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There is an increasing interest in additive

E-jet Printing Area-Selective ALD TFT Fabrication
nanomanufacturing processes, which enable customizable ' i

patterning of functional materials and devices on a wide o " PVP Ink J

range of substrates. However, there are relatively few £ PVP‘ ; ,|ALD Precursor
techniques with the ability to directly 3D print patterns of 3 g e T .. Vsource  Vdrain
functional materials with sub-micron resolution. In this study, < “ “

we demonstrate the use of additive electrohydrodynamic jet (e-

jet) printing with an average line width of 312 nm, which actsas ¢ J NMP Ink J =

an inhibitor for area-selective atomic layer deposition (AS- % n .

ALD) of a range of metal oxides. We also demonstrate g PMMA =sp ,‘,I, y

subtractive e-jet printing with solvent inks that dissolve 2 ¢ ‘ ’

polymer inhibitor layers in specific regions, which enables ¢ H

localized AS-ALD within those regions. The chemical selectivity

and morphology of e-jet patterned polymers towards binary and ternary oxides of ZnO, Al,O;, and SnO, were quantified using
X-ray photoelectron spectroscopy, atomic force microscopy, and Auger electron spectroscopy. This approach enables
patterning of functional oxide semiconductors, insulators, and transparent conducting oxides with tunable composition, A-
scale control of thickness, and sub-um resolution in the x—y plane. Using a combination of additive and subtractive e-jet
printing with AS-ALD, a thin-film transistor was fabricated using zinc—tin-oxide for the semiconductor channel and
aluminum-doped zinc oxide as the source and drain electrical contacts. In the future, this technique can be used to print
integrated electronics with sub-micron resolution on a variety of substrates.

additive manufacturing, atomic layer deposition, electrohydrodynamic jet printing, area-selective deposition,
printable electronics

here is an increasing demand for customization in the

manufacturing of integrated nanosystems, which has

motivated the development of customizable, printable
devices for specific end-user requirements."” The current state-
of-the-art in nanofabrication of functional devices involves
multiple lithographic patterning steps, combined with thin-film
deposition and top-down etching processes. Advances in
nanofabrication processes have led to the high-volume
fabrication of S nm node technology with ultra-low defect
density and tight process control.” While lithographic
processes have advantages in resolution and process reliability,
they are not ideal for rapid customization and require complex
tooling inside a costly and resource-intensive cleanroom
environment. In contrast, additive manufacturing processes
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enable rapid prototyping of 3D structures that can be tuned
on-the-fly, and can be integrated in a bottom-up manner on
top of non-planar, flexible substrates.”

Despite the benefits of additive nanomanufacturing, trade-
offs exist among spatial resolution, throughput, cost, and
compatibility with a broad range of materials. Current
nanoscale printing techniques can only process a limited
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Scheme 1. Process Flow for AS-ALD Using e-Jet Printing”
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“(a and b) Additive e-jet printing of a polymer inhibition layer locally inhibits ALD growth in the printed region. (c and d) Subtractive printing
uses a solvent ink to dissolve and displace an inhibition layer, generating an exposed region where ALD growth locally occurs.

range of functional materials, due to strict requirements in the
physical/chemical properties of the ink, which influence the
chemical, structural, and morphological properties of the
resulting printed materials."”” Furthermore, existing techniques
often require long processing times. Scanning-probe-micros-
copy (SPM)-based techniques, such as dip-pen nanolithog-
raphy and scanning tunneling microscopy (STM) lithography,
are capable of generating complex 3D structures with <10 nm
resolution.””* However, SPM-based techniques are often
limited by a high system cost and low line speed (1—10
nm/s for STM and AFM manipulation), which requires long
time periods to print over large areas.' Alternatively, direct
laser writing (DLW) using two-photon polymerization (2PP)
enables 3D patterning of polymers with ~100 nm resolution
and line speeds up to 100 um/s."”” However, these systems
rely on expensive femtosecond laser equipment and are
restricted to a subset of photoactive polymers.

In contrast, direct printing techniques, such as inkjet
printing, have lower system costs and are compatible with a
wide range of ink materials. Inkjet printing can also achieve
orders of magnitude higher line speeds than SPM or DLW
techniques (> S0 mm/s), which enables faster printing over
large areas."®” However, unless complicated self-alignment
schemes are used,'’”'® conventional inkjet printing can
achieve down to 20 um resolution in the substrate plane and
can only print low viscosity materials (5—20 mPa s) due to the
pressure required to extrude the ink out of the nozzle.*’
Therefore, an overall challenge of the additive nanomanu-
facturing is that there is no universal technique that
simultaneously achieves high resolution, low cost, and high
patterning speed of a wide range of materials.

To overcome these trade-offs, electrohydrodynamic jet (e-
jet) printing has emerged as an alternative to inkjet printing,
which maintains a low system cost and is compatible with a
wide range of materials and high line speeds (>50 mm/s),
while enabling sub-micrometer resolution.'* E-jet is an additive
printing technique that uses an applied electric field to pull ink
out of a conductive nozzle. Compared to inkjet printing, the
ink flow can be controlled more precisely in e-jet by using
smaller-diameter nozzles (sub-micron), and can also overcome
higher pressure requirements to eject the ink by taking
advantage of electrohydrodynamic phenomena. E-jet allows for
fast and versatile printing with higher resolution (down to ~30
nm features) and a broad range of ink viscosities (1—500 000
mPa s).'*" Previous studies have demonstrated that func-
tional devices can be fabricated with e-jet printed layers."*™"®
However, the range of functional materials that can be e-jet
printed are typically limited by available ink compositions. This
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motivates the need to combine e-jet printing with comple-
mentary deposition processes that enable tuning of material
composition, structure, and thickness at the atomic scale.

Atomic layer deposition (ALD) is a surface reaction-
controlled, vapor-phase thin-film deposition technique that
allows for conformal coating of high aspect ratio structures.'”*’
ALD is widely used in the semiconductor industry, as it allows
for tuning of material composition and thickness with sub-
nanometer precision.'”?' However, most ALD growth
conditions result in blanket coverage of a substrate surface,
which requires an additional patterning step to control growth
in the substrate plane.”***

To overcome the limitations of traditional lithographic
patterning and alignment, there has been significant progress in
the development of area-selective ALD (AS-ALD) processes,
which intrinsically control the location of ALD growth as-
deposited.”** In AS-ALD, the substrate surface is partially
covered with an inhibition layer (typically either a self-
assembled monolayer or polymer) that lacks the required
surface functional groups for ALD nucleation and growth.
Various inhibitor materials have been reported to prevent the
growth of ALD oxides, nitrides, and metallic films.>> 73!
Therefore, by patterning an inhibition layer in 3-D, additive
manufacturing of functional materials and devices can be
achieved with atomically precise control.

AS-ALD patterns have been previously formed using a range
of techniques including direct printing, electron-beam induced
deposition (EBID), and/or directed self-assembly of tem-
plates.”>****3*73* For example, seed layers patterned by EBID
and p-plasma printing have been used to locally deposit ALD
films by activating the surface.”***** Inkjet printing has been
demonstrated to define an AS-ALD pattern; however, the
resolution limit of inkjet-printed polymers produced device
dimensions greater than 50 um.***>*” Additionally, patterning
of SAMs using micro-contact printing or selective growth on
pre-patterned surfaces has been widely explored.”>***%
However, uniform SAMs with fully packed, low defect
densities typically require a long formation time (on the
order of hours) and are limited to deposition on specific
surface functional groups.””*>*’ In contrast, organic polymers
such as poly(methyl methacrylate) (PMMA) and polyvinyl-
pyrrolidone (PVP) can be quickly and easily spin-coated or
printed, which motivates their use as inhibitors in this work.

The goal of this study is to combine e-jet printing of
polymers with AS-ALD to realize an additive manufacturing
platform with sub-um spatial resolution in the x- and y-
directions and sub-nm resolution in the z-direction. In
addition, ALD enables atomically precise control of material
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Figure 1. Atomic composition and selectivity of the metal cation in the binary ZnO, Al,O;, and SnO, grown by ALD at 130 °C on (a and b)
PMMA and (c and d) PVP surfaces, obtained by XPS. ZnO was deposited using diethylzinc (DEZ), AlL,O; was deposited using
dimethylaluminum isopropoxide (DMAI), and SnO, was deposited using tetrakis (diethylamino) tin(IV) (TDMASn).

composition, which we can exploit to tune the electronic
properties of ternary oxide semiconductors including zinc—tin-
oxide (ZTO) and aluminum-doped zinc oxide (AZO).

We demonstrate two approaches to e-jet printing of AS-ALD
patterns: (1) additive printing of inhibitor patterns using a
polymer ink; and (2) subtractive printing of pre-deposited
polymer inhibitor layers using a solvent ink as shown in
Scheme 1. The chemical selectivity of the patterned films was
quantified using Auger electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS), while nanoscale morphol-
ogy was analyzed using atomic force microscopy (AFM) and
scanning transmission electron microscopy (STEM). Using
this approach, bottom-gate, top-contact ZTO thin-film
transistors (TFTs) were fabricated. TFTs made using this
method are well-behaved, with an on/off current ratio of
greater than 10°. In the future, the combination of e-jet with
AS-ALD could enable additive nanomanufacturing of elec-
tronic devices on a variety of substrates, such as flexible or non-
planar substrates, without the need for traditional lithography.

RESULTS

In AS-ALD processes, the patterned inhibitor layer needs to be
chemically inert towards the ALD precursors in order to
selectively inhibit growth. When the surface is terminated with
thermodynamically unfavorable functional groups, no ligand
exchange occurs with the ALD precursor.””** Previous work
used the log of the acid dissociation constant, pK,, of different
polymers to measure the relative extent of dissociation (proton
liability), which was also shown to influence inhibition
behavior.*® In addition, the reaction rate may be kinetically
limited if there is a large activation barrier for the ligand
exchange reactions between the ALD precursors and the
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surface functional groups.”**** In practice, there often exists a
threshold number of cycles, beyond which ALD growth
initiates on top of the inhibitor layer; this threshold determines
the selectivity window.””* In this study, PMMA and PVP
were chosen as inhibition layers, owing to their high selectivity
against growth of several ALD materials.”***~**

To demonstrate the inhibition behavior of the binary and
ternary oxides in this study, PMMA and PVP films were first
spin-coated on Si. These substrates were then exposed to
varying numbers of ALD cycles of ZnO, Al,O3, and SnO,, and
the surface composition was analyzed by XPS, with the results
shown in Figure 1.

To quantify the selectivity window of the inhibitor polymers
to ALD growth, the selectivity, S,, was defined as shown in eq
1:

— RgS - RI‘IS
R, +R,

X

(1)

where Ry, represents the atomic percentage of the metal cation
on the growth surface (a bare silicon wafer), and R, represents
that of the nongrowth surface (PMMA and PVP films).”**
The selectivity window was defined as the ALD cycle number
when the selectivity drops below 90%.

As shown in Figure 1a, no ALD growth was observed on the
PMMA surface during the initial 100 cycles. On PVP, no ZnO
growth was observed in the initial 100 cycles, and the atomic
percentage of Al and Sn was less than 2% after the first SO
cycles (Figure 1c). The observed differences in selectivity
between the inhibitors can be partially attributed to the surface
functional groups present in the polymers.”>*>*

The selectivity of PMMA, as defined by eq 1, drops below
90% at 500 cycles (92.4 nm) for ZnO and 300 cycles (25.6

https://dx.doi.org/10.1021/acsnano.0c07297
ACS Nano 2020, 14, 17262-17272


https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07297?ref=pdf

www.acsnano.org

ACS Nano
a) —cCc —o0 Zn
< 80
E60 4
c
S
T 40 ‘
2 ‘ | | U U
820 —WLJL\""’UUL“\/V\/\N N Wl
]
O 0-
T T T 1
0 50 100 150 200

Position (um)

312+ 60nm
—

Figure 2. Additive printing of PVP for AS-ALD: (a) AES line scan of the additive e-jet printed PVP pattern after 100 cycles of ZnO-ALD (19
nm). (b) SEM image of the PVP patterned sample. AES elemental maps are provided for key elements: (c) carbon map and (d) zinc map. (e)
SEM image of additively printed 312 + 60 nm wide PVP pattern after 10 supercycles of AZO ALD (20 nm). (f—h) Corresponding AES

elemental map scans carbon, zinc, and aluminum, respectively.

nm) for SnO,, while AL,O; growth is suppressed even after 500
cycles (58.2 nm), as shown in Figure 1b. For PVP surfaces, the
selectivity window is not as well-defined for ZnO, SnO,, and
Al O; in the as-deposited samples.

As the inhibitor is sequentially exposed to a higher number
of ALD cycles, the precursors eventually react at selective
nucleation points on the surface. This leads to the formation of
small islands on the polymer surface, which can coalesce into a
continuous film as growth proceeds.”* Depending on the
precursor molecule and the inhibition polymer, the selectivity
window may differ quite significantly.””*’ For instance, it has
been shown that ALD of Al,O; using trimethylaluminum
(TMA) starts to nucleate on a PMMA surface during the initial
10 cycles, whereas the surface remains selective up to 850 A if
dimethylaluminum isopropoxide (DMAI) is used as the
precursor.”>*® For this reason, we chose DMAI as the Al
precursor in this study.

We note that ALD within the bulk of non-reactive polymers
is also possible when sub-surface diffusion occurs, due to
physical entrapment of gas molecules.””>" This modification of
the bulk polymer can potentially affect its solubility. Addition-
ally, precursor diffusion through the polymer thickness may
result in film growth on the substrate surface below the
polymer, which would remain even after polymer removal.*’
When cross-sectional scanning transmission electron micros-
copy with energy dispersive spectroscopy (STEM-EDS) was
performed on PMMA and PVP layers after exposure to 300
cycles of SnO,, PMMA exhibited an abrupt interface while
PVP exhibited a vapor phase infiltration regime, suggesting that
sub-surface infiltration occurs more readily on the PVP (Figure
$3).>' These results are consistent with the improved
selectivity of PMMA compared to PVP for SnO,, shown in
Figure 1.

Defective growth on the inhibitor surface beyond the
selectivity window is the main challenge to achieve highly
selective AS-ALD. However, an additional advantage of
printing organic polymers such as PMMA and PVP is that
island growth beyond the selectivity window facilitates easy
removal of the polymer (and any ALD islands) by dissolution
in solvents, since the majority of the polymer surface is still

exposed. Therefore, to verify complete removal of the polymer
without any deposition at the Si—polymer interface, PMMA
and PVP-coated silicon substrates were soaked in acetone and
methanol, respectively, for 30 min after ALD processing, and
were analyzed using XPS.

As shown in Figure 1c and 1d, metal cation peaks from the
ALD precursors (Zn, Sn, and Al) were absent in the XPS
spectra after polymer removal, demonstrating complete
removal of the polymer without any ALD growth on the
underlying Si surface. This shows that the defective deposition
on top of the inhibitor can be removed in order to maintain
high selectivity on the non-growth surface. Furthermore, when
the thickness of PVP was increased from 60 to 120 nm, the
selectivity after polymer removal increased to a higher number
of cycles, which is attributed to a longer path length for bulk
diffusion through the polymer (Figure S2).

Beyond binary oxides, ALD is a powerful technique to
fabricate complex multi-element films with precise control of
stoichiometry.>”~>” This enables deposition of functional
materials with tunable electrical properties. Therefore, the
inhibition behaviors of ternary and doped oxides were
investigated using ZTO and AZO. ZTO was chosen as a
semiconductor layer owing to its use in TFTs that do not
require scarce elements such as In and Ga.”"**** Amorphous
ZTO semiconductor films have been shown to exhibit high
electron mobility, and ALD can be used to tune the zinc to tin
ratio and the thickness of the film precisely.”**°~%* AZO was
chosen as a representative conductive oxide since it exhibits
low electrical resistivity.””** Consistent with the binary oxide
selectivity data, AZO and ZTO films deposited with the
conditions used in this study (see Methods Section)
demonstrated inhibition behavior on PMMA and PVP during
the initial ALD cycles, as confirmed by XPS analysis (Figure
S1).

To demonstrate the potential of e-jet printing for patterning
AS-ALD for device fabrication, additive printing of PVP
inhibitors (as shown in Scheme 1) was first explored.
Elemental compositions of as-deposited ZnO, AZO, and
ZTO films on e-jet printed patterns were analyzed using AES.
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Figure 3. AES line scan of a subtractive printed PMMA pattern with 9 gm line width after (a) 10 supercycles of AZO (20 nm) and (f) 100
supercycles of ZTO (25 nm). (b and g) SEM images of the PMMA patterned sample with AES elemental map scans of key elements: (c—e)
carbon, zinc, and aluminum, respectively for AZO sample and (h—j) carbon, zinc, and tin, respectively for ZTO sample.
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Figure 4. AFM scans of (a) additive e-jet printed PVP and (b) subtractive e-jet printed PMMA before ALD of AZO and ZTO, respectively;
patterned ALD film (c) after AZO ALD and PVP removal, and (d) after ZTO ALD and PMMA removal. Note: the y-axis is shown at the nm-
scale and x-axis is shown at the ym-scale.

Figure 2a shows AES line scans after 100 cycles of ZnO on 2b). Only C and O peaks are present on the PVP printed

an e-jet patterned square (shown in the SEM image in Figure surface, demonstrating complete inhibition of ZnO. Within the

17266 https://dx.doi.org/10.1021/acsnano.0c07297
ACS Nano 2020, 14, 17262-17272


https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07297?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07297?ref=pdf

ACS Nano

www.acsnano.org

Scheme 2. Process Flow for Thin-Film-Transistor Fabrication with Subtractive and Additive e-Jet Printing”
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“Using subtractive e-jet printing (a), the semiconductor (ZTO) pattern was first defined (b). After PMMA removal and ZTO film anneal (c), PVP
was additively-printed on top of the dielectric (SiO,) and ZTO film to isolate and define the channel between the source and drain using AZO
contacts (d). After selective depositon of AZO (e), PVP was removed to complete fabrication of the ZTO TFT (f).

unpatterned regions, the inverse is observed, where the C
intensity drops significantly, and the Zn signal increases. Figure
2c and d shows elemental AES mapping of these patterns. The
contrast between C and Zn is clearly shown in the AES map,
demonstrating the selective growth of ternary oxide on the e-
jet printed surface.

To illustrate the power of e-jet printing to pattern with sub-
pum precision, PVP lines with a width of 312 + 60 nm were
printed and exposed to 10 supercycles of AZO (further details
on the ALD process are provided in the Methods section). The
resolution and the line width variation in e-jet printing depend
on number of variables, including the electric field, ink material
properties, and surface energy. Through control of these
parameters, the ability to print sub-100 nm features is
possible," illustrating the potential to further improve the
resolution and quality of printed features.

Zn and Al signals were only observed on the bare Si regions
without PVP, whereas the inverse pattern was observed in the
carbon map (Figure 2f—h). This line width resolution is 2
orders of magnitude higher than previous reports of electronic
devices fabricated by AS-ALD and inkjet printing.***’

To demonstrate the potential of subtractive printing to
generate inverse patterns, a spin-coated PMMA surface was
patterned by printing N-Methyl-2-pyrrolidone (NMP) as a
solvent ink. This resulted in local dissolution and displacement
of the polymer, exposing the underlying Si surface (Scheme 1).
Compared with the AES line scan from additive printing, the
opposite trend was observed for the subtractive-printed lines.
Only C and O were detected on the unprinted PMMA surface,
while AZO and ZTO were selectively deposited within the
exposed regions (Figure 3a and 3f, respectively). Furthermore,
in the elemental maps of patterned AZO, Zn and Al signals are
only observed within the printed regions (Figure 3c—e).
Similarly, only Zn and Sn are observed in the ZTO patterns.
These results demonstrate selective patterning of ternary oxide
films (Figure 3h—j).

One advantage of using subtractive printing for AS-ALD is
that it enables localized ALD growth only within the printed
region, without the need to print a wide passivation layer over
the substrate. In this study, we demonstrated a line width of 9
um using subtractive printing. Although subtractive e-jet
printing has not been explored or optimized as widely as
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additive e-jet printing, we anticipate that sub-ym resolution
may be achievable in the future by carefully tuning jetting
parameters and solvent—polymer chemical interactions.

To study the morphology of additive and subtractive e-jet
printed structures, AFM scans were performed. No noticeable
polymer deformation/reflow was detected when the PMMA
was exposed to the ALD deposition temperature for 8 h
(Figure S4). Using additive e-jet printing (Figure 4 a, c), planar
AZ0 films grew on the entire silicon substrate surface except
on the printed PVP line, which generated a trench that was 4
pum wide and 15 nm in height. For subtractive e-jet printing, a
9 um wide trench of PMMA was patterned (Figure 4b) that
was subsequently used to define the location of a 23 nm thick
ZTO film. In Figure 4b, the subtractive-patterned PMMA
profile exhibits side rims (~40 nm in height) adjacent to the
trench. This is due to a coffee-ring effect during the solvent
printing, which dissolved and displaced the original polymer
(~12 nm in helght) to the sides, while exposing the underlying
silicon surface.*™~

After removal of the PMMA inhibition layer, a ZTO film
with a rectangular cross section was left behind, as shown in
Figure 4d. As shown for both additive and subtractive e-jet
printing approaches, the ALD film grows only on the active
surfaces of the substrate, rather than along the top or side
surfaces of the polymer. This is a significant advantage over
traditional lift-off processes using photolithography, which may
result in remaining sidewalls on the patterned thin film.
Therefore, the maximum height of the film in the z-direction
before lateral spreading occurs is controlled by the thickness of
the polymer. In contrast, area-selective ALD on a thin inhibitor
layer may exhibit a “mushroom” geometry, which is attributed
to the isotropic ALD growth, which is not inhibited in the
lateral direction.’® With e-jet patterned AS-ALD, the PVP
thickness can be controlled by adjusting additive e-jet printing
parameters, while the subtractive-printed PMMA thickness can
easily be controlled during the spin coating.'*'>* This
demonstrates the advantages of printing polymers for AS-
ALD, as the inhibition of growth can be influenced in both the
in-plane and out-plane directions.

The additive and subtractive e-jet/AS-ALD techniques can
be combined to enable additive manufacturing of 3D
architectures with deterministic control of geometry. To
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Figure S. (a) Fabricated TFT structure. In this first generation of e-jet/AS-ALD printed TFTs, device isolation is achieved by ensuring that
the AZO source and drain contacts are separate from other AZO regions on the sample, and are the only AZO features to contact the ZTO
island. (b) Transfer curves of a 5-pm channel length device with Vg = 1 V. (c) Top-down SEM image of a device with a 4-um long channel
with corresponding AES mapping of (d) Sn and (e) Zn. (f) Cross-sectional scanning transmission electron microscopy (STEM) image of a 4-
pm channel device after selective AZO deposition using additive PVP printing.

demonstrate fabrication of 3D metal oxide structures by a
combination of subtractive and additive printing techniques,
we fabricated a bottom-gate top-contact ZTO TFT, as shown
in Scheme 2. First, ZTO, the device active layer, was patterned
on a Si substrate with a 100 nm SiO, thermal oxide using
subtractive e-jet printing of a solvent on spin-coated PMMA.
After removal of the ZTO inhibitor polymer, the ZTO film was
annealed to improve its transport properties.”* Finally, AZO,
the source/drain contact electrode material, was patterned on
top of the ZTO film using additive e-jet printing of PVP.
The final device structure is illustrated in Figure Sa and
Figure SS. Electrical measurements of the first TFT's fabricated
using e-jet and AS-ALD show that the devices are well-behaved
(Figure Sb), with 0 V turn-on, on current >1 A, and an on/off
current ratio >10°. The devices have a minimum channel
length of approximately S um, 1 order of magnitude smaller
than what has been achieved previously for inkjet printed
inhibitors for AS-ALD.>**” Thus, these devices demonstrate
the ability to leverage the improved resolution of e-jet printing.
In previous ALD ZTO film characterization, we have achieved
electron mobility >22 cm®V~'s™" in TFTs fabricated using
traditional photolithography methods.” To successfully
fabricate the e-jet and AS-ALD device in this initial
demonstration, the ZTO ALD deposition temperature was
reduced to 130 °C and thermal ALD was used, in order to
maintain compatibility with the inhibitor polymers used here,
at least partially contributing to a reduced mobility of
approximately 0.12 cm*V~'s™". In the future, improved device
performance can be achieved by optimizing the e-jet and AS-
ALD processes to achieve higher ZT'O mobility, and by tuning
the AZO layer composition to reduce contact resistance.
AES mapping (Figure Sc—e) of a channel region shows that
e-jet printing on top of the ZTO film (1) successfully blocks
AZO growth to spatially confine the AZO film and (2) does

not affect the ZTO pattern, which is fabricated in a prior step.
Sn is only observed in the TFT channel (due to the surface
sensitivity of AES, the ZTO that lies under AZO is not visible).
Inspecting the Zn AES signal, we note that the signal is
stronger in the AZO region compared to the ZTO channel
region. Since AZO is deposited with a 15:1 Zn to Al cycle
ratio, AZO has higher Zn content than that of ZTO, which is
why the Zn signal is slightly lower within the channel. This
indicates that AZO has been selectively deposited in the
source/drain ohmic contact regions. This patterned growth of
AZO on top of ZTO is further shown by a cross-sectional
STEM images in Figure 5f and Figure SS. These observations
demonstrate that the combination of e-jet additive and
subtractive printing can be used for 3D additive manufacturing
of functional materials and devices.

CONCLUSION

In this work, we have introduced an additive manufacturing
platform that combines AS-ALD with e-jet printing. After
polymer patterning, ALD films with desired material
composition can be selectively grown on passivated (addi-
tive-printed) or activated (subtractive-printed) surfaces. Using
PVP and PMMA as the inhibition layers for AS-ALD, growth
of different binary and ternary ALD films (ZnO, AL,O;, SnO,,
AZO, and ZTO) can be suppressed within their selectivity
windows. This approach enables additive manufacturing with
sub-yum resolution in the x—y plane and sub-nm resolution in
the z-direction with tunable material composition and with fast
printing speeds (~5 mm/s). To demonstrate manufacturing of
functional devices using AS-ALD with e-jet printing, a bottom-
gate, top-contact TFT was fabricated without photolithog-
raphy. The TFTs showed well-defined transfer curves with an
on/off current ratio of greater than 10°.
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As modern electronic devices increase in complexity, the
combination of AS-ALD and e-jet printing represents a
powerful fabrication platform for additive manufacturing.
This process allows for customizable geometries and versatile
material selection and is compatible with future deposition on
nonplanar and/or flexible surfaces."* In the future, e-jet
printing of polymer patterns could be combined with spatial
ALD which could increase the throughput of the ALD step by
a factor of >100.>”*" Furthermore, in contrast to alternative
printing processes, e-jet printing enables sub-um patterning
with orders of magnitude faster line speeds than most existing
additive nanomanufacturing techniques.' This enables the
possibility of manufacturing customizable devices for applica-
tions ranging from personalized healthcare to flexible
electronics in a cost-effective manner. For example, for
personalized health monitoring, there is a need to fabricate
customized integrated systems due to specific physiological
composition of each human. In the future, this platform can be
applied to additive manufacturing of customizable integrated
nanosystems, bridging materials and geometries to integrate
multiple sub-systems and length-scales seamlessly.

METHODS

Atomic Layer Deposition. A custom-built, flow-type thermal
ALD station was used to coat ZnO, Al,O3, and SnO,. All depositions
were performed at a temperature range of 100—170 °C. ZnO was
deposited using diethylzinc (DEZ) and H,O as precursors, with an
argon carrier gas. Al,O; was deposited using dimethylaluminum
isopropoxide (DMAI). SnO, was deposited using tetrakis (dieth-
ylamino) tin(IV) (TDMASn). One cycle of binary oxide ALD
consisted of precursor A pulse (0.05 s for DEZ and DMAI, 0.15 s for
TDMASn), Ar purge (45 s), H,O pulse (0.1 s), and Ar purge (45 s).
One supercycle of ternary oxide ALD consisted of different ratios of
binary oxide cycles. A 6:5 zinc/tin ratio for zinc tin oxide (ZTO) was
used in Figures 5 and S2; a I:1 zinc/tin ratio was used for Figures
1—4 and S1; a 10:1 zinc/aluminum ratio for aluminum-doped zinc
oxide (AZO) was used for Figures 1—4 and S1; and a 15:1 zinc/
aluminum was used for Figures 5 and S2. In Figure Sb, the S-um
channel device was deposited at 130 °C and the 4-ym channel device
(shown in Figure Sc—f) was deposited with an ALD temperature of
170 °C. The argon carrier gas flow rate was set at 70 sccm. The
growth rates of each binary and ternary oxide on a bare silicon
substrate were measured using ellipsometry to be ZnO — 1.90 A/
cycle, AL,O; — 1.15 A/cycle, SnO, — 0.88 A/cycle, AZO — 201 A/
supercycle, and ZTO — 2.52 A/supercycle at a 130 °C deposition
temperature.

Electrohydrodynamic Jet Patterning. An e-jet system with an
integrated AFM measurements tool was a custom-made system by the
Barton Research Group at the University of Michigan.”” The nozzles
for the e-jet process were made from pulled-glass from World
Precision Instruments (WPI) and sputter-coated with S nm of gold to
make them conductive. Moreover, they were coated in a hydrophobic
solution (0.01% 1H, 1H, 2H, 2H-perfluorodecane-1-thio (PFDT) in
dimethylformamide (DMF)) to avoid wetting of the nozzle body
during printing. PVP was additively printed on a silicon substrate
using 0.1 and 10 wt % PVP (0.1 wt % for sub-micron PVP printing
and 10 wt % PVP for TFT channel printing) dissolved in dimethyl
sulfoxide (DMSO) as the ink. We used nozzles with various sizes in
this study: 1 ym nozzle size for sub-micron PVP, 2 ym nozzle size for
PVP printing on the TFT channel, 5 ym nozzle for sub 10-um
subtractive patterns, and 10 ym nozzle for subtractive patterning of
PMMA for ZTO in TFT fabrication.

To deposit a uniform layer of PMMA, a 950 MW 2% anisole—
PMMA solution was spin-coated on a Si substrate. The substrate was
coated at 4000 rpm for 45 s to form an approximately 65 nm thick
film. After spin-coating, the sample was baked at 180 °C for 10 s to
remove the anisole solvent. N-Methyl-2-pyrrolidone (NMP) from

Sigma-Aldrich was used as the etching solvent for PMMA. Before
subtractive e-jet printing, the PMMA coated silicon wafer was exposed
to UV Oj; for 20 min to remove adventitious carbon and to improve
solubility in NMP.”" After subtractive e-jet printing of polymers, a 30
s O, plasma exposure (YES Plasma Stripper, 100 W, 66 sccm O,, 47
sccm Ar, 50 °C) was used to remove any remaining residue of PMMA
within the displaced region.

Film Characterization and Elemental Analysis. The ALD film
thickness was measured by a J. A. Woollam M-2000 Ellipsometer with
three angles of incidence (65°, 70° and 75°) and was fit using a
Cauchy model. AES line and map scans were recorded using a Phi
680 Auger Nanoprobe. A Kratos Axis Ultra XPS was used to perform
XPS elemental analysis. XPS data were analyzed using the CasaXPS
software package to determine the composition of the film. SEM
images were taken using an FEI Helios 650 Nanolab SEM at 2 kV and
100 pA. AFM images were taken using a Veeco Dimension Icon
Atomic Force Microscope with a ScanAsyst-Air AFM tip from Bruker
Nano Inc. The data were analyzed using Nanoscope Analysis 2.0
software. Cross-sectional STEM samples were prepared via a lift-out
process using an FEI Helios 650 Nanolab dualbeam FIB/SEM. STEM
imaging was performed using a Thermo Fisher Talos F200X G2 S/
TEM at 200 kV. Prior to STEM-EDS, samples were tilted in TEM
mode to align to the 100 zone axis of Si wafer substrate such that the
interfaces were parallel to the beam direction. STEM-EDS was
collected with 4 Super-X window-less detectors using Velox software
(Thermo Fisher). A 2-pixel gaussian blur was applied to the raw EDS
maps to create smoother composition profiles.

Thin Film Transistor Fabrication and Electrical Measure-
ments. ZTO deposited for the channel layer was subjected to a 1 h
500°C post-deposition anneal before top AZO deposition, in ambient
air with relative humidity less than 20%. Electrical measurements were
taken in the dark at room temperature in ambient air using an
HP41S5A semiconductor parameter analyzer. The data were taken
with continuous voltage sweeps and short integration. Forward I-V
sweeps were taken by sweeping Vs from negative to positive.
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