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ABSTRACT

In this work, we demonstrate controlled area-selective deposition of aluminum oxide phosphate (AIPO) at room temperature and near
atmospheric pressure using a potentially zero-waste aerosol jet fog (ajFOG) deposition system. Octyl-trichlorosilane (OTS-8) self-assembled
monolayers (SAMs) are coated on SiO,/Si substrates to form a blanket hydrophobic functionalization. Next, ultraviolet/ozone exposure
through a shadow mask removes OTS-8 in the exposed regions, creating a pattern of hydrophobic and hydrophilic regions. AIPO is selec-
tively deposited onto the hydrophilic regions from an aqueous aerosol precursor fog of aluminum phosphate inorganic clusters. Smooth
films with sharp boundaries are deposited. The AIPO features and defects in the hydrophobic areas are investigated as a function of feature
size, SAM type/application method/exposure time, ajFOG process parameters, and underlying substrate.

Published under license by AVS. https://doi.org/10.1116/6.0000642

I. INTRODUCTION

Area-selective deposition (ASD), the direct deposition of
materials only on desired areas of a substrate, has recently emerged
as a way to overcome some of the drawbacks of conventional
top-down lithography. Instead of top-down masks, surface selectiv-
ity is exploited to directly pattern a film as it is deposited. Lower
costs may be achieved by reducing the number of conventional lith-
ographic sequences as well as material wasted per mask step.’
Although the focus of recent efforts have been on nanoscale pat-
terning for microelectronics,” ASD is also appealing for large-area
electronics such as displays,” patterning for flip-chip packaging of
ICs,* and microelectromechanical systems (MEMS) where feature
sizes are of the order of tens of micrometers. Methods of inducing
surface selectivity include plasma treatments,””” chemoselective
inhibitors,” chemically amplified photoresists,” inherently selective
deposition chemisty,m polymer brushes,'' and self-assembled
monolayers (SAMs). SAMs are formed by molecules made up of
three parts: a head group, an alkane chain backbone, and a tail
group. Van der Waals interactions between the chains promote the
formation of an ordered monolayer of these molecules. Typically,
the head group attaches to a hydrophilic surface on the substrate

with the tail group facing outward to create a new hydrophobic
surface. Hydrophobic SAMs have been demonstrated to inhibit
nucleation during atomic layer deposition (ALD), and recently
many groups have reported area-selective (AS) ALD processes
using patterned SAMs.'””"” While this work has shown great
promise, the microelectronics, photovoltaics, and display industries
are seeking alternatives to vacuum-based deposition techniques as
well as flexible substrate compatible temperatures. Solution-based
deposition techniques may lower costs, reduce temperatures, and
enable more environmentally sustainable approaches. However, sol-
ution deposition, primarily represented by conventional spin-
coating, is typically limited to planar substrates and lacks the ability
to form uniform films over large surface areas. A new aerosol-based
technique, aerosol jet fog (ajFOG) deposition, overcomes the limi-
tations of spin-coating as well as other mist-based deposition tech-
niques by employing a novel atomizer consisting of two opposing
jets located within the deposition chamber. This atomizer configu-
ration generates a uniform mist/fog that is scalable to arbitrarily
large substrate areas and has enabled excellent control over film
thickness ranging from ~1um down to a few nanometers.'™'” In
addition, the head-on collision of the precursor streams shears
droplets into a fine fog, allowing the use of low volatility aqueous-
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based precursors that have been demonstrated to produce Al,O;
films with properties comparable to ALD.”’

Aluminum oxide phosphate (AIPO) is a wide bandgap
(~7.6eV) insulator with a process dependent electron affinity
ranging from 0.72 to 1.42eV.”*” AIPO has shown promise as a
gate insulator for thin film transistors,””* a cathode coating in
lithium-ion batteries,”*° an inorganic resist,”’ blocking and tun-
neling layers in memory devices,”” and a catalyst for the conversion
of methanol to dimethyl ether.”’

In this work, area-selective ajFOG (AS-ajFOG) deposition of
AIPO is demonstrated at room temperature and near atmospheric
pressure using a recyclable/reusable aqueous precursor.
Octyl-trichlorosilane (OTS-8)-based SAMs are combined with
shadow masked ultraviolet (UV)/ozone (O;) exposure to create
hydrophobic and hydrophilic regions on an SiO,/Si wafer.
Selectively deposited AIPO features on hydrophilic areas and AIPO
defects on hydrophobic areas are investigated as a function of
feature size, choice of SAM type (OTS-8 versus OTS-18), SAM
application method, SAM exposure time, ajFOG process parame-
ters, and underlying substrate.

Il. EXPERIMENTAL DETAILS

An aqueous AIPO precursor [AlsO3(PO,);] was synthesized
using aluminum nitrate (98% Sigma Aldrich), nitric acid (99.9%
Alfa Aesar), and de-ionized (DI) water (18.2 MQ).>* The final pre-
cursor solution was diluted to 0.4M and filtered with a 0.2-um pol-
ytetrafluoroethylene filter.

Deposition of AIPO thin films was conducted using a Beneq
ACS 200-101 ajFOG deposition system.'™'” Figure 1 shows a sim-
plified schematic illustrating operation of the ACS 200-101. As
shown in Fig. 1(a), the system generates an aerosol fog at room
temperature and slightly below atmospheric pressure via an in situ
atomizer composed of two impinging jets. Separate dosing dia-
phragm pumps supply each nozzle with fresh precursor solution to
produce high-velocity jets of fine precursor droplets. These droplets

(a) Mist Formation

(b) Film Deposition
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collide head-on, undergoing a secondary atomization to shear into
even finer aqueous droplets to produce a flat and evenly distributed
aerosol disk inside the chamber. Over time, momentum carries
these droplets throughout the chamber to create a homogeneous
precursor fog. Thin film deposition on a substrate may be per-
formed in either the “continuous” mode or the “pulse” mode. In
continuous mode, the substrate is introduced into the chamber
while the aerosol fog is continuously generated."”

In the pulse mode (used exclusively in this work), the aerosol
generation is stopped prior to transferring the substrate into the
chamber [Fig. 1(b)]. Once the aerosol generation is stopped, the
fog density decreases over time as gravity causes droplets to settle
gradually to the bottom of the chamber with a characteristic set-
tling time, 7."* Due to the interaction between gravity and disper-
sive thermal motion, larger droplets settle out more quickly on
average than smaller droplets. To improve film uniformity, the fog
droplets are allowed to stabilize for a specified wait time, t,, before
introducing the wafer into the chamber as shown in Fig. 1(b). In
this work, the fog was found to be completely dissipated after
about 600s. f, thus influences the thickness of the film
deposited.'”

The substrate is introduced into the chamber via a load lock,
which is kept at a slightly positive pressure with respect to the
chamber to prevent the aerosol fog from leaking into the load lock.
After a specified exposure time, f.,, the coated substrate is trans-
ferred from the chamber back into the load lock. When removed
from the chamber, the film is wet and susceptible to air turbulence.
To prevent rapid film drying and to promote spreading and uni-
formity, the load lock is supplied with moist N, (g). The coated
substrate rests in the load lock for a set “leveling” time (typically
305s), allowing the droplets to coalesce, dry, and form a continuous
film."® Following leveling, the coated substrate is removed from the
load lock and cured on a hotplate at 300 °C for 1 min. A complete
deposition, which includes fog formation, mist settling/wait time,
leveling, and exposure, takes ~10 min. We have shown previously
that the thickness, d,,, of blanket deposited ajFOG AIPO films

(c) Precursor Recycle

: Atomizer Atomizer O Atomizer
Pump Pump AN
I [ > | > Pump i
Atomizer Atomizer Atomizer
F . J Fresh ‘. Used 22 " Fresh 2l Used . M fresh :_] Used
— Precursors W Precursor e : Precursors' Precursor ‘ Precursors Al pPrecursor

FIG. 1. Schematic illustration of the ajFOG thin film deposition process used in this work. (a) Aerosol mist formation from fresh precursor (excess precursor is collected at
the bottom of the chamber). (b) Film deposition in pulse mode: Aerosol generation is stopped after 2 min. After a settling time, t,, a wafer is introduced into the chamber
for an exposure time, fo,,, during which film is coated with falling mist. (c) Collected excess precursor may be recycled and reused.
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depends on precursor concentration ([N]), t,, and ., and may be
estimated by

Aptanket = Csar - [N] - e . (1—-e" ExP/T)» (1)

where Cg;; =420 nm/M (for ¢, =0 and ¢, = o), and 7= 100 s.)% In
this work, unless otherwise specified, [N]=0.4M, t,=120s, and
texp Was adjusted to achieve the desired thickness.

During an ajFOG deposition run, the precursor fog coats not
only the wafer but also the inside of the chamber. The precursor
that does not end up on the wafer flows down the walls of the
chamber and out through a drain at the bottom where it is
collected in a clean reservoir, shown as round-bottom flasks in
Fig. 1(c). This precursor may then be recycled. As discussed in the
supplementary material (Fig. S1),”° the collected precursor shows
no apparent deterioration as compared to unused precursor and
films deposited from unused and recycled precursor show similar
composition, thickness, and uniformity.

For uniform ajFOG film deposition, a uniformly hydrophilic
starting surface is critical. Prior to all depositions, silicon (100)
wafers were cleaned by ultra-sonicating in acetone, isopropanol,
and de-ionized water for 5 min each, followed by 15 min of oxygen
plasma treatment in a Plasma Etch Inc. PE 50. This treatment was
found to produce a uniformly hydrophilic surface, as assessed by
DI water contact angle measurements in which a contact angle
could not be measured due to droplet wetting of the surface.

For area-selective deposition, the hydrophilic surface was pat-
terned with hydrophobic regions using a 1 mM solution of OTS-8
in chloroform. OTS-8 consists of a trichlorosilane head group and
a hydrophobic CHj tail group. An OTS-8 SAM was first uniformly
applied to a cleaned wafer surface either by (i) spin-coating at
3000 rpm for 10 s followed by a toluene wash and drying on a hot-
plate for 10 min at 100 °C or (ii) immersion in OTS-8 solution for
8-72h. Unless otherwise indicated, spin-coating was used. OTS-8
was then selectively removed from the surface by 10 min exposure
to UV/O; (using a Novascan PSD series benchtop UV-ozone
cleaner) through a shadow mask with circular dot openings of
radii, 7,451 decreasing from 500 to 18.75 um.

OTSs-8

cl —Sli—CI
cl

OTS-8 SAM .
Si substrate —>

Hydrophilic Si  Hydrophobic Si

e
-
=

—>

UV/ozone
o

Patterning

(a) (b) (c)
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Optical microscope images were acquired using an Axiotron
optical microscope. The average areal density, number, shape, and
size distribution of defect islands were estimated from their con-
tours using IMAGE] software processing of optical microscope
images, averaging multiple 1.3 mm? areas at 5x magnification.”’

Spectroscopic ellipsometry (J.A. Woollam Co., Inc., M-2000)
was used to measure blanket film thickness. The quality and cover-
age of the SAM coating was assessed with water contact angle mea-
surements using a First Ten Angstroms FTA135. Scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS) ele-
mental analysis were conducted using FEI QUANTA 3D dual
beam SEM/EDS. Profilometric measurements were conducted on a
KLA Tencor Alpha Step 500 surface profilometer.

lll. RESULTS AND DISCUSSION
A. Selective deposition

Hydrophobic surfaces prevent surface wetting and thin film
nucleation of the aqueous AIPO precursor. This sensitivity to
surface hydrophilicity/hydrophobicity was exploited to perform
AS-ajFOG deposition. The deposition steps are schematically illus-
trated in Fig. 2: (a) Sequential cleaning of silicon wafer in an ultra-
sonic bath using acetone, isopropanol, and water, followed by 5
min of oxygen plasma produced a hydrophilic surface. Contact
angle measurements could not be measured due to high hydrophi-
licity. (b) Next, the wafer was either spin coated with or soaked in a
1-mM OTS-8 solution in chloroform, which resulted in a hydro-
phobic SAM uniformly blanketing the surface of the wafer. A high
water contact angle (101°, see the inset), indicated the development
of an extremely hydrophobic surface. (c) Following SAM forma-
tion, the surface was then exposed to UV/Oj; through a shadow
mask in order to (d) selectively remove the SAM from predefined
areas and effectively restore the initial hydrophilic surface in the
exposed areas. (e) ajFOG deposition was performed on the hydro-
philic/hydrophobic patterned wafer followed by a curing step at
300°C for 1 min, resulting in AIPO thin film formation in the
hydrophilic regions. Finally, a successive UV/O; exposure for
15 min (not shown) removed the remaining SAM on the selective
area deposited substrate.

Aqueous
AIPO
ydrophilic Si

H
XD y /'

vl

Patterned

(d)

(e) @

Selective deposition

FIG. 2. (Color online) Schematic illustration of the AS-ajFOG thin film deposition process. lllustrated are (a) the initial oxygen plasma cleaned hydrophilic silicon wafer, (b) hydro-
phobic modification by coating with an OTS-8 SAM (represented by orange molecules on surface), (c) exposure to UV/O5 through a shadow mask to selectively remove areas
of SAM and restore hydrophilicity, (d) patterned hydrophilic/hydrophobic surface, and (e) area-selective AIPO thin film deposition at the hydrophilic sites using the ajFOG system.
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When a hydrophilic/hydrophobic patterned substrate is intro-
duced into the chamber, suspended droplets of precursor from the
fog settle and coalesce on the hydrophilic regions of the wafer to
form defined areas of continuous thin film. In the hydrophobic
regions, the fog droplets do not coalesce, remaining as well-formed
droplets. Figure 3(a) shows an SEM image of a selectively deposited
AIPO thin film “dot” (f.,=120s) of rg;~35um and the
surrounding “exclusion” region with no AIPO film, in turn sur-
rounded by a region containing small AIPO defect islands.
Figure 3(b) shows EDS spectra taken from within a similar dot and
just outside the dot in the adjacent exclusion region, at the posi-
tions marked in the inset. Within the dot, distinct Al, P, and O
peaks from the AIPO film are seen. Just outside the dot, only a
weak O peak is detected, attributed to the native SiO, layer. The
strong Si peak present in both spectra is from the Si substrate. EDS

— —AIPO dot

— Adjacent
to dot

Intensity (arb. units)

0 1 2 3 4
Energy (keV)

Aluminum

o Intensity ( arb. unit)

=

c
Phosphorus =
£

®

Z

w

c

8

Q7 @
\s Isra (\ce\v

FIG. 3. (Color online) (a) SEM image of a selectively deposited thin film AIPO
circular dot. The dashed circle shows the boundary of the defect-free exclusion
region. (b) EDS spectra within (blue dashed line) and just outside (orange solid
line) of a similar AIPO dot (inset shows the locations used along with the
dashed outline of exclusion region). (c) EDS map showing distribution of Al
(green), P (yellow), and O (red) within the patterned dot. Individually normalized
EDS signal intensity as a function of x and y position for (d) Al, (e) P, and (f) O.
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elemental mapping [Fig. 3(c)] shows uniform distribution of Al, P,
and O throughout the selectively deposited structure with no segre-
gation. For improved visualization, the elemental image maps
superimposed in Fig. 3(c) are individually normalized and plotted
in Figs. 3(d)-3(f). The projection of each graph at the top of the z
axis matches the image in Fig. 3(c). The sharp boundary of all
three elements at the edge of the deposited area indicates the high
selectivity of the deposition. The variation in elemental distribution
of Al, P, and O along the x and y axes is consistent with tapered
edges of the deposited structure, as shown below.

B. Deposited features

Figure 4 shows optical microscope images of a series of
AS-ajFOG AIPO dots deposited on the same wafer in the same run

= (b)’

e i
500 pm

() T )

200 pm 13/6pum A
el f vV
(E) ey ( ) e (Hydrophobic
? Iy field)
; A2 Wm
¥ R WII
w,
i ————
-
75 pm - g 500 pm

FIG. 4. (Color online) Optical microscope images (5% magnification) of AIPO
thin films deposited selectively in circular patterns via ajFOG deposition for rpask
openings of (a) 500, (b) 250, (c) 100, (d) 67.5, and (e) 37.5um. Insets in (d)
and (e) are 20x and 50x magnification images. (f) lllustration of four distinct
regions surrounding an rpyasc = 250 um dot.
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using f.,=120s, covering the range of r,,4 between 500
and 37.5um. While the smallest feature in the shadow mask
Was 70 = 18.75um, we observed no deposited features below
Tmask = 37.5 um. The coloring and distinct “rings” visible in the
images in Fig. 4 are concentric interference fringes due to the
domed profile of the dots, rather than an actual ringed structure.
Figure 5(a) shows profilometry scans of the dots from Fig. 4,
clearly illustrating that the selectively deposited dots have a domed
profile with thickness increasing from the border to the center. The
small peaks seen at the edges of the profilometry scans are the
onset of defects in the hydrophobic region. Figure 5(b) shows that,
despite being deposited in the same run, the center height of the
deposited AIPO dots, h,y, increases with decreasing 7, increasing
steeply below 7,4 =250um, ranging from hg,=67nm for

1500
(a) P Fnask
1200 4 — — 500 um
- = = = 250 pm
T ’ — .= 100 pm
£900 1 AlPO Il |- - 67.5um
E i island | 37.5 um
0 600 { defects gas
(] 1 Ii’ 1
I - 1 |"
300 - R
v ,1_ g {111
0 I __ ‘K_r' T P [ n_:““ A
0 300 600 900 1200
Distance (um)
3000 -
t =120 sec rmask
v © 500 um
_ A texp- 120 sec £:250 um
E % 4100 pm
3004 2 067.5 um
< _ 037.5um
1o ] K
)y =37om
30 T T T T T T T T T T
0O 100 200 300 400 500
Fgor (HM)

FIG. 5. (Color online) (a) Profilometry scans of deposited dots vs position taken
from edges of region II, across region |, and through the center of each dot. The
narrow peaks at either end of each plot are due to defects at the border
between regions | and . (b) Plot of hyy VS rye (blue dashed line indicates
expected thickness of blanket film and open red symbols indicate averages).
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Tmask = 500 um to as high as hy,, = 1.6 um for r,,,4 = 37.5 um. In all
cases, M, is greater than dpjuke = 37 nm, the thickness measured
for a blanket control film, and also predicted from Eq. (1) for
[N] =04M, t,=120s, and t,,=120s. As discussed below, this is
due in part to a domed rather than a flat disk-like profile.

Figure 4(f) indicates the four distinct regions that surround
each patterned dot, independent of r,,: (I) a deposition-free
“exclusion region” of width, W;, that separates the sharp boundary
of the selectively deposited AIPO dot from three regions of AIPO
defect islands in the surrounding hydrophobic surface, (II) a region
of width W;; of defects of smaller average size, followed by (III) a
region of width Wy of defects with a larger average size, and
finally (IV) a “field” region of average size defects spread across the
hydrophobic area away from the patterned dots. For the smallest
dot, only three regions are apparent: the dot, the exclusion region
II, and the field region IV. The exclusion region II and
defect regions beyond may also be observed in the SEM image in
Fig. 3(a).

The schematic in Fig. 6(a) serves to graphically define various
radii and volumes for the following discussion. Shown in Fig. 6(b),
W; was found to increase with increasing r4, (and 7,,,4), from
~15pum for f,,,4 =37.5um saturating at ~50um for f,,,q4 =250
and 500 um. For all dots, 74, was significantly smaller than its cor-
responding 7,5 For t,=120s, circular 7,,,4 openings of 500,
(b) 250, (¢) 100, (d) 67.5, and (e) 37.5um produced r,,; of 474,
220, 67, 38, and 19 um, respectively. The difference r,,,5 — r'or 1S
also plotted versus 74, in Fig. 6(b).

In Fig. 6(c), rgor and 74+ W) are compared to fpu5k
The combined total of r,, + Wy is slightly larger than r,,,4, so
that W; extends into the surrounding hydrophobic region, with
Tdot + Wi — F'mask increasing with 7,4 [Fig. 6(c)].

It is interesting to compare the actual volume of the deposited
dome shaped dots, V4, to the calculated volumes of disks of the
37 nm blanket film thickness with radii equal to 74y, tO 7,06 and
to 7o + Wb abbreviated as Vdisk,rdut’ Vdisk,rmusk! and Vdisk,rd0t+WI>
respectively. As seen in Fig. 6(d), V4, exceeds not only the material
available from Vg raor and Vi pmask but also from Vi rdors wr-
The total volume of extra material, Vo= Vior — Vaiskrdor 18
plotted in Fig. 6(d) with the ratio Vo/Viisk rdor Shown on the sec-
ondary axis. Vo Vaiskraor increases steeply below 7, =250 um,
mirroring the hg, vs 74, plot from Fig. 5(b) and indicating that
the increased hg,, of the selectively patterned dots with reduced
size is due not only to the increasingly domed shape but also to
the proportionally greater amount of extra material incorporated
into the dot. The effective radius, r.4 required for a disk of the
37nm thick blanket film, Vs e to equal the volume of Vg,
{i.e., ropr=5qrt[Vaoe/(m dpianker)]}s is also plotted in Fig. 6(c).

The r for each dot is shown as dashed vertical lines in
Fig. 7(a), a plot of the percentage areal defect coverage versus dis-
tance from the edge of the dot. For each dot, r lies within Wy,
and coincides roughly to the distance where the percentage of
defect coverage approaches the average coverage in region IV. Thus,
Vextra is drawn not only from the hydrophilic and hydrophobic
parts of the exclusion region I but also the hydrophobic regions II
and III surrounding the patterned feature. Shown in Fig. 7(b) is a
plot of average defect radius, 7jefect,ave Versus distance from the dot
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FIG. 6. (Color online) (a) Schematic illustration of Veor, Vaisk raot: Vaiskrmasks Vaiskraotswis Vaiskrefis Naiots Obrankets fmasko Taot Taotewss @d reg, @long with plots of (b) W and
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Viisk rdot+wis Vextra, @nd ratio Viod Vaisk raot VS fmask- The inset highlights these parameters for the three smallest dots rmask=37.5, 67.5, and 100 um.

edge for 7,45 = 100 um with W; Wy, and Wy indicated as dashed (i) hydrophilic patterned dot areas with a water contact angle

lines and the position of r.4 inside region III. near 0° (ii) hydrophobic field area far away from the pat-
During ajFOG deposition, the precursor droplets falling terned hydrophilic dots with a water contact angle of 101°,
on the patterned substrate encounter three scenarios: and (iii) an intermediate region with a surface energy gradient
4
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FIG. 7. (Color online) (a) Plot of areal defect coverage (in percent) as a function of distance from the dot edge for various dots (res— rqor) indicated as color
coded dashed lines for each dot (solid lines are to help guide the eye). (b) Plot of mean ryefec: calculated in 10 um intervals as a function of distance from dot edge for an
I'mask= 100 um dot. The four regions are marked and the extracted ros— rqor is Shown by the blue arrow (in region Il near the edge of the region II). (c) lllustration of dFy
originating from a concentric circle of radius r. (solid blue circle) encompassing regions | (small dashed red circle) and Il (dot-dashed orange circle), and a small portion
of region Il (dotted pink circle) adjacent to region Il for the same 100 um dot; rnask is shown for reference (inner dotted green circle).
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that connects the hydrophobic field region to the patterned
hydrophilic dots.

The droplets that settle in the hydrophilic patterned dots
immediately coalesce to form a bigger droplet. The shape of the
coalescing droplet in the hydrophilic region depends on the
Laplace length, k', of the AIPO precursor,”

= @)

p-g

where v,y and p are the surface tension and density of the precur-
sor, respectively, and g is 9.8 m/s™2. For a 0.4 M AIPO solution, it is
reasonable to assume y;y and p similar to that of de-ionized water
at room temperature and pressure, which yields x~'~ 2.7 mm.
Since, all patterned feature sizes, 21,4 are below 2.7 mm, the
shape of the droplet that forms in the hydrophilic area is solely
governed by vy, resulting in a spherical cap-like droplet shape of
radius 274, prior to drying and a domed dot shape post-curing.””

The droplets that fall on the hydrophobic field region stay
relatively stationary and will be discussed further below.

Finally, droplets that fall in the intermediate region experience
a surface energy gradient that results in an unbalanced Young’s
force,

dFy = y;(cos 9,—cosd,)dx, (3)

where 6, and 0, are the advancing and receding contact angles in
the more and less hydrophilic regions, respectively.””™> dFy is in
the direction toward the more hydrophilic region so that, as illus-
trated in Fig. 7(c), precursor droplets falling near the edge of the
surrounding hydrophobic region move along the surface energy
gradient toward the hydrophilic area, where they become incorpo-
rated into the patterned dot structure. The domed profile of the
dots, the surrounding exclusion region I, and the defect regions II
and III are influenced by dFy as well as the volume and viscosity of
the precursor.

AIPO thin films were also selectively deposited in the shape of
lines, squares, and bends as sharp as 90° [Fig. 8(a)]. Linewidths
down to 15um width could be patterned using a 50 um wide mask
opening. As shown in Fig. 8(b), adjacent features could be pat-
terned as close as ~100 um apart with clear separation. At about
50um and below, adjacent features tended to merge due to the

+
$30 um

100 pm §

FIG. 8. AIPO thin films deposited selectively as (a) square, line, and 90° bend,
and (b) parallel lines of various spacing.
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overlapping capillary forces. There appears to be a minimum criti-
cal width of the hydrophobic region required to keep adjacent
hydrophilic regions separated and distinct during AS-ajFOG depo-
sition. Future work will be required to reduce the minimum line
separation (pitch). Improved surface hydrophobicity; precursor
parameters such as molarity, solvent, viscosity, and surface tension;
and reduced f., (reduced film thickness) may allow for reduced
line separation.

C. Defects

1. Defect density

In the SAM coated hydrophobic regions II, III, and IV
(surrounding the AIPO dots and exclusion region as seen in Figs. 3
and 4) are numerous AIPO defect islands. Defects were found to be
predominantly circular in shape and ranged in radius, rgefc, from
less than 0.1 up to ~6um, roughly the same order of magnitude as
the calculated precursor mist droplet size (less than ~5 um radius)."”’

Histograms in Fig. 9(a) illustrate the binned size distribution
evolution of defect density (number/cm?), D, in region IV as a
function of t,,, (for t,,=120s and [N] = 0.4M). Although the total
integrated areal defect density per mm?, D,,, increases with
increasing f,., the peak of the size distribution remains at
Tdefect = 2.2 um. There appears to be a relative increase in the
number of smaller defects of radius less than about 1um, as com-
pared to larger defects, consistent with the evolving size distribu-
tion of precursor droplets as the fog dissipates over time. It was
previously shown that larger droplets settle out of the fog more
rapidly than small droplets so that the average droplet size
decreases as a function of time.'” The observation that there is no
creation of larger defects with increasing f.,, indicates that defect
agglomeration is not occurring and suggests that defects are pinned
in place and also that the droplets falling on the hydrophobic field
region of the substrate are relatively immobile, likely due to the lack
of a surface energy gradient to drive motion.

In Fig. 9(b), Dy, is plotted as a function of f,,. Dy, increases
and eventually saturates at long ., mirroring film deposition and
indicating that defects are continually formed throughout the depo-
sition. Dy, decreases rapidly as ., is reduced, suggesting that
thinner films accompanied by lower defect density may be depos-
ited by using a short t,,. The evolution of D,,, as a function of f.,
in Fig. 9(b) is well fit by

Dior = Dyar(IN, £, = 1205) - (1 — e~ "'7), (4)

where D, is the defect density at saturation and 7 is the character-
istic fog settling time (here, 100s). This equation is analogous to
Eq. (1) used previously to model ajFOG film thickness as a func-
tion of 1‘&,61,.18

In Fig. 9(c), D (for t.., =600s) is plotted as a function ¢,.
Dy, decreases with increasing t,, and is well fit by

Dsut([N]> tw) = Dsat([N]: 0) : eitW/T- (5)
The close fits in Figs. 9(b) and 9(c) of Eqs. (4) and (5) indicate that

both defect density as well as film thickness saturate as the fog
settles out of the chamber.
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FIG. 9. (Color online) AS-ajFOG deposition of AIPO. (a) Histogram of defect density in the hydrophobic field region as a function of defect radius for t,, ranging from 60
to 480 s. (b) Total defect density as a function of t,, red solid line shows calculated fit to Eq. (4). (c) Saturated total defect density as a function of t,, red solid line shows

fit to Eq. (5). Insets show processed optical images.

2. Defect origin

An attempt was made to remove the AIPO defects using a
post-deposition UV/O; exposure to remove the SAM layer (with
the assumption that the defects were located on top of the SAM
layer). The UV/Oj; treatment did not have any effect on the defects,
indicating that the defects are attached to the underlying substrate,
rather than the SAM layer. The association of the unwanted AIPO
defects with the substrate suggests that their origin may be related
to penetration of the AIPO precursor droplets through defects or
“pinholes” in the SAM layer.

To assess the influence of the initial SAM quality layer on
AIPO island defect formation, defect density was investigated with
respect to SAM carbon chain length, application method, and
exposure time. The carbon chain length is well known to influence
the properties of the SAM coating.'>"* For example, Jiang and Bent
showed that octadecyl-trichlorosilane (OTS-18) was sufficient for
AS-ALD of HfO,, whereas OTS-8 was not.'* They also showed that
increased immersion time in the SAM can improve the quality of a
SAM coating and lead to reduced defect density following
AS-ALD.' For the bulk of the work presented here, OTS-8 SAM
was used. OTS-18, which has the same head (SiCl;) and tail (CH3)
groups as OTS-8, but with a longer carbon chain, was also investi-
gated. After confirming that OTS-18 successfully blocked ALD
Al,O; while OTS-8 did not, OTS-8 and OTS-18 SAM coatings
were then compared for AS-ajFOG deposition using two different
application methods: (i) spin-coating at 3000 rpm for 30 s followed
by a toluene wash and (ii) immersion for 8, 12, 24, 48, and 72h
[see Fig. S2(a)]. No significant difference in the AIPO defect
density or defect size distribution was observed with respect to
chain length, application method (spin-coating versus immersion),
or immersion time. Note, however, that the contact angle achieved
with all of these SAM application methods was typically about
101°. Although 101° represents a highly hydrophobic surface, previ-
ous work has shown that contact angles as high as 103.4° and
108.9° are achievable with OTS-8 and OTS-18, respectively.’%
Lower contact angles are an indication of defects in the SAM layer.
High pre-ajFOG deposition defect density in the SAM may,

therefore, be responsible for the lack of observed differences in Dy,
It should be possible to coat SAM layers with higher contact angles
(and associated reduced defect densities), which might result in
reduced AIPO island defect density in the field following ajFOG
deposition. For example, it was reported that while the presence of
a trace amount of moisture on the oxidized silicon surface aided in
SAM formation, excess moisture in the surrounding atmosphere
might promote the formation of 3D aggregates of OTS SAM layers,
possibly creating pinholes that thereby affect the overall SAM
quality.”” Conducting SAM formation in a moisture-free environ-
ment should thus improve SAM quality and may lead to reduced
defect density. In addition, improved surface preparation might be
expected to, in turn, improve SAM formation. However, no signifi-
cant change in defect density or size distribution was observed for
a native oxide versus various thicknesses of plasma enhanced
atomic layer deposition deposited SiO, as the surface layer.

To look at the possibility of unintended damage to the SAM
layer surrounding the circular mask openings during the UV/O;
patterning step impacting the widths and/or average defect sizes of
regions II and III, identical depositions were performed on identi-
cally prepared SAM layers following 0, 5, 10, and 15 min of pat-
terned UV/Oj; exposure through the mask [see Fig. S2(b)]. AIPO
defect island density was found to be independent of UV/Oj; expo-
sure time, indicating that the UV/O; exposure does not degrade the
SAM layer adjacent to the mask openings.

Finally, no significant change in defect density or size distribu-
tion was observed for substrates either held at different angles
(0°-60°) or rotated (0-5 rpm) inside the deposition chamber to
assist precursor droplets in rolling out of the hydrophobic area,
providing further evidence that droplets deposited on the hydro-
phobic field regions are not mobile.

To summarize, it is found that the AIPO defects islands are (i)
not nucleated on top of the SAM layer, (ii) not impacted by the
preparation method of the SAM layer, and (iii) not associated with
the degradation of the SAM layer prior to deposition due to unin-
tended or incidental UV/O; exposure ozone. Because the AIPO
defect islands are formed on the substrate underlying the SAM
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layer, it is concluded that the origin of the AIPO defects is associ-
ated with defects in the SAM, likely those initially present after
coating. During deposition, it is likely that precursor droplets pene-
trate the SAM at defect sites to nucleate AIPO defects on underly-
ing SiO,. Note, however, that damage to SAM layers has been
reported due to harsh process conditions such as during ALD."
Thus, it is possible that damage is also occurring during extended
ajFOG depositions.

Although the AIPO defect islands do not form a continuous
layer and, therefore, may not present a barrier to patterning and
integration of low resolution features, even if conductive, there are
a number of approaches and strategies that could lead to the reduc-
tion or removal of these defects. Improvements in surface prepara-
tion and SAM application methods, such as spin-coating in an
inert atmosphere with little to no moisture, may lead to improved
hydrophobicity and reduced pre-ajFOG deposition defect density
in the SAM. The use of SAMs with fluorine terminated tail groups,
such as fluoroalkyl silanes, have been demonstrated to show
contact angles greater than those achievable for ~-CHj; terminated
SAMs and may also lead to further reduction in defect density.”**”
Furthermore, new precursor formulations with different concentra-
tions, viscosities, surface tensions, or solvents could lead to smaller
defects and reduced defect density.

IV. SUMMARY AND CONCLUSIONS

We have demonstrated area-selective deposition using
ajFOG, a solution-based and potentially zero-waste technique in
which films are condensed from a uniform aqueous precursor
fog at room temperature and near ambient pressure. Selective
deposition of AIPO thin films on SiO,/Si wafers was achieved
using a silane-based SAM growth inhibitor patterned by UV/O;
exposure through a shadow mask. Preferential wetting and
nucleation in the hydrophilic regions resulted in deposited fea-
tures in desired locations with sharp boundaries. Circular dots
of AIPO with as small as a 16 um radius and other shapes such
as parallel lines down to a width of 15um with separation down
to 100 um, corners, and squares were deposited. Patterned dots
were smaller than mask openings and dome shaped with center
heights much thicker than expected for the thickness of a
blanket deposited film. An unbalanced Young’s force due to a
surface energy gradient between the adjacent hydrophobic and
hydrophilic regions assists transport of material into the pat-
terned feature so that the circular dots have higher volumes
than expected for a disk with the radius of the dot. In addition,
four regions were observed around each selectively deposited
feature. Immediately adjacent to each feature is an exclusion
region with no deposition, the width of which is dependent
upon the mask and feature size. Beyond the exclusion region, in
the surrounding hydrophobic region, are three regions of unin-
tended AIPO defect islands. The size of the defect islands corre-
sponds roughly to the precursor droplet size. The origin of the
defects appears to be pre-existing defects in the hydrophobic
SAM layer that allow the AIPO precursor to nucleate on the
underlying SiO,. Although the AIPO island defects do not form
a continuous layer and may not present a barrier to patterning
and integration, even of conductive films, future work will focus

ARTICLE avs.scitation.org/journalljva

on the reduction or removal of these defects. Additional work
will also be required to determine the minimum feature sizes
and minimum pitches that may be patterned.

In conclusion, we have demonstrated that AS-ajFOG is a
promising technique for area-selective, solution-based deposition of
micrometer-sized features of various shapes with potential applica-
tions for MEMS, flip-chip packaging, and large-area electronics
such as displays. In the continuous deposition mode, AS-ajFOG
should be compatible with reel-to-reel processing on flexible sub-
strates for large-area electronics.
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