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Abstract

Novel fluorine-doped zinc tin oxide (ZTO:F) thin-film transistors (TFTs) have been fabricated using an aqueous solution process. Exploiting
hydrolysis and condensation reactions in an aqueous solution process, organic-free ZTO:F thin films were fabricated at a low temperature of
250 °C. The fabricated TFT device shows a field-effect mobility of 2.85 cm?\V s, on-to-off current ratios exceeding 107, and sub-threshold
swings of 0.83 V/dec. The ZTO:F TFT also displays high operational stability of AV4, =1.73 V despite incorporation of a large amount of flu-
orine and use of a low-temperature annealing process. This is attributed to effective passivation of oxygen vacancy diffusion by metal fluoride

bonds at the ZTO:F channel/gate dielectric interface.

Amorphous metal oxide semiconductors have attracted much
attention as candidates for the backplanes of active-matrix
organic light-emitting diode displays owing to their high
field-effect mobility.!"! To date, outstanding progress has
been made in the area of solution processing for oxide semicon-
ductors, ?~¥ as researchers attempt to meet the requirements of
low-cost fabrication and printed electronics. Recently, a high-
performance InZnO semiconductor fabricated under 250 °C
using metal alkoxide precursors was reported.' However, fab-
rication steps requiring anhydrous conditions are very expens-
ive and complicated.l®! Recently, solution processed ZnSnO
(ZTO) thin films have been investigated for low-cost fabrica-
tion of oxide thin-film transistors (TFTs). Amorphous ZTO
semiconductor exhibits excellent semiconducting properties
and enables low-cost fabrication without an indium compo-
sition.') The conventional solution process for producing
ZTO semiconductors utilizes a non-aqueous solvent such as
acetonitrile or 2-methoxyethanol and metal chloride precursors.
However, non-aqueous solutions with chloride precursors have
a high decomposition temperature of more than 400 °C in order
to obtain good electronic characteristics and also effect of
chlorine residue is vague.!”")

In this study, we report a low-temperature-processed, novel
fluorine-doped zinc tin oxide (ZTO:F) TFT using a simple aqu-
eous solution process. The aqueous solution process utilizing
rapid hydrolysis and condensation reactions enables the low-
energy kinetics of M-O-M network formation without any
organic residues. In particular, we emphasize that the overall
fabrication cost is cheap for several reasons: (i) the process
uses an inexpensive solvent (water) and affordable metal pre-
cursors and (ii) all ZTO:F film fabrication steps including
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stirring, spin coating, and annealing were performed under
ambient air conditions. The ZTO:F TFT with fluorine of
more than 5%, which was annealed at low temperature of
250 °C in an ambient atmosphere, shows a field-effect mobility
of 2.85 cm?/V s and AV, of less than 1.73 V under long-term
positive bias stress. We conjecture that fluorine, which has
similar ionic size with oxygen, is responsible for the enhanced
electrical characteristics of the suggested ZTO:F TFT.
Specifically, the different electrovalency of fluorine as com-
pared to oxygen offers more n-type carriers and passivates oxy-
gen vacancy diffusion well via the formation of metal fluoride
bonds at the channel/gate dielectric interface.

To synthesize the aqueous ZTO:F solution, tin fluoride
(SnF,) and zinc fluoride hydrate (ZnF,xH,O) were used as
fluorine-providing precursors. A 0.2 M aqueous solutions of
ZTO:F was synthesized by dissolving SnF, and ZnF,xH,O
powders (Sigma-Aldrich, St. Louis, MO) in water mixed with
various ZnF,:SnF, molar ratios appropriate to the desired pro-
duct composition. All prepared solutions were stirred to ensure
complete mixing of the solutions in a glass vial at ambient
temperature for 4 h. The pH of ZTO:F aqueous solution is
5.297 at 26.0 °C. For fabrication of the ZTO:F TFT, SiO,/
p-Si substrates were used as gate dielectrics/gate. The ZTO:
F solution was spin coated on the substrate at a speed of
5000 rpm for 30s. Then, the ZTO:F/SiO,/p™-Si substrates
were kept at 250-500 °C on a hotplate in ambient air so that
less than 10 nm of ZTO:F semiconductor thin films were
obtained. A total of 100 nm Al source and drain contacts
were then deposited by an E-beam evaporator on top of the
metal oxide layer through a shadow mask. The evaporated
channel length and width were 100 and 1000 um, respectively.
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Structural and chemical properties of the ZTO:F thin films were
analyzed by x-ray diffraction (XRD), atomic force microscopy
(AFM), scanning electron microscopy (SEM), and x-ray
photoelectron spectroscopy (XPS). TFT characterization was
performed at room temperature with an HP 4156A semicon-
ductor parameter analyzer. Measurements were typically
made in continuous mode, with the transfer curve recorded
before the output curve. Bias stability tests were performed at
room temperature and a constant current of 10 pA (Vps=20
V) and a gate bias of 10 V for 0-3600 s.

Figure 1 displays the thermogravimetric analysis (TGA)
results of aqueous metal fluoride solutions measured under
dry air atmosphere. In the TGA of aqueous ZnF, solution
[Fig. 1(a)], the first decomposition observed at 400 °C is attrib-
uted to the decomposition of Zn(OH)F to form ZnO and ZnF,.
Also, ZnF, can be hydrolyzed by the water traces, which leads
to the formation of oxides, or volatilized as indicated by the
continued weight loss at temperature exceeding 500 °C.") In
the TGA of the SnF,-based aqueous solution [Fig. 1(b)], the
thermal decomposition is observed at a lower temperature
(200 °C), which can be attributed to the high solubility of
SnF, in water.'”? We then characterized the TGA of the
mixed aqueous ZnF,—SnF, solution [Fig. 1(c)]. Intriguingly,
rapid thermal decomposition is observed at temperature
below 100 °C; this corresponds to the evaporation of water
traces produced during condensation of the two different
metal monomeric species. In correlation with the high
decomposition temperature of each metal monomeric species,
the decomposition of aqueous ZnF,—SnF, solution at low
temperature (<100 °C) indicates that the reaction between
each metal monomeric species to form hetero-metallic oxide
derivatives is dominant over their self-condensation [Eqgs. (1)
and (2)]. This can be attributed to a nucleophilic reaction
between two different metal monomeric species, which occurs

as a result of the difference in electronegativity between the
species.""! SnF, is easily hydrolyzed to form Sn(OH)F or Sn
(OH), due to the high solubility of SnF, in water:!'?)

Sn(OH), + Zn(OH)F - HO —Sn — O — Zn —F

+ HZOa (1)

Sn(OH)F + Zn(OH)F - F — Sn — O — Zn — F + H,0. (2)

M-O-M networks originate from a nucleophilic reaction
between different metal monomeric species in the aqueous sol-
ution. Conventional method usually forms M-O-M networks
during annealing through the interaction between a coated
liquid film and water molecules in ambient air.l'*! In this
study, hydrolysis and condensation reaction in aqueous sol-
ution already form M-O-M networks so that can lower kinetic
energy to obtain oxide materials during annealing, resulting in
low processing temperature of 250 °C as shown in the inset of
Fig. 1(c).

Figure 2 displays the electrical properties of ZTO:F TFTs
annealed at 250 °C for 12 h, 350 °C for 1 h, and 500 °C for
1 h. In Fig. 2(b), the transfer curve for the ZTO:F TFTs with
a molar ratio of SnF,:ZnF,=1:0, which is a pure F:SnO,,
shows a normally on state current against the gate voltage, indi-
cating conductor-like behavior. The ZTO:F TFT with SnF:
ZnF,=1:1, which is the optimized composition, ZTO:F TFT
annealed at 250 °C shows a high field-effect mobility of 2.85
cm?/V s, an on-to-off current ratio of more than 107, and a sub-
threshold swing of 0.83 V/dec. The aqueous solution processed
ZTO:F TFTs show outstanding electrical properties, as pre-
sented in Table 1. It is well known that a ZTO system with
Sn:Zn=1:1 effectively forms an amorphous phase by distor-
tion of the lattice sites driven by the substitution between Zn
and Sn.""! Also, the resistivity increases as ZnO increases in
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Figure 1. TGA of (a) aqueous ZnF, solution, (b) aqueous SnF, solution, and (c) aqueous ZTO:F solution. An initial weight loss point of the ZnF, solution and the
SnF, solution is at around 400 and 200 °C, respectively. However, continuous weight loss is shown at room temperature to 230 °C in the ZTO:F solution.
Self-condensation of different metal species in ZTO:F solution lowers kinetic energy for oxide networks and decreases decomposition temperature.
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Figure 2. Output curves of ZTO:F TFTs annealed at (a) 250 °C for 12 h, (c) 350 °C for 1 h, and (e) 500 °C for 1 h. Transfer curves of ZTO:F TFTs annealed at (b)

250 °C for 12 h, (d) 350 °C for 1 h, and (f) 500 °C for 1 h.

the amorphous ZTO:F films because the oxygen vacancies are
reduced due to the higher bonding energy of Zn—O than Sn—O.
Thus, the transition to a semiconducting state of the optimized
ZTO:F TFT can be explained by the decreased carrier concen-
tration, resulting from the suppression
vacancies.!'> 7}

The microstructure of the ZTO:F thin film was analyzed
with the aid of XRD, SEM, and AFM. The ZTO:F film has
an amorphous phase and a smooth surface. The surface rough-
ness of the ZTO:F TFT fabricated at 250 °C is 0.4 nm. It can
thus be surmised that there is no corrosive attack on the

of oxygen
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SiO,/p-Si substrate by the acidic ZTO:F precursor solution.
Also, the chemical bonding structure and the atomic compo-
sition of the ZTO:F film were investigated by XPS. The XPS
binding energies of the ZTO:F film surface was referenced to
the Cls peak of hydrocarbon contamination at 285.0 eV
while the Ar 2p*? peak at 242.0 eV was referenced in order
to define the interior of the ZTO:F film after sputtering by Ar
bombardment for 30 5. As shown in Fig. 3(d), there are no
carbon-related organics in the interior of the ZTO:F thin film,
and that the thin film was successfully doped, as evidenced
by the Fls peak at 684.9 eV in Fig. 3(e). The value of the
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Table 1. Electrical properties of ZTO:F TFTs annealed at 250 °C for 12 h, 350
°C for 1 h and 500 °C for 1 h.

Temperature (°C) u (cm?/ oy S/ Vin

Vs) off dec) (V]
250 2.85 107 0.83 5.96
350 7.93 107 0.67 4.15
500 15.02 108 0.19 5.36

Fl1s peak in the ZTO:F thin film could be defined by the coor-
dinated environment around fluorine, mainly Sn—F'** or Zn—
F'**1 bonds in oxide networks. The fluorine content of the
ZTO:F film increases from 2.21% at the surface to 6.35% in
the interior. Beyond 5% F doping content inside the ZTO:F
channel, the ZTO:F TFT shows a small sub-threshold swing
(S) and hysteresis between forward and backward bias.
Consequently, it can be concluded that F atoms chemically
bonded well with metal cations and an organic residue-free
amorphous ZTO:F thin film was successfully fabricated at
low temperature.

Figure 4 displays the threshold voltage shift (AVy,) of the
ZTO:F TFT under long-term positive bias stress. The ZTO:F
TFT fabricated at 250 °C was stressed for application to the
backplanes of an active-matrix organic light emitting diode
(AMOLED) under conditions of a constant current bias with
10 pA and gate voltage bias with 10 V for 100, 900, 1800,
and 3600 s at room temperature. The ZTO:F TFT showed a

Intensity (a.u.)

30 35 40
Degree of angle (26)

RMS<0.3nm

relatively low positive AVy,, as small as 1.73 V, after appli-
cation of bias stress for 1 h. AVy, under higher gate voltage
bias shows higher threshold voltage shift due to larger trap den-
sity as shown in Fig. 4(b). These results are comparatively bet-
ter than those of other ZTO TFTs fabricated by organic solution
process.”'>7'7! Bias instability of oxide TFTs under positive
bias stress usually originates from electron trapping due to O,
adsorption to the channel surface!'”! and defects in the film
or at the channel/gate dielectric interface.?®! In fact, it is not
clear as to whether the AVy, originates from O, adsorption at
the surface of the ZTO:F channel layer, because the fluorine
content is low at the ZTO:F surface, as shown in Fig. 3(e).
Notably, Lai et al. reported that a HfO, gate dielectric with a
fluorinated surface can suppress carrier trapping due to oxygen
vacancy diffusion along the direction from the gate dielectric to
the channel or in the opposite direction.!*!**! Therefore, we
believe that metal fluoride bonds derived from fluorine content
inside the ZTO:F channel passivate oxygen vacancy diffusion
at the channel/gate dielectric interface when long-term gate
bias is applied to the channel.

Amorphous fluorine-doped zinc tin oxide (ZTO:F) TFTs
were fabricated via an aqueous solution process using metal flu-
oride precursors. A nucleophilic reaction between heterometal-
lic species in the aqueous solution enables decreased
fabrication temperature of the fluorine-doped oxide film. A
ZTO:F TFT fabricated at 250 °C, presenting a smooth surface
and little organic residue, showed a field-effect mobility of
2.85 cm?/V s, on-to-off current ratios exceeding 107, and sub-
threshold swings of 0.83 V/dec. Also, a small threshold voltage
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Figure 3. (a) Amorphous structure, (b) smooth surface, and (c) uniformity analyzed by XRD, AFM, and SEM, respectively. (d) C1s, (e) O1s, and (f) F1s XPS

results of ZTO:F thin film fabricated at 250 °C for 12 h.
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Figure 4. (a) Transfer characteristics of ZTO:F TFT with positive threshold voltage shift under gate voltage (V) of 10 V and constant current bias of 10 pA for
1 h, and (b) threshold voltage shift (AV4,) as a function of stress time for 1 h. The current bias stress (/ps) is as same as 10 pA, but each gate bias (V) is different
as purple squares (10 V), red diamonds (20 V), green triangles (30 V), and blue circles (40 V).

shift of 1.73 V was observed under stress conditions of gate
voltage of 10 V and constant current of 10 pA. These unique
properties of fluorine allow the realization of high-performance
ZTO:F TFTs with potentially important application to practical
devices. The process is applicable to a broad range of amor-
phous metal oxide compositions for application to the back-
planes of AMOLEDs and also provides extremely low-cost
fabrication.
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