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Readily Accessible Metallic Micro-Island Arrays for
High-Performance Metal Oxide Thin-Film Transistors

Jaehyun Kim, Joon Bee Park, Ding Zheng, Joon-Seok Kim, Yuhua Cheng, Sung Kyu Park,*

Wei Huang,* Tobin J. Marks,* and Antonio Facchetti*

Thin-film transistors using metal oxide semiconductors are essential in
many unconventional electronic devices. Nevertheless, further advances will
be necessary to broaden their technological appeal. Here, a new strategy

is reported to achieve high-performance solution-processed metal oxide
thin-film transistors (MOTFTs) by introducing a metallic micro-island array
(M-MIA) on top of the MO back channel, where the MO is a-IGZO (amor-
phous indium-gallium-zinc-oxide). Here Al-MIAs are fabricated using honey-
comb cinnamate cellulose films, created by a scalable breath-figure method,
as a shadow mask. For IGZO TFTs, the electron mobility (i) increases from
=~3.6 cm?V~'s™ to near 15.6 cm? V' s™! for optimal Al-MIA dimension/
coverage of 1.25 pm/51%. The Al-MIA IGZO TFT performance is superior to
that of controls using compact/planar Al layers (Al-PL TFTs) and Au-MIAs
with the same channel coverage. Kelvin probe force microscopy and tech-
nology computer-aided design simulations reveal that charge transfer occurs
between the Al and the IGZO channel which is optimized for specific AI-MIA
dimensions/surface channel coverages. Furthermore, such Al-MIA IGZO
TFTs with a high-k fluoride-doped alumina dielectric exhibit a maximum g, of
>50.2 cm? V' s71. This is the first demonstration of a micro-structured MO
semiconductor heterojunction with submicrometer resolution metallic arrays
for enhanced transistor performance and broad applicability to other devices.

mobility? 2 versus conventional amor-
phous silicon TFTs, as well as large area
processability at low temperatures.[3-16]
Furthermore, MOTFTs are less affected
by short channel effects.l’! As in other
transistor technologies, MOTFT perfor-
mance strongly depends on the intrinsic
semiconductor channel properties as well
as the channel interfacial characteristics,
including that of the top surface.?*-2 Fur-
thermore, MOTFTs are limited by uncon-
trollable back channel trap densities,
restricting their application in high-reso-
lution displays, as well as 3D and virtual
reality devices.l?3-%/]

Recently, several strategies were
reported to enhance the performance of
MOTFTs by adopting new device archi-
tectures, including dual gate implanta-
tion,128-3% high-k insulators,3*%l and sem-
iconducting heterostructures.** Among
these strategies, low-dimensional bi- or
multilayer heterostructures of different
MOs have enhanced the carrier mobility
and drive current in MOTFTs.B%0 These
improvements typically originate from

1. Introduction

Metal oxide (MO) thin-film transistors (MOTFTs) have attracted
considerable attention in both academia and industry because
of attractions such as high optical transparency in the vis-
ible region,'=3l good air stability,*® and outstanding carrier

confined free electrons within the potential well of the hetero-
interface between two semiconductors having large Fermi
energy differences.*l However, although these approaches are
noteworthy, limitations in available component materials and
control of leakage currents have compromised the fidelity of
this platform.1”38 Another approach to enhance performance
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consists of depositing a metallic capping layer covering the
entire TFT back channel.*>* This approach can reduce the
charge trap density in the semiconductor back channel, pri-
marily originating from oxygen vacancies, which increase
electron scattering and reduce carrier mobility.**#] However,
this approach suffers considerable issues since the enhanced
field-effect mobility is accompanied by an increased off-current
and more complex device manufacture.*>*8! Furthermore, the
development of unique (sub-)micrometer patterning fabrica-
tion methods for heterojunctions and other TFT architectures
remain challenging.[*’]

Here, we report enhanced-performance amorphous indium-
gallium-zinc-oxide (IGZO) TFTs by using aluminium micro-
island arrays (Al-MIAs) defined on top of the IGZO back
channel. Specifically, we explore Al-MIAs of varying dimen-
sions/channel coverage fabricated by Al vapor deposition
using diverse honeycomb cinnamate-cellulose (Cin-cell) films
as shadow masks. The latter are fabricated using a simple
solution breath figure process,**% thus avoiding high-cost
e-beam lithography. Optimal Al-MIA dimension/coverage
enhances IGZO TFT electron mobility from 3.64 cm? V! s7!
(no AI-MIA) to 15.58 cm? V1 s71 (51%/1.25 um Al-MIA), along
with low off-current and enhanced bias stress stability. Kelvin
probe force microscopy (KPFM) measurements and tech-
nology computer-aided design simulations were carried out to
explain these results and to clarify the underlying mechanism
of enhanced mobility with low off-currents in AI-MIA devices.
The results indicate that AI-MIA can uniformly transfer elec-
trons to the IGZO and efficiently passivate surface trap sites
of the IGZO back channel versus those having an identical
coverage, but with compact Al layers covering the IGZO back
channel. Finally, by utilizing a high-k fluoride-doped alumina
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gate dielectric, Al-MIA-based IGZO TFTs exhibit a maximum
field-effect mobility of >50 cm? V! 57!, demonstrating the great
versatility of this strategy to enhance MOTFT charge transport.

2. Results and Discussion

A schematic of the fabrication process for IGZO Al-MIA TFTs
is shown in Figure la. Honeycomb Cin-cell film masks, with
apertures of =0.71 to =1.25 um and thickness of =300 nm
(Figure 1b and Figure S1, Supporting Information), were fab-
ricated with a modified breath figure method and lift off/
transfer from a poly(vinyl alcohol) (PVA) sacrificial layer (see
Experimental Section for more details).[*152] For TFT fabrica-
tion, IGZO films (In:Ga:Zn = 7:1:2 molar ratio, =20 nm thick)
were spin-coated onto n-doped Si/SiO, serving as gate contact/
gate dielectric (300 nm thick) layers, respectively. The IGZO
channel was patterned using conventional photolithography,
and then 100 nm thick Al source/drain electrodes were ther-
mally evaporated and patterned by a lift-off process (channel
length = 50 um, channel width = 100 um). Finally, the Cin-cell
mask was placed on the IGZO TFT array (see Figure S2, Sup-
porting Information, for details) and Al (or Au as a counterex-
ample) and was thermally evaporated to define the Al- (or Au-)
MIAs (=40 nm thick) on the IGZO TFT channel. The Al-MIA
dimension varied from 0.71 + 0.03 to =1.25 * 0.05 um, which
corresponds to a variation of the channel area coverage with Al
from 23% to 51%, respectively (Figure S3, Supporting Informa-
tion). Remarkably, unlike conventional metal shadow masks
that cannot be completely contacted to the sample, our Cin-cell
film masks strongly adhere to the sample, and because of the
nm thickness, identical dimensions between the mask size and
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Figure 1. a) Schematic of the fabrication process for IGZO TFTs with Al-MIA. b) Optical microscopy images of a honeycomb Cin-cell film (inset figure
is higher resolution) used as a shadow mask. c) Correlation between mask and Al-MIA dimensions. d) Optical microscopy image and e) AFM image

with included the surface profile of an Al-MIA.
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Al-MIA are obtained (Figure 1c). Figure 1d shows an optical
image of an Al-MIA on IGZO demonstrating good large-area
uniformity. Figure le and Figure S4 (Supporting Information)
show AFM and SEM images of an Al-MIA on IGZO, respec-
tively, employed for assessing MIA dimensions and thickness.
Next, the electrical performance of IGZO TFTs with Al-MIAs
having different coverage/dimension was investigated. Fur-
thermore, control IGZO TFTs having a planar and compact Al
film (Al-PL) centered in the middle of the back channel and
having different dimensions corresponding to a channel cov-
erage from 20% to 60%, thus similar to those of MIAs, were
also fabricated to assess the importance of a uniformly distrib-
uted versus compact channel coverage with Al (Figure S5, Sup-
porting Information). Figure 2a,b and Figure S6 (Supporting
Information) report representative transfer and output charac-
teristics of the AI-MIA and Al-PL IGZO TFTs, respectively, and
Table S1 (Supporting Information) summarizes all device per-
formance parameters. Note, a large drain voltage (Vp = +80 V)
was used to induce a high drain current because of the low
SiO, film capacitance. In addition, Al source/drain electrodes
were employed as ohmic contacts that lead to large saturation
voltages. Both types of devices exhibit increased on-current ()
from 0.16 mA (no metal) to 0.76 and 0.63 mA when the Al cov-
erage is increased to 51% for MIA and 60% for PL, respectively.
However, while the off-current (I,g) of the AI-MIA IGZO TFTs
remains very low (1079 to 1072 A) and comparable to that of the
pristine IGZO TFTs, the I, of the Al-PL IGZO TFTs increases
dramatically to >10™® A when the Al coverage is >50%. Thus,
as shown in Figure 2c and Figure S7 (Supporting Informa-
tion), the on/off current ratio (I,,/Iog) of the AI-MIA TFTs first
slightly falls at low coverage (23%) but then gradually increases
to 3.5 x 10° when the Al-MIA coverage reaches 51% due to the
greater enhancement of the I,,; however, that of the AI-PL
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Figure 2. a) Representative transfer characteristics of IGZO TFTs with
the indicated Al-MIA coverages. b) Representative transfer characteristics
of IGZO TFTs with the indicated Al-PLcoverages (W/L =100 um/50 pm,
Vb =80 V). ¢) lon/log and d) s, data for the indicated IGZO TFTs.
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IGZO TFTs monotonically falls dramatically to 8.6 x 10* when
the Al-PL coverage reaches 60%.

We also analyzed the I/, values of the AI-MIA and Al-PL
IGZO TFTs with respect to the semiconductor channel thick-
ness and the spacing between Al-MIAs (Figure S8, Supporting
Information). As expected, both devices exhibit low I/l ¢
values as the channel thickness decreases from 35 to 7 nm
because the high current density of the back channel becomes
dominant. However, while the I, /I, of the Al-MIA IGZO
TFTs slightly decreases from 5.97 x 10° to 1.63 x 10® when the
channel thickness decreases from 35 to 7 nm, that of the Al-PL
IGZO TFTs decreases to a greater extent from 3.42 x 10® to
2.35 x 10°. In addition, we find that the I ,/I.¢ of the AI-MIA
IGZO TFTs only slightly decreases from 3.51 x 10° to 3.29 x 108
when the Al spacing between MIAs is increased from 0.55 to
0.81 um. This result argues that the I, /I« values for AI-MIA
IGZO TFTs are mainly dominated by the Al surface coverage,
due to the efficient passivation of surface trap sites of the IGZO
back channel.

The AlI-MIA and Al-PL IGZO TFT figures of merit can be
extracted in saturation from the equation,®® us, = (2L/WC,,)
(0\Ip/8V¢)?, where s, is the saturated field-effect mobility, L
is the channel length, W is the channel width, C,, is the gate
insulator capacitance, I is the drain current (on-current) of the
transistor, and V is the gate voltage. As shown in Figure 2d,
both devices have enhanced us,; compared to that of the pris-
tine IGZO TFTs (usy = 3.64 cm? V! s7%; see Figure S9, Sup-
porting Information). However, while the us, of the Al-MIA
IGZO TFTs monotonically increases from 5.56 cm? V! s7! to
15.58 cm? V1 s7! as the coverage increases from 23% to 51%,
that of the Al-PL IGZO TFTs first increases from 5.28 cm? Vs
(coverage = 20%) to 8.19 cm? V™! 57! (coverage = 46%), but then
falls to 716 cm? V! s7! when the coverage reaches 60%. This
is attributed to saturation of the I, and enhancement of the
I, reducing the transconductance and thus the mobility of the
Al-PL IGZO TFTs when the coverage is >50%.1*8 Here, us,,
of the best AI-MIA IGZO device is >400% and >200% that of
the pristine IGZO and best Al-PL IGZO devices, respectively.
Both the subthreshold slope (SS) and the threshold voltage
(V1) of IGZO TFTs with Al-MIA slightly increases from 0.16 to
0.20 V decade™! and —738 to —9.90 V, respectively, as the AI-MIA
coverage increases from 23% to 51%; however, those of the
Al-PL devices dramatically increase from 0.16 to 0.77 V decade™
and +3.3 to —20.0 V, respectively, as the coverage increases from
20% to 60% (Figure S10, Supporting Information). The slightly
degraded SS value and negatively shifted Vi of both the AI-MIA
and Al-PL IGZO TFTs, as the Al coverage increases, can be
rationalized by the increased carrier density.*®>*%! Further-
more, since the SS change correlates with the total trap density
(N7) within the device channel region according to the equa-
tion ASS = gk TNyt ,In(10)/C,y, % where g is the electron charge,
k is Boltzmann’s constant, T is the temperature, and t4, is the
channel thickness, the Ny of these devices can be extracted. It
is found that Ny of the AI-MIA TFTs (2.71 X 10! eV! cm™) is
far lower than that of the A-PL TFTs (3.64 X 10V eVl cm™). In
addition, we find that Al-PL IGZO TFTs exhibit a lower linear
mobility (i) (5.72 cm? V-1s7Y) than us,, (8.19 cm? V157, while
Al-MIA IGZO TFTs exhibit similar u, (14.3 cm? V! s7%) and
Usy (15.58 cm? V71 s71) (Figure S11, Supporting Information),
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further supporting the assertion that the MIA coating mini-
mizes charge trapping site.l’”>® Finally, the operational stability
under a positive bias stress for 3.6 x 10> s was monitored for
the IGZO TFTs with optimal AI-MIA and PL coatings of 51%
and 46%, respectively, and Figure S12 (Supporting Information)
shows the corresponding transfer characteristics. The results
indicate that the threshold voltage shift (AVy) of the AI-MIA
IGZO TFTs (+3.35 V) is far smaller than those of both the Al-PL
(+18.35 V) and pristine IGZO (+19.1 V) TFTs. These data argue
that the uniformly distributed Al-MIA is superior in passivating
defect densities on the IGZO back-channel region.

In order to clarify the short channel effect such as drain
induced barrier lowering (DIBL), we measured the change of
the Vr of both AI-MIA and AI-PL IGZO TFTs on going from
long (L = 50 um) to short (L = 5 pm) channel lengths under
various Vp measurement conditions. As shown in Figure S13
(Supporting Information), the AI-MIA IGZO TFTs exhibit neg-
ligible DIBL degradation at the short channel dimension, while
Al-PL IGZO TFTs exhibit a large DIBL degradation. In addition,
we tested the long-term stability of the AI-MIA IGZO TFTs. As
shown in Figure S14 (Supporting Information), the AI-MIA
IGZO TFTs show only a small variation of the I/l and s,
(<5%) metrics even after 120 days of air exposure, while the
Al-PL IGZO TFTs exhibit far larger degradations (=50%).

The most plausible reason for the variation of electron
mobility is the change in back channel potential caused by the
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difference in work function between the IGZO and the metallic
capping layer.>%%% Figure S15 (Supporting Information) shows
a schematic band structure representation of dielectric—semi-
conductor and dielectric-semiconductor-metal multilayers
supporting, qualitatively, the mechanism underlying the
observed performance variation between pristine and metal-
covered IGZO TFTs. Thus, when the metal is Al (Figure 3a),
electrons can be transferred from the low work function Al
to the high work function IGZO layer, resulting in a positive
potential in the 1GZO." This positive potential promotes a
down-shift of the IGZO band, increasing the electron density
in the semiconductor. Thus, for an optimal Al structure and
coverage (vide infra), the transferred electrons are sufficient to
passivate traps and thereby increase I, and us,;, but not large
enough to create a back conducting channel increasing the
Ig and deteriorating the I,,/I,g This picture is further sup-
ported by an additional control experiment using gold (Au) as
the metal of MIA (Au-MIA), which shows lower us,; and I,/ Lg
ratio, as well as a positively shifted V7, versus both pristine and
AI-MIA IGZO devices (Figure S16, Supporting Information).
Indeed, the larger work function of Au versus IGZO would
result in electron transfer from IGZO to Au, shift of the IGZO
band up and depleting it of electrons (Figure 3b). To probe the
reason underlying this result, X-ray photoelectron spectroscopy
(XPS) measurements were carried out to determine the com-
position and the oxygen environment of pristine IGZO and
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Figure 3. a,b) Schematic diagrams for device and band structure of Al-MIA IGZO TFTs (a) and Au-MIA IGZO TFTs (b). c—h) KPFM characterization
of IGZO TFTs with Al (and Au)-MIA capping layers. c,d) AFM scan image and surface height profile along the cutline and e,f) corresponding surface
potential mapping of IGZO TFTs with Al-MIA capping layers having different Al coverage. g) AFM scan image and surface height profile along the cutline
and h) corresponding surface potential mapping of IGZO TFTs with Au-MIA capping layers. i) Potential coverage profile with respect to Al coverage

of IGZO film with Al-MIA and Al-PL coatings.
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Al-capped IGZO films (Figure S17, Supporting Information).
Deconvolution of the O 1s spectra shows the contribution of
peaks at 530.09 £ 0.01, 531.21 £ 0.18, and 532.19 £ 0.1 eV, cor-
responding to oxygen atoms in M—O—M lattice, oxygen atoms
near oxygen vacancies (M—O,,), and oxygen atoms in hydroxyl
groups (M—OH compounds). Clearly, the M—O—M content of
the Al-capped IGZO (72.5%) is larger than that of the pristine
IGZO film (70.4%), while the M—OH content follows an oppo-
site trend (7.2% vs 9.2%, respectively). This result indicates that
the Al capping layer reduces the density of lattice defects.

Next, KPFM measurements were performed to map the
IGZO surface potential with and without AI-MIA or Al-PL,
which is acquired from the contact potential difference between
an AFM probe and the surface of interest.I®!l Figure 3c—f as well
as Figures S18 and S19 (Supporting Information) show the AFM
topography and surface potential distribution maps of Al-MIA
IGZO and Al-PL IGZO films. Independent Al architecture, the
surface potential increases from =—0.2 V on top of Al to =+0.4 V
in the IGZO regions far from the metal in agreement with the
work function difference between these two materials. Equally
interesting is the comparison between topology and potential
images that clearly show, on the contrary of the Al-PL, for the
Al-MIA structure, the extent of the surface potential reduction
covers a significant portion of the IGZO surface. Thus, while
for an AI-PL structure, the topological and surface potential
coverage almost coincide; for the Al-MIA structure having an
Al coverage of =43 and =47%, the surface potential decrease
extends to =55 and 61%, respectively (Figure 3i). This result
demonstrates that MIA structures are more efficient in trans-
ferring/diffusing electrons to a larger portion of the IGZO back
channel, when incorporated into a TFT, versus a PL architec-
ture (Figure S20, Supporting Information). As expected, when
using Au instead of AI-MIAs (Figure 3g,h), the surface potential
on top of the metal (+1.3 V) is greater than in the IGZO (+0.4 V)
and again the metal coverage is far smaller than the surface
potential coverage, in line with efficient electron depletion of
IGZO by Au-MIA.

Technology computer-aided design (TCAD) simulations of
the band structure of pristine, AI-MIA, and Al-PL IGZO TFTs
were next carried out to quantitatively analyze their transport
behavior.[2l These simulations incorporate the model experi-
mental parameters from our devices, such as carrier mobility,
bandgap, and permittivityl®>®4 to predict how changes in mate-
rials and device architecture affect charge-transport character-
istics. The IGZO physical parameters used in the three device
architectures are summarized in Table S2 (Supporting Informa-
tion) and the simulated transfer characteristics of these IGZO
TFTs are shown in Figure S21 (Supporting Information). Note
that band alignment simulations were conducted by refer-
ring to the “affinity rule”, which assigns the conduction band
discontinuity as equal to the difference between the electron
affinities of the materials.[%! Figure 4a,b shows the simulated
energy band diagrams of an Al-capped IGZO TFT going from
the top Al to the IGZO/SiO, interface in the on- (Vg =+10V,
Vp = +10 V) and off- (Vg = -10 V, V, = +10 V) states, respec-
tively. In both states potential wells form at the IGZO/Al het-
erointerface and their band energetics are little affected by Vg,
suggesting that electrons will always accumulate in that region
of the device back channel. Conversely, the energies of the
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Figure 4. a,b) Simulated energy band diagrams with cutline from the Al
layer to the IGZO/SiO, interface in the on-state (Vg =10 V) (a) and off-
state (Vg =—-10V) (b). ¢,d) Variation of the current densities of the back
and front channel as a function of the Al coverage of IGZO TFTs with
an Al layer in the on-state (Vg =10 V) (c) and off-state (Vg =-10V) (d).

on-/off-state bands moving to the dielectric surface, and thus
the electron density (vide infra), are strongly modulated by the
Ve, as expected by the field-effect. Next, to rationalize how the
Al coverage affect the conductivity of these devices, the cur-
rent densities originating from both the front and back chan-
nels in the on- (Figure 4c) and off- (Figure 4d) states of Al-PL
devices as a function of Al coverage were simulated. For the
devices in the on-state, the back and front channel current den-
sity increases from 12 to 65 kA cm™ and from 7 to 31 kA cm™?,
respectively, with increasing the Al coverage from 20% to 90%.
Thus, increasing the coverage is beneficial to enhance the on-
current. However, simulations in the off-state indicate that
while the current density of the front channel is always neg-
ligible (=0.1 A cm™), the back channel current density first
monotonically increases from 1.15 to 1.5 kA cm™ as the Al
coverage increases from 20% to 50%, but then exponentially to
4.9 kA cm™ when the Al coverage increases to 90%. This result
is in agreement with the strong reduction of the I /I, of the
Al-PL devices when the Al coverage increases >50% (Figure
S6, Supporting Information). Therefore, optimization of Al
coverage and topology (vide infra) is essential for reducing the
off-current of IGZO/AI heterostructures and optimizing device
performance. Note that the TCAD simulations were conducted
under low gate and drain bias conditions to avoid undesirable
potential distortion issues near the drain electrode. Under
higher gate bias conditions (Vg = 80 V), the current density of
the front channel is far larger than that of the back channel due
to the large electron concentration induced by the large positive
gate potential (Figure S22, Supporting Information).
Furthermore, we also performed additional TCAD simula-
tions to understand the enhanced charge transport in Al-MIA
IGZO TFTs versus the other devices. Figure 5a—c shows
the contour of electron concentrations (n) in the pristine,
Al-PL, and AI-MIA IGZO TFTs in the on-state (Vg = +10 V,
Vp = +10 V), respectively, with the latter two having the same
Al coverage (50%). By monitoring the electron concentration
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Figure 5. a—c) Contour of electron concentration in the IGZO TFTs, IGZO TFTs (a) with Al-PL (b) and AI-MIA (c) in the on-state (Vg = 10 V).
d—g) Electron concentration profiles in IGZO TFTs (d) and IGZO TFTs with Al-PL (e) and Al-MIA (f) along the back channel cutline and along the front

channel cutline (g).

of these devices in the back channel (n,q, see data from the
cutlines of Figure 5a—c in Figure 5d—f, respectively), the ny,q
in the IGZO channel of the pristine device is low and very uni-
form (6.8 x 10" cm™, Figure 5d) while that of the other devices
is very large in the IGZO back channel region under the Al
(=7 X 10 cm™3, Figure 5e,f), in agreement with the considerable
electron diffusion from Al to the IGZO channel. Furthermore,
the large np,q in IGZO of AI-MIA (>10" cm™) exceeds the Al
coverage and reaches =73% of the back channel region, versus
in IGZO with Al-PL only exhibits =52%, fully consistent with
the KPFM analyses above. Importantly, analysis of the IGZO
electron concentrations in the front channel (ngq,,, Figure 5g)
indicates that the Al-MIA IGZO TFTs also exhibit an overall
much higher average ngon (8.5 X 10'® cm™) than those of the
pristine (5.3 x 10'® cm™3) and AI-PL (75 x 10'® cm™3) devices,
because the uniform Al MIA distribution percolates carriers
throughout the entire channel. This result suggests that the
AI-MIA layer can enhance the conductivity of the entire IGZO
channel region under the positive gate bias but, simultaneously,
retain a low Ig Furthermore, we carried out additional TCAD
simulations to analyze the carrier concentrations of the Al-PL
and AI-MIA IGZO TFTs at a higher drain bias (Vp = 80 V). As
shown in Figure S23 (Supporting Information), in the on-state
(Vg =480V, Vp = +80 V), the high drain bias simulations also
show the enhanced electron concentrations for both back and
front channels of the Al-MIA structure. In addition, we per-
formed additional TCAD simulations to compute the electron
concentration and current density of both Al-MIA and Al-PL
IGZO TFTs in the off-state (Vg =-80V, Vp = +80 V) as shown
in Figure S24 (Supporting Information). The electron concen-
tration in the IGZO back channel (m,q) of the pristine IGZO
TFT gradually falls on going from the source (8.9 x 10 cm™) to
drain electrode (1.1 x 10 cm~) and that of the Al-capped IGZO
TFTs exhibits a uniform increased of electron concentration in
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the region(s) under the Al layer. Thus, the Al-PL IGZO TFTs
exhibit a large and uniform ny, under the Al-PL (>10V cm™),
whereas effective modulation from high to low ny,q is found
for the AI-MIA. Thus, the oscillating carrier density throughout
the back channel and the reduced n,y near the drain elec-
trode region also suppress the off-current for the AI-MIA IGZO
TFTs. Furthermore, the back channel current density of the
Al-PL IGZO TFTs first monotonically increases from 0.82 to
1.07 kA cm™2 as the Al coverage increases from 20% to 50%, but
then dramatically increases to 2.57 kA cm™ when Al PL cov-
erage increases to 90%. In contrast, the current density of the
Al-MIA IGZO TFTs only increases from 0.27 to 0.92 kA cm™
as the coverage increases from 20% to 90%. Meanwhile, we
measured electric field distribution for both Al-MIA and Al-PL
IGZO TFTs as shown in Figure S25 (Supporting Information).
The Al-MIA IGZO TFTs exhibit an overall much higher average
electric field distribution in the back (E,,q) and front channel
(Bron) (8-2 X 10° and 1.9 x 107 V cm™, respectively) than the
Al-PL devices (5.8 x 10° and 1.1 x 10’ V cm™, respectively).
This stronger electric field of the AI-MIA devices is expected
to enhance electron accumulation in the channel. Note, we
also simulated the electron concentrations of the IGZO layer
for Au-MIA devices (Figure S26, Supporting Information),
demonstrating that m,q in the IGZO channel under the Au
(=16.8 cm™) is far lower than that of pristine IGZO channel,
again a result fully consistent with experiment.

Finally, we employed a high-quality low-temperature solution-
processed fluoride-doped alumina (F:AlO,) gate dielectric to
further demonstrate the attraction of AI-MIA IGZO TFTs. This
laboratory recently reported that F:AlO, gate insulator films
show enhanced capacitance stability over a broad frequency
range by suppressing polarization mechanisms at low frequen-
cies, leading to stable and durable high-x AlO, dielectrics./%!
The device structure (Figure S27, Supporting Information) con-
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sists of a n-doped Si gate, a =20 nm thick F:AlO, dielectric layer
(Cox of 306 nF cm™2, Figure S28, Supporting Information), an
IGZO channel, Al source-drain contacts, and completed with an
Al-MIA having the optimal coverage of =51%. The cut-off fre-
quency was calculated from the equation, fr = g,/27C, where
fr is the cut-off frequency, g, is the transconductance, and C,
is the total gate capacitance. The AI-MIA IGZO TFTs exhibit
increased fr from to 626 kHz (no capping) to 1.12 MHz in spite
of increased parasitic capacitance overlap, due to the greatly
increased mobility. Representative transfer and output charac-
teristics are shown in Figure S27b,c (Supporting Information),
respectively, with the performance statistics collected in Figure
S27d-f (Supporting Information). These devices operate within
2V and exhibits us, as high as 50.25 cm? V™' 7L,

3. Conclusions

An effective and scalable strategy is presented to fabricate high-
performance MOTFTs using M-MIA capping of the IGZO semi-
conductor channel. Using Al as the metal and a MIA with an
optimized dimension/coverage of 1.25 um/=50%, an optimal and
uniform electron density is obtained in the IGZO back channel,
minimizing charge trapping, enhancing electron transport,
but retaining a low off-current. Importantly, the (sub-)microm-
eter AI-MIA structures are easily fabricated using inexpensive
solution-processed honeycomb Cin-cell masks, which should
greatly lower manufacturing costs versus conventional (sub-)
micrometer lithographic processes. The efficient charge trans-
port in AI-MIA devices, versus pristine and Al-PL IGZO TFTs,
was explained by experimental KPFM measurements and TCAD
simulations. Furthermore, a high mobility of >50.25 cm? V™' s7!
was demonstrated in AI-MIA IGZO TFTs combining an opti-
mized structure and a low-temperature solution-processed flu-
oride-doped alumina gate dielectric. The results reported here
provide a new avenue to utilize conventional electronic materials
to achieve high performance semiconductor devices, offering
compatibility with commercial large-area and low-cost device
applications, and open the door to the utilization of new mate-
rials for applications in other devices and field of use requiring
easily accessible (sub-)micrometer architectures.

4. Experimental Section

Preparation of Precursor Solutions: For the 1GZO precursor solution,
each metal nitrate salt (354.8 mg of In(NOj3);:xH,0, 399.6 mg of
Ga(NO;)3xH,0, and 297.2 mg of Zn(NO;),xH,0, all from Sigma-
Aldrich, 99.999% pure) was dissolved in 10 mL deionized water and the
precursor solutions were stirred for =1 h. Next, the precursor solutions
were combined to the desired molar ratio (In:Ga:Zn = 7:1:2) and stirred
before deposition by spin-coating. For the fluoride-doped AlO, (F:AlO,)
precursor solution, 93.78 mg of Al(NOs); was dissolved in 5 mL of
2-methoxyethanol (2-ME) (anhydrous, Sigma Aldrich). Next, 25 pL of
acetylacetone (AcAc) and 11.25 uL of 14.5 M NHs(aq) were added and the
solution was stirred overnight (>10 h). Finally, 25 wt% of 1,1,1-trifluoro-
2,4-pentanedione (Sigma Aldrich) was added and the solution was stirred
1 h before spin-coating. The Cin-cell polymer was synthesized according
to Ref. [67] and was dissolved in chloroform (16 mg mL™" concentration)
and the solution was stirred >8 h before use. The Cin-cell solution was
mixed with methanol (Sigma—Aldrich) with a volume ratio from 5 to
12.5% to afford the honeycomb film pore size from 0.71 to =1.25 pum.[50.68]
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Thin-Film Transistor Fabrication: All solutions were filtered through
0.2 um PFET syringe filters before deposition. For the fabrication of
the devices on SiO,, heavily doped (n**) silicon wafers with a 300 nm
thick thermally grown SiO, were used as the gate/dielectric substrate.
The substrates were cleaned by ultrasonication in acetone and isopropyl
alcohol (IPA) sequentially and then treated to an oxygen plasma for
20 min to eliminate any organic residues and to improve the wettability
for solution coating. Next, the IGZO solution was spin-coated onto the
substrate at 3000 rpm for 20 s and was annealed at 300 °C for 30 min.
This process was repeated three times to obtain the desired IGZO
film thickness and improve stability. The IGZO channel was patterned
by conventional photolithography and wet etching. Finally, 100 nm of
aluminium (Al) source and drain (S/D) electrodes were deposited by
thermal evaporation and patterned by a lift-off process. For the fabrication
of the devices on F:AlO, gate dielectrics, the F:AlO, precursor solution
was spin-coated onto heavily doped (n**) silicon substrates at 3500 rpm
for 30 s in a controlled humidity box (relative humidity <20%) and pre-
annealed at 120 °C for 60 s, followed by annealing at 300 °C for 1 min.
This process was repeated four times to obtain the optimal dielectric
film thickness (=20 nm). The IGZO film was fabricated as described
previously for the devices with SiO,. The channel was patterned by
photolithography and wet etching and, finally, Al S/D electrodes were
deposited by thermal evaporation and patterned by lift-off process. All
channel width and length of these TFTs are 100 and 50 pm, respectively.

Metal Layer Fabrication: For the fabrication of Al-PL architectures,
Al was deposited on the pristine IGZO devices by thermal evaporation
and patterned by a lift-off process. For the fabrication of Al-MIA, a
glass (0.13-0.17 mm thick) was used as a carrier substrate. Poly(vinyl
alcohol) (87%—89% hydrolysed, Sigma Aldrich) solution (16 mg/mL in
deionized water), which was filtered through a 0.45 um Nylon filter, was
spin-coated onto the carrier substrate and annealed at 110 °C for 1 min.
Next, the Cin-cell precursor solution was spin-coated onto the PVA-
coated carrier substrate at 5000 rpm for 10 s in a controlled humidity
box (relative humidity >92%). The honeycomb structure of Cin-cell was
detached from the carrier substrate by water immersion and transferred
to the IGZO TFTs. Finally, Al was deposited onto the IGZO TFTs by
thermal evaporation and patterned by lift-off of the honeycomb Cin-cell
film.

Film and Device Characterizations: All IGZO devices were
characterized using an Agilent B1500A semiconductor parameter
analyzer in ambient air at room temperature. In the saturation region,
the drain current of TFTs can be expressed with the conventional metal—
oxide—semiconductor field-effect transistor model by the following
equation, Ip = (W/2L)usCox(Vo — Vi) Then the us, was extracted
by w5 = (2L/WCoy) (8VIp/OVG)2 In the linear region, drain current can
be expressed by the following equation, Ip = (W/L)inCox(Vo — V1) Vp.
Then, the w;, was extracted by u;, = (L/W)(1/Co) (1/Vb) (lp/Vc). The
capacitor characteristics of F:AlO, were measured using an Agilent
1500 semiconductor parameter analyzer or a Bio-Logic SP-150. Film
morphologies were accessed using optical microscopy (ECLIPSE
E200LEDMV, Nikon), SEM (S-4800, Hitachi), and AFM (Dimension
Icon Atomic Force Microscope, Bruker). The surface potentials were
measured using KPFM (PeakForce AFM, Bruker), where the Pt/Ir-coated
conductive tips (NanoAndMore PPP-EFM) were lifted 50-70 nm from
the sample surface. The work function values of the metals and IGZO
were clarified according to Ref. [43] and by KPFM measurements. The
optical absorption spectra were measured with a Varian Cary 100 Bio
UV-vis Spectrophotometer.

IGZO Characterization Dataset for TCAD Simulations: To analyze the
conducting behaviors of the devices, TCAD simulations were carried out
using the Silvaco ATHENA 2D device simulator.®Z For the simulation
profile, the physical parameters of IGZO devices, such as bandgap,
mobility, and permittivity,®*®4 were extracted from the measured
Io—V¢ characteristics and our previous results.’’] Table S2 (Supporting
Information) summarizes all the data. To fit the simulation data with the
device experimental results, a distinct subgap density of state (DOS)
parameters was tuned, which were acceptor state and donor state. The
subgap DOS parameters are described as superposition of tail and deep
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states, following the exponential decay model and Gaussian distribution
model equations:[®’

Naiacceptor (E) = N1a exp[ (~Ec =) [Wra | (1)
Nieep-acceptor (E) = Naa exp[ (<€ —Eca) /WE4 ] 0)
Nraitdonor (E) = Nrp exp[ (~Ey —E) /Wrp | 3)
Neep-donor (E) = Nop exp[ (<E —Ecp ) /W | (4)

where Ec is the conduction band energy, Ey is the valence band energy,
N is the intensity of states of acceptor-like tail states, Nyp is the intensity
of states of donor-like tail states, Ng, is the intensity of states of acceptor-
like deep states, and N¢p is the intensity of states of donor-like deep
states. W and Wip are decay constants of tail states and W and Wep
are full width half maximum of deep states. Egs and Egp are mean energy
level of deep states. Since the Egp values have not been exactly known
yet, Eqp was assumed as the "Alessandro energy level of the bandgap."[®’!

Supporting Information

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