doped silicon substrates to prepare the dielectric layer. After that, the InO precursor solutions were spun onto the surface of the AlO layer, followed by annealing at 250 °C under ambient atmosphere for 1 hour. This temperature was selected based on the thermogravimetric analysis (TGA) in Fig. 2. It clearly shows that the solvent residues for the aqueous-based solution can be effectively removed at a temperature of 250 ℃ or above, which is consistent with the previous reports [41, 42]. 250 ℃ is a good trade-off between the physically stable thin films and a low thermal budget, therefore.
Al source and drain electrodes were deposited onto the semiconductor layer through a shadow mask with a Width/Length (W/L) ratio of 15. It should be noted here that a W/L more than 10 could effectively reduce the overestimation of the field-effect mobility according to the previous report [43].
The surface morphologies of the InO layers were observed by atomic force microscopy (AFM, BRUKER Nanoscope V). The thermal behavior of the InO precursor powders was characterized by the thermogravimetric analyzer and differential scanning calorimeter (TGA-DSC, Jupiter STA449F3) at a heating rate of 10 °C/min from 20 to 500 °C after dehydration at 105 °C for 12 hours. The crystallization and structural information of the sol-gel derived films were displayed using x-ray diffraction (XRD, BRUKER D8 ADVANCE) with Cu Kα radiation (𝜆=1.542 Å). The oxygen chemical bonds were analyzed through X-ray Photoemission Spectroscopy (XPS, Thermo scientific ESCALAB 250Xi with Al Ka X-ray source). The electrical characteristics of the TFTs were revealed utilizing a semiconductor analyzer (Keysight, B1500 A) in the dark at room temperature. Vth was obtained from the result of IDS-VGS in the saturation region by plotting (IDS1/2) vs VGS. The mobility (μ) and S.S. were calculated by the following equations:
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3. Results and Discussion
[bookmark: _Hlk32786907][bookmark: _Hlk32842082]	As depicted in Fig. 2, for all the 4 groups, the samples exhibit great weight loss at from 200 ℃ to 250 ℃. This could be attributed to the decomposition of the residual nitrates [42]. For 10 at.% and 15 at.% groups, both of them start losing weight obviously at about 100 ℃ and 15 at.% group shows a greater extent. This could be mainly explained by the dihydroxylation procedure (from In(OH)63+ to In2O3) and the incorporation of Li+ ion intensifies this procedure [41]. After 250 ℃, the curve tends to flatten, which means that the compositions of the films become steady. However, due to the addition of lithium acetate in solution precursor, the slightly different rate of weight-losing and the variation in the final percentage weight is difficult to explain with a single cause. It might have resulted from the extra decomposition procedures (such as the decomposition of the acetate and so on) and the composition variation of the final product (such as the different concentrations of Li element in MO network). To accurately evaluate the quality of the films, further physical measurements were carried out.
Fig. 3 shows the XRD patterns of InO thin films with different concentrations of Li incorporation. The group of pure InO films exhibit an amorphous structure after 250 ℃ annealing. This agrees with the previous studies that the aqueous solution-processed pure InO presents an obvious crystalline peak at 30.6° corresponding to the (222) plane only when the annealing temperature was up to 300 ℃ [41, 44, 45]. Furthermore, it was reported that the Li+ ion dopants in the InO layer suppress the crystallization of InO lattice, because of the ionic radius difference between Li+ and In3+ in Li incorporated InO films [46]. All films show an amorphous structure, which is favorable since crystallization causes non-uniformity for TFTs [46].
Surface morphologies of all InO films were observed through AFM measurements. The results are displayed in Fig. 4 and the root-mean-square (RMS) roughness of the groups with 0, 5, 10 and 15 at.% Li incorporation are summarized in Table Ⅱ. For the Li+ ion concentration of 0, 5, 10 and 15 at.%, the films showed RMS roughness of 0.263, 0.277, 0.291 and 0.332 nm, respectively. These results prove that the film fabricated in this study was extremely smooth. The incorporation of Li+ ion leads to a slightly rougher surface, which could be explained by the phase-separation of the Li+ and In3+ during the film formation process [47].
[bookmark: _Hlk32842116]To investigate the impact of Li incorporation on the chemical bonding states and compositions of InO layers, the X-ray photoelectron spectra (XPS) were measured and plotted in Figs. 5(a) to (e). The O 1s XPS spectra can be divided into three sub-peaks through deconvolution. They are centered at 529.8, 531.0, and 531.8 eV, which correspond to the M-O bonds (OM), the O2− ions near Vo (OV), and the M-OH bonds (OH), respectively [42, 48, 49]. The M-O bonds are the final product transformed from the precursor solution and provide a stable conductive channel while the gate voltage is applied [22]. The VO is generated by the loss of oxygen in the M-O network during the transformation process, while the M-OH bonds are mainly generated from the incomplete conversion of the metal hydroxide residues and the reaction of the film’s surface with the absorbed moisture [50, 51]. Both of the VO and M-OH bonds are unstable, which may lose electrons and induce positive ions that act as defect states under the application of gate bias [50]. As shown in Table Ⅱ, the area ratios of M-O peaks (centered at 529.8 eV) increases with Li+ concentration and reach a maximum of 67.1 % at 10 at.% Li. This phenomenon could be attributed to Li assisting the formation of In-O network and the suppression effect on Vo [15, 18, 32]. Excessive doping of Li to 15 at.%, however, has an adverse effect: an increase of M-OH peak and a decrease of M-O peak. This can be mainly attributed to the increase in lithium hydroxide (LiOH) and the degradation of InO microstructure [17]. As a result, 10 at.% Li incorporation is the optimal condition.
[bookmark: _Hlk8863738][bookmark: _Hlk32521009]Fig. 6(a) shows the transfer characteristics of Li-InO/AlO TFTs with Li at 0, 5, 10, and 15 at.%, respectively. Fig. 6(b) gives the output characteristics under different gate voltage (Vg) for TFTs with 10 at % Li. They exhibit convincing n-channel field-effect transistor characteristics. Drain voltage in Fig. 6(b) was swept in both directions and hysteresis is negligible. Their key properties are summarized in Table Ⅲ, which are the average values of 30 devices and the histogram are plotted in Figs. 7(a) to (d). The samples with 10 at.% Li incorporation have the highest mobility of 21.6 cm2∙V-1∙s-1, the lowest subthreshold swing (S.S.) of 0.25 V/dec, a Vth of 0.5 V, and an on/off current ratio of approximately 104. The defects induced by VO and M-OH at the interface of the InO/AlO layers could ruin the conduction channel and cause degradation on mobility as well as the S.S. [21]. Therefore, the transfer characteristics of the groups with different Li concentration agrees with previous XPS results. As Li+ concentration reaches 15 at.%, the on/off ratio is reduced significantly to less than 1000. The devices can no longer be switched off properly and the leakage current increased by over one order of magnitude. It appears that there is a limit for the Li incorporation into InO. Once this limit is reached, the excessive Li introduces defects in the film [52]. They cause resistor-like conduction between source and drain, which is not controlled by the gate. 
As the Li concentration increasing, Fig. 6(a) shows that the off current of the devices increases as well. This could be explained by the extra electron provided by Li+. According to recent research, the increasing trend of mobility is always accompanied by a rising trend of the off current [15, 18]. When Li concentration is below 10 at.%, the simultaneous increase of off current and mobility with Li concentration in Fig. 6(a) maintains the on/off current ratios at the magnitude of 104 for all these groups.
[bookmark: _Hlk32842191][bookmark: _Hlk32842232]To explore the applications of the TFTs in circuits, a resistor-loaded inverter was built by connecting the 10 at.% Li incorporated InO/AlO TFTs in series with a 220 kΩ resistor, as illustrated in Fig. 8(a). The static voltage transfer characteristics (VTC) and the voltage gain values are displayed in Fig. Fig. 8(b). The device exhibits a gain value of more than 6 under a VDD of 3.0 V. In addition, the output high (VOH) and low (VOL) voltage, as well as the input high (VIH) and low (VIL), could be extracted from the VTC curve. Under the VDD of 3.0 V, the noise margin was calculated ((VOH-VIH+VIL-VOL)/VDD) with a high value of 65 %, indicating a strong noise tolerance that has potential to be applicated in multi-stage circuits [53]. The dynamic behavior of the inverter was measured with an input voltage of a square waveform at 1, 10 and 100 Hz, depicted in Figs. 8(c) to (e), respectively. These results show that the output voltage has the inverter-like on/off states up to 100 Hz. This compares well with the sub-10 Hz reported by recent works [32, 54].
[bookmark: _Hlk19024997][bookmark: _Hlk32787541]To investigate the reliability of the TFTs with Li incorporation, a 1000 s positive gate bias (PGB) stress was applied to the samples with 10 at.% and without Li incorporation. As shown in Fig. 9(a), the Vth of the devices without Li incorporation was shifted by 1.3 V, while the ones with 10 at.% incorporation were shifted by only 0.85 V along the negative direction. The Vth-stability is improved by 35% through Li incorporation, therefore. It should be noticed that, unlike most reports of a positive shift for Vth under a PGB test, the devices in this work show a negative shift. This could be explained by the positive charge accumulation at the backchannel of the devices (the side far from the interface between InO and AlO layers), as shown in Figs. 9(b) and (c) [50]. For a bottom-gate n-channel TFT, once the bias applied on the bottom gate has reached the Vth, a conductive channel is formed by the electrons near the dielectric layer (the small-blue dots in Fig. 9(c)). Under a duration PGB stress, the VO and M-OH bonds in the bulk of semiconductors can become positively charged and accumulated at the backchannel (the big-red dots in Fig. 9(c)). These positive charges effectively act as an extra positive “top gate” bias, which assists in the formation of the conductive channel [50]. In addition, due to no real gate dielectric between the positive ions (in the backchannel) and the channel, the capacitance of “top-gate” in this work is much larger than that in the conventional dual-gate TFTs according to equation (3),
	,
	(3)


where ɛ is the relative permittivity of the InO,  is the dielectric constant of vacuum, S is the area of the surface and d is the thickness of the layer between the “top gate” and the electron channel. Therefore, the top gate has a strong gate-control ability on the channel and even a small amount of positive ions can lead to a significant negative ΔVth [50]. The Li-incorporation reduces the amount of Vo and M-OH bonds, weakens the effect of “top gate”, and improves the Vth–stability.
4. Conclusion
In this work, we have presented a fully solution-processed fabrication scheme for Li-incorporated InO/AlO thin-film transistors using an eco-friendly solvent. The effects of Li concentration were studied through both physical and electrical characterizations and the optimal level is found to be 10 at.%. The XPS results suggest that Li+ ion incorporation assists in forming a strong InO network. The low-temperature InO TFTs were successfully fabricated with mobility of 21.6 cm2∙V-1∙s-1, a threshold voltage of 0.5 V, subthreshold swing of 0.25 V/dec, and on/off ratio of ~104, averaged over 30 samples. Utilizing the devices in this group, a resistor-loaded inverter was demonstrated with a frequency of up to 100 Hz. Moreover, a PGB test was carried out and the improvement on device bias stability was proved through Li incorporation.
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Fig. 1 Schematic diagrams of the fabrication process flow of the Li-InO/AlO TFTs.
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Fig. 2 TGA results of InO incorporated by different Li concentrations.
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Fig. 3 XRD spectra of InO incorporated by different Li concentrations.
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Fig. 4 AFM spectra of InO incorporated by different Li concentrations.
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Fig. 5 XPS spectra of (a) 0 at.%, (b) 5 at.%, (c) 10 at.%, and (d) 15 at.% Li doped samples. (e) Atomic percentage of M-O bonds, Vo, and M-OH bonds at different Li concentrations.
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Fig. 6 (a) Transfer characteristics of 0, 5, 10, and 15 at.% Li incorporated samples. (b) Output characteristics of 10 at.% Li doped samples.
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Fig. 7 Histogram and line graph of mobility and Vth of InO TFTs
incorporated with various Li+ concentrations: (a), (e) 0 at.%, (b), (f) 5 at.%, (c), (g) 10 at.% and (d), (h) 15 at.%.
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[bookmark: _Hlk32946839]Fig. 8 (a) An inverter by connecting a 10 at.% Li-InO/AlO TFT with a 220 kΩ external resistor. (b) The static voltage transfer characteristics and the voltage gain of the resistor-loaded inverter at different VDD values. Dynamic measurements of the inverter at (c) 1 Hz (d) 10 Hz and (e) 100 Hz.
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Fig. 9 (a)Vth shifts for the InO/AlO TFT with/without 10 at.% Li incorporation. (b) Energy band diagram of the TFTs under a PGB test. (c) The microscopic schematic of channel layers with/without Li incorporation under PGB stress.


Table Ⅰ. Recent Reports of Solution-Processed Indium Based TFTs
	Semiconductor
	Temp. (℃)/Solvent
	Mobility (cm2·V-1·s-1)
	Year
	Ref.

	Sr-InO
	300/DI water
	5.41
	2019
	[34]

	La-InO
	500/2-Me
	32.7
	2018
	[33]

	InO
	260/DI water
	6.67
	2018
	[32]

	InOx/GaOx
	350/2-Me
	Average 11.2
	2017
	[40]

	Nd-InO
	350/DI water
	15.6
	2017
	[39]

	Sb-InO
	500/Ethanol
	1.6
	2017
	[36]

	InO
	600/2-Me
	5.61
	2017
	[30]

	InO
	200/2-Me
	≈5
	2016
	[35] 

	InZnSnO
	400/DI water
	14
	2016
	[38]

	InO
	250/DI water
	10.78
	2016
	[37]

	Li-InO
	250/DI water
	Average 21.6
	This work





Table Ⅱ. The RMS roughness and the ratios of the O 1s peaks for the InO films with 0, 5, 10 and 15 at.% Li+ incorporation concentrations.
	Li+ concentration
	0 at.%
	5 at.%
	10 at.%
	15 at.%

	RMS roughness
	0.263 nm
	0.277 nm
	0.291 nm
	0.332 nm

	OM/(OM+OV+OH)
	41.9%
	43.7%
	67.1%
	59.8%

	OV/(OM+OV+OH)
	29.9%
	30.0%
	18.9%
	18.6%

	OH/(OM+OV+OH)
	28.3%
	26.3%
	14.1%
	21.6%





Table Ⅲ. Electrical Properties of Li-InO/AlO TFTs
	
Li+ concentration
	Mobility (cm2·V-1·s-1)
	S.S. (V/dec)
	Vth (V)
	On/off Ratio

	0 at.%
	4.5 (±1.77)
	0.35
	0.8(±0.12)
	~6×104

	5 at.%
	17.3(±2.22)
	0.28
	0.6(±0.21)
	~2×104

	10 at.%
	21.6(±1.71)
	0.25
	0.5(±0.18)
	~1×104

	15 at.%
	19.2(±8.49)
	1.03
	0.4(±0.36)
	~4×102
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