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Inkjet-Printed Ternary Oxide Dielectric and Doped Interface
Layer for Metal-Oxide Thin-Film Transistors with Low

Voltage Operation

Liam Gillan,* Shujie Li, Jouko Lahtinen, Chih-Hung Chang, Ari Alastalo,

and Jaakko Leppdniemi

Additive solution process patterning, such as inkjet printing, is desirable
for high-throughput roll-to-roll and sheet fabrication environments of
electronics manufacturing because it can help to reduce cost by conserving
active materials and circumventing multistep processing. This paper
reports inkjet printing of Y,Al,_,O; gate dielectric, In,O3; semiconductor,
and a polyethyleneimine-doped In,Oj; interfacial charge injection layer

to achieve a thin-film transistor (TFT) mobility (i) of =1 cm?V~'s at

a low 3 V operating voltage. When the dielectric material is annealed at
350 °C, plasma treatment induces low-frequency capacitance instability,
leading to overestimation of mobility. On the contrary, films annealed at
500 °C show stable capacitance from 1 MHz down to 0.1 Hz. This result
highlights the importance of low-frequency capacitance characterization

of solution-processed dielectrics, especially if plasma treatment is applied
before subsequent processing steps. This study progresses metal-oxide TFT

fabrication toward fully inkjet-printed thin-film electronics.

1. Introduction

Metal-oxide thin-film transistors (TFTs) with flexibility
and transparencyl! are enabling applications in flexible,
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transparent displays.”l Besides displays,
sensing is another key application field
for oxide TFTs, including X-ray sen-
sors,Bl  photosensors,  gas sensors,!
and biosensors.’! Compared to their
organic counterparts, metal-oxide TFTs
can reach better performance, such as
higher electron saturation mobility ()
and current density.!! Oxide TFTs are
commonly produced using sequential
multistep vacuum and photolithography
processes. Solution-process patterning,
such as reverse-offset printing,® flexog-
raphic printing,”) or inkjet printingl'®-'3l
is desirable for scalable roll-to-roll and
sheet-to-sheet fabrication due to reduced
cost through high-throughput processing,
reducing the number of processing steps
and conservation of active materials,
which is highlighted for additive inkjet
printing."™ An exemplary application
for this technology is displays with inkjet-printed oxide TFT
backplanes coupled with inkjet-printed organic light-emitting
diode frontplanes.[>1¢l

Gate dielectric material has a critical impact on TFT per-
formance. Polarization of charges within the dielectric mate-
rial occurs upon applied gate bias, which directly influences
the extent of charge depletion or accumulation in the semi-
conductor channel.”] As TFTs evolve toward smaller archi-
tectures with increasingly thinner gate dielectrics, tunneling-
related leakage current becomes a limitation with high opera-
tion voltages, presenting a need for replacing materials such
as SiO, (¢ = 3.9) with ones having a higher dielectric constant
(high-x).1181

Binary high-x oxide dielectrics can be prepared by solu-
tion processes.'”2l Some examples prepared by spin coating
or spray pyrolysis include AlO, (¢ = 10.4), ZrO, (¢ = 22.6),
YO, (& = 25.4), TiO,, (¢ = 53.4),2"23 and LiO, (e = 6.7)1? (¢ at
1 kHz). Oxide materials with higher dielectric constant than
these examples exist, but those typically possess low band-
gaps, making those prone to unfavorable leakage currents.l’!
Ternary oxides can provide superior performance compared to
binary oxides, by incorporating a high bandgap from one com-
ponent, combined with a high dielectric constant from another
component. Also, by adding a dopant with higher Gibbs free
energy of oxidation than the host oxide, one can suppress the
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low-frequency instability often occurring in solution-processed
dielectrics that can lead to the overestimation of charge car-
rier mobility and device instability.l?l Solution processes have
been employed for the generation of ternary oxide dielectrics,
including spin coating or spray pyrolysis routes for fabricating
SrTa,067) LaAl0,,2628  ZrAlO,?) MgTiO,B% HfLaO, 3!
HfSi0,,1?2 AINaO,% AIPO,B4 and Y,Al,_,0;.353¢]

Inkjet printing has been demonstrated for AlO/*) and
Zr0,B¥ M with ZrO, also reported via screen printing.*!
Recently, AlO, was printed by flexography, and far-ultraviolet
irradiation was employed to enable annealing at low T,,, <
200 °C.[* Reports of printed ternary metal-oxide-alloy dielec-
trics are scarce, and a survey of the literature suggests that they
are restricted to inkjet deposition of YAIO,,”) Sc;Zr,0,,* and
ternary tantalum/aluminum oxide alloys.#*! YAIO, (perhaps
better presented as Y,Al, ,O3) is of particular interest because
it exploits Al,O; as the wide bandgap component (=8 eV), cou-
pled with Y,0; as the high-x component (¢ = 19.8,13° 25.4[21),
This combined effect provides a material with xas high as 19.2,
greater than that of Al,0; (€= 11.5).1%] Also, it has been shown
that Y,Al, ,O; provides lower leakage current density than
AL O3 or Y,0;.55 Moreover, as Y has higher Gibbs free energy
of oxidation than Al, it could help to enhance the stability of the
dielectric at low frequency.l26:4]

In this study, we investigate solution-processed Y,Al, ,O;
ternary oxide. We demonstrate patterning of the material by
inkjet printing, to be used as the dielectric material in In,0,
TFTs for low-driving-voltage applications (V, = 3 V). In addition,
building on our previous work,”! TFT devices were prepared
to incorporate a polyethyleneimine (PEI)-doped In,0; interface
layer. This interface layer enhances charge injection between
the source/drain electrodes and the semiconductor. The inkjet-
printed In,O; TFTs with the PEI-doped interface layer exhibit
saturation mobility of =1 cm? V™! s7' at 3 V operation voltage
with inkjet-printed Y,Al, ,O;. In addition, we highlight the
importance of measuring the low-frequency capacitance of
solution-processed films annealed at low temperature, fol-
lowed by plasma treatment, to avoid overestimating device

mobility.
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2. Results and Discussion

2-methoxyethanol (2-ME) has proven to be an effective carrier
vehicle for metal-nitrate-based inkjet inks during our previous
studies.¥! In this work, we apply the same solvent for Y,Al, O
precursor ink formulation. To investigate the influence of Y
content relative to Al,O3, Fourier transform infrared (FTIR) was
performed on a sample set prepared by dual layer spin coating
of 0.2 M inks with Y:Al ratios of 0, 10, 20, 30, 50, and 100 wt%.
Results are presented in Figure S1 (Supporting Information),
which reveals that 100 wt% YO, suffers from large absorp-
tion peak signal from around 1800 to 1300 cm™ attributed to
H—O—H bending by adsorbed water, and carbonate impuri-
ties.”] Intensity of these absorption signals decreases with
reducing Y:Al ratio from 100, 50, 30 to 20 wt%, with the signal
appearing similar for both 20 and 10 wt%. This result suggests
that up to 20 wt% Y:Al can provide films with low impurities.
Subsequently, metal-insulator-metal (MIM) capacitors were
prepared from four layers of spin-coated films using inks
having a concentration of 0.2 M and Y:Al ratios of 0, 5, 10, and
20 wt%. Figure 1a shows how increasing Y wt% reduces the fre-
quency dependence of normalized capacitance to approach the
baseline of reference atomic-layer-deposition (ALD)-grown film.
In agreement with the data presented in Figure 1la, previous
studies by Lee et al.’*l and Bolat et al.l”l have also demonstrated
how =20 wt% Y loading provides good dielectric properties for
application in TFTs. Therefore, 20 wt% Y:Al was selected as the
cation atomic ratio for Y,Al, ,O; films fabricated during this
work. Having identified this suitable composition ratio, gelled
ink was subjected to thermal degradation using thermogravi-
metric analysis (TGA) to pinpoint temperatures for drying
(solvent removal) and annealing of spin-coated or printed
films. Annealing is required for the removal of impurities
and the densification of metal-oxygen—-metal structure.”) The
decomposition curve presented in Figure 1b reveals an initial
mass loss event of =20%, occurring around 120-150 °C, which
is assigned to the removal of solvent and organic residues. A
second mass loss event is observed around 350-450 °C, with
wt% stabilizing at close to 55% by 500 °C, indicating complete
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Figure 1. a) Influence of yttrium content on the capacitance of Y,Al,_,O; films annealed at 350 °C. b) Thermal gravimetric decomposition plot of gelled
Y,Al,_,O3 precursor ink, annotated with temperatures of 350 °C (T;) and 500 °C (T,), for comparison of suitability as annealing temperatures.
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Figure 2. a) X-ray diffraction patterns from spin-coated films (2 x 0.4 m), with a lack of distinct peaks revealing amorphous phase in all cases other
than 500 °C YO,, which possesses minor crystalline peaks at i) =29° (222) and ii) =34° (400). b) AFM surface profiles of ALD-grown Al,O; and spin-

coated (2 X 0.4 m) Y,Al,_O;.

conversion of precursors to form the ternary oxide. Based on
these TGA data, a drying temperature of 130 °C was selected
for solvent removal, and two different annealing temperatures
were identified for film characterization investigations. The
first annealing temperature (T;) of 350 °C was selected to probe
the electrical performance of the low-temperature-annealed
Y,Al, ,O; films and the second higher annealing temperature
(T,) of 500 °C, where complete precursor to metal-oxide conver-
sion is expected to have occurred.

Amorphous phase Y,Al, ,Oj; is desired where the material is
to be applied as a gate dielectric because polycrystalline films
typically suffer from grain-boundary-related problems such
as diffusion pathways for impurities,”! or charge carrier scat-
tering sites, which adversely affect TFT performance including
on/off ratio and leakage current.> Diffraction patterns from
Y,Al, ,O; films presented in Figure 2a lack the presence of
distinct diffraction peaks, possessing only the amorphous halo
from silica substrate at 26 between 15° and 25°. Figure 2a also
presents diffraction patterns of solution-processed AlO, and
YO, films. The AlO, pattern is concordant with that of the pat-
terns from Y,Al, ,O;. However, the 500 °C YO, pattern pos-
sesses low intensity (222) and (400) peaks of crystalline YO,
at =29° and 34°, respectively.?Z Solution-processed YO, has
been demonstrated as a gate dielectric for TFT5.22 However,
due to suffering from large carbonate impurity at an annealing
temperature of 350 °C (Figure S1, Supporting Information)
and polycrystallinity at an annealing temperature of 500 °C
(Figure 2a), we concluded that the solution-processed pure YO,
is inferior to Y,Al, ,Oj; as a gate dielectric material for TFTs.

Figure 2b presents atomic force microscopy (AFM) anal-
ysis of the spin-coated Y,Al, ,O; films, with low average
roughness (R,) of 0.19 nm for 350 °C-annealed, and 0.27 nm
for 500 °C-annealed films, which is comparable with that of
ALD-grown AlLO; (0.28 nm). This smooth dielectric surface
is essential for the interface with overlying semiconductor,
where a rough surface can introduce charge traps that restrict
charge transport in the semiconductor near the dielectric—
semiconductor interface.

Adv. Mater. Interfaces 2021, 8, 2100728 2100728 (3 of 10)

MIM capacitors were fabricated from two layers of spin-
coated 0.4 M Y,Al, ,O3 ink, with 0.4 M concentration being
used to achieve sufficient film thickness with less processing
steps required than for the 0.2 m ink. The obtained normalized
capacitance (at 122 kHz) for these films annealed at T; or T, is
shown in Figure 3a. This result reveals how material annealed
at low-temperature T provides stable capacitance across eight
orders of magnitude from 107! to 10° Hz, comparable with that
of ALD-grown material (Figure 3a). The effect of oxygen plasma
treatment was investigated on the capacitors because plasma
treatment is generally required in the fabrication of printed
oxide TFTs for the removal of contaminant species from the
oxide surface, to increase surface energy for providing good
wetting of the semiconductor ink, and to facilitate intimate
contact at the interface between the printed semiconductor and
the dielectric. However, following oxygen plasma treatment, the
dielectric annealed at T; suffers from frequency dependence,
displaying significantly increased capacitance (>10x) below
=10? Hz from the capacitance at high frequency. In contrast to
films annealed at T, the dielectric film annealed at T, does not
display frequency dependence in capacitance measurements,
even at low frequency and following plasma treatment.

Y,Al, ,O; films were characterized using various tech-
niques to understand the low-frequency instability after the
plasma treatment. Figure 3b and Figure S2 (Supporting Infor-
mation) present FTIR spectra both before and after oxygen
plasma treatment of spin-coated Y,Al, ,O; annealed at either
T; or T, and ALD-grown Al,O;, respectively. ALD-grown
material and Y,Al, ,O; films annealed at T, both appear tol-
erant of plasma treatment. The only observed change is a
minor increase in absorption from O—H stretching (3200 to
3650 cm™) plausibly resulting from surface hydroxylation. On
the contrary, Y,Al, ,Os film annealed at the lower temperature
T, is influenced by plasma treatment. In this case, the FTIR
spectra present i) strongly increased absorption signal from
O—H stretching around 3200 to 3650 cm™ (attributed to sur-
face hydroxylation), ii) the appearance of a minor signal from
C—H stretching around 2700 to 2900 cm™ (possibly residual

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. a) Frequency dependence of normalized capacitance, and b) FTIR characterization of spin-coated (2 x 0.4 m, T; = 350 °C, T, = 500 °C) before

and after oxygen plasma treatment.

ethylene glycol), and iii) appearance of a significant absorp-
tion peak around 1300 to 1500 cm™! residing in the region
indicative of carbonate or nitrate species. X-ray photoelectron
spectroscopy (XPS) spectra of N 1s/Y 3s region (Figure S3, Sup-
porting Information) showed only the Y 3s peak at =394 eV
and no evidence of nitrates (above 400 eV).[""?2] Therefore, we
assign FTIR signal around 1300-1500 cm™ to carbonate. FTIR
signal from H—O—H bending (from adsorbed water) around
15001800 cm™ is present for all spin-coated samples before
and after plasma treatment.

The FTIR analysis suggests that T; is too low of a tem-
perature to properly anneal the solution-deposited dielectric.
Plasma treatment may activate and/or degrade residual organic
precursors.’% Another possible explanation for the observed
effect of the plasma is that the bulk of Y, Al, ,Os films annealed
at T) remains partially uncured under an overlying crust of
more thoroughly cured and densified material. Such high-den-
sity top crust has been reported before for solution-processed
metal salt precursors both from aqueousP and from organic
solvent routes (similarly using 2-ME/ethylene glycol (EG) as
here).l¥l The formation of an interfacial crust is supported by
X-ray reflectivity (XRR) data for ALD films and Y,Al,_,O; films
annealed at T; and T), as presented in Table S1 and Figures S4
and S5 (Supporting Information). A model with uniform layer
density for each layer of the spin-coated multilayer films failed
to reproduce the XRR data for T} and T,. By contrast, a model
with a nonuniform density for each layer of the multilayer films
produced a good fit to the data shown in Figure S4 (Supporting
Information). The extracted parameters from the fitting show
a higher density crust for each of the layers for both T} and T,
(see Table S1 in the Supporting Information). On the contrary,
the ALD-grown reference films are free from such density vari-
ations. It has been suggested earlier that such a high-density

Adv. Mater. Interfaces 2021, 8, 2100728 2100728 (4 of 10)

crust is formed by the enhanced evaporation of the precursor
solvent from the top surface. The crust then behaves as a dif-
fusion barrier that prevents the formation of a uniform density
gradient in the film.PY

X-ray photoelectron spectroscopy was performed for
insight into the chemical environment of the dielectric films.
Figure 4a presents C 1s spectra deconvoluted according to
positions of components reported for similar materials.[”:3>3¢]
Figure 4a shows that material annealed at 350 °C displays
larger carbonate and C=O0 signal than that of 500 °C-annealed
film. Plasma treatment of 350 °C-annealed film results in
decreased C=0 and increased carbonate signal, with sigma-
bonded O—C=0 disappearing entirely. The depth profiling
of 500 °C-annealed material (C1 s in Figure 4b), shows only
adsorbed surface carbon and does not provide evidence for
carbon through the bulk of material. By contrast, the depth
profiling of 350 °C-annealed material appears to show C—C/
C—H and carbonate in the bulk film. The observed carbon in
the bulk of the lower temperature annealed films could arise
from residual solvents which undergo plasma-induced chem-
ical reaction. TGA (Figure 1b) shows that mass percent has
not stabilized at 350 °C. However, the boiling points for eth-
ylene glycol and 2-methoxyethanol are well below the 350 °C
annealing temperature at 197 and 124 °C, respectively. An alter-
native explanation is that the 350 °C-annealed film might be
more porous compared with the 500 °C-annealed film. This is
supported by XRR data in Table S1 (Supporting Information),
which show a higher density for the 500 °C film. C 1s depth
profile of plasma-treated 350 °C-annealed film does not show
signal for C—C/C—H, but does display pronounced carbonate
signal. The yttrium component of the films leads to conversion
of adsorbed carbon, such as CO,, into carbonate.l'”? A more
porous 350 °C-annealed material would provide a larger surface

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. XPS C 1s spectra of 2 X 0.4 M spin-coated Y,Al,_,O; films’ a) surface and b) depth profiling, sputtered at =24 pm s7".

area for conversion of adsorbates into carbonate, with plasma
treatment acting to clean the oxide surface to enhance this pro-
cess, and/or inducing chemical changes, as supported by large
carbonate signal in Figure 4a and disappearance of C—C/C—H
signal in Figure 4b. Large surface area of porous film would
concurrently result in the generation of large hydroxyl group
concentration in response to plasma treatment, as observed in
FTIR (Figure 3b). Such a high hydroxyl concentration could
explain the low-frequency capacitance instability shown in
Figure 3a.l?®l Carbonates might also contribute to this insta-
bility, but their role in this is not known.

XPS spectra were also recorded at the O 1s region both at the
surface and after sputtering. The O 1s area was not peak fitted,
because multiple components with close binding energies pre-
vent reliable deconvolution. However, Figure S6 (Supporting
Information) presents O 1s spectra annotated with the posi-
tions for components reported in analysis of similar materials
(see detailed discussion in the Supporting Information).[17:35:3¢]
O 1s spectra in Figure S6a (Supporting Information) show
M—O residing in the low binding energy region, and carbon-
related signal residing in the high binding energy region of the
major O 1s peak. This suggests that the depth profile O 1s shift
observed in 350 °C-annealed films (Figure S6b, Supporting
Information) could be from increasing percentage of M—O,
with a corresponding reduction of carbon impurities. This is
supported by decreasing C 1s intensity in depth profile spectra
(Figure 4b). In addition, depth profiling of both Al 2p and Y
3d does not present any observed chemical shift throughout
the films (Figure S7, Supporting Information). There is no evi-
dence of discrete regions with different chemical environments
at varying film depths. This suggests uniform alloying of Y and
Al components throughout the oxide films. All XPS sputtering
results show signal for 500 °C films at higher binding energies
than that of 350 °C films. Charge neutralizer is used in all meas-
urements with the same settings, so charging effects could be
responsible for binding energy shift of 500 °C-annealed com-
pared to 350 °C-annealed material.

Although the capacitor annealed at 350 °C shows stable
capacitance before O, plasma, large O—H and carbonate

Adv. Mater. Interfaces 2021, 8, 2100728 2100728 (5 of 10)

signal are observed in FTIR (Figure 3), and XPS (Figure 4)
reveals high concentration of surface carbonate and presence
of carbon through the film bulk. This suggests that 350 °C is
insufficient for complete thermal conversion of precursors and
densification of Y,Al, ,O; films, rendering material annealed
at 350 °C unsuitable as a dielectric medium for TFTs. To
support this assertion, TFT devices were fabricated using spin-
coated Y,Al, ,O; at T; or T,, with reference devices employing
ALD-grown Al,Os. To assist wetting that is required for good
printing result and layer uniformity, oxygen plasma was per-
formed on all samples prior to printing of the In,0; semicon-
ductor. The resulting I/V transfer characteristics presented
in Figure S8 (Supporting Information) show how devices
prepared using ALD Al,O; or Y,Al, ,O; at T, both exhibit
minimal clockwise hysteresis, with the maximum charge car-
rier saturation mobility (U,) of =8 and =3 cm? V! s7, respec-
tively. However, significant counterclockwise hysteresis occurs
from Y,Al,_,O; annealed at Tj, in addition to erroneous f,, of
=15 cm? V7! 571 Here, the capacitance at 20 Hz was used to
calculate the mobility from lower frequency I/V transfer meas-
urements. Such underestimation of permittivity can lead to
the overestimation of mobility. In accordance with our obser-
vations, previous reports suggested that low-temperature solu-
tion-processed oxide gate dielectric materials can suffer from
increased capacitance at low frequencies due to hydrogen con-
tent remaining in the films,? for instance, from incomplete
sol-gel densification (—M—OH—M—),12l leading to slow for-
mation/reorientation of dipole moments and/or proton migra-
tion upon application of positive gate voltage.’®l Therefore,
an annealing temperature of 500 °C was selected for further
studies of the material. The results highlight the importance
of measuring the low-frequency capacitance after plasma treat-
ment for solution-processed dielectrics, to avoid mobility over-
estimation in the case that a plasma treatment is performed
before the semiconductor film is processed.[2¢!

Patterning of Y,Al, ,O; was realized by inkjet printing,
for which the addition of EG cosolvent to the 2-ME-based
ink enabled stable droplet formation (Figure S9, Supporting
Information), which facilitated well-resolved print patterns in

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Electrical characterization of inkjet-printed Y,Al,_,O; MIM capacitors, depicting capacitance density (C,/A) and dielectric loss tangent (tand)
in response to a) the varying voltage at 10 Hz frequency, and b) frequency for 0 V DC and 100 mV AC voltage. c) Electric field influence on leakage

current density (Jieal)-

the generation of films that were =20 nm thick (Figure S10,
Supporting Information). Four sequential layers were printed
to generate the necessary thickness for the dielectric film and to
minimize the occurrence of pinhole defects. Fabrication of MIM
capacitors incorporating inkjet-patterned Y,Al, ,O; enabled
the study of the electrical properties of the printed dielectric.
Figure 5a reveals how capacitance density (C,/A) is insensitive
to direct current voltage (Vpc) changes between -2 and +2 V,
with the dielectric loss tangent (tand) remaining below 0.01
across the same voltage range. In addition, Figure 5b presents
Cp/A data where the standard deviation (error bars) across a
measured set of 15 MIM devices (15 working devices out of 16
measured devices) affirms the material’s insensitivity to fre-
quency across seven orders of magnitude, with tand remaining
low. These MIM structures are analyzed at 1 Hz, providing a
relative permittivity (&) value of 76 £ 0.5 for the inkjet-printed
Y,Al, ,O; material, which is in agreement with an earlier
report of inkjet-printed AIYO, with 20 wt% Y./} Gate leakage
current density (Jiea) plotted as a function of the electric field
(E) (Figure 5c¢) displays a critical breakdown field (E,) at 2.3 £
0.3 MV cm™ and low Jig of 6 £ 3 nA cm™ at E=1MV cm™.
These metrics are in agreement with data from recent reports

In,0; semiconductor

of solution-processed Y-doped Al,O; films!"*°l and suggest the
suitability of the material as a dielectric medium for oxide TFTs.

We then demonstrated TFTs incorporating Y,Al, ,O; film
as the gate dielectric with In,O; channel semiconductor and
Al gate and source/drain electrodes in bottom-gated devices,
as depicted in Figure 6. The optical transparency of the oxide
constituents renders them challenging to visualize using
optical microscopy, even when viewed through a differential
interference contrast filter (Figure 6a). Interferometry imaging
(Figure 6b) enables visual identification of the oxide films.
However, we observe the underlying Al gate electrode gener-
ating an artifact of apparent low z-dimension, forming a dark
region through the center of the overlying oxides. This observa-
tion can be caused by phase ambiguity from the reflective metal
surface.l>

Electrical performance of the printed In,0; TFTs with
printed Y,Al, ,O; gate dielectric is summarized in column 2
of Table 1 and in column 5 of Table S2 (Supporting Informa-
tion), alongside results of other reports for TFTs incorporating
solution-processed Y,Al, ,O; gate dielectric. Figure 7 depicts
the device architecture and plot of transfer characteristics from
representative devices. Overlaid transfer curves for multiple

Y,Al, 0, dielectric

50

Figure 6. a) Optical microscopy image and b) coherence scanning interferometry profile of TFTs fabricated during this work, revealing the inkjet-printed

In,05 and Y,Al,_,Os films.
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Table 1. Electrical performance metrics of TFTs with three different device architecture combinations of Al source/drain (S/D) electrodes and inkjet-
printed 0.1 wt% PEI:InO, material either absent (column 2), included as a homojunction film (column 3), or employed as an interfacial charge injec-
tion layer between semiconductor (SC) and S/D electrodes (column 4). Parameters are hysteresis voltage (Vi,s;), the maximum drain current (4 ma),
maximum saturation mobility (i.), on/off current ratio (Io0f), subthreshold slope (SS), turn-on voltage (V,,), and the number of devices of given

architecture (n).

Homojunction -

SC-S/D interlayer -

0.1% PEL:InO, -
- 0.1% PEL:InO,

Viyst [V] 0.16 +0.03

sz [em2 VT s77] 0.41+0.23

3.2x10* £ 6.6 x 10*

lonjoff

SS [V dec] 0.44£0.15
Von V] -0.63+0.21
n (TFTs) 15

0.20+£0.14 0.14£0.02

110 £0.54 1.30£0.39

1.1%x10%2£1.3x 102 2.3x10*+2.2x10*

1.90£0.73 0.44+0.19
-0.72+0.31 -0.69£0.18
6 6

devices are provided in Figure S11 (Supporting Information).
Table S2 (Supporting Information) reveals that our work is,
to the best of our knowledge, the first report of Y,Al, ,O; gate
dielectric TFTs incorporating more than one printed compo-
nent. Devices operate with a low voltage range, between —1 and
3V, with turn-on voltage (V,,) close to zero at —0.63 + 0.21 V
and on/off current ratio (Ion) of 10% This low voltage opera-
tion is essential for the reduction of energy consumption that
is critical for applications in flexible and wearable electronics.
The maximum charge carrier saturation mobility (i) of 0.41 £
0.23 cm? V! 571 is in agreement with a previous report with
In,03 TFTs with flexographically printed AlO, dielectric.[*!
Recently, Facchetti and co-workers reported a homojunction
of PEI-doped In,0;/In,0; as a performance-enhancing channel
material for TFTs reliant on Al source/drain (S/D) contacts.>!

» Al gate and source/drain
@ PEl:InO, interface layer
@ In,0, semiconductor

YAl O, dielectric
@ Glass substrate

In this work, we investigate the effect of an inkjet-printed
PEIL:InO,/In,0; homojunction (PEI within the TFT channel),
versus PEL:InO, patterned at the interface between In,O; and
Al S/D (PEI interlayer, not within the TFT channel). Well-
resolved inkjet patterning of PE:InO, material, to avoid depo-
sition within the TFT channel region, requires consideration
of PEI loading relative to host oxide. In our earlier work, we
found that for concentrations of >0.1 wt% PEI relative to In,0;,
droplet stabilization proves challenging and leads to poorly
defined print resolution.””! Polymeric species can hinder
fluid ejection from inkjet nozzles when present at high con-
centrations in ink, for example, due to elongational flow in
the nozzle, causing viscoelastic stress.® For this reason, we
employed our previously reported”) 0.1 wt% PELInO, ink.
Upon fabrication of both sets of devices, we observed that

b)

1E4 — T T T T T T

1E-5}

1E-6}

1E-7}

1E-8}

1 (A)

1E-9}

1E-10 ¢

1E-11¢

1E-12

oo

Vo)

Vo(V) Vo(V)

Figure 7. Device architecture and I/V transfer curves of a) primary devices explored during this study, b) devices including a homojunction layer of
0.1 wt% PEL:InO,, c) devices with 0.1 wt% PEI:InO, as an interfacial charge injection layer between In,0; semiconductor and Al top contact source/
drain electrodes.
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in comparison to reference devices devoid of PEI material,
those possessing the homojunction (Table 1, column 3 and
Figure 7b) showed improved g, of 1.10 £ 0.54 cm? V™' 57,
however, suffered from the increased subthreshold slope (SS)
of 1.90 + 0.73 V dec’, and high drain currents with low Iy of
of only 102 due to increased off-state current. It is plausible that
this increased bulk leakage of the semiconductor can occur due
to the electron donating ability of PEI, arising from lone pairs
of electrons of amine functionality. When PEI material is pre-
sent in the channel region, these electrons could be available
for donation to the conduction band of the host semiconductor
oxide, increasing the charge carrier concentration, which leads
both to the observed increase in i, and I 4 This undesirable
increase in the semiconductor conductivity was not observed
for TFT devices fabricated with patterned PEL:InO,, that was not
extending though the entire TFT channel. When comparing
the electrical characterization data of reference devices devoid
of PEI (Table 1, column 2 and Figure 7a), with that of the pat-
terned PEI interlayer devices (Table 1, column 4 and Figure 7c),
it is evident that metrics including Viys, Ionjoss SS, and V,p,
do not significantly deviate from one another. However, there
is a clear increase in pg, from 0.41 + 0.23 cm? V! 57! for the
reference devices, to 1.30 £ 0.39 cm? V™! s7! for those with the
interfacial PEL:InO, layer. The electron donating ability of PEI
likely assists electron injection across the interface between
the oxide semiconductor and the Al contact electrodes, leading
to the observed increase in [, In addition, because the PEI
material is not present in the device channel, semiconductor
conductivity is not increased as was observed for the homojunc-
tion devices with high I,g and therefore metrics such as Iy of
and SS do not suffer. This is further supported by the output
curves presented in Figure S12 (Supporting Information) for
devices with each of the three different architectures shown in
Figure 7 Notably, the homojunction device in Figure S12b (Sup-
porting Information) suffers from nonsaturating current indic-
ative of bulk leakage, whereas the other devices show saturating
currents.>’]

3. Conclusion

We investigated solution-processed Y,Al, ,O; dielectric and
patterned the material using inkjet printing to fabricate TFT
devices incorporating a PEI-doped In,0; interfacial layer,
achieving pg,, of =1 cm? V™' s7! at a low 3 V operating voltage,
with 500 °C thermal budget in fabrication. We found that
plasma treatment can result in low-frequency capacitance
instability if the annealing is not done at high-enough tem-
perature. This result stresses the need to measure the capaci-
tance of solution-processed dielectrics where plasma treatment
is applied before subsequent processing steps, to avoid over-
estimation of charge carrier mobility. Suggested future work
includes adapting our previously reported far-ultraviolet treat-
ment!3* for lowering the thermal budget of Y,Al, O; pro-
cessing, along with the incorporation of printed contacts such
as inkjet-printed silver™® or indium tin oxide.’] This study
advances metal-oxide TFT fabrication toward fully printed
devices, which is of importance for scalable, high-throughput
production.
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4. Experimental Section

Y,Al,_,O3 precursor inks were prepared under nitrogen atmosphere
by adding 2-methoxyethanol (anhydrous, 99.8%, Sigma-Aldrich) to
aluminum nitrate hydrate (Al(NO3)3+9.8H,0, Epivalence UK) or yttrium
nitrate hydrate (Y(NOj3);3+4.1H,0, Epivalence UK) in separate vessels, at
0.2 or 0.4 M. Inks were mixed with stirring for 6 h at 75 °C and then
filtered via 0.2 um polytetrafluoroethylene (PTFE), Acrodisc, to obtain
a transparent solution. Resulting inks were combined with varying Y:Al
ratios of 0, 5, 10, or 20 wt% before adding 10 wt% of ethylene glycol
(anhydrous, 99.8%, Sigma-Aldrich). Inks were gelled by heating in
an open vessel at 130 °C prior to thermogravimetric analysis that was
performed using TA Instruments TGA Q500 at 10 K min~' ramp rate in
air. Glass substrates were cleaned sequentially with deionized water,
acetone, and isopropanol in an ultrasonic bath at 45 °C. For thin-film
material characterization and capacitor structures, spin coating of AlO,,
YO,, and Y,Al, O3 onto plasma-treated (1 min, 0.2 mbar, O,, 200 W,
Diener Nano) glass substrates (with Al bottom electrode in case of
capacitors) at 1500 krpm for 60 s, was followed by hot-plate drying for
15 min at 130 °C. To control film thickness, the spin/drying process was
repeated either 2 or 4 times before hot-plate annealing for 30 min in
air at either 350 °C (T;) or 500 °C (T,). For inkjet printing, Y,Al,_,O3 ink
was mixed for 15 min before filtration (0.2 pm PTFE) into a piezoelectric
cartridge (30 °C, DMC-11610) and then printed using a tailored
trapezoidal waveform from 14 adjacent nozzles (5 m s™, 75 um drop
spacing, 339 dpi) with a Fujiflm Dimatix DMP 2831 printer. For both
TFTs and capacitors, four sequential layers of Y,Al,_, O3 were printed onto
plasma-treated glass substrates with Al bottom/gate electrode. Each
printed layer was hot-plate-dried (15 min, 130 °C), and then all layers
jointly annealed (30 min, 500 °C). ALD was employed for the preparation
of =100 nm thick reference Al,O; films using trimethylaluminum and
H,0 as the precursors at 300 °C growth temperature.

Customized shadow masks enabled resistive evaporation patterning
of Al as electrical contacts for both capacitors and TFTs. TFTs were
fabricated for bottom-gate architecture with inkjet-printed In,O;
semiconductor (T,,, = 300 °C) and PEI/In,O3; composite interfacial
layers (T,nn = 250 °C), each around 10 nm thick, deposited on top of
the inkjet-printed Y,Al,_,O3 following plasma treatment as previously
reported.*#] The evaporated Al gate (30 nm) and source/drain
electrodes (60 nm) provided a channel length of 80 um (L) and width
(W) of 1 mm (W/L = 12.5). Following the deposition of top contacts,
TFTs were hot-plate-annealed in air (150 °C, 30 min) to encourage device
turn-on voltage (V,,) to approach V, = 0 V.l Capacitor bottom and top
contacts were =40 and 60 nm thick, respectively.

Attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy (ThermoScientific Nicolet S50i) with grazing angle ATR
accessory (Harrick Scientific Products Inc. VariGATR) and Ge crystal
was used to obtain FTIR spectra. Grazing incidence X-ray diffraction
(GIXRD) (0.5° incidence angle) measurements provided insight
into the extent of crystallinity. XRR was used to estimate the density,
thickness, and roughness of the multilayer films produced by spin
coating. Both GIXRD and XRR were performed using a PANalytical
X'Pert PRO MRD with Cu Ko source. The curve fitting for XRR was
performed using a software based on the algorithm by Tiilikainen
et al.l’® Both single-layer and double-layer models were tested for
each layer of the spin-coated multilayer samples using stoichiometric
Al,O; as the composition in the fitting. Further insight into film
surface morphology was provided by AFM (Digital Instruments,
Dimension 3100/Nanoscope 3). Film thickness was verified by stylus
profilometry (Veeco, Dektak 150) and optical profiling (Sensofar, S
Neox 3D optical profiler, both coherence scanning and phase-shifting
interferometry). XPS measurements were made using Kratos Axis
Ultra system, equipped with a monochromatic Al Ker X-ray source. The
measurements were performed with 100 um aperture size and 40 eV
pass energy (20 eV for Y 3d) with charge neutralizer. XPS depth profiling
was performed by making a 2 mm x 2 mm hole on each sample using
an Ar-ion gun. The parameters were 5 mA ion current and 5 keV ion
energy, resulting in a removal rate of =24 pm s7'. Sample surfaces
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were measured after 0, 20, 60, 120, and 200 s sputtering durations.
XPS surface spectra were binding energy corrected with respect to the
adventitious C—C peak at 284.8 eV. In the depth profile measurement
data (sputtered to =5 nm depth), correction to all spectra was made
based on the data before sputtering. All DC electrical characterization
was performed with Keithley 4200 SCS in the dark and the capacitance
measurements with Novocontrol Alpha-A.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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