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Abstract

The trade-off between mobility and stability in oxide thin-film transistors (TFTs)
hinders further advances of active-matrix flat panel display. Herein, a
solution-processed bilayer active channel is designed to improve the stability and
mobility simultaneously. The optical bandgap and work function of Tb:In20O3 films are
modulated by tuning the films thickness and Tb concentration of Tb-doped indium
oxide (Tb:In203) films. Large conduction band offset is achieved in Tb:In203 bilayer
channel, which induces accumulation of abundant electrons at the interface. The
mobility is significantly improved to 38.2 ¢cm?/Vs, and the photoinduced stability of
bilayer Tb:In2O3 TFTs is improved with low threshold voltage shift of 0.26 V and
—0.38 V under negative-bias illumination stress (NBIS) and negative-bias temperature

illumination stress (NBTIS), respectively.

Thin-film transistors (TFTs) based on oxide semiconductors are promising for
active-matrix flat panel displays applications,'"® due to superior carrier mobility, low
leakage current, and large-area uniformity.”” However, the trade-off between mobility
and stability limits further commercial applications of oxide TFTs in ultra-high
resolution display technologies.!” Moreover, the oxide TFTs present inferior reliability
and stability when apply a negative gate bias stress combined with continuous light
11,12

irradiation (NBIS) even in visible spectra region.

Suppressing oxygen vacancies (Vo) concentration and widening the band gap of
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oxide semiconductors are efficient to enhance the NBIS stability of oxide TFTs.!>1¢

However, according to the percolation transport mechanism, the mobility and carrier
concentration are proportional to Vo concentration in oxide semiconductors.
Therefore, the decrement of Vo concentration would result in low carrier
concentration and low mobility. It is an alternative strategy to improve the mobility of
oxide TFTs by using a bilayer active channel configuration with appropriate band
alignment.'”? As previously reported, by using an In203/ZnO bilayer channel with
large conduction band (CB) offset, the electrons are confined on the plane of the
atomically sharp heterointerface and give rise to a high mobility of 45 cm?Vs.2
However, the NBIS stability of oxide TFTs based on bilayer channel is rarely
reported.

Terbium (Tb) ions are employed as blue light down-conversion medium to
improve NBIS stability of oxide TFTs because of the charge transfer transition

between Tb ions and ligand ions.?!

Herein, bilayer Tb:In2Os channel based on
different Tb concentrations and film thicknesses is deposited by spin-coating aqueous
solution. By controlling the thickness and Tb concentration in Tb:In203 bilayer thin
films, the band alignment readily modulated with large CB offset, which contributes
to electrons accumulation at the bilayer-channel interface and affords to improved
mobility. The bilayer Tb:In2Os TFTs continuously exhibit increased mobility of 38.2
cm?/Vs, low subthreshold swing (SS) of 0.27 V/dec, desirable threshold voltage (Vi)

of 0.1 V and high on/off ratio of 5x107. Meanwhile, the photoinduced stability of

oxide TFTs is further improved, corresponding to a low Vi shift of 0.26 V and —0.38
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V under NBIS and NBTIS, respectively. The strategy is potential to overcome the

trade-off between mobility and stability in oxide TFTs.
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FIG. 1. (a) Structure diagram of bilayer Tb:In,O3 TFTs. (b) High-resolution cross-sectional TEM

images and (c) EDS mapping image of bilayer Tb:In,O3 TFTs.

Figure 1(a) illustrates the schematic image of the bilayer Tb:In2O3 TFTs. The
sputtering Al:Nd alloy and anodized Al2O3:Nd are employed as gate electrode and
dielectric, respectively. The bilayer Tb:In2Os3 films with different Tb concentrations
stack on Al203:Nd are used as the active layers by spin-coating in sequence without
passivation. Ultraviolet light irradiation is used to define wettable region by shadow
mask for aqueous precursor deposition. The underneath Tb:In2Os3 layer is deposited by
spin-coating a 0.2 M precursor aqueous solution with 3% Tb content at 6500 rpm,
followed by annealing at 300°C for 1 h in ambient conditions (relative humidity =~
70%). After oxygen plasma treatment for 50 s, a 0.3 M precursor aqueous solution
with 10% Tb content is used to deposit the above active layer with the same
procedure. Finally, thermally evaporated Al is used as the source/drain electrodes.
Figure 1(b) shows the high-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) image of bilayer Tb:In2O3 channel. A 12 nm crystal
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bilayer channel is obtained, which composes of two homogeneous Tb:In203 layers
with 3% and 10% Tb content. Interestingly, the 3% and 10% Tb:In2O3 layer exhibit
same grain orientation because of approximate ionic radius between In and Tb, which
effectively reduce the interface-defects electron scattering effects. Figure 1(c)
illustrates the element distributions of the bilayer Tb:In2O3 channel, indicating
distinctly different Tb concentration in the bilayer channel. For EDS mapping, the

signal of Pt is coincident with In and Tb, which is not diffusion of In and Tb.
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FIG. 2. (a) Transfer characteristics and (b) Output characteristics of Tb:InO3 TFTs based on

single layer and bilayer Tb:In2Os. (c) Statistical chart of Tb:InoO3 TFTs with different channels. (d)

UV-visible absorption spectra of Tb:In,O; films. (¢) XPS valence band spectra of Tb: In O3 films.

(f) Energy band alignment of the Tb:In,Os bilayer channel.
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The transfer characteristics of Tb:In2O3 TFTs based on different channels are
shown in Fig. 2(a). All devices exhibit typical n-type behavior and low off-state
current. The effect of Tb-doped concentration on electronic characteristics of
single-layer Tb:In2O3 TFTs is investigated. The evolution of mobility versus Tb
concentration is shown in Figs. S1 and S2. It is worth noting that the single-layer
Tb:In203 TFTs with 3% Tb concentration exhibit a saturation mobility (usat) of 19.3
cm?/Vs, which is equal to usa of pure In203 TFTs (20.7 cm?/Vs, see in Fig. S2). A
small amount of Tb content would not affect overlaying of In 5s orbitals, so the
on-state current and mobility are slightly decreased. However, as the carriers in oxide
thin film mainly originate from oxygen vacancy (Vo), and the mobility is proportional
to carrier density, excess Tb content would suppress Vo concentration and further
results in poor channel current and mobility (Fig. S3). The usat of single-layer
Tb:In203 TFTs with 10% Tb sharply decline to 1.7 cm?/ Vs with a Vi (the intersection
voltage between the linear part of the Ips?-Vgs curve and the Vas axis) of 8.9 V.
Therefore, excess Tb content would cause extremely low free carrier concentration.
Moreover, positive hysteresis is observed in transfer curve of single-layer 10%
Tb:In203 TFTs, which may be attributed to the generation of electron traps. On the
other hand, as shown in Fig. 2(a), due to the accumulation of electrons at the
homogeneous bilayer interface, the bilayer TFTs present improved performance with
negligible hysteresis when compared with the single-layer Tb:In2O3 TFTs. And a high
mobility of 38.2 cm?/Vs is achieved in the 3%/10% bilayer Tb:In203 TFTs, which is

~2 and 22 times higher than single-layer 3% and 10% devices, respectively. Moreover,
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the Vi of bilayer TFTs is more positive than that of 3% Tb:In203 TFTs, indicating the
electron concentration is not increase in bilayer channel. Figure 2(b) shows typical
output characteristics of Tb:In2Os TFTs based on single-layer and bilayer channels.
All devices exhibit obvious linear region and saturation region, suggesting
quasi-ohmic contact, and the bilayer Tb:In2O3 TFTs exhibit improved output current.
Fig. 2(c) plots the mobility distribution of bilayer Tb:In2O3 TFTs with different
configurations ranged by Tb concentration. The 0% + 10% Tb:In203 bilayer channel
TFTs also exhibit a high mobility of 42 cm?/Vs, but a high off-state current (~107 A)
due to excess electrons concentration (Fig. S5).

Energy band alignment will influence the electron distribution in bilayer oxide
channel and further influence the device mobility. Therefore, the band structure of
Tb:In203 films with 3% and 10% Tb concentrations are extracted. Figure 2(d) shows
the UV-visible absorption spectra of Tb:In203 films. The 10% Tb:In203 film exhibits
stronger absorption than 3% Tb:In20s3 film in blue spectrum region, because of strong
charge transfer transition of TbOx. Accordingly, the 3% Tb:In203 film have wider
optical band gap as indicated by Tauc analysis:*

ahv = C(hv — Eg)P 1)
where a is the optical absorbance, 4v is the incident photon energy, C is a constant,
and b depends on the nature of semiconductor bandgap (1/2 is used for direct bandgap
semiconductors). The inset in Fig. 2(d) shows the corresponding (ahv)’ versus ho
curves. The extracted optical bandgap is 3.46 eV and 3.30 eV for 3% and 10%

Tb:In20;3 films, respectively. On the other hand, the optical bandgap of Tb:In203 films
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would be widened by reducing the thickness when the thickness is below 20 nm.>2*

And the bandgap difference (4EG) can be calculated as:*

h? 1 1
AEg = 5 (—+—) )

mg  my

where 4 is Planck Constant, m." and ms" are the effective masses of the electron and
hole in the semiconductor, respectively, and L is the thickness of the semiconductor.
As aforementioned, the electron concentration in Tb:In2Os film is dramatically
decreased when Tb content increases from 3% to 10%. Therefore, a small
conduction band minimum (CBM) difference between 3% and 10% Tb:In203 will
cause drastic band bending at the bilayer interface to improve the mobility of TFTs.
Figure 2(e) depicts the XPS valence band spectra of 3% and 10% Tb:In20s films. A
difference between Fermi level (£r) and VBM is 2.62 eV and 2.09 eV for 3% and 10%
Tb:In20s3 films, respectively, which is attributed to the downward Fermi level due to
lowing electron concentration as increase Tb content. The energy band alignment of
the Tb:In203 bilayer with different Tb contents is described in Fig. 2(f). Large CB
offset between 3% and 10% Tb:In203 films can promote the accumulation of
electrons at the bilayer-channel interface, which affords to improved mobility in
bilayer Tb:In203 TFTs. In addition, the barrier of CB between 3% and 10% Tb:In203

layer can effectively control the Vi and off current.
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FIG. 3. Variations of time-dependent transfer curves of the bilayer TFTs under (a) PBIS and (b)
NBIS. Detailed plot of Vi shift of TFTs with different channel as a function of stress time under

(c) PBIS and (d) NBIS.

Figure 3(a) and (b) present the evolutions of the transfer curves of bilayer
Tb:In203 TFTs as a function of the stress time under NBIS and PBIS without any
passivation. The gate bias stresses of +20 V combined with 250 Lux white light
irradiation are used for PBIS and NBIS measurements under vacuum. Compared with
pure In203 TFTs, Tb:In2O3 TFTs with 3% content have robust NBIS stability and
acceptable mobility. However, the improved Vi shift (—6.0 V) is still insufficient for
active-matrix displays. The NBIS stability is further improved with increment of Tb

content, and a Vi shift of 0.9 V is obtained for 10% Tb:In203 TFTs in spite of a more
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narrow band gap (Fig. 2d and 3c). The results indicate that high concentrations of Tb
ions can effectively suppress the generation of Vo®" under NBIS due to charge
transfer transition. Whereas a poor PBIS stability with a Vi shift of 7.6 V is obtained
(Fig. 3d), which is attributed to electron traps at dielectric/channel interface.
Compared to single layer Tb:In2O3 TFTs, the bilayer Tb:In2O3 TFTs exhibit much
better photoinduced stability with low Vi shift of 0.26 V and 0.37 V under NBIS and
PBIS for 3600 s, respectively, as shown in Fig. 3(a) and (b). Interestingly, the transfer
curves of bilayer TFTs slightly shift toward positive at the initial stage (before 600s)
then shift backward to the negative direction (Fig. 3¢). The positive shift of Vin may
result from the charge transfer transition between Tb ion and oxygen ion or Vo under
NBIS.2! Due to existence of abundant trivalent and tetravalent Tb ion in 10%
Tb:In203 layer, the delocalize electrons from Vo would be trapped by tetravalent Tb
ion through charge transfer transition, even generating the interstitial oxygen, which
result in positive shift of Vin.2%?” Briefly, the superior NBIS stability of bilayer
Tb:In203 TFTs is major attributed to: 1) the increased Tb content suppresses Vo
photoionization; 2) self-compensation effect between 3% and 10% Tb:In203 layer
decreases the defects density in bilayer channel interface;?® 3) high-density free
electrons confined at interface of bilayer channel due to CB offset, which is free from
the influence of external impurities.

Besides illumination, the TFTs also inevitably suffer from the heat generated in
the display circuits. Therefore, the stability under NBTIS is particularly important for

oxide TFTs. The electron donations from carbon-monoxide-related impurities greatly
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affect the stability of high-mobility oxide TFTs.!” In this work, an aqueous solution is
used to avoid the introduction of carbon-related impurities and improve the NBTS of

oxide TFTs.?’ Therefore, the stability under NBTIS of bilayer Tb:In2O3 TFTs is tested

at 60°C temperature, and a low Vi shift of —0.38 V is obtained (Fig. 3c¢).
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FIG. 4. (a) Elemental depth profile of the bilayer Tb:In,O; channel stack on AI203 (inset is
corresponding HRTEM image). (b) Cls spectra of bilayer channel at different etch time. Ols XPS
spectra of bilayer channel with an etching time of (c) o s, (d) 40 s and (e) 60 s. (f) Normalized

drain-current noise spectral density (Sin/Ip?) dependence of frequency.

In order to further investigate defect characteristics of Tb:In203 bilayer channel,
XPS depth profile is carried out. Figure 4(a) shows the depth-resolved elemental
composition of the bilayer channel stack on Al20s. The oxygen-clemental
composition exhibits a minimal value at an etching time of 60 s, corresponding to 3%

Tb:In203 layer with higher Vo ratio obtained by fitting O 1s spectrum. As shown in
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Fig. 4(b), the carbon elemental is only detected on the surface of bilayer channel,
which is consistent with the O 1s spectra at varying etch time (depth) that signal
intensity with binding energy at around 532 eV related carbon impurities in bulk of
bilayer is decreased significantly compared to surface.'®“* The results indicate that
aqueous solution could effectively avoid introduction of carbon-related impurities and
10% Tb:In203 layer of low carrier concentration separate high-speed electron
transport layer (3% Tb:In203 layer) from carbon-related impurities absorbed on
surface of bilayer channel, resulting in improvement of NBTS stability. The O ls
spectra at different etch time are fitted by three Gaussian distributions with binding
energies at 529.4 eV, 530.4 eV and 531.4 eV, corresponding to the oxygen in oxide
lattices (M—O-M), oxygen vacancies (Vo) and metal hydroxide (or loosely bound
oxygen) species (M—OH),*! respectively, as shown in Fig. 4(c-e). The interior of
bilayer channel shows lower metal hydroxide ratio than that of surface without
etching. With etching time increasing from 20 s, 40 s to 60 s, the Voratio are 7.9%,
11.8%, and 19.0%, respectively. A low Voratio is obtained at an etching time of 40 s
near the interface of bilayer channel, which may be attributed to the defect
self-compensation effect. Low hydroxide ratio and high M—O-M ratio also provide a
high-quality interface for improving the mobility. As a result, the deposition of 10%
Tb:In203 layer can effectively remove the carbon- and hydroxide-related impurities
adsorption, and improve the NBT/IS stability.

Low frequency noise (LFN) is used to characterize the traps density of oxide

TFTs with different channel configurations.3?> The relationship between normalized
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drain-current noise spectral density (Sio/Ip®) and frequency (ranges from 5 to 1000 Hz)
for oxide TFTs at Vas-Vin =3 V and Vps = 1 V is shown in Fig. 4(f). It is clear that
bilayer Tb:In2Os TFTs show a lowest Si/Ip? and fit classical 1/f noise theory,

indicating decreased average trap density within the bilayer channel region.
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FIG. 5. (a) Photograph of the actual transistors fabricated on a flexible polyimide (PI) substrate. (b)

Transfer characteristics with varying bending radius. (c) Photoresponse of devices at the bending

radius of 3 mm.

Finally, the processed temperature of bilayer Tb:In2O3 TFTs is below 300°C,
which is greatly potential for flexible electronics. A large-area flexible array is
fabricated on polyimide (PI) substrate with an annealing temperature of 280°C, as
shown in Fig. 5(a). And Fig. 5(b) describes typical transfer characteristics at different
bending radius. Slightly parallel shift of transfer curves with 4.8% mobility increment
is observed as bending, indicating good flexibility. The flexible devices exhibit low
photo-sensitivity even at the bending radius of 3 mm, as shown in Fig. 5(c). The
results prove the bilayer Tb:In2O3 TFTs are promising for flexible display technology.

In summary, in order to overcome the trade-off between mobility and stability of
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oxide TFTs, a bilayer channel consist of Tb incorporated In2O3 with different content
is rationally designed. High-performance oxide TFTs based on bilayer Tb:In203
channel are fabricated with robust mobility and reliability by accurately modulating
Tb concentration. The bilayer Tb:In203 TFTs exhibit a mobility value of 38.2 cm?/Vs
and a low threshold voltage shifts of 0.26 V and —0.38 V under NBIS and NBTIS,

respectively.

See the supplementary material for the electrical performances and XPS O-1s
spectra of single-layer Tb:In2O3 TFTs, and transfer characteristics of bilayer Tb:In20O3

TFTs.
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