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A B S T R A C T   

Interest in atomic layer deposition (ALD) processes on polymer substrates is fueled by the increasing rise of 
organic electronics and polymer-based nanodevices. This study provides new insights into the initial growth and 
interface formation during plasma-enhanced ALD (PE-ALD) of ZnO on poly ethylene glycol dimethylacrylate 
(pEGDMA) and poly 2-hydroxyethyl methacrylate (pHEMA) thin films, both deposited by initiated chemical 
vapor deposition (iCVD). In-situ spectroscopic ellipsometry showed that PE-ALD growth on the investigated 
polymers is a result of two competing processes: plasma etching of the polymer substrate and ZnO nucleation and 
growth. During the first 10–15 ALD cycles, polymer etching was found to prevail until at a certain point 
(depending on plasma power and type of polymer) ZnO growth takes over and the regime of linear ALD growth is 
entered. On pHEMA, though more sensitive to etching, ZnO film formation starts early on, whereas on pEGDMA, 
subsurface nucleation and island growth appear to dominate the initial stage of deposition. Despite the initial 
etching, resulting ZnO films are smooth and of comparable structural quality to those grown on silicon. These 
findings contribute to a deeper understanding of PE-ALD growth on polymers providing knowledge essential for 
the successful development of new processes and applications.   

1. Introduction 

Atomic layer deposition (ALD) has gained an important place in the 
field of thin film deposition techniques in recent decades, as it can be 
used to deposit highly conformal films whose thickness can be precisely 
controlled. The advantages of ALD have led to its usage in a wide range 
of applications [1-12] that continues to expand as devices become 
smaller and feature increasingly complex 3D structures. The portfolio of 
materials that can be deposited via ALD encompasses many metals, in
sulators and semiconductors in both crystalline and amorphous phase 
[1,13]. 

In its early years, research on ALD was primarily directed towards 
the deposition on inorganic materials [14]. With the rise of organic 
electronics and other polymer-based systems, however, interest in thin 
film deposition on polymer substrates saw a steep increase. ALD has 
become an important method to deposit barrier and encapsulation 
layers for organic electronics [15] and photovoltaics [6,7], to func
tionalize polymeric materials for packaging [16] and biomedical 

applications [17,18], as well as to fabricate anti-reflection coatings for 
plastics optics [19]. ZnO as a piezoelectric semiconductor material is 
particularly interesting for the application in flexible thin film transis
tors [20-22] and solar cells [23-28], transparent conductive oxides 
layers [29-31] and gas and strain sensors [32-34]. 

The use of thermal ALD proved ill-suited for depositing thin, 
conformal films on polymer substrates because precursor molecules can 
diffuse into the bulk of the polymer, leading to subsurface nucleation 
and growth [35,36]. This mechanism, though inconvenient for appli
cation cases which target sharp interfaces between the polymer layer 
and the thin film, is readily exploited in the field of vapor phase infil
tration (VPI) where diffusion is maximized, e.g. by using longer pre
cursor pulse times [37]. The extent of diffusion depends among others 
on the reactivity and miscibility between precursor and polymer, the 
size of the precursor molecule and the available free volume in the 
polymer [37,38]. A low reactivity of the precursor with the polymer 
generally results in more pronounced diffusion, while the presence of 
highly reactive groups (such as hydroxyl groups) limits reactions to the 
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surface because adsorbing precursor molecules form a barrier layer for 
diffusion [37,39-41]. As an example, trimethylaluminium (TMA), the 
most commonly used precursor for Al2O3 deposition, undergoes re
actions with hydroxyl, carbonyl and amine groups of the polymer but 
does not bind to methyl groups [36,37,42]. Diethylzinc (DEZ), a popular 
precursor for ZnO, strongly binds to hydroxyl groups [43], but in 
contrast to TMA, does not react as readily with carbonyl groups [44,45]. 

Nevertheless, in infiltration studies of ZnO (precursor exposure time 
> 5 min), the reaction between DEZ and carbonyl groups was reported 
[40,46]. 

A possible way to limit precursor diffusion and achieve a more ideal 
layer-by-layer growth with a sharp interface is to ensure a high density 
of reactive groups at the polymer surface that readily react with the 
precursor molecule. This can either be accomplished by plasma pre- 
treatments [47] or by using plasma-enhanced ALD (PE-ALD) instead 
of thermal ALD (or by choosing a polymer with an inherently high 
density of reactive groups). In PE-ALD, a plasma pulse replaces the 
otherwise gaseous co-reactant. Due to the high reactivity of the plasma, 
PE-ALD can achieve higher growth rates and operate at lower deposition 
temperatures [14,48], thus extending the spectrum of polymers that can 
be used as substrates. In addition, PE-ALD was observed to result in films 
with lower carbon impurity levels when compared to thermal ALD [49]. 
PE-ALD of inorganic thin films on polymer substrates has already been 
demonstrated for several applications cases [48-51], particularly for the 
deposition of barrier and encapsulation layers for organic electronics 
[52-56], but to date, little attention has been paid to the initial stages of 
growth and the formation of the interface between the polymer sub
strate and the PE-ALD thin film. A thorough understanding of the 
mechanisms determining nucleation and growth during PE-ALD on 
polymers is essential to enable the efficient design of high-quality 
devices. 

It is well known that the exposure of polymer substrates to oxygen 
plasma results in the formation of hydroxyl and carboxyl groups at the 
surface [57-60], thus providing reactive sites for the ALD precursor. 
During PE-ALD, this inherent plasma surface activation was found to 
reduce nucleation delays [61] often observed for thermal ALD on 
polymers [62] and can be expected to decrease the infiltration depth of 
the precursor molecules into the polymer bulk [47]. Interface studies 
[55,63] of Al2O3 and TiO2 deposited via PE-ALD on several polymer thin 
films with different functional groups found a varying degree of inter
mixing between the layers. Analogous to the trend observed for thermal 
ALD, polymers without any reactive groups experienced deeper pre
cursor infiltration (>53 nm), while polymers rich in hydroxyl-groups 
showed significantly sharper interfaces. 

In addition to surface activation, plasma is also prone to damage 
organic substrates by etching [58,64]. Napari et al. [61] showed that 
plasma damage is mainly caused by ion bombardment. To date, the 
potential impact of plasma etching during the early stages of PE-ALD on 
polymers has rarely been discussed or mentioned. Gebhard et al. [65] 
are the only ones so far who provided experimental evidence for 
simultaneous etch and growth processes by in-situ quartz crystal mi
crobalance (QCM) measurements during PE-ALD of SiO2 and Al2O3 on 
polypropylene (PP) films. Exactly how the interaction between plasma 
and polymer influences ALD growth and interface formation still lacks 
comprehensive study. 

Our work aims to contribute to the understanding of PE-ALD pro
cesses on polymers by providing fundamental insights into PE-ALD 
growth of ZnO on different polymer thin films deposited via initiated 
chemical vapor deposition (iCVD). iCVD allows for the solventless 
deposition of polymers in the form of ultra-smooth and uniform films, 
and its combination with PE-ALD has rarely been investigated before. 
Growth of ZnO on the iCVD polymers was monitored via in-situ spec
troscopic ellipsometry, and the resulting thin films were further char
acterized in terms of crystallinity, surface morphology and elemental 
composition. To gain a better understanding of how the chemical 
structure of the polymer influences precursor-substrate interactions and 

with that the growth process, two different polymers were studied in 
detail, the first a methyl-terminated, crosslinked species containing 
carbonyl-groups (poly ethylene glycol dimethacrylate, pEGDMA), and 
the second a hydroxyl-terminated, linear polymer (poly 2-hydroxyethyl 
methacrylate, pHEMA). The dependence of growth on the plasma power 
applied during the PE-ALD cycles was examined for plasma powers 
between 30 and 100 W, and for a plasma power of 60 W, the first 25 
cycles of PE-ALD growth were investigated in more detail. Our study 
shows that polymer chemistry and plasma power have a significant ef
fect on the growth process. Based on these results, important factors 
influencing PE-ALD growth and interface formation on polymers could 
be identified and discussed. 

2. Materials and methods 

Polymer thin films of 2-hydroxyethyl methacrylate (HEMA, 97 %, 
Sigma-Aldrich, Vienna, Austria) and ethylene glycol-dimethacrylate 
(EGDMA, 98 %, Sigma-Aldrich, Vienna, Austria) were deposited on 
single side polished silicon (100) substrates with a native oxide layer 
(Siegert Wafer, Aachen, Germany) using a custom-built initiated 
chemical vapor deposition (iCVD) system described elsewhere [66]. The 
monomers HEMA and EGDMA were heated up to 75 and 85 ◦C, 
respectively, and were fed into the reactor at flow rates of 0.6 ± 0.1 sccm 
and 0.2 ± 0.1 sccm. The initiator tert-butyl peroxide (TBPO, 98 %, 
Sigma-Aldrich, Vienna, Austria) was kept at room temperature and its 
flow rate was maintained at 1.9 ± 0.2 sccm. During the deposition, the 
working pressure was kept at 200 and 500 mTorr for pHEMA and 
pEGDMA, respectively. The filament was heated up to 230 and 200 ◦C 
while the substrate was kept at 25 ◦C. Laser interferometry was used to 
monitor the film thickness and the depositions were stopped at an 
approximate thickness of 150 nm. 

ZnO was deposited on top of the polymer thin films (and directly on 
silicon as a reference) by plasma-enhanced atomic layer deposition (PE- 
ALD) in a custom-built direct plasma reactor (detailed description can be 
found elsewhere [67]) at a substrate temperature of 35 ◦C. Diethylzinc 
(DEZ, Dockweiler Chemicals, Marburg, Germany) was used as the 
metalorganic precursor with oxygen plasma as co-reactant. Argon (20 
sccm) was used as a carrier and purge gas. During plasma exposure, the 
oxygen pressure was kept at 200 ± 2 μbar and plasma powers were 
varied between 30 and 100 W. To ensure surface-limited growth, a 
growth kinetics study was performed for 60 W plasma power to deter
mine the optimal pulse and purge times. The resulting saturation curves 
can be found in the supplementary material (Fig. A1) together with a 
detailed description of the pulse sequence of one PE-ALD cycle. In this 
study, ZnO films were grown with 100 cycles (resulting in a final 
thickness of approximately 20 nm) and 250 cycles (approximately 50 
nm). 

2.1. In-situ ellipsometry 

To monitor the growth of the ZnO thin films, ellipsometry mea
surements (J.A. Woollam M-2000 V, Lincoln, NE, USA) were performed 
in-situ at an angle of incidence of 70.8◦ in a wavelength range from 370 
to 1000 nm in dynamic acquisition mode (measurement every 3 s). Data 
analysis was performed with the software CompleteEASE® (J.A. Wool
lam, Lincoln, NE, USA). The silicon substrate and native oxide layer 
were modelled using tabulated optical functions with a fixed native 
oxide thickness of 1.22 nm. The homopolymer thin films were modelled 
by a Cauchy layer. 

n(λ) = A+
B
λ2 +

C
λ4 (1) 

where n is the wavelength-dependent refractive index, λ is the 
wavelength and A, B and C are fit parameters. For pHEMA, thickness- 
dependent grading of the optical constants was included because it 
gave better fit results. The ZnO layer was modelled by a Cauchy layer 
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with an Urbach absorption term, 

k(E) = k0eD(E− Ebandedge) (2) 

where k is the extinction coefficient, E the energy of the incoming 
light, k0 and D are fitting parameters, and Ebandedge denotes the constant 
band edge energy. Due to high parameter correlation, D was fixed at a 
value of 1.5. Fitting was limited to the spectral range where ZnO is 
transparent, i.e. 450–1000 nm. The parameter C was set to 0 for both 
polymer and ZnO layer, as it did not significantly improve the fit results. 

The fitting procedure of the dynamic in-situ data was as follows: 
Before the start of the deposition, the optical constants and the thickness 
of the polymer layer were fitted. Keeping the optical constants of the 
polymer layer fixed, the optical constants of the ZnO layer were fitted 
using a multi sample analysis (MSA) in order to minimize parameter 
correlation. For the MSA, a data set of 20 measurement points 
throughout the later part of the deposition, where polymer etching can 
be expected to have only negligible influence, was selected. The data 
was then fitted for a common polymer thickness and common optical 
constants of the ZnO layer, while the ZnO film thickness was allowed to 
differ for each measurement within the data set. Because parameter 
correlation between the two layer thicknesses (polymer and ZnO) was 
still high (>0.95 in the correlation matrix), the final thickness value of 
the ZnO layer (around 20 and 50 nm respectively) determined by X-ray 
reflectivity (XRR) (see section 2.2) was imposed on the MSA as an 
additional constraint. 

In the last step, the optical constants for ZnO obtained by MSA were 
kept fixed and only the two thicknesses (polymer and ZnO) were allowed 
to vary during fitting of the full deposition process. As an additional 
constraint, the polymer film thickness was kept constant once several 
nanometers of ZnO were deposited on top. The error of the derived 
thickness values was determined by the interval within which the mean 
square error (MSE) of the fit increased by 50 %. 

2.2. Ex-situ characterization methods 

The vapor-deposited polymer thin films were characterized by 
Fourier-Transform Infrared (FT-IR) Spectroscopy (Bruker IFS 66v/S) to 
confirm the presence of functional groups. The transmission mode was 
used to record spectra in the range 500–4000 cm− 1 with a resolution of 
4 cm− 1 at a chamber pressure of 8 mbar. During post-processing, all 
spectra were baseline corrected and normalized to their film thickness, i. 
e. the measured intensity was divided by the corresponding film 
thickness. 

X-ray reflectivity (XRR, PANalytical Empyrean, Malvern Panalytical, 
Kassel, Germany) utilizing monochromatized copper radiation (λ =
1.5418 Å) was performed to gain information on film thickness, electron 
density and surface and interface roughness values. In the set-up, a 10- 
mm mask, a 1/32◦ divergence slit and a P0.1 anti-scatter slit were used. 
The diffractometer’s PIXcel3D-detector was operated in receiving slit 
mode. Fitting of the measured data was performed with the software 
X’Pert Reflectivity (Panalytical, The Netherlands) applying a four-layer 
model consisting of a semi-infinite Si substrate, a native SiO2 layer, a 
polymer and a ZnO layer. The ZnO and polymer density, the ZnO and 
polymer thickness and the surface and interface roughness values were 
chosen as fit parameters. Fixed values were used for the density of sili
con ρSi = 2.329 g/cm3 and native oxide ρOx = 2.65 g/cm3. Error esti
mation of the fitted parameters was performed with the in-built error 
analysis tool of the fit software. 

To analyze the crystallinity of the 50-nm thick ZnO films, XRD 
measurements were performed on the same instrument in a θ/2θ- 
configuration, using a 1/8◦ divergence slit and a P7.5 anti-scatter slit 
and operating the detector in its 1D-mode. For the thinner 20-nm ZnO 
films, a ω/2θ-configuration with a constant incident angle ω = 0.3◦ was 
chosen to increase the sensitivity of the measurements. For this config
uration, the 1/8◦ divergence slit was exchanged by one with 1/32◦. 

Estimations for the average crystallite size D were obtained using 
Scherrer’s formula [68], 

D =
λ

β2θcosθ
(3) 

where λ is the wavelength of the X-rays, β2θ the full width at half 
maximum (FWHM) of the diffraction peak and θ is the peak position. 

A Nanosurf Easyscan 2 (Nanosurf, Liestal, Switzerland) equipped 
with a C3000 controller was used to obtain atomic force microscopy 
(AFM) images. Measurements were performed in tapping mode with a 
Tap190Al-G cantilever (BudgetSensors, Bulgaria). Image post- 
processing and data analysis were carried out with the free software 
package Gwyddion [69]. Error estimation was performed by averaging 
over backward- and forward scan and over images acquired at different 
spots on the sample surface. 

A dual beam FIB-SEM Helios Nano Lab 600i (Thermo Fisher Scien
tific, Waltham, MA, USA) was used for characterizing the ZnO/pEGDMA 
and ZnO/pHEMA interfaces. Cross-sections were obtained using a gal
lium beam operating at 30 kV and 790 pA perpendicular to the surface. 
SEM images of the cross-sections were acquired at a sample tilt of 52◦

and a working distance of 4 mm with a Through-the-Lens-Detector 
(TLD) at 2 kV and 43 pA landing current using secondary electrons 
(SE) detection. 

X-ray fluorescence (XRF) spectroscopy was performed with a PAN
alytical Epsilon 1 (Malvern Panalytical, Kassel, Germany) to determine 
the relative Zn content after different deposition cycles. The Ag anode X- 
ray tube was operated at a voltage of 50 kV and a current of 100 μA. 
Measurements were carried out with a 100-μm Ag filter and the Zn-Kα 
peak height at 8.63 keV was evaluated by Gauss-fitting. 

X-ray photoelectron spectroscopy (XPS) was performed with a Kratos 
Axis Supra+ (Kratos Analytical, Manchester, UK) using monochromatic 
Al Kα radiation with an energy of 1486.6 eV. Measurements were con
ducted in fixed analyzer transmission mode and at different emission 
angles (0 and 70◦). A pass energy of 160 eV and 20 eV and a step size of 
1 eV and 0.1 eV were used for survey and high-resolution scans, 
respectively. The samples were measured without any further surface 
treatment and charge compensation was achieved via the in-built charge 
neutralizer system. Data analysis and component fitting was performed 
with the software CasaXPS (Casa Software Ltd., Teignmouth, UK). All 
spectra were calibrated with respect to the C-C adventitious carbon peak 
at 284.8 eV. 

3. Results and discussion 

Prior to ZnO deposition, the polymer thin films used as substrates 
were characterized in terms of chemical composition, thickness and 
roughness. The results show that both pEGDMA and pHEMA thin films 
are between 140 and 210 nm thick, highly uniform and smooth (see 
AFM images in Fig. 1a). The roughness values determined from XRR 
measurements are 1.0 ± 0.2 nm and 0.7 ± 0.2 nm for pEGDMA and 
pHEMA, respectively. Fourier-transform infrared (FT-IR) spectra of the 
polymer thin films (Fig. 1b) clearly show the presence of the expected 
functional groups (the chemical structures of the polymers are displayed 
in Fig. 1c-d). Both polymers exhibit an absorption band corresponding to 
C––O and C–O stretching at 1730 cm− 1 and between 1000 and 1300 
cm− 1, respectively. pHEMA shows an additional broad absorption band 
around 3000 cm− 1 corresponding to O–H stretching. 

3.1. PE-ALD on iCVD polymers at different plasma powers 

ZnO was deposited via PE-ALD on thin polymer films of pEGDMA 
and pHEMA using plasma powers between 30 and 100 W. The substrates 
were exposed to 100 ALD cycles resulting in a final ZnO film thickness of 
approximately 20 nm. In-situ spectroscopic ellipsometry was employed 
to monitor the thickness evolution of the two individual layers, polymer 
and ZnO. 
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Fig. 2 shows the change of the polymer thickness Δtpoly with respect 
to the initial thickness, the ZnO thickness tZnO and the change of the total 
thickness Δttotal = Δ(tpoly + tZnO) during the first 50 PE-ALD cycles for 
deposition on pEGDMA and pHEMA, respectively, as obtained from 
fitting the ellipsometry data using the approach described in section 2.1. 
Any major shifts in film thicknesses caused by correlations between the 
fit parameters are corrected by including the final thickness values 
determined by XRR into the fit process. The small step-like fringes that 
can be observed in the thickness evolution originate from the alternating 
precursor and plasma pulses. In an ideal ALD cycle, the precursor 
adsorption results in a thickness increase while plasma exposure leads to 
a decrease in thickness as oxygen reacts with the precursor leading to the 
removal of its organic ligands [70,71]. The results show that during PE- 
ALD, the film thicknesses follow the same general shape for both types of 
polymer substrates and all investigated plasma powers between 30 and 
100 W. Three regimes can be identified in the curves: During the first 
stage of the PE-ALD process (regime I), instead of growth, an overall 
decrease in total thickness (Fig. 2a-b) can be observed. This thickness 
loss is due to plasma etching of the polymer (Fig. 2e-f). In regime I, no or 
very little ZnO growth is detected (Fig. 2c-d). At a specific point, the 
total thickness approaches a minimum, after which it gradually starts to 
rise again, eventually settling on a linear increase. The minimum in total 
thickness (indicated by the vertical dotted lines in Fig. 2a-b) is due to a 
shift from polymer etching to ZnO growth as the dominating mecha
nism. This transition can be attributed to incipient ZnO nucleation, 
which gradually inhibits polymer etching until a closed ZnO film is 
formed that blocks any further etching. Once polymer etching has sub
sided completely, the ZnO growth reaches a steady state with a constant 

growth per cycle (GPC). The region from the on-set of ZnO growth until 
the steady state is reached is denoted as regime II, while the region of 
ideal linear ALD growth is referred to as regime III. 

Even though these three regimes can be identified in all data sets in 
Fig. 2, the detailed thickness evolution depends on the type of polymer 
substrate and the plasma power, the latter having a strong influence on 
the strength and extent of polymer etching. 

At 30 W, polymer etching is comparatively weak and overruled by 
ZnO film growth within only a few cycles. For pEGDMA, the transition 
from etching to growth occurs after 3 ALD cycles (Fig. 2a) with a total 
polymer thickness loss of 0.8 ± 0.4 nm (Fig. 2e). For pHEMA, the 
transition occurs after 5 cycles (Fig. 2b) with a slightly higher total 
polymer thickness loss of 1.3 ± 0.3 nm. Though the transition between 
etching and growth is rather abrupt, the initial GPC is lower and only 
reaches the steady state (regime III) after approximately 15 cycles. This 
behavior (delayed growth with a GPC that gradually approaches the 
steady-state value) is typical for substrate-inhibited growth type I (as 
defined by Puurunen et al. [72]). It should be noted that at 30 W, the 
observed polymer thickness decrease is on the order of the surface 
roughness (see above). As the used ellipsometry model does not account 
for surface roughness, it cannot be excluded that the thickness change 
arising from the fit is caused by a change in roughness. 

Increasing the plasma power greatly enhances the impact of polymer 
etching. For pEGDMA, an overall decreasing trend in total thickness can 
be observed for as long as 16, 21 and 22 cycles for plasma powers of 60, 
80 and 100 W, respectively (Fig. 2a), and total polymer thickness losses 
are 23 ± 1 nm, 43 ± 1 nm and 62 ± 1 nm (Fig. 2c). For pHEMA, the 
minimum in total thickness is reached after 21–22 cycles and total 
polymer thickness losses of 35 ± 1 nm, 59 ± 1 nm and 83 ± 1 nm 
(corresponding to plasma powers of 60, 80 and 100 W) are 35–50 % 
higher than for the first polymer. As can be seen in Fig. 2c-d, the stronger 
etching leads to a delay in ZnO film formation. On pEGDMA, no ZnO 
nucleation is detectable during the first 12–17 cycles followed by a steep 
on-set of growth with a GPC value higher than that of the steady state. 
The steady state (regime III) is reached after approx. 25–30 cycles. On 
pHEMA, ZnO nucleation appears to start already during the first ALD 
cycles, despite the stronger etching of the polymer substrate, and the on- 
set of growth is shallower compared to pEGDMA. The steady state is 
reached after approx. 30 cycles. 

The thickness evolution of ZnO deposited on pEGDMA at plasma 
powers between 60 and 100 W is typical for substrate-inhibited growth 
type II. This growth mode, as defined by Puurunen et al. [72], is char
acterized by an initially low GPC that undergoes a maximum until it 
decreases to the steady state, and has repeatedly been associated with 
island growth [72-74]. The maximum of the GPC is due to the growing 
islands that provide a larger surface area available for deposition, 
resulting in an enhanced deposition rate. Once the islands start to coa
lesce, the GPC gradually decreases to its steady-state value. Island 
growth of ZnO has been previously observed on silicon substrates with a 
native oxide layer [75,76]. Compared to pEGDMA, the gradual growth 
on-set of ZnO on pHEMA resembles more a layer-by-layer growth, 
though some island contribution with a temporarily enhanced GPC is 
still visible. A possible reason for the more pronounced island growth on 
pEGDMA could be a lower density of reactive surface groups that serve 
as nucleation sites. A lower density of nucleation sites results in a lower 
density of islands, which in turn grow larger until they coalesce into a 
continuous film. Since the polymer’s carbonyl groups are known to react 
only weakly with DEZ, nucleation sites can be assumed to originate 
mainly from plasma activation. On pHEMA, the inherent hydroxyl 
groups can be expected to increase the density of nucleation sites, thus 
leading to more and smaller islands that coalesce into a closed layer 
more quickly. 

The presence of island growth during the initial phase of film for
mation could also explain the simultaneous occurrence of ZnO growth 
and etching during the transition regime (II), since part of the polymer 
substrate remains exposed to the oxygen plasma until the islands 

Fig. 1. Characterization of pEGDMA and pHEMA thin films deposited by iCVD: 
(a) AFM micrographs, (b) FT-IR spectra recorded in transmission mode with 
indication of the characteristic absorption bands, (c-d) chemical structure of 
pEGDMA (c) and pHEMA (d). 
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coalesce. It should be noted here that in order to confirm the hypothesis 
on island growth discussed above, additional experimental evidence 
such as SEM surface analyses is required which will be the subject of a 
future study. 

For plasma powers between 60 and 100 W, the GPC values in the 
linear regime (III) of the deposition are around 2.1 ± 0.1 Å/cycle for 
both polymers, in agreement with the reference values measured for 
growth of ZnO directly on silicon at 60 W (2.1 ± 0. 1 Å/cycle, see 
Fig. A2). This indicates that after a certain initial phase, the ZnO 
forming on the surface is no longer influenced by the type of substrate. 
An exception is ZnO growth on the polymer at 30 W plasma power, 
where the observed GPC values are lower. This is likely due to incom
plete surface reactions. Since the used ALD recipe was optimized for a 
plasma power of 60 W and the thus determined process parameters 
might not be ideal at lower plasma powers. It must be noted that while 
the growth process in regime III can be expected to be sufficiently well 
described by the used ellipsometry model (a stack of flat, uniform 
layers), the model approaches its limits when fitting the initial stage of 
ZnO, since it does not account for surface roughness or island growth. 

Although the uniqueness of fit is generally good, parameter correlations 
between the polymer thickness and the ZnO thickness are high (corre
lation matrix elements with values > 0.97). Moreover, the fit model 
assumes that the dielectric functions of the layers remain constant 
throughout the entire deposition. It can be expected, however, that the 
first few layers of ZnO have optical constants that differ from the ones 
used in the ellipsometry model, e.g. due to intermixing of the polymer 
and ZnO. For these reasons, film thicknesses determined during the early 
stages of growth should only be viewed as ‘apparent’ thickness values 
that might differ from the real physical quantity. 

Although the ellipsometry-derived thickness values for the initial 
stage of growth might not directly correspond to the actual layer 
thicknesses, differences in growth onset and the extent of plasma etching 
are nonetheless clearly visible between the two polymer substrates. This 
indicates that the type of substrate does have an impact on the nucle
ation and film formation of ZnO. 

Fig. 2. Fitted in-situ ellipsometry results showing the layer thickness evolution during the first 50 cycles of ZnO PE-ALD on pEGDMA and pHEMA for different 
plasma powers: (a-b) change in total thickness Δttotal (polymer + ZnO), (c-d) ZnO thickness tZnO, and (e-f) change in polymer thickness Δtpoly for deposition on 
pEGDMA (a,c,e) and pHEMA (b,d,f), respectively. Dashed vertical lines in (a-b) indicate the position of the minima. The thickness changes Δtpoly and Δttotal are given 
with respect to the initial thicknesses before the deposition. 
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3.2. Initial growth at 60 W 

In order to validate the in-situ ellipsometry results and get a deeper 
understanding of the mechanisms driving the transition from polymer 
etching to ZnO growth at the initial stages of growth, additional ex-situ 
XRR and XRF measurements were performed at 5-cycle intervals during 
the first 25 cycles of PE-ALD on both pEGDMA and pHEMA at 60 W 
plasma power. The plasma power of 60 W was selected because differ
ences between the ZnO growth behavior were clearly visible at this 
power while, at the same time, the etching loss was kept to a medium 
level. 

Fig. 3a shows that ZnO film thicknesses derived from XRR exhibit the 
same trend as the in-situ ellipsometry results. On pHEMA, the presence 
of a top layer is already clearly visible after 5 ALD cycles while no film 
formation can be detected on pEGDMA until cycle no. 15. Similar to the 
ellipsometry results, ZnO growth on pHEMA exhibits a gradual on-set 
while the on-set of growth is steeper on pEGDMA. Plots of the individ
ual XRR measurements and their fits can be found in the supplementary 
material (Fig. A3). Despite the apparent differences in growth delay and 
on-set, XRF results (Fig. 3b), displaying the height of the zinc Kα2-peak 
as a measure for the zinc content in the sample, show that zinc can be 
detected in both polymer samples from the very start. For both poly
mers, the zinc content increases in a roughly linear fashion without any 
visible delay. Contrary to what one would expect based on the ellips
ometry and XRR results, zinc contents measured on pEGDMA are slightly 
higher than those measured on pHEMA. A possible explanation for the 
higher amount of zinc on pEGDMA and its detection prior to film for
mation could be that part of the zinc detected by XRF is located below 
the surface, e.g. due to precursor diffusion into the polymer. 

As mentioned in the introduction, sub-surface diffusion of precursors 
is a well-known phenomenon for thermal ALD on polymer substrates 
[35,36]. Even though the use of plasma as a co-reactant was shown to 
greatly enhance surface growth by generation of reactive groups on the 
polymer surface, several research groups still observed some degree of 

interdiffusion. Perrotta et al. [55] performed XPS depth-profiling on 
Al2O3 thin films deposited on Poly(3-hexylthiophen-2,5-diyl):indene- 
C60 bisadduct (P3HT:ICBA) and found infiltration depths of Al2O3 
into the polymer of 6–9 nm at 30 ◦C deposition temperature and up to 
15 nm at 80 ◦C. Bulusu et al. [63] observed intermixing at the interfaces 
for Al2O3 and TiO2 deposited on a hydroxyl-group- and an amine-group- 
rich polymer by time-of-flight secondary ion mass spectroscopy (ToF
SIMS). Although the infiltration depths were not quantified, a qualita
tive comparison showed that diffusion was more pronounced for the 
amine-rich polymer, which can be expected to be less reactive with 
the precursor. For PE-ALD of Al2O3 on polyethylene naphthalate (PEN), 
Kim et al. [54] observed rough interface layers of approximately 10 nm 
thickness by high resolution TEM imaging, which were attributed to 
interdiffusion. However, the initial roughness of the PEN substrate was 
not mentioned. It must be noted that in all three studies a remote plasma 
source was used where little to no etching can be expected, though only 
the first study experimentally confirmed the absence of polymer etching. 

Based on these previously published results, it seems reasonable that 
sub-surface diffusion plays a role for the polymers studied in this work as 
well. The more pronounced infiltration in the case of pEGDMA, as 
suggested by the XRF results, is likely due to pEGDMA’s less reactive 
carbonyl-groups as compared to the highly reactive hydroxyl groups in 
pHEMA. 

To gain further insight into the surface composition at the early 
stages of growth, XPS was measured on samples that were exposed to 5 
cycles of PE-ALD, i.e. at a stage where according to XRR and in-situ 
spectroscopic ellipsometry (SE) film formation has already started on 
pHEMA but not on pEGDMA (Fig. 3a). 

The pronounced Zn 2p peak doublets in the survey scans in Fig. 4a 
clearly show that zinc is present on both samples (pEGDMA and 
pHEMA), which is in agreement with the XRF results. The scan also 
reveals significant amounts of oxygen and carbon, as can be seen from 
the heights of the O 1s and C 1s peaks. This is hardly surprising, since 
first, the sample surface was not cleaned prior to XPS analysis to remove 

Fig. 3. Comparison of the initial growth of ZnO at 60 W plasma power on pEGDMA and pHEMA. (a) Comparison of fitted in-situ ellipsometry results to thickness 
values derived from fitting ex-situ XRR measurements, (b) XRF peak height of the Kα2-peak of zinc during the initial 25 cycles of deposition, and (c-d) XPS high 
resolution spectra of pEGDMA and pHEMA after 5 ZnO PE-ALD cycles showing the Zn 2p doublet peak at different emission angles: (c) 0◦ and (d) 70◦. 
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any surface contamination layers, and second, significant signal 
contribution from the polymer substrate is to be expected since 5 ALD 
cycles correspond to only about 1 nm nominal ZnO film thickness at a 
GPC of 2.1 Å/cycle. High-resolution scans of the Zn 2p doublet peaks are 
displayed in Fig. 3c. The Zn 2p 3/2 and 1/2 peak are located at around 
1022.1 ± 0.1 eV and 1045.2 ± 0.1 eV, respectively, with a difference in 
binding energy (BE) of 23.1 eV which corresponds well to values re
ported in literature [77-80]. From the Zn 2p peak positions alone one 
cannot reliably determine the oxidation state, but the position of the Zn 
L3M4,5 M4,5 Auger transition (see inset in Fig. 4a) at a binding energy of 
507.9 ± 0.1 eV can be unambiguously assigned to a Zn2+ oxidation state 
[81-83]. The modified Auger parameter was calculated for the Zn 
L3M4,5M4,5 Auger peak and the Zn 2p 3/2 core level peak using the 
following formula. 

α’ = Ekinetic
(
ZnL3M4,5M4,5

)
+BE(Zn2p3/2) (4) 

And gives further insight into the binding state of zinc. For both 
polymer substrates, the modified Auger parameter α’ is 2009.5 ± 0.1 eV, 
a value that is characteristic for Zn(OH)2 (stochiometric ZnO typically 
has a modified Auger parameter of 2010.2 ± 0.4 eV, and metallic Zn has 
an even higher value of 2013.8 ± 0.3 eV) [81]. This suggests that the 

zinc present in the samples is mainly bonded to hydroxyl groups, and 
also possibly to oxygen-carbon species from the polymer structure, 
forming hybrid bonds. Due to the linear nature of the DEZ precursor 
molecule, ZnO can grow by maximum one Zn-O entity per cycle (since 
only one bond is available), evolving from a mono (-Zn-OH) to a dimer 
(-Zn-O-Zn-OH) to a trimer zinc configuration, and so on. Ocola et al. 
[84] performed a detailed study of the first few cycles of ZnO vapor 
phase infiltration in poly methyl methacrylate (PMMA) and showed that 
under saturation conditions, the first signs of stoichiometric ZnO with 
wurtzite crystal structure can be observed after 3 cycles at the earliest. 
Based on these results, it is reasonable that 5 cycles of PE-ALD on a 
polymer (where saturation conditions are unlikely to be met) do not yet 
result in stoichiometric ZnO. 

In terms of height of the high-resolution Zn 2p peaks in Fig. 3c, a 
clear difference is observable between the two polymer substrates with a 
peak intensity on pEGDMA that is approximately twice as high as on 
pHEMA. Because the signal intensity of photoelectrons excited at atoms 
at higher depths is attenuated exponentially with the distance the 
electrons travelled through the sample, the peak height not only de
pends on the quantity of material but also on its in-depth distribution 
[85]. Additional angle-resolved (AR-XPS) measurements that provide a 

Fig. 4. XPS spectra. (a) XPS survey scans (raw data) of pEGDMA and pHEMA thin films after exposure to 5 ZnO PE-ALD cycles. Inset shows a magnified view of the 
Zn L2,3M4,5M4,5 Auger peak. (b-e) High resolution XPS spectra of the O 1s peak for (b,c) pEGDMA and (d,e) pHEMA before (b,d) and after (c,e) exposure to 5 ZnO PE- 
ALD cycles. Dotted lines show the raw experimental data. Solid lines correspond to fitted peaks. The background is displayed in light grey. In (c) and (e), expected 
positions of the component peaks are indicated by vertical lines. 
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higher surface sensitivity were performed at an emission angle of 70◦ in 
order to obtain further information. The resulting spectra in Fig. 3d 
show almost equal peak intensities on both polymers but a significant 
difference in their full width half maxima (FWHMs) that was not 
observed at normal emission. While Zn 2p peaks on pHEMA have FWHM 
values of approximately 1.8 eV, roughly 2.4 eV are observed on 
pEGDMA. The observation that Zn 2p peak heights are roughly the same 
for both polymers at 70◦ emission angle, indicates that similar amounts 
of zinc can be found in the topmost surface layers. As far as in-depth 
sensitivity of XPS allows, the higher zinc signal intensity for pEGDMA 
at normal emission (Fig. 3c) implies that overall, significantly more zinc 
can be found in pEGDMA samples. One possible interpretation is that the 
zinc species in pEGDMA extend deeper into the polymer. This hypothesis 
is further supported by analyzing the differences in background between 
the two polymers. Tougaard [85-87] demonstrated via theoretical and 
experimental analyses that the shape of the background in XPS spectra 
can provide important information on the in-depth distribution of the 
studied material. The further photoelectrons have to travel through the 
sample the more energy they lose due to inelastic scattering. These lower 
energy photoelectrons show up as an increased background on the 
higher BE side of the characteristic XPS peaks. In Fig. 3c-d (as well as 
Fig. 4a), the increase in background on the higher BE side of the Zn 2p 
peaks is significantly larger for ZnO on pEGDMA, suggesting that part of 
the zinc signal originates from greater depths. This is in agreement with 
the hypothesis formed based on the ellipsometry, XRR and XRF results, 
which also suggested that sub-surface diffusion is more pronounced in 
pEGDMA. The larger FWHM of the Zn 2p peaks at 70◦ emission may 
indicate that the zinc atoms near the surface of pEGDMA are in a more 
diverse binding environment with a broader range of binding energies as 
compared to pHEMA. 

Fig.  4b-e displays the high-resolution O 1s peaks for pEGDMA and 
pHEMA before and after exposure to 5 ZnO ALD cycles (The high- 
resolution C 1s peaks can be found in the supplementary material, 
Fig. A4). The peak for pristine pEGDMA (Fig. 4b) can be deconvoluted 
into two component peaks at roughly 533.4 and 532.0 eV, correspond
ing to O–C and O––C bonds, respectively [88-90]. For pristine pHEMA, 
an additional peak at 532.8 eV was introduced to account for the hy
droxyl groups (O–H bonds) of pHEMA. These results agree well with the 
FT-IR spectra in Fig. 1b and reflect the chemical structure of the 
respective polymer. Slight deviations in the peak area ratios can be 
attributed to the additional presence of surface contaminations from the 
ambient, e.g., water, hydrocarbons, etc., that contain similar oxygen 
bonds. After exposure to 5 ZnO ALD cycles, the O 1s peaks for both 
polymers (Fig. 4c and e) change shape and shift towards lower binding 
energies. If stoichiometric ZnO was present in the samples, this would 
show up as an O-Zn peak component at a binding energy between 529.8 
and 530.6 eV [77,78,91-96]. The data clearly shows that no such peak is 
present (the expected position of the O-Zn peak is indicated in Fig. 4c 
and e). This is consistent with the modified Auger parameter calculated 
above, which showed that the zinc in the samples is present in a hy
droxylated state and not as stoichiometric ZnO. In literature, zinc hy
droxide, non-stoichiometric ZnO and defect-like Zn–O–H bonds are 
often associated with a component peak at around 531.5 eV, as indicated 
in Fig. 4c and e [77,93,95,96]. The presence of such a peak could ac
count for the shift of the envelope towards lower binding energies (see 
Fig. 4c and e). Apart from a component peak corresponding to the hy
droxylated zinc, a significant contribution from the peaks associated 
with the polymer (O–C, O–H and O––C) can be expected. However, 
due to the polymer etching and surface modification (e.g. generation of 
hydroxyl and carboxyl groups) during the plasma steps, strong changes 
of the respective peak areas are likely to occur. Since the exact ratios 
between the different component peaks are of little interest for the main 
conclusions drawn from the data, the expected peak positions have been 
indicated by vertical lines only. It should be noted that the presented 
XPS measurements were only performed on one sample per polymer and 
condition (before and after exposure to 5 ALD cycles) in a representative 

manner. However, measurements obtained at different locations on the 
same sample gave highly consistent results, indicating a very homoge
neous surface. 

Based on the results presented so far, several mechanisms can be 
identified that influence the initial growth process of ZnO on the two 
polymers, pEGDMA and pHEMA. As Fig. 2 showed, the plasma-induced 
polymer etching leads to a growth delay. At the same time, it is known 
that oxygen plasma activates the surface and thus accelerates nucle
ation. This enhancement of nucleation can be seen in Fig. 2 for 30 W 
plasma power. On both polymers, ZnO growth starts with a minimal 
delay of 3–5 cycles, whereas in the case of thermal ALD, where no 
plasma is used, a significant nucleation delay would be expected on 
pEGDMA with its weakly reactive carbonyl groups, while nucleation 
should be faster on the hydroxyl-rich pHEMA. At higher plasma powers, 
the effect of plasma etching is stronger and differences between the 
nucleation behavior on the two polymers are more evident. XRR and in- 
situ ellipsometry results (Fig. 2 and 3a) showed that film formation 
starts early on in the case of pHEMA while it is more delayed on 
pEGDMA. This is in contrast with the strength of polymer etching, which 
is 35–50 % higher for pHEMA, and indicates that the etching strength is 
not the only factor determining the growth delay. Instead, the results 
indicate that despite the plasma-induced generation of reactive surface 
groups that promotes growth on both polymers, the initial polymer 
chemistry still has a direct impact on nucleation, too. The steep on-set of 
ZnO growth on pEGDMA in Fig. 2 and 3a with a temporarily enhanced 
GPC was associated with island growth, and XRF and XPS results sug
gested a certain extent of sub-surface diffusion and growth on pEGDMA, 
both behaviors that would be expected for a polymer that has no or only 
weakly reactive functional groups. pHEMA with its highly reactive hy
droxyl groups, on the other hand, exhibited a more surface-limited 
layer-by-layer like growth. This suggests that although the plasma 
generates additional nucleation sites, the inherent density of reactive 
sites still has an impact on the nucleation behavior. 

The schematic in Fig. 5 is based on the above considerations and 
hypotheses and illustrates the differences between the initial growth on 
the two polymers. In the case of pHEMA, stronger etching is observed 
together with the early formation of a surface-limited ZnO layer pre
sumably due to a higher density of nucleation sites. On pEGDMA, 
etching is found to be weaker and a lack of reactive polymer groups 
leads to more pronounced sub-surface diffusion and thus a more diffuse 
layer. Because the hypothesis on island formation lacks complementary 
experimental evidence, such as SEM surface analyses, it is not included 
in the schematic. The confirmation of island growth should be the 
subject of a subsequent study. 

3.3. Effect of etching on ZnO thin film properties 

To evaluate whether and how the plasma etching influences the 
quality of the grown ZnO thin films, thicker films (20 and 50 nm) grown 
at different plasma powers were analyzed with respect to their surface 
and interface roughness, ZnO density and crystallinity, and compared to 
films deposited directly on a silicon wafer where no substrate etching 
occurs. Cross-sectional SEM images of 50-nm thick ZnO films on 
pEGDMA and pHEMA (Fig. 6a-b) show a sharp transition between ZnO 
and the polymer, indicating that the intermixing at the interfaces dis
cussed in the previous section must be limited to the region close to the 
interface and does not play a role on the thickness scale of the entire 
film. The interface between polymer and ZnO shows the presence of 3D 
nanoflakes that cause a certain degree of roughening, which is more 
pronounced in the case of pEGDMA. This could be due to the island 
formation dominating the initial phase of ZnO growth. Another indica
tion that intermixing only occurs close to the interface is given by the 
XRR measurements of 20-nm thick ZnO films on polymer (see Fig. A5) 
which clearly show the superposition of Kiessig fringes corresponding to 
two distinct layer thicknesses. 

AFM measurements of 20-nm thick ZnO films show that the surface 
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Fig. 5. Schematic of the differences between initial ZnO nucleation on pEGDMA and pHEMA at 60 W plasma power. Zinc atoms are depicted as yellow spheres, ethyl 
groups are shown in blue. The red spheres represent oxygen atoms. For simplicity, reacted ZnO is shown in yellow as well, omitting the oxygen component in the 
depiction of ZnO nuclei and thin films. 

Fig. 6. Interface and surface properties of ZnO films deposited on different substrates at different plasma powers: (a-b) Cross-sectional SEM images of 50-nm ZnO 
films deposited on (a) pEGDMA and (b) pHEMA at 60 W plasma power. SEM images were recorded at an angle of 52◦. (c) AFM images of 20-nm thick ZnO films 
deposited on pEGDMA and pHEMA at 30 and 100 W plasma power. The height scales are in nanometers. (d) XRR-derived surface and interface roughness and (e) 
XRR-derived ZnO density values of 20-nm thick (left panel) and 50-nm thick (right panel) ZnO films deposited on pEGDMA, pHEMA and silicon at different 
plasma powers. 

L. Demelius et al.                                                                                                                                                                                                                               



Applied Surface Science 604 (2022) 154619

10

roughness is very low for both substrates and plasma powers between 
30 W and 100 W. However, a high plasma power results in a significant 
increase in surface roughness that is more pronounced for ZnO deposited 
on pEGDMA than on pHEMA (Fig. 6c). 

RMS roughness values calculated from the AFM measurements can 
be found in Fig. A6 in the supplementary info. This trend is confirmed by 
the surface roughness values determined from XRR measurements of the 
same samples (see Fig. 6d) that show an increase in roughness from 1.4 
± 0.3 nm to 2.8 ± 0.4 nm when going from 30 W to 100 W for pEGDMA 
and an increase from 1.0 ± 0.3 nm to 2.3 ± 0.4 nm for pHEMA. XRR- 
derived surface roughness values of ZnO thin films grown directly on 
a silicon substrate at 60 W are in the same range as those of ZnO films 
grown on pEGDMA and pHEMA under the same conditions (1.2 ± 0.3 
nm for silicon and 1.5 ± 0.3 nm for both polymers), indicating that the 
initial polymer etching does not interfere with the growth of highly 
uniform ZnO films with very smooth surfaces. XRR measurements can 
also be used to determine values for the roughness of the interface be
tween the polymer and ZnO layer. The results show that the interface 
roughness is similar in magnitude to the surface roughness and exhibits 
the same trend with respect to plasma power. Raising the plasma power 
from 30 to 100 W increases the interface roughness from 1.2 ± 0.3 nm to 
2.5 ± 0.4 nm for pEGDMA and from 0.9 ± 0.3 nm to 2.0 ± 0.4 nm for 
pHEMA. 

The similar trend seen in the interface and surface roughness values 
suggests that the increased surface roughness at higher plasma powers is 
primarily a result of the altered interface quality, although differences 
with plasma power in the nucleation and crystallization behavior of the 
ZnO itself could also play a role. For example, Pilz et al. [97] demon
strated that the crystallite size decreases from 27 to 20 nm with 
increasing plasma power. However, these differences might not play a 
role when film thicknesses are equal or smaller than the expected 
crystallite size. 

For pEGDMA, XRR measurements performed on thicker ZnO films 
(50 nm) at 60 W plasma power show higher surface roughness values 
than those performed on the 20-nm thick films at the same plasma 
power (3.0 ± 0.3 nm instead of 1.5 ± 0.3 nm), while the interface 
roughness remains unchanged. In the case of ZnO on pHEMA, differ
ences in roughness for the 20 and 50 nm thick films were not significant 
(1.9 ± 0.3 nm and 1.5 ± 0.3 nm respectively). This increase in surface 
roughness for thicker films on pEGDMA might be an effect of larger 
crystallites forming as the layer builds up, an assumption that is 
confirmed by XRD measurements that will be discussed below. 

In terms of ZnO density, XRR measurements show matching densities 
of approximately 5.24 ± 0.05 g/cm3 (see Fig. 6e) for 50-nm thick ZnO 
films deposited at 60 W plasma power irrespective of the used substrate 
(pEGDMA, pHEMA or silicon). This density value is lower than the 5.6 
g/cm3 that have been measured previously for PE-ALD ZnO thin films on 
silicon [75,98], but this variation can be attributed to the use of a 
different reactor geometry and set of process conditions. For 20-nm 
thick films, the density of ZnO deposited on one of the polymers is 
significantly lower with approximately 4.9 ± 0.2 g/cm3 for plasma 
powers between 60 and 100 W. At 30 W, the measured density is as low 
as 4.0 ± 0.2 g/cm3. For comparison, a 20-nm thick ZnO film deposited 
directly on silicon at 60 W results in a density of 5.18 ± 0.05 g/cm3, 
which is slightly lower than for thicker films but considerably higher 
than the values measured on polymer. The lower density for thinner ZnO 
films points to the presence of a density gradient in the layer. This effect 
is small for growth on silicon, where the substrate is stable and unaf
fected by the deposition, but larger for growth on one of the polymers. 
One reason for the lower ZnO density closer to the substrate could be the 
intermixing of polymer residues with the growing ZnO, stemming either 
from degradation products of the polymer etching [99,100] or from 
incomplete removal of the organic precursor ligands [97]. A density 
gradient for ZnO grown via PE-ALD on silicon was also observed by 
Perrotta et al. [75]. 

Finally, the crystallinity of the deposited ZnO films was investigated 

via XRD. 50-nm thick ZnO films (Fig. 7a) show identical peak positions 
on all substrates (pEGDMA, pHEMA and silicon) that agree with previ
ously published results by Pilz et al. [98] who deposited ZnO via PE-ALD 
on silicon. The (100) ZnO peak is of comparable height on all substrates, 
while the (002) peak decreases in height when moving from silicon to 
pHEMA to pEGDMA. The matching peak positions confirm that the ZnO 
crystal structure is not influenced by the choice of substrate. However, 
the variation in the (002) peak height suggests that the substrate has 
some influence on the preferential orientation of the crystallites. 
Average crystallite sizes were calculated from the (100) peaks by 
application of Scherrer’s formula. The ZnO film deposited on pEGDMA 
exhibits the largest crystallites with an average size of 23.0 ± 0.4 nm, 
while crystallite sizes on pHEMA and silicon are slightly lower (21.4 ±
0.2 nm and 21.1 ± 0.4 nm). Pilz et al. [97] measured crystallite sizes of 
roughly 24 nm for ZnO films deposited on silicon at comparable con
ditions. As mentioned above, the bigger crystallites in the ZnO films 
grown on pEGDMA could explain the higher surface roughness 
compared to films grown on pHEMA and silicon. 

The effect of plasma power on the crystallinity is displayed in Fig. 7b 
for 20-nm ZnO films deposited on pEGDMA. Measurements of ZnO on 
pHEMA show an almost identical behavior and can be found in Fig. A7 
in the supplementary material. The results show that peak heights are 
similar for plasma powers between 60 and 100 W. This indicates that the 

Fig. 7. XRD measurements of ZnO films. (a) θ /2θ-scans of 50-nm thick ZnO 
films deposited on pEGDMA, pHEMA and silicon at 60 W plasma power. The 
narrow peak at 33◦ comes from the silicon substrate. (b) ω/2θ- scans of 20-nm 
thick ZnO films deposited on pEGDMA at different plasma powers. Results for 
ZnO deposited on silicon at 60 W plasma power are shown for reference. 
Vertical lines indicate the peak positions of a ZnO powder reference (ICSD- 
26170) [101]. 
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degree of crystallinity in this range is not influenced by the plasma 
power or the strength of polymer etching. Furthermore, the peak heights 
agree well with those of ZnO deposited directly on silicon, confirming 
once more that a similar degree of crystallinity is achieved on all sub
strates. Compared to ZnO on silicon, peak positions on pEGDMA are 
slightly shifted to lower angles, which might indicate some degree of 
strain in the ZnO layer. Similar to the observations made for the ZnO 
density, the case of 30 W plasma power falls out of line. XRD results 
show only a very low degree of crystallinity. This low crystallinity 
together with the lower density reported above fits well with the 
decreased GPC observed in the ellipsometry data (Fig. 2). As already 
discussed, the undersaturated GPC is an indication for incomplete sur
face reactions, i.e. a plasma power of 30 W is not sufficient to completely 
remove the organic ligands from the adsorbed DEZ molecules. As a result 
of such incomplete surface reactions, more organic residues will be 
incorporated into the ZnO film, lowering its density and decreasing its 
crystallinity. 

4. Conclusion 

This study investigated PE-ALD growth of ZnO on two different 
vapor-deposited polymer thin films, poly ethylene glycol dimethacrylate 
(pEGDMA) and poly 2-hydroxyethyl methacrylate (pHEMA). pHEMA is 
a hydroxyl-terminated polymer that should provide ample active sites 
for DEZ precursor adsorption, while pEGDMA is a crosslinked polymer 
containing only weakly reactive carbonyl-groups. A combination of in- 
situ ellipsometry and XRR revealed that the initial growth is a conse
quence of two competing processes: plasma etching of the polymer and 
ALD growth of ZnO. Three regimes were identified: During regime I, 
polymer etching dominates, until at a certain point, incipient ZnO 
nucleation starts to inhibit the etching. This results in a transition regime 
(II) during which the total thickness (polymer + ZnO) undergoes a 
minimum. Once etching has subsided completely, regime (III) of ideal, 
linear ALD growth behavior is entered. The amount and strength of 
etching was found to be proportional to the applied plasma power as 
well as dependent on the type of polymer. Observed etching was 35–50 
% higher for pHEMA than for pEGDMA. Despite the stronger etching, 
film formation could already be detected with in-situ ellipsometry and 
XRR after 3–5 cycles, while on pEGDMA, a delay of 12–16 cycles was 
observed. In the case of pEGDMA, XRF and XPS results suggested a 
certain extent of sub-surface diffusion of the DEZ precursor, while film 
formation on pHEMA appeared to be more surface-limited. This is 
consistent with previously published results [55,63] that observed 
enhanced precursor diffusion in polymers with fewer reactive groups. A 
comparison with the growth models by Puurunen et al. [72] suggested 
island growth as the dominant growth mode on pEGDMA, while 
nucleation on pHEMA resembled more that of layer-by-layer growth. 
These results show that although plasma exposure enhances nucleation 
through the generation of reactive surface groups, the inherent polymer 
chemistry still has an influence on the nucleation behavior. 

Despite the initial etching, the quality of the resulting thin films at 
plasma powers between 60 and 100 W was comparable to that of ZnO 
deposited on silicon in terms of surface roughness (below 3 nm), crys
tallinity and ZnO density (5.24 ± 0.05 g/cm3 for 50-nm thick films and 
60 W). At 30 W plasma power, a lower ZnO density and degree of 
crystallinity was found, which was attributed to incomplete surface re
actions due to an insufficient plasma power. Cross-sectional SEM images 
of ZnO films deposited on pEGDMA and pHEMA at 60 W plasma power 
showed a clearly discernible interface between the polymer and the ZnO 
layer. From this, it can be concluded that the initial etching of the 
polymer does not significantly affect the formation of high quality ZnO 
thin films. 

The findings of the present study contribute to a deeper under
standing of thin film formation during PE-ALD on polymers, which is an 
important prerequisite for the successful implementation of PE-ALD 
processes in the design and fabrication of high-quality polymer-based 

devices. 
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