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Block Copolymer Approach toward Selective Atomic-Layer

Deposition of ZnO Films

Anish Philip, Yujiao Dong, Jaana Vapaavuori,* and Maarit Karppinen*

High-quality thin films of ZnO fabricated with atomic-layer precision are
attracting increasing interest in various applications beyond the conventional
semiconductor industry. This has posed new demands for these thin films
regarding, for example, the substrate compatibility and substrate-selective
deposition. Herein, the impact of different underlining polymer substrates on the
film growth characteristics of ZnO coatings fabricated with the atomic-layer
deposition (ALD) technique is investigated. The resultant thin films are sys-
tematically characterized for the growth rate, crystallinity, surface morphology,
hydrophilicity, and electrical conductivity. Most excitingly, based on the under-
standing gained for the ZnO film growth on the different homopolymer surfaces,
nanoscale-patterned block copolymer (BCP) films via spin coating are designed
and fabricated to demonstrate block-selective ALD of ZnO on these BCP
surfaces. It will be shown that the polyethylene oxide parts of the BCP act as
a significantly more passive surface for the ZnO growth than the polystyrene.
Altogether, this concept couples two highly controllable methods—atomic-level
precision of ALD and nanoscale precision of BCP substrates—into a simple and

scalable way of producing diverse nanomaterial patterns.

1. Introduction

Block copolymers (BCPs) have attracted significant interest in
research during recent years due to their highly tunable self-
assembly schemes based on intermolecular interactions.!!
Most excitingly, the possibility to synergistically tailor the individ-
ual polymer components of BCPs allows the creation of unique
surface chemistries and structures for, e.g., next-generation
energy storage/conversion devices.””®! Moreover, polymers are
naturally lightweight materials with a high degree of mechanical
flexibility and optical transparency, and hence essential ingredients
for the increasingly important future application field of flexible
(opto)electronics. Indeed, polymer-based substrates and templates
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would have many apparent advantages over
the more conventional alternatives such as
thin metal and plastic foils.”)

Currently, the n-type I1I-VI semiconduc-
tor ZnO is strongly emerging as a viable
material candidate for various micro-,
opto-, and piezoelectronic devices, as well
as advanced gas sensor and spintronics
applications owing to its wide bandgap, vis-
ible-light transparency, and stability.®*%
The visible-light transparency of ZnO is
particularly beneficial considering its
potential application as a transparent elec-
trode in solar cell applications.'* Besides
its attractive set of physical properties,
ZnO is a raw-material-wise and biocompat-
ible material.®1*"*"l For the frontier
applications of ZnO, high-quality thin
films are needed.

Atomic-layer deposition (ALD) has been
the fastest growing thin-film technology in
conventional — microelectronics  already
for decades,!"*"® and it has also numerous
advantages relevant to the growth of
high-quality inorganic coatings on polymer substrates for the
next-generation flexible applications.'*% It has also been used
in the context of BCPs.*** The unique way of separating the
different precursor gas doses in ALD by sequential precursor
pulsing and inert gas purging enables the growth of homoge-
neous pinhole-free thin films with atomic-layer accuracy even
on large-area surfaces.!'”*® Moreover, owing to the high reac-
tivity of ALD precursors, these films can be deposited under
relatively mild conditions, even at room temperature,?>~%"!
which makes the technique compatible with sensitive sub-
strates such as polymers?®=? for various applications includ-
ing gas barrier layers for food or medicine package®*~*% and
in flexible electronics. It should be also emphasized that
ZnO is one of the prototype ALD materials for which the depo-
sition process/parameters from diethyl zinc (DEZ) and water
precursors are well established for conventional substrate mate-
rials (silicon, glass).*"*! Moreover, beyond the conventional
state-of-the-art ALD processes, there is an increasing interest
to develop different area-selective (AS) protocols in which the
film growth can be selectively limited to certain predetermined
surface areas only. Ideally, such AS-ALD approaches would
allow the direct bottom-up fabrication of patterned active
material components. One distinct advance that the BCPs
can provide is the relatively large-area patterned templates of
smaller domain sizes (down to appr. 5 nm) compared to those
achievable with common photolithography techniques.?”)

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 1. Chemical structures of PS, PAA, PEO, P4VP, and PS-b-PEO.

For ZnO films, the AS-ALD has been challenged utilizing,
e.g., selfassembled monolayers (SAMs),*%3% BCPs, 222!
atomic-layer additive manufacturing,*” biotemplates,*!*?
and even surface activation.!**!

In previous ALD studies, polyethylene terephthalate, polyeth-
ylene naphthalate, polystyrene, and Kapton have served as typical
examples of flexible substrates.”** In the present study, our
aims were to 1) widen the polymer variety, 2) systematically
investigate the ZnO growth on these different polymer surfaces
and based on the gained understanding, and 3) design a BCP
composed of two dissimilar polymers for the demonstration
of area-selective growth of ZnO. The following four homopoly-
mers were selected for this study: polystyrene (PS), polyacrylic

www.aem-journal.com

acid (PAA), polyethylene oxide (PEO),**) and poly(4-vinylpyri-
dine) (P4VP), as these polymers are common constituents of
BCPs; the chemical structures of these polymers are shown in
Figure 1. Based on the initial screening results, we then selected
PEO and PS as the constituents for the BCP substrates with two
different block ratios.

2. Results and Discussion

2.1. Depositions on Homopolymer Substrates

We first investigated the ALD growth behavior of ZnO at 125 °C
on the chosen four different homopolymer surfaces and for com-
parison also on a conventional silicon substrate surface. For every
polymer, depositions with different cycle numbers between 100
and 500 were made. The observed GPC value of 2.2 A cycle ™" in
case of silicon substrate was similar to the previously reported
values.”® The observed growth rates on different polymers
(Figure 2) indicate that the adsorption behavior of DEZ
varies depending on the polymer. The lowest growth rate
(0.85 A cycle™?) was observed for PEO. The GPC value obtained
in case of PS (2.1 A cycle™") was close to that of silicon and was
the highest among the polymers investigated. Our contact angle
measurements for the spin-coated homopolymer substrates
showed that the PS surface was hydrophobic (6c = 90) whereas
the other substrates were hydrophilic (6c < 23); this could be one
of the explanations for the different growth rates. To fully
understand the different surface reactivities, the importance of
computational modeling efforts is emphasized here.

For PAA, in our initial tests the growth rate was found to be
somewhat lower during the initial deposition cycles indicating
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Figure 2. Linear dependence of film thickness on the number of ALD cycles applied on different substrate surfaces; the GPC values calculated from the
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slope of the fitted lines and corresponding R? values are given in the table.
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there could be clear nucleation delay for the ZnO growth on this
polymer substrate. In Figure 2, this is seen from the fact that the
extrapolation of the thickness versus cycle number line to zero
thickness crosses the cycle number axis at a value significantly
deviation from zero. Similar nucleation delay with ZnO has been
previously observed for some other polymers such as PMMA ¢!
However, in our experiments no clear indications for the nucle-
ation delay were seen for the other homopolymer substrates.

Another possible issue affecting the growth rate is the
so-called vapor phase infiltration (VPI) phenomenon often seen
for small precursor molecules such as trimethyl aluminum or
DEZ especially when the substrate is a bulk polymer.***”) We
investigated this by varying the deposition temperature for the
PS polymer, and observed that the GPC increased with increas-
ing deposition temperature (Figure S1, Supporting Information).
This observed trend in the growth rate could be interpreted as a
consequence of VPI. In some earlier studies,*??*! it was found
that the crystallinity difference between the constituent polymers
in a BCP may play an important role in controlling the VPI, and
thereby possibly also the area-selective growth of ZnO; the data
were for a P3HT-b-PEO BCP, and the results revealed that the
amorphous PEO was more prone for the diffusion of the precur-
sors into the polymer (i.e., VPI) than the crystalline P3HT which
more efficiently blocked the precursor diffusion. In our case, all
other homopolymers were found amorphous while for the PEO
polymer grazing-incidence X-ray diffraction (GIXRD) revealed
some degree of crystallinity. Namely, for the PEO homopolymer
a small diffraction peak at 20 = 17.95° (d = 4.94 A) was evident,
and accordingly we could assume that the diffusion of DEZ
might be hindered into this PEO (in comparison to the amor-
phous polymers).

The GIXRD analyses (Figure 3) indicated that the ZnO film
grows crystalline on all the substrates, but the underlying
polymer clearly affects the film orientation. The (100) reflection
of the ZnO wurtzite structure is dominant for the films grown on
all other polymers except for PEO, for which the (002) reflection
is dominant.*®!

Analysis of the samples using scanning electron microscopy
(SEM) (Figure 4) clearly showed that ZnO grows as a continuous
and homogeneous coating on all the investigated homopolymer
substrates. The SEM analysis also indicated that the films consist
of granular crystallites as previously reported for ALD-ZnO

www.aem-journal.com

films,*®) even though the size and shape of the grains differ
between the polymers. The grains were found to be bigger on
PS as compared to the case of the Si or PEO substrates, in line
with the observed sharper/more intense GIXRD peaks for the
films grown on PS. In case of PAA, the ZnO grains were found
to deviate from the usual granular shape toward a more spherical
shape, and no grains were observed in case of P4VP. The low
deposition temperature used here has obviously affected the
grain size,*® which may be the main reason for the relatively
small grains observed in this study in general. Tentatively, we
believe that the ZnO film morphology could relate to the film
orientation.*®!

The knowledge obtained here for the influence of the
underlining polymer substrate (along with the low deposition
temperature) on the grain size and orientation of the ZnO films
is important regarding their potential applications as these
parameters should have an impact on the electrical transport
properties )

2.2. Depositions on BCPs

The fact that BCP thin films can be tailored to exhibit various self-
assembly schemes in nanometer length scales resulting in
unique surface patterns motivated us to challenge them in this
study. Moreover, these surface patterns/characteristics can be
easily controlled by varying fabrication parameters, such as with-
drawal speed of dip coating and solvent of spin coating,!"*" and
also by the choice of the individual polymer components of
BCPs, depending on the different application requirements.
For the present study, our systematic experiments on the homo-
polymers gave us important design guidelines for the choice of
the polymer components in our BCP substrates.

Based on the GPC values seen for the growth of ZnO on dif-
ferent polymers, we decided to fabricate the BCPs from PEO and
PS, as they showed the lowest (0.85Acycle™) and highest
(2.10 A cycle™") growth rates, respectively. In this way, the sub-
strates containing both easy-growth and limited-growth polymer
components could be fabricated. Two BCPs with different ratios
of PEO and PS were employed, i.e., PS-b-PEO with a higher pro-
portional PS content, and PEO-b-PS with a higher proportional
PEO content. With the help of cross-sectional SEM images

(a) Si § (b) ——750 cycles
= —PAA g = —— 500 cycles
= ——PS S = -
c S c 300 cycles
5 —— P4vpP 5
g ——PEO 8
< < _
> 2
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Figure 3. GIXRD patterns for ZnO films grown a) with 500 cycles on different substrates (different polymers and Si for comparison) and b) with different
cycle numbers on PEO. The diffraction peak observed at 20 =17.95" for the sample grown on the PEO substrate originates from the substrate.

Adv. Eng. Mater. 2024, 26, 2300937 2300937 (3 of 8)

RIGHTS LI N Hig

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

ASUdOIT suowwio)) danear) ajqesrjdde oy £q pauroA0S aIe sa[ore YO fasn Jo sa[ni 10j K1eiqr auluQ K3JIA\ UO (SUONIPUOI-PUB-SULId)/ W0 K3[1m  KIeIqrjauljuo//:sdny) suonipuoy) pue suLd I, ay) 39S "[$707/01/2z] uo Areiqry auruQ A3[ip\ ‘AIsIoAIun o)ey £q L£600£Z0T WIPL/Z001 0 [/10p/wod Kajim  Areiqraurjuoy/:sdiy woiy papeojumo( ‘¢ ‘b20T ‘8¥9LIST


http://www.advancedsciencenews.com
http://www.aem-journal.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadem.202300937&mode=

ADVANCED
SCIENCE NEWS

NCED
ENGINEERING
RIALS

www.advancedsciencenews.com

www.aem-jou rnal.com

Figure 4. SEM images for ZnO films grown with 150 cycles on a) PS, b) PEO, c) PAA, and d) P4VP (scale bars: 1000 nm); insets in (a) and (b) are images

for films grown with 500 cycles (scale bars: 100 nm).

(Figure S2, Supporting Information), we could estimate that both
BCP films were around 100 nm thick.

The morphology of as-prepared PS-b-PEO film is shown in
Figure S3, Supporting Information, which depicts a typical
surface pattern resulting from the self-assembly of BCP without
further treatment, whereas the PEO-b-PS presented a featureless
surface. On the PS-b-PEO surface, the PEO parts form cylinder-
type features embedded in the PS matrix. The ZnO depositions
on these two different BCP substrates resulted in significantly
different ZnO surface morphologies, as will be discussed in
the following paragraphs.

The ALD parameters for the ZnO depositions on the BCP sub-
strates were chosen to be essentially similar to those used for the
individual polymer substrates. We opted for slightly higher cycle
numbers (150-500) to get thicker films to better observe the dif-
ferences in the growth rate on the different polymer parts. The
resultant film thicknesses could not be determined with X-ray
reflectivity (XRR) measurements, as the obtained patterns
showed no fringes (different from the case of homopolymer sub-
strates); this is naturally the outcome/indication of the patterned
film surface, as aimed here for the BCPs. However, the gradual
film thickness growth with the number of ALD cycles applied
could be verified with the GIXRD measurements (Figure 5).

Even though ZnO apparently grows with different rates on PS
and PEO, neither one of these surfaces is completely inert

Adv. Eng. Mater. 2024, 26, 2300937 2300937 (4 of 8)
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against it. Hence, it is not realistic to anticipate fully area-
selective growth on the present BCP substrates. Nevertheless,
looking at the 500-cycle GIXRD data (Figure 5), it is clear that
the overall ZnO growth rate is significantly higher for
PS-b-PEO for which the “easy-growth” PS areas dominate.
Also, it is seen that compared to the film growth on PS, the pres-
ence of PEO inclusions in PS-b-PEO depresses the overall growth
rate (GIXRD peak intensities); this is particularly clear for the
initial deposition cycles (when the substrate effect is the largest).

Moreover, the film orientations on these two BCP substrates
are in line with our expectations based on the results for the
homopolymer substrates. While the ZnO coating grows on PS
with a clear preference for the (100) orientation, for the ZnO coat-
ing on PS-b-PEO—Dbesides the (100) reflection—also the (002)
reflection is prominent. On the other hand, for the film grown
on PEO-b-PS, the (002) reflection dominates (like in case of PEO).
Itis also clearly seen that, as the coating apparently grows thicker
on the PS areas, the (100) reflection is also significantly strong.
Especially with the higher cycle numbers the (100) reflection gets
truly prominent, due to the higher growth rate of ZnO on PS in
comparison to PEO.

The different growth rates on the PS and PEO areas in our
BCP substrates were clearly observable from the atomic force
microscopy (AFM) images as well. In Figure 6, AFM images
are shown for both the uncoated and coated BCPs; the data
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Figure 5. GIXRD of ZnO thin films grown on BCP: a) 500 cycles of ALD, b) different ALD cycles on PEO-b-PS, and c) different ALD cycles on PS-b-PEO.

Figure 6. AFM images for a) plain PS-b-PEO substrate, and the same substrate coated with ZnO using b) 300 or c) 500 ALD cycles; d) Plain PEO-b-PS
substrate, and the same substrate coated with ZnO using €) 300 or f) 500 ALD cycles. Scale bars embedded in images.

are, moreover, shown for two different ZnO coating thicknesses
obtained with 300 and 500 ALD cycles. First of all, it is clear that
the two plain BCPs exhibit different surface morphologies. For
PS-b-PEO, the surface shows a uniform dot pattern (dots result-
ing from the organization of cylindrical domains of PEO; similar
to the one reported for PS-b-PEO fabricated with a dip-coating
techniquel®"), while for PEO-b-PS a featureless surface without
any specific pattern is seen.

The area-dependent growth is best seen for the PS-b-PEO
substrate, as the surface looks dotted pattern (dots due to the
“limited-growth” PEO areas) also after the ZnO deposition,
reflecting the polymer-type dependent growth (Figure 6a—c).
The higher content of limited-growth PEO in PEO-b-PS results
in island-shaped patches upon the ZnO deposition with grains in
agglomerated form.

Adv. Eng. Mater. 2024, 26, 2300937 2300937 (5 of 8)
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In Figure 7, we display SEM images for both the uncoated and
coated BCPs. The different surface morphologies of the two plain
BCPs are evident from these SEM images as well. For PS-b-PEO,
the uniform dot-patterned surface looks very similar to that seen
for PLLA-b-PS,?! while the PEO-b-PS surface is rather feature-
less. Images for the coated surfaces reveal that the grain shapes
are quite different on the two different BCPs. In case of
PS-b-PEO, the ZnO grains are granular (like on PS), whereas
on PEO-b-PS the grains are spherical and clearly smaller in size.
The film on PS-b-PEO appears essentially continuous, while on
PEO-b-PS nearly noncoated areas are seen (due to the large por-
tion of the limited-growth PEO areas) making the film discontin-
uous with small islands of closely packed grains.

We also characterized the different samples for their
hydrophobicity. Owing to the higher content of hydrophobic
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Figure 7. SEM images for a) plain PS-b-PEO substrate, b) PS-b-PEO coated with 500 ZnO ALD cycles, c) plain PEO-b-PS substrate, and d) PEO-b-PS

coated with 500 ZnO ALD cycles. The scale bar in each image is 500 nm.

PS in the matrix, the PS-b-PEO substrate is highly hydrophobic
with a contact angle of 80.5, whereas the contact angle of PEO-
b-PS is only 59. Indeed, it seems that the major polymer constit-
uent in the BCP controls its hydrophilic/hydrophobic nature.
After the ZnO coating with 150 cycles, all the surfaces were
found hydrophobic with the contact angle varying in the range
of 72-96.°% The ZnO coatings deposited on PEO-b-PS (or plain
PEO) were found less hydrophobic than those on PS-b-PEO,
indicating that the underlining hydrophilic PEO depresses the
hydrophobicity of the ZnO layer grown on top of it.

Finally, we investigated the influence of the underlining poly-
mer substrate on the electrical conductivity of the ZnO coating
layer, which is important considering the potential applications
of these films in flexible electronics. We conducted two-probe
resistance measurements for the ZnO films deposited on differ-
ent substrates with 500 ALD cycles (see Table 1). The results
showed that on polymer surfaces the electrical conductivity of
ZnO is always somewhat compromised in comparison to the
similarly grown ZnO film on silicon. The resistivity values
obtained indicate that among the polymers investigated, PS
substrate tends to reduce the electrical conductivity of ZnO more
strongly than the other polymers. This is seen not only for ZnO
grown onto the plain PS substrate, but also for the BCPs, as the
film grown on PEO-b-PS has lower resistance than the one grown
on PS-b-PEO. This is interesting, taking into account that the
ZnO growth rate on PS substrate was very close to the growth

Adv. Eng. Mater. 2024, 26, 2300937 2300937 (6 of 8)
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Table 1. Resistance measured for ZnO films grown with 500 cycles on
different polymer substrates.

Substrate Resistance [MQ]
Si 0.03

PAA 0.06

PEO 1.5
PMMA 4

P4vP 6

PS 11
PSsi-b-PEO1 0k 5
PS,0k-b-PEOs 51 20

rate on Si. However, electrical conductivity of ZnO thin films
depends—besides film thickness and crystallinity—also on the
crystallite orientation such that the conductivity is expected to
be highest for (002)-oriented films.*>°!

3. Conclusions
We have systematically investigated the ALD growth of semicon-

ducting ZnO films on various polymer surfaces. The underlining
polymer substrate was shown to have a significant effect both on
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the growth rate and the properties of the ZnO coating, thus
underlining the importance of the proper tailoring of the
polymer surface when aiming at future flexible electronics
applications.

Most importantly, a novel approach for selective ALD growth
of ZnO coatings was introduced based on BCPs tailor-made
from easy-growth and limited-growth polymer components,
i.e., polystyrene and polyethylene oxide, respectively. In recent
years, so-called inherent-type AS-ALD approaches have been
developed,®*”! with targets that are possibly closest to the goals
of our BCP approach. Even though we could not demonstrate the
perfect area-selectivity for the chosen BCPs, PS-b-PEO and PEO-
b-PS, the results obtained provided us excellent proof-of-the-
concept data for the validity of the approach. To realize the
perfect selectivity, a polymer component with zero growth should
be searched for. Nevertheless, even without the perfect selectiv-
ity, the BCP approach is capable in producing tailored nanoscale
surface patterns; such nanopatterned/nanostructured materials
are of significant application potential in, e.g., catalysis or
thermoelectrics.

4. Experimental Section

The polymer surfaces investigated were fabricated on silicon wafers
by spin coating using different polymer solutions. The chosen single-
component polymers, PS (M, =280000, Sigma-Aldrich), PAA
(M,, = 1800, Sigma—Aldrich), PEO (M, =400000, Sigma-Aldrich), and
P4VP (M,, = 3840, Polymer Source) were dissolved in tetrahydrofuran
(THF, >99.0% Sigma—Aldrich) as 0.1 wt% solutions at room temperature.
Additionally, two PS-b-PEO BCPs were purchased (Polymer Source) with
different dominated blocks, i.e., PS;qk-b-PEOg 5k (M, (PS) =20kg mol ™"
and M, (PEO) = 9.5 kg mol ™) and PSs-b-PEO1 0k (M,
(PS) =5 kg mol™" and M, (PEO) =10kgmol™'); these BCPs are called
PS-b-PEO and PEO-b-PS, respectively, to indicate first the majority com-
ponent. In both cases, the 10 mg ml ™" solution was obtained by dissolving
0.05 g BCP into 5 mL THF at room temperature. To fabricate the polymer
films on silicon, the solutions were spin-coated at 2000 rpm for 30's (WS-
650MZ-23NPPM 0 Laurell spin-coater). The polymer films were character-
ized for the thickness by XRR and contact angles (see Table 2). The P4VP,
PEO, and PAA surfaces were found highly hydrophilic with a contact angle
of less than 25 (P4VP being the most hydrophilic), while PS was hydro-
phobic with a contact angle higher than 90 in pristine condition.

All the ZnO film depositions were carried out in a Picosun R-100 ALD
reactor, using DEZ (>52wt% Zn basis from Sigma-Aldrich) and deion-
ized water as precursors. Both precursors were placed outside the reactor
in cylinders and pulsed at 21 °C. Nitrogen (99.999%; flow rate 300 SCCM)
was used as both the carrier gas during the precursor pulses and the purge
gas between the precursor pulses. The reactor pressure was kept at
3-5 mbar, and the depositions were carried out at 125 °C (substrate tem-
perature). As substrates, 2.0 x 2.0 cm? cuts of different polymers and also
Si(100) (Okmetic Oy) for comparison were used. Following precursor
pulse/purge lengths were used for the depositions: 0.3s DEZ/9s
N,/0.2s H,0/95 N,.

Table 2. Basic characteristics of the polymer substrates employed.

Polymer Thickness [nm] Contact angle
PS 7.6 90.7
PAA 9.7 232
PEO 1.2 22.6
P4VP 12.2 <10
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All the films were characterized for their thickness with XRR
(PANalytical X’Pert PRO Alfa 1) measurements; the data were fitted using
the X'Pert reflectivity software by PANalytical. The same diffractometer was
used to collect the GIXRD patterns for the films with an incident angle of
0.5°. Film morphologies were studied with SEM (Tescan Mira3) using an
acceleration voltage of 5 kV. Before these investigations, the samples were
sputtered with gold/palladium (80/20) on the surface. Moreover, in order
to take a closer look at the grains, AFM (Bruker MultiMode 8) images were
taken for selected samples. The AFM images were obtained with a
J-scanner in a tapping mode. The static contact angle of a sessile drop
of water on the samples was measured using an optical tensiometer
(Biolin Scientific Theta Flex). For each measurement, a drop of 5pL
was dispensed on the surface and its image was captured using an
in situ high-speed camera. The contact angle was determined by the soft-
ware directly. Finally, for electrical resistivity measurements, a two-probe
resistance method was used.
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