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ABSTRACT

The rise of low-temperature atomic layer deposition (ALD) has made it very attractive to produce high-x dielectric for flexible electronic
devices. Similarly, selective deposition of ALD films is of great relevance for circuitry. We demonstrated a simple method of using a physical
mask to block the film’s growth in selected polymeric and flexible substrate areas during a low-pressure ALD process. A low-cost silicone
adhesive polyimide tape was used to manually mask selected areas of bare substrates and aluminum strips deposited by evaporation.
190 cycles of aluminum oxide (Al;O3) and hafnium oxide (HfO,) were deposited at temperatures ranging from 100 to 250 °C. Using x-ray
photoelectron spectroscopy (XPS) analysis and energy dispersive x-ray spectroscopy (EDS), we showed that the mask was effective in pro-
tecting the areas under the tape. The mask did not show any modification of shape for an exposure of 10 h at 250 °C, hence keeping the
form of the masked area intact. An analysis of the unmasked area by ellipsometry (632.8 nm) and x ray shows a regular film with a thickness
variation under 2 nm for a given temperature and constant refractive index. EDS, selected-area XPS, and imaging XPS show an evident
change of elemental content at the interface of two areas. By XPS, we established that the structure of the films was not affected by the
mask, the films were stoichiometric, and there was no effect of outgassing from the adhesive film.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0000566

1. INTRODUCTION chamber at very low pressure.” The deposition starts upon chemi-
sorption of an initial reactant or a precursor onto a substrate,
usually enabled by a radical’s existence, which will act as a nucle-
ation point on the substrate. Once initiated, the reaction continues

in a self-limiting manner alternated by a purge with an inert gas. In
very conformal and uniform films in a large area. This technique is theory, the film resulting from ALD is very conformal, uniform,

Atomic layer deposition (ALD) is a thin film deposition tech-
nique that has increased in popularity in recent years. ALD is a
vapor phase deposition technique that allows the production of

based on a series of self-limiting reactions during which materials and default-free, and grows at a linear rate.” However, in practice,
in their vapor phases are pushed alternatively into the reaction the film’s quality is affected by several factors, including the
J. Vac. Sci. Technol. A 39(1) Jan/Feb 2021; doi: 10.1116/6.0000566 39, 0124051
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precursors’ type, purge time, pulse times, reactor temperature, and
equipment.”™ Due to their immense success, ALD protocols have
been progressively used to produce binary, ternary, and quaternary
compounds, metals, and even more complex materials.”*

In nano and microelectronics, circuits and devices need
interconnection between different layers or parts of a circuit. For
instance, a connection between a gate and source-drain electrodes
is required across different layers for a unipolar inverter. In large
areas and flexible electronics that operate mostly with inks and
solution processes, the need for interconnections, passivation,
and encapsulation is of great importance. ALD layers are nor-
mally deposited as a blanket film that grows everywhere on the
substrate and its surroundings, hence entirely covering any previ-
ously deposited materials. In devices and circuit fabrication, the
need for interconnects requires that some part of the substrate be
free of the ALD film to allow interconnection. The mechanism
to achieve such results is referred to as area selective ALD
(ASALD). Some approaches that have been reported are (i) a
self-assembled-monolayer (SAM) that is selectively applied on
the substrate to deactivate certain areas and inhibit the nucleation
and growth of the thin film."*'” However, this comes with some
difficulties, as the SAM action relies on the surface composition of
the substrate or previous films, hence the difficulty of finding suit-
able SAMs for nontraditional substrates and films. (ii) An appro-
priate resist combined with photolithography and etching
processes is used to achieve the desired results.'® These methods
yield high precision and resolution, which are highly desirable in
nano and microfabrication; however, they are time-consuming and
often difficult to achieve on polymeric substrates.'”

For microelectronic circuits, lift-off techniques are often pre-
ferred, as they are of low cost and are more straightforward.
Similarly to lift-off, several physical techniques have been employed
for ASALD. For instance, in their studies, Astaneh et al.'® used a
pair of magnet and iron powder. They sandwiched the substrate
between iron powder and a magnet that held the iron in the area
with no intention to grow a film. This method was sufficient to
create patterns with feature size as small as 0.3 mm on any substrate.
However, this method is not suitable for reactors, sample holders,
or other prepatterned parts of the circuit having magnetic proper-
ties; additionally, having iron powder in a vacuum system could be
hazardous or could create messiness should the magnet fold out of
place. Sweet et al."” used a pair of aluminum metal plates with the
front plate open on areas where the film is needed. Their technique
was successfully used to deposit ZnO on nonwoven textiles and
fabrics selectively. Their study used compression force to clamp the
metals and restricted the deposition area but the edge was poorly
defined. Focusing on large-area ASALD, Zhang et al™ used
Parafilm™ to selectively grow Al,Os, titanium oxide (TiO,), and
iridium of size 1 x 1 cm on a silicon substrate, but the limitation of
this work was the low heat tolerance of Parafilm™ and some film
penetration under the mask. In another study, Langston et al.’'
employed three materials (Teflon, silicon, and copper) shaped as
windows with various inner and outer diameters to grow lead
sulfide (PbS), aluminum oxide (Al,O3), zirconium oxide (ZrO,),
and platinum films onto silicon wafers selectively. In general, the
clearance between the substrate and the mask should be in the
nanometer order to prevent growth.”” The silicon mask showed a
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film penetration of 200 nm and the copper a diffusion of 1 mm
underneath the mask. These masks were made of polished plates
and springs. Hence, the mask’s surface smoothness, the quality of
the springs, and other mobile parts could affect the clearance/gap
between the substrate and the mask. The pioneering works refer-
enced above demonstrated the working principle of a physical mask;
however, none of them cover masking on flexible and polymeric
substrates, widely used in modern electronics and smart packaging.

Low-temperature ALD processes have increased the interest in
using the technology in soft and flexible electronics. Flexible and
soft substrates are usually made of polymers with limited tempera-
ture stability. In this work, we investigate polyimide tape as an
effective mask for low-pressure (<10 mbar) ASALD on polymeric
substrates. We deposited Al,O3; and HfO, thin films at tempera-
tures ranging from 100 to 250 °C and pressure on the partially
masked Kapton™ substrate or aluminum strips predeposited on a
polymeric substrate. SEM, energy dispersive x-ray spectroscopy
(EDS), x-ray photoelectron spectroscopy (XPS), and ellipsometry
were subsequently used to demonstrate Kapton tape’s effectiveness
as a masking element. Among other advantages, Kapton™ tape is
of low cost and is widely available, and does not need any special
treatment to be applied or removed from the substrate. A solvent
easily removes the residual adhesive left on the substrate. Kapton™
tape also displays good temperature stability below 250 °C and does
not suffer from shape distortion.

Il. EXPERIMENT

Polymeric substrates are of great importance in flexible electron-
ics for their lightweight, low cost, and mechanical properties. Among
those, polyimides are the most widely used for their chemical and
thermal stability. In this work, polyimide films (Kapton™ PV9100)
from DuPont were used as substrates. The substrates were cut into
pieces of 25 x 25 mm?, cleaned in de-ionized water, acetone, and
ethanol, and sonicated in those solvents, and then blown dry with air.
The substrate’s back was attached to a glass slide to reinforce its
stability during the manipulation and ensure that the substrate stays
horizontal during the ALD. Throughout this work, a polyimide tape
Kapton 5413, from 3M™ with silicone adhesive, was used as a
masking element. The tape was applied onto the substrates using
physical compression, and the back of a wafer tweezer was used to
eliminate the air bubbles under the tape and ensure proper adhesion,
especially around the edges between the tape and the substrate, which
yields a better result than fingers or not square objects that tend to
create contamination over the edge. The tape was of dimension
10 x 25 mm? and applied in the middle of the sample. The tape was
removed by initially pinching one edge with a straight, very thin tip
tweezer and continuing the removal using a curve tweezer and isopro-
panol (IPA) gently removed residual glue when necessary.

In one experiment, AL,O3 films were grown at temperatures
ranging from 100 to 250 °C. The film was grown from trimethyla-
luminum (TMA) and water (H,O) on a Beneq TFS 200-273 tool in
thermal mode. The typical thickness of a high-x dielectric in a TFT
transistor is under 20 nm; hence, we grew AL, O; for 190 cycles.
During the deposition, the reactants were allowed to enter the
chamber for 300/600 ms, respectively, for TMA and water, alter-
nated by purges of 1 s, using ultrahigh purity nitrogen gas (N,).

J. Vac. Sci. Technol. A 39(1) Jan/Feb 2021; doi: 10.1116/6.0000566
© Author(s) 2020

39, 012405-2


https://avs.scitation.org/journal/jva

JVST A

Journal of Vacuum Science & Technology A

In another experiment, HfO, films were deposited at a chamber
reaction temperature from 100 to 250 °C. The Hafnium oxide layer
was grown from tetrakis dimethylamino hafnium (TDMAH) (Strem
Chemicals) and water. During the process, TDMAH was kept in a
heated source at 65 °C, whereas the water was at room temperature.
The films were grown in the thermal mode for 190 cydles, using the
sequence TDMAH(2s)/N2(30s)/H,O(1s)/N2(30s).

Aluminum is widely used for electrodes or connectors in cir-
cuits, so we demonstrated selective masking of aluminum  strips.
For this purpose, extra pure electronic grade aluminum pellets sup-
plied by Kurt J. Lesker were used to deposit Al onto the substrate
by E-beam evaporation (Fig. 1). Then, masking was performed
using the same steps, as described above. The masking was done
from edge to edge throughout the study, as shown in Fig. 1(a).
However, we also demonstrated that this method of masking could
be possible in an area located inside the substrate, like in Fig. 2.

The analysis was performed on the masked and unmasked
areas to assess the mask’s effectiveness and the films’ quality.
Ellipsometry at a wavelength of 632.8 nm was used to study the
films’ thickness across the growth area. A scanning electron micro-
scope (FESEM, Zeiss, ULTRAplus) was used to explore the two
areas, and point and line analysis coupled with EDS (Oxford
Instruments X-MaxN 80 EDS) were used to investigate the inter-
face of the two areas.

Aluminium-*

ARTICLE avs.scitation.org/journal/jva

The surface composition of the ALD thin films was measured
using XPS. Lens-defined selected-area XPS (SAXPS) and imaging XPS
(iXPS) were performed employing a nonmonochromatized
DAR400X-ray source (Al Ko, 1486.6 eV) and an Argus hemispheral
electron spectrometer (Omicron Nanotechnology GmBh). The core-
level spectra were collected with a pass energy of 20 eV (SAXPS) or
200 eV (iXPS) and in-lens aperture, yielding a circular analysis area of
293 mm? (SAXPS) or 0.031 mm? (iXPS). The in-lens deflector was
utilized to scan the analysis area across the sample in 50 um incre-
ments for recording the sweep spectrum line scans of Al 2p and Hf 4f.
The lateral resolution of iXPS was 136 um (knife-edge 16%-84%).
The surface composition was identified by analyzing core-level
spectra using CasaXPS software (version 2.3.19 PR 1.0).”* Due to
surface charging, the binding energy scale was calibrated according
to a C 1s C—C/H peak at 284.8 eV. The background-subtracted XPS
peaks were least squares fitted with mixed Gaussian-Lorentzian
component line shapes. The relative atomic concentrations were cal-
culated using Scofield photoionization cross sections and an experi-
mentally measured transmission function of the Argus analyzer.

Ill. RESULTS AND DISCUSSION

The polyimide Kapton™is one of the most widely used flexi-
ble substrates in electronics for its mechanical properties, thermal

:
Kapton . Kapton tape mask -
substrate

FIG. 1. (a) Photograph of a 2.5 x 2.5cm? sample made of evaporated aluminum; a section of 0.9 x 2.5 cm? masked a selected area on the sample. The images are for
an Al;O; film deposited at 250 °C. (b) Optical microscopy image magnified 20 times of a small selected area at the interface between the aluminum and the Kapton
masking tape. (c) Optical image at 20x, an Al;O3 sample grown at 250 °C, and the Kapton tape is used to mask the Kapton substrate. (d) Optical image at 5x of an
area from the image (a), the sample was heated at 250 °C for 10 h in N, to assess the behavior of small air bubbles trapped by glue under the tape. (e) 5x optical image

of (b) after the mask removal. (f) 5x optical image of (c) after the mask removal.
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(c)

FIG. 2. lllustration of selective masking using a polyimide tape on a 2-in. silicon wafer. (a) The mask is applied on the wafer and located inside the wafer; (b) image after
a 100 nm of Al,O3 is deposited using TMA and water at 100 °C; and (c) image after the mask has been removed.

stabilities, and low outgassing rate compared with other polyimides
and polymers.”* Kapton™ silicone adhesive tape used in this work
as a masking element was first tested for dimension stability under
high temperature and a very low vacuum for an extended period. A
tape of dimension 0.9 X 2.5 cm? was tightly pressed onto a bare
substrate or in a 100 nm thin aluminum strip deposited by E-beam
evaporation, as seen in Fig. 1(a). The silicone adhesive ensures the
contact between the substrate and the mask; they have been demon-
strated to be stable and work well under low vacuum and high tem-
perature.”” The tape was specified to work well at 350 °C. However,
keeping the tape in the ALD reactor at 300 °C for more than 10h
led to the formation of bubbles under the tape.

This phenomenon was not visible even under optical micros-
copy for a temperature under 250 °C. Thus, subsequent experi-
ments were limited to this temperature. The results shown in Fig. 1
are representative of the sample population. Shape modification is
a concern in physical masking. Using Parafilm™ as a mask,
Zhang et al.”’ reported a variation of 0.1 cm for the exposure of
parafilm at 300 °C for 6 h. For this study, several samples were kept
at 250 °C in the ALD reactor for more than 10 h, and no noticeable
shrinkage or size modification was observed in any of the mask
directions. In Fig. 2, we showed that this technique is not only
meant for masking from edge to edge but could also be applied for
areas contained inside the substrate. We illustrate this by growing
100 nm of Al,O5 at 100 °C on a 2-in. silicon wafer and Kapton™
tape, but for the visibility, only the wafer substrate is presented. We
observed that the masked area was protected during the deposition
without any noticeable distortion of shape. In Fig. 1, several images
are presented; they are optical images of the Al,O5 film deposited
growth under low vacuum at 250 °C. In Figs. 1(b) and 1(e), we
used an optical microscope (Olympus BX60M) at 20x and 5Xx,
respectively, to show the interface between the masked and the
unmasked area with the mask still on and when the mask is
removed. The sealing at the edge of the mask remained intact for
the temperatures studied, which is an advantage compared with the
use of hard masks,'”*' and this sealing allows more influx of mate-
rials and film formation under the mask. Figure 1(c) shows the
Al O; film growth; the masking tape is visible on the right side of
the figure. In Fig. 1(f), the mask has been removed from Fig. 1(c)

and a line is observed in both Figs. 1(e) and 1(f), representing the
residue from the adhesive. Several drawbacks were also noticed
upon using this method; these include the presence of residual
adhesives. Even though residues were not visible in several
instances, we could still detect silicon resulting from the adhesives
on XPS. In some cases, where the residues were visible, we could
remove them using IPA without any noticeable damage on the
substrate. Nevertheless, IPA’s use increases the likelihood of
organic contamination, as Raghu et al.”® discussed the adsorption
of IPA by oxide dielectric, which in the case of HfO,, can be
completely removed at 300 °C. However, this temperature is not
compatible with most polymeric and flexible substrates. Adhesive
tape is known to trap air bubbles under the tape, so we investi-
gated the behavior of such microairbubbles as the deposition tem-
perature increases. Figure 1(d) shows a small section of Fig. 1(a)
at the edge of the mask at 5x. In this case, the sample was kept in
the ALD reactor chamber for more than 10h, and we observed
that the microbubbles were fusing progressively and moving
toward the sealing edge. The maximum time for film growth in
this study was 3 h; hence, we did not experience such a phenome-
non. However, this could affect the quality of thick films, which
are often grown for several days.

Further analysis was carried with electron microscopy to
determine whether oxide deposition took place under the mask.
This was performed for each set of temperatures; the results were
similar. We used an SEM (Zeiss UltraPlus SEM) to analyze the
sample on both masked and unmasked areas. Figure 3(a) from
the 100 °C AL, O; deposited film shows an image when the adhe-
sive residue is left. The vertical middle line is the glue residue
after the mask was removed. The adhesive residue was easily
removed with IPA. In Fig. 3(b), we observe a lack of oxygen
beyond the expected native oxide layer, which means Al,O; did
not grow under the mask. We can further observe a steep increase
in oxygen content at the edge of the mask. Similarly, we observe
the sudden reduction of aluminum at the same line; these results,
further confirmed by XPS, implied that, at a microscopic level,
there was no visible penetration of films under the mask, a posi-
tive advantage compared with previously observed residual pene-
tration of films at a similar scale.

J. Vac. Sci. Technol. A 39(1) Jan/Feb 2021; doi: 10.1116/6.0000566
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FIG. 3. Sample representation for the Al,O3 deposited on aluminum at 100 °C. (a) An SEM micrograph with a line scan at the interface of the masked and unmasked
areas of a sample. (b) Material profiles; aluminum is the top plot and the lower is oxygen (color online).

Using SEM-EDS (Oxford Instruments X-MaxN 80 EDS), we per-
formed the elemental analysis across the sample by using point analy-
sis, as shown in Fig. 4. In Fig. 4(a), we focus on the elemental analysis
of oxygen and aluminum deposited on the aluminum film. The peaks
of the two elements, both in the masked and nonmasked areas, are
superposed in Fig. 4(a). The black plot on a nonmasked area shows
oxygen and aluminum close to stoichiometric proportion, as reported
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from various XPS studies.”” > For the AL, O growth on bare Kapton
at 100 °C, we examine the aluminum content of the two areas using
point analysis and present this in Fig. 4(b). This shows no detectable
trace of aluminum under the mask and hence no film formation
underneath the mask. These results were consistent at all temperatures.

The thickness of the films’ growth with hafnium oxide and alu-
minum oxide was uniform throughout the experiment at various
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FIG. 4. (a) EDS analysis of the Al,03 deposited on aluminum at 100 °C. Point analysis with the masked area showing high oxygen level; the unmasked area shows a
very low oxygen level, and a high aluminum peak (color online). The peaks of oxygen and aluminum are represented at each point. (b) Point analysis of aluminum depos-
ited on the masked and unmasked areas on a bare Kapton substrate.
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FIG. 5. GPC at various temperatures. Numbers in parentheses indicate refractive index at the given temperature. (a) Aluminum oxide. (b) Hafnium oxide.

temperatures. We used ellipsometry at 632.8 nm, measuring an
average of six points from two samples deposited at the same
temperature and calculating the average. The values were in a
tight range, reflecting the uniform growth of the film. For
instance, at 250 °C, the film thicknesses were 21.2 and 16.2 nm
for ALO; and HfO,, respectively, with standard deviations of
0.126 and 0.121nm. In Fig. 5, we report the growth per cycle
(GPCQ) at increasing temperatures and the standard deviations for
6 data points. The refractive indices of the films are also reported;
their typical standard deviation was 0.01. These values were con-
sistent with those in the literature on similarly grown ALD pro-
cesses,”””*"" hence further supporting the fact that potential
outgassing of the mask did not alter the film quality.

As reported in the experimental section, HfO, film was also
deposited on Kapton and aluminum using TDMAH and H,O. The
mask was similarly effective with this film. Other residual elements
such as nitrogen and silicon arose from nitrogen as the carrier gas,
and a silicone adhesive use for masking was detected.

Table I shows the typical elemental content at 250 °C for a
HfO, grown on aluminum. The weight percentage is 80 and 20 for
hafnium and oxygen, respectively, when contaminants are omitted in
the unmasked area. No trace of hafnium was found in the masked

TABLE I. Area elemental analysis by EDS. Elemental content by percentages of
weight for the masked and unmasked areas at 250 °C for a HfO, film deposited on
aluminum.

Element Wt. %
Masked Hf 80
O 20
Unmasked Hf 00
(@) <5

area. This film’s stoichiometry was consistent with that of other
reports of HfO, grown with TDMAH and H,0.*?

As a direct demonstration for the use of this method for
masking in large-area flexible devices where the edge between the
film and the unmasked area is not critical, we fabricated an electro-
lytic capacitor of dimension 5 x 5cm?. Current collectors or
anodes made of PET/ALl foil (Pyroll, thickness of the layers 50 and
9 um) were used as a substrate. We deposited a 50 nm of Al,O3 on
the aluminum foil while masking (0.5 x 5cm?) from one side of
the electrode that would serve for probing, which otherwise would
read an open circuit.

The highly conductive, stabilized ink, poly(3,4-ethylene dioxy-
thiophene) polystyrene sulfonate PEDOT: PSS (from Heraeus), was
printed on the ALD deposited film (dielectric). The ink covered an
area of 4 x 4cm? and a 200 um thick cure at 130 °C for 20 min.
The structure was completed by depositing a metal current collec-
tor made of graphite (PF407C) with a dimension of 3.8 x 3.8 cm?
and a thickness of 150 um. The cell led to a capacitance value of
2.066 1F and an ESR 3.62 Q, hence demonstrating one of the useful
features of this technique for flexible application.

Further analyses were performed by XPS to determine the
chemical composition of the surface and further assess whether there
was residual growth under the mask. A comparative study of ALOs;
grown on pristine silicon (used as the reference) and Kapton substrate
at 250 °C was performed to ensure that the films on Kapton were of
good quality and that potential outgassing,”” which was known to
occur with some polymeric substrates, does not affect the film as
reported by Battes et al.”* The two films’ XPS survey spectra show
mainly Al and O with F and C as contaminants. The main elements
were in similar proportion in the two films; we attributed the pres-
ence of carbon and fluorine to the likely contamination during the
ALD process or to exposure and handling from the ALD to the XPS
reactor chamber. The oxygen and aluminum peaks correspond to
typical A, O; oxide growth by ALD.
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TABLE II. Binding energy in (eV) for species on unmasked and masked areas of a deposited Al,05 deposited on aluminum at 250 °C.

F 1s O 1s C 1s Sl 2p3/2 Al 2p
Deconvolution F~  O-Al/~C/=C O-Si C-C/H C-O(-C/H) C=0 O0O-C=0 Si* Ssi** s si** AP AP
Unmasked 686.1 531.6 533.0 284.8 286.5 — 289.9 99.9 — 102.1 — — 74.4
Masked — 531.6 5329 2848 286.1 287.7  289.5 — — 1018 1034 720 747
(@) iXPS Al 2p (b) SAXPS Al 2p
~ AlO AP*
AlO, S X
L
10-e0000000® >
2
°
£°% A £
< e —
+ 0.6 1 ® ® 00 °* 2 2
S ® D
< ) ° ) *
Z04- hd n
+ o
@ x
< 0.2 1
00 T T T T T T T T T T T T T T T T T T T T T
-400  -200 0 200 400 600 80 78 76 74 72 70
Distance from the interface (um) Binding energy (eV)

FIG. 6. (a) iXPS Al 2p line scan over the AlO,/Al interface showing the A*+/(AI°+AI*+) ratio. The line is drawn to guide the eye only. (b) SAXPS Al 2p measured 2 mm
away from the interface on both AIO, and Al sides of the sample. The AI**/(AIP+AI+) ratio was 0.58 on the Al side of the sample. Approximately, the same oxide/metal
ratio was observed in the line scan up to the interface.

TABLE lll. Binding energy in (eV) for species on unmasked and masked areas of a deposited Al,05 deposited on Kapton. The film was deposited at 250 °C.

Cls N 1s O 1s Fls Al2p Si 2psp Ca 2p3),
Deconvolution C—C/H C—O(-C/H), O/N-C=0 N-X N-C O-Al/-C/=C O-=Si F~ A’ AP* Si* Si** St sitt Ca”
C-N
Unmasked 284.8 286.6 290.0 S — 531.7 532.8 686.0 — 750 1000 - 1023 - -
Masked 284.8 286.0 288.6  398.5 400.5 532.9 531 — — — — — 1018 1033 3475
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TABLE IV. Binding energy in (eV) for species on unmasked and masked areas of a deposited HfO, deposited on aluminum. The film was deposited at 250 °C.

Al 2p Si 2P3/2 Hf 4f7/2

Cls O 1s
Deconvolution C—C/H C-O(-—C/H)
Unmasked 284.8 286.5 289.1 530.4
Masked 284.8 286.5 288.7 —

531.3

0-C=0 O-Hf O-Al/-C/=C O-=Si A’ AP* si* si¢* s si** HEY HY

5324 — — — 1012 —
5329 720 746 — — 1018

102.7 168 17.6
103.3  — —

An observation of the masked and unmasked areas for the
Al O; film growth on aluminum strips at 250 °C shows a presence
of F 1s, O 1s, Cls, Al 2p, and Si 2ps3), peaks at energies of 686.1,
531.6, 284.8, 74.7, and 99.9 eV, respectively, as shown in Table II.
An analysis of peaks and their contribution to the unmasked area
gave an aluminum to oxygen ratio of 0:697, which was close to the
stoichiometric value of 0.666. The binding energy value of Al 2p
confirmed the existence of AlI—O bonds in the Al,O3 film. There
was no evidence of the presence of Al—Al bonds, as all detected Al
was bonded to O, but the undetected O was bonded to Al
Fluorine was residual and did not appear on the masked surface.
The deconvolution of the O 1s peak showed the existence of O—Al
and O—Si bonds. These bonds were found to be present on the
two surfaces with the same binding energies, but the concentration
of O—Al on the masked surface was in trace amounts compared
with that of the unmasked surface. The trace amount of oxide
identified on the masked surface was attributed to aluminum’s
natural oxidation because no oxygen was found on a sample run
on bare Kapton, whereas the deconvolution of C 1s demonstrated
the existence of C—C as the strongest bond with the additional
presence of C—O and O — C = O bonds associated with incom-
pletely decomposed precursors.*’

Imaging XPS was performed 2 mm away from the interface on
the masked and unmasked areas to test the blurring interface. We
observed different surfaces, which confirms the effectiveness of the
adhesive tape masking approach. The unmasked area does not
contain any metallic Al, and the masked side is mostly metallic Al,
plus a thin oxide layer resulting from natural oxidation. The
masked side was very uniform in the aluminum oxide/metal ratio
up to the interface. The oxide to metallic ratio is approximately the
same far away from the interface (measured with SAXPS) and close
to the interface (iXPS line scan), Fig. 6(a). Figure 6(b) shows an
SAXPS measurement done 2 mm away from the interface.

Further analysis of films deposited on Kapton (Table III) cor-
roborates the results already obtained on aluminum strips. The
deconvolution of the Al 2p peak shows the existence of aluminum
AP*" on the unmasked area at 75.0 eV binding energy, which repre-
sents a slight shift of 0.3 eV compared with the film’s growth on
the aluminum strip. The elemental content of aluminum and
oxygen concentration at the unmasked area’s surface remains
similar to that of the film deposited on aluminum. The O 1s peak’s
deconvolution is also consistent with that of the A, O; film depos-
ited on aluminum. An analysis of the masked area shows no trace
of Al 3t or Al °, which means no film is built under the mask.
However, the masked area shows oxygen in low quantity with
binding energies of 532.5 and 533.1 eV, corresponding to O—Al/
—C/=C and O-Si bonds, respectively. This was attributed to the
presence of oxygen at the surface of the polyimide use.

To ensure that the result was not specific to the case of
Al O3, we used the same analysis for the HfO, film growth at
250°C on aluminum, as shown in Table IV. In this case, we
observed O 1s, C 1s, Si 2ps,, Al 2p, and Hf 4f;/, peaks at energies
of 530.4, 284.8, 101.2, 72.0, and 16.8 eV, respectively, as shown in
Table IV. Further analysis of Al 2p peaks on the two areas shows
the presence of metal aluminum Al® and a slightly thin oxidized
layer translated by the presence of AI’* on the masked area,
whereas the unmasked area shows no trace of aluminum. This
agrees with the results of aluminum oxide films. The deconvolu-
tion of O 1s shows binding energy at 530.4 eV for the unmasked
area, corresponding to the bond O—Hf and a different one at
531.3eV on the masked area, corresponding to O—Al bonds.
Hafnium was observed at two energy levels of 16.8 and 17.6eV
corresponding to the bond created by hafnium Hf*™ and Hf'',
and no trace of hafnium on the masked side was found, which
further confirms the effectiveness of the masking.

IV. SUMMARY AND CONCLUSIONS

In this work, a polyimide tape with a silicone adhesive is used
to successfully perform area selective ALD in flexible substrates.
The tape was manually pressed onto a bare substrate or a 100 nm
thick layer of aluminum. Throughout the study, 190 cycles of
Al,O3 and HfO, corresponding to various thicknesses at a given
temperature were used. Films were deposited by ALD at various
temperatures ranging from 100 to 250 °C. After the deposition, the
tapes were removed, and the masked and unmasked areas of the
sample were studied using optical microscopy, electron microscopy,
EDS, XPS, and ellipsometry. We first showed that our mask dimen-
sions did not vary while being kept for more than 10 h at 250 °C in
the ALD reactor under a low vacuum. We also found that air
bubbles trapped under the tape expand outward but may take more
than 10 h at 250 °C. Hence, our masking technique is safe for most
conventional deposition protocols in research or industry. Using
SEM images and EDS line scans of the sample, we showed no film
growth under the tape, i.e., our technique was efficient in masking
ALD deposition onto a polymeric substrate onto conductive mate-
rial such as aluminum. Using XPS, we further demonstrated that
the films were properly formed and that their chemical content was
similar to that of previously reported films, close to the stoichio-
metric ratio, and that no contamination from mask outgassing
occurred. XPS further revealed no film growth under the mask and
regular film quality in the two areas. Hence, we conclude that
mechanical lift-off by a polyimide adhesive tape is a viable techni-
que to mask flexible substrates for low-vacuum, low-temperature
ALD deposition selectively. As a perspective, it is understood that
additional images, for instance, with a high-resolution tunneling
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electron microscope, may have provided different pieces of infor-
mation on the interface between the film and the broken tape and
could help in understanding how the tape is removed.
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