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Abstract

Room-temperature plasma-enhanced atomic layer deposition (PEALD)
of ZnO was studied by depositing the films using diethylzinc and O, plasma
from inductively-coupled plasma (ICP) and capacitively-coupled plasma (CCP)
plasma source configurations. The CCP-PEALD was operated using both re-
mote and direct plasma. It was observed that the films deposited by means of
remote ICP and CCP were all highly oxygen rich, independently on plasma
operation parameters, but impurity (H, C) contents could be reduced by in-
creasing plasma pulse time and applied power. With the direct CCP-PEALD
the film composition was closer to stoichiometric, and film crystallinity was
enhanced. The ZnO film growth was observed to be similar on silicon, poly-

carbonate and poly (methyl methacrylate) substrates, but changes in polymer
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surface morphology indicate plasma-induced damage during the deposition
due to exposure to ion bombardment when direct plasma was applied.
Keywords: Plasma-enhanced atomic layer deposition, Zinc oxide,

Inductively-coupled plasma, Capacitively-coupled plasma




1. Introduction

Low-temperature deposition processes are of special interest for applica-
tions where temperature-sensitive substrates, e.g. polymers and other or-
ganic materials are used. Atomic layer deposition is well suited for these ap-
plications, including organic photovoltaics and organic light emitting diodes,
as it produces thin, conformal, and pinhole-free films [1]. Low-temperature
ALD typically refers to temperatures < 150 °C, however, some applications
benefit from coatings where no substrate heating is required, i. e. to reduce
the film stress caused by thermal expansion of the substrate [2, 3]. Room-
temperature thermal ALD processes have been established to some materials,
mainly metal oxides such as Al,O3 [4, 5, 6], SiOy [7], and ZnO [8, 9], but
these typically suffer from low film growth and require long processing times,
especially when water is used as a reactant.

Plasma-enhanced ALD (PEALD) has been suggested as a solution to
overcome these issues, and it has demonstrated to produce high quality films
at room temperature [2], besides a variety of metal oxides e. g. TiO4 [10],
HfO, [11] and WOj3 [12], also of materials not achievable by thermal ALD e.
g. Pt [13] and Ta [14]. PEALD relies on high reactivity of the plasma species,
mainly the excited neutral atoms and molecules, referred to as plasma radi-
cals. It has also been shown that the film growth is enhanced and properties
improved when exposed to bombardment of plasma ions [15, 16]. Also ener-
getic UV/VUYV radiation is generated in the plasma, which can be beneficial
to the film growth (i. e. photo-assisted ALD [17, 18, 19]) but can also, sim-
ilarly to the ion bombardment, cause degradation of the substrate and the

growing film [20, 21]. In commercial PEALD reactors plasma is typically gen-



erated by radio frequency (RF) inductively- or capacitively-coupled plasma
sources (ICP and CCP, respectively), though microwave, electron cyclotron
resonance (ECR), and hollow-cathode plasma sources are also used [22].

The initial plasma properties, e. g. plasma density and temperature, are
strongly dependent on plasma source configuration. The density of the reac-
tive species is also influenced by operation parameters, such as gas composi-
tion, driving frequency, pressure, and the reactor geometry [23]. In addition,
the type of the PEALD setup, where the substrate is in contact with an
active plasma (i. e. direct plasma) or with plasma ”afterglow” (i. e. remote
plasma) determines the film growth and properties [24]. The afterglow region
can be defined as a volume where no power is applied and the local electron
temperature is too low to cause ionization.

In this work the effect of the different reactor configurations on the growth
and properties of room-temperature PEALD of ZnO films was studied. The
films were deposited with remote plasma using ICP- and CCP-PEALD con-
figurations, and with direct plasma CCP-PEALD. To investigate viability
of the room-temperature PEALD of ZnO to temperature-sensitive materi-
als, all the depositions were made on two common commercial polymers,
polycarbonate and poly(methyl methacrylate), in addition to Si wafers. The
possible plasma-induced damage was studied by investigating changes in sur-

face morphology of the ZnO coated polymer surface.



2. Materials and Methods

2.1. Thin film deposition

All the depositions were done on 1/4 of 150 mm Si(100) wafers, and
commercial grade polycarbonate (PC, 2 mm Quinn Plastics) and poly(methyl
methacrylate) (PMMA, 1 mm Evonik Plexiglas GT) substrates cut to 20 mm
x 20 mm pieces. Prior to the deposition the polymer substrates were cleaned
with isopropanol and dried with Ny to remove possible residues of protective
foils, and held in vacuum for removal of the absorbed water. Each deposition
consisted of 600 PEALD cycles (except ICP-PEALD 3 and 6 s with 2000 W
plasma power, where 1200 cycles were deposited) with diethylzinc (DEZ,
(CyoHs)oZn, > 99 % Volatec and > 95 % Strem Chemicals Inc. for ICP- and
CCP-PEALD depositions, respectively) and Os plasma at room-temperature

i. e. without substrate heating.

2.1.1. ICP-PEALD

The PEALD with inductively-coupled plasma was performed using Picosun ™

R-200 Advanced. The plasma was generated with RF ICP plasma generator
with maximum output power of 3 kW, using an automatic frequency match-
ing (1.7-3.0 MHz). Distance between the plasma source and substrate was
ca. 50 cm. For the depositions a flow of 140 sccm Oy (>99.999 %) was fed
to the plasma generator with Ar carrier gas (80 sccm). The reactor pressure
was maintained at 5 mbar with continuous N, flow, which was also used for
purging. The depositions were done with plasma powers of 500, 1000, and
2000 W with plasma pulse lengths of 6 and 11 s each, and additionally films
with 3 s plasma pulses were deposited using powers of 500 and 2000 W. One



PEALD cycle consisted of 0.1 s DEZ pulse and subsequent 8 s purge followed
by the plasma pulse and 10 s purge.

2.1.2. CCP-PEALD

Beneq TFS-200 reactor, equipped with capacitively-coupled plasma unit
with 13.56 MHz RF power source (CESAR 133, Advanced Energy) and
impedance matching network (Navio, Advanced Energy) was used for CCP-
PEALD depositions. The depositions were done both with direct plasma,
where the substrates were placed on a grounded electrode at a distance of
35 mm from the powered electrode, and with the remote CCP setup, where a
grid (aperture diameter 1.5 mm, spacing 2.0 mm, transparency ca. 50%) was
positioned to separate the substrates from the plasma volume. The electrode—
grid distance was set to 35 mm and the grid—substrate distance was 10 mm.
The Oy (>99.999 %) plasma gas (50 sccm) was fed to deposition chamber
via electrode showerhead. The chamber pressure was maintained at 5 mbar
with continuous Ny flow, which was also used for purging. Plasma powers of
50, 100, and 200 W were used for depositions with pulse lengths of 1, 3, and
6 seconds each with the remote CCP-PEALD, and 3 and 6 s when the direct
plasma was used. One PEALD cycle consisted of 0.5 s DEZ pulse, 15 s purge,
followed by the plasma pulse and the subsequent purge. The purge length
was adjusted to minimize the cumulative heating of the substrates during
the plasma pulses, being 10-30 s, depending on the plasma power and pulse
length. To compare the effect of the gas feed on the ZnO growth in the re-
mote CCP-PEALD, a set of samples were deposited using Ny flow of 50 sccm
through the electrode showerhead while the Oy was fed to the chamber via

precursor inlet 0.5 s after the plasma ignition. The plasma pulse length was



3 s, with plasma powers of 50, 100, and 200 W. Other deposition parameters
were as described above. In addition, degradation of polymers by the plasma
was studied by exposing the substrates to the pulsed direct plasma with total
exposure time of 15 min. The effect of plasma UV irradiation was investi-
gated under the same conditions by protecting the substrates from plasma

particles with 3 mm thick MgFy window (Eksma Optics).

2.2. Film characterization

For growth per cycle determination ZnO films on Si substrates were
measured with optical ellipsometer (Rudolph AutoEL III, laser wavelength
632.8 nm). The Zn areal densities of the films on different substrates were
measured with Rutherford backscattering spectrometry (RBS) with 1.6 MeV
He™ incident ion beam. The ion fluence was normalized to beam chopper
and Si substrate signal. The elemental composition of the films was mea-
sured using time-of-flight elastic recoil detection analysis (ToF-ERDA) [25]
with 13.6 MeV “Br™ ion beam, and the data were analyzed using Potku
software [26], taking into account elemental losses during the measurement.
Chemical composition of light element impurities was measured with atten-
uated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
(Bruker Alpha Platinum with diamond crystal as the internal reflectometer).
Powder X-ray Diffraction (XRD) measurements were done using PanAlytical
X'Pert PRO diffractometer with Cu Koy (8.047 keV) incident X-ray. Surface
topography of the samples was studied using atomic force microscopy (AFM,

Bruker Dimension Icon).



3. Results

3.1. Film growth

The GPC of the ZnO deposited using the remote ICP-PEALD, and the
remote and direct CCP-PEALD are presented in Fig. 1.

The GPC of the ICP-PEALD ZnO changes as a function of the plasma
power (Fig. 1(a)). The maximum GPC of 0.73 A/cycle was achieved with
1000 W delivered power and 11 s plasma pulses. Increase in the power to
2000 W results in a drop in the GPC values down to 0.45-0.55 A, depending
on the plasma pulse length. The increase in the GPC when the plasma
pulse length is increased can indicate an incomplete surface saturation during
the O, plasma pulses. The GPC values of the films deposited with remote
CCP-PEALD (Fig. 1(b)) using low plasma powers of 50 and 100 W are
between 0.55-0.85 A, being higher with longer plasma pulse lengths. At
these plasma powers the gas feed distribution shows no signifieant effect
on the film growth rates. Using 200 W plasma power with longer plasma
pulses (> 3 s) results in significant thickness variation in the deposited films
and increases the average GPC, which was observed in the films deposited
using the both gas feed distributions. The film thickness variations were
observed as local non-uniformities, namely as ’spots’ of thicker film located
in the regions where the plasma gas was fed through the showerhead. Similar
effect in the corresponding CCP-PEALD setup has also been reported e. g.
by Bosund et al. [27]. The GPC values with direct CCP-PEALD are 1.15-
1.35 A already with 3 s pulses, and increase up to 1.45 A when longer plasma
pulses are applied. The GPC values are generally lower than reported in

the literature for low-temperature PEALD ZnO (1.5-2.5 A) deposited at



temperatures < 100 °C [28, 29, 30, 31, 32], but comparable with studies of
thermal ALD ZnO with deposition temperatures below 50 °C [8, 33, 34]. The
detected low GPC is most probably due to the lower reactivity of the DEZ
at low-temperatures [8, 35] and incomplete surface reactions during plasma
pulses [36].

In low-temperature thermal ALD the growth of ZnO depends on substrate
material. The initial nucleation of ZnO on polymer substrate has been re-
ported to be delayed at low deposition temperatures [37], due to the lack of
reactive sites on the polymer surface [38, 39]. To investigate if this significant
delay applies also to the room-temperature PEALD of ZnQ, the Zn content of
the films was measured with Rutherford backscattering spectrometry (RBS)
from the films deposited on Si, PMMA, and PC substrates.

Figure 2 shows the Zn areal density of the films on different substrates,
expressed as Zn intake per cycle with units of 10'® atoms per cm?. It can
be seen that the Zn content corresponds to the GPC values independent on
the substrate material. It has been demonstrated, that in low-temperature
thermal ALD of ZnO from DEZ and water on PMMA the nucleation delay
can be up to hundreds of cycles, followed by island-type growth [37]. Such
differences in the Zn intakes cannot be observed in the PEALD ZnO films
on PMMA and PC, which indicates that the growth is more similar on all
studied substrates without significant delays in nucleation and initial film
growth. The only notable differences in the Zn intake between the substrates
are detected with direct CCP-PEALD with 50 and 100 W plasma power (Fig.
2(c)), and when ICP-PEALD with 2000 W power is used. In these cases the
Zn content on the PMMA substrates is lower than on Si and PC.



3.2. Composition analysis

Dependence between the PEALD setup and ZnO film composition was
studied by means of time-of-flight elastic recoil detection analysis (ToF-
ERDA) and the results are collected in Tables I, 11, and III.

The films deposited with ICP-PEALD, as seen in Table I, contain high
amount of hydrogen and carbon impurities, but the concentrations are re-
duced when longer plasma pulses are applied. Small < 1% amounts of nitro-
gen and fluorine were also detected. The F content in the films is assumed
to be of instrumental origin, most probably from O-ring gaskets. All ICP-
PEALD films are oxygen rich with O/Zn ratios from 1.8 up to 2.8. The
lowest O/Zn ratio was achieved with 2000 W plasma power, but it can be
observed, that the increase in the plasma power and pulse length results in
increase in not only the Zn content but in the amount of O as well.

The ToF-ERDA results of remote CCP-PEALD ZnO films are presented
in Table II. These films are oxygen rich ZnO, similarly to ICP-PEALD films,
but the O/Zn ratios are generally smaller and vary between 1.2 and 2.3.
The impurity contents of H and C are comparable to ICP-PEALD deposited
films, but N content appears slightly higher, being up to 5 % in the films
deposited using 1 s plasma, pulses, independently on the applied power. The
gas feed distribution has no effect on the ZnO composition. Films with
the lowest impurity contents and improved O/Zn ratios were deposited with
direct CCP-PEALD (Table III). The films deposited with the 200 W power
with 6 s pulses, both with the remote and direct CCP-PEALD setups, are
alike in composition as well as in growth (Fig. 1(b) and (c)). This indicates

that the thickness non-uniformity is due to the presence of a direct plasma

10



component on the deposition surface even when the remote CCP-PEALD
setup with the grid was used.

The H and C impurities and high oxygen to metal ratios are typical for
remote PEALD metal oxide films deposited with metal-organic precursors
and O, plasma at room-temperature [2, 3]. The hydrogen content in the films
has been explained by high density of surface OH groups created during the
plasma exposure, that remain incorporated in the film, whereas the carbon
impurities originate from the incomplete reactions of the metal precursor and
from the re-deposition of by-products [2, 40, 41]. Besides by increasing the
plasma pulse time, surface reaction enhancement and subsequent reduction of
film impurities is also efficient when the direct plasma is applied, as presented
in Table III.

To see if the plasma configuration affects the chemical composition of
film impurities, the ZnO films were qualitatively studied by means of ATR-
FTIR. To ensure a good signal to background ratio, the films deposited
on the polymer substrates were measured, as the softer and more elastic
substrate materials enabled a good contact between the film and the diamond
crystal reflector. Spectra of untreated PMMA and PC sheets were used as
references. Figure 3 shows selected FTIR absorption spectra of the films
after substrate signal subtraction. The broad absorption appearing in all the
spectra at 3600-3000 cm™! belongs to —OH stretching, while the increase
in absorbance at the range 1750-1300 cm ™! is associated mainly to the CO
containing species, with possible attribution of the —CHj3 C-H bending at
1400-1350 cm~" and 1470-1430 cm~!. However, no increased absorbance

arising from the —CHj3 groups is detected at 2950-2800 cm ! (streching) and

11



~1200 cm™! (deformation) [42], which indicates that the OH-groups are the
main contributor to the measured hydrogen content in the films. As the
DEZ precursor can infiltrate to the polymer sub-surface and react there with
the functional groups of the polymer, the negative features in the difference
spectra can be results of the consumption of these groups, e. g. C=0 and
C—O-R ester groups of PMMA [43].

Figures 3(a) and 3(b) show the ATR-FTIR spectra of the films deposited
with ICP-PEALD using 500 W and 2000 W plasma power with 6 s pulses,
respectively. At lower deposition plasma powers C=0 absorption at ~1660—
1600 cm ™! appears dominant together with the COO ™ at 1550 cm™! [3, 42],
while the increase in the plasma power increases relative IR absorption of
carbonate C—O stretching at 1500-1350 cm ™! [44, 45]. It was observed that
the increase in the plasma pulse length did not have an effect on the relative
absorption intensities of different species. An example ATR-FTIR spectrum
of the films deposited using remote CCP-PEALD is presented in Fig. 3(c).
All the films deposited with the remote CCP-PEALD expressed strong OH
contribution and presence of CO species, similarly to ICP-PEALD films. In
the case of remote CCP-PEALD neither the applied plasma power nor the
plasma pulse length were observed to affect the relative IR absorption peak
intensities of different species. The presence of nitrogen in the CCP-PEALD
films can be seen as a peak at 2200 cm ! attributed to nitrile C=N bond [46],
and the peak intensity was found to correlate with the ToF-ERDA measured
N content. The absence of this feature in the spectra of the ICP-PEALD
films with similar N content indicates the formation of NH or NO species,

detected in N-doped ZnO [47], but these cannot, however, be distinguished
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in the obtained spectra in small concentrations. The origin of the nitrogen
containing compounds is assumed to be in the formation of reactive N species
in the plasma, their density at the substrate being dependent on the used
PEALD reactor configuration and the plasma gas mixture. A change in the
gas feed distribution in remote CCP-PEALD, while not affecting the total
carbon content in the films (Table IT), results in a relative increase in the C =0
contribution (Fig. 3(d)). The films grown with the direct CCP-PEALD show
similar features as detected in the ICP-PEALD and remote CCP-PEALD
films (Fig. 3(e)). A decrease in impurity content can be seen as a reduction
in the total absorption intensity despite the increase in the film thicknesses.
The high content of OH and carbonaceous species are reported to cause a
decrease in the conductivity, and carrier concentration and mobility [36, 40],
and can thus prevent the use of the room-temperature deposited films in
electronic applications as such.

The results are in agreement with earlier reports of low-temperature
PEALD of metal oxides with metal-organic precursors and O, plasma. In the
studies of reaction mechanisms during PEALD of Al;O3 Heil et al. showed
that the oxidation occurs via combustion-like reactions, where the plasma
radicals react with the precursor ligands forming e. g. H,O and CO, as
by-products [48]. Reported in situ infrared spectroscopy studies have shown
that the surface OH groups, created during the O, plasma pulse act as re-
active sites for the precursor adsorption together with the carbonate species
that are formed as intermediates in the combustion-like reactions [42, 45].
The carbonate species can be decomposed upon prolonged plasma exposure,

resulting in reduced impurity content in the films [49]. However, as the room-
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temperature thermal ALD suffers from the inefficiency caused by the long
purge times needed for the efficient water removal, also the increased plasma
pulse times, up to minutes of exposure, compromise the processing efficiency.
The long plasma pulses also increase the possibility of the substrate and film

damage by the UV/VUYV irradiation and ion bombardment.

3.3. Structural analysis

The structure of the films was investigated using powder-XRD. Figure 4
presents the XRD patterns of the films deposited on Si substrates. The films
deposited with ICP-PEALD appear mostly amorphous (Fig. 4(a)), with a
slight indication of a polycrystalline structure, seen as a small peak origi-
nating from the (002) reflection in the film deposited with 2000 W plasma
power. Similarly, as seen in Fig. 4(b) remote CCP-PEALD results in amor-
phous films, with exception of the film deposited using 6 s 200 W plasma
pulses, that exhibits strongly the hexagonal wurtzite structure. Correspond-
ingly the patterns of the direct CCP-PEALD films show strong a- and c-axis
plane orientation, shown as intense (100) and (002) peaks in Fig. 4(c), to-
gether with the appearance of (110) peak at 56°(26) (not shown). The peak
shift towards smaller angles may indicate change in the residual stress of the
films when the higher plasma power is applied [50, 51].

Though the observed hexagonal structure is characteristic for ALD and
PEALD films, the orientation, being either (100), (002), or (101) dominated,
is influenced by e. g. the choice of precursor, pulse and purge times, sub-
strate material, deposition temperature, film thickness, and different plasma
configurations and conditions [52]. Hence the comparison between different

studies is complicated. However, here the amorphous/crystalline structure
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shows a strong correlation with the detected growth and composition of the
films deposited with different PEALD configurations.

In order to compare the detected structures to film morphology, the films
were imaged using AFM. Figures 5, 6, and 7 show examples of the surface
structures of the ZnO films deposited on Si substrates with (a) ICP-,(b) re-
mote CCP-, and (c) direct CCP-PEALD, corresponding to the XRD patterns
in Fig. 4(a)—(c). ZnO deposition with ICP-PEALD results smooth films with
small grain size (< 10 nm). The film roughness increases from ca. 0.3 to
1.2 nm when the applied plasma power is increased. The plasma pulse length
was observed to have a less significant effect on the surface roughness than
the applied plasma power. A more comprehensive collection of the AFM
measured surface RMS roughnesses is presented in table IV.

The films deposited with remote CCP-PEALD with moderate plasma
power of 50 and 100 W consist of larger grains (diameter 30-40 nm), leading
to an increase in the surface roughness as seen in Fig. 6(a) and (b). Similar
film structure was observed with shorter plasma pulse times, also when 200 W
power was applied. However, the film deposited with 6 s pulses shows a
change in the surface structure (Fig. 6(c)), with reduction in the surface
roughness and grain size similar to the films deposited with direct CCP-
PEALD. As seen in Fig. 7(a)-(c) the applied power had no effect on the
film surface structure, consisting small slightly elongated grains with surface
roughness of ca. 2.5 nm on average, being also virtually independent on the
applied plasma pulse length.

To investigate the viability of the PEALD ZnO on polymer substrates,
the surface structure of the films deposited on the PMMA and PC substrates

15



were also imaged with AFM. Figures 8 and 9 present the films on PMMA
and PC substrates, respectively. In both figures the films are deposited with
(b) ICP-PEALD using 1000 W plasma with 11 s pulses, (c¢) remote CCP-
PEALD, and (d) direct CCP-PEALD, both using 100 W plasma and 6 s
pulses. Figures 8(a) and 9(a) show the surfaces of the uncoated PMMA and
PC, respectively.

The used commercial grade PMMA has initially high surface roughness
(Rrms =57 nm), featuring smaller (diameter 50-80 nm) round and larger
(250-300 nm) ’donut-shaped’ surface granulates. The films deposited with
remote plasma, both with ICP- and CCP-PEALD show growth similar than
detected with Si substrates (corresponding depositions in Figs. 5(b) and
6(b)). The grain-like growth is slightly emphasized, especially around the
initial surface features of the PMMA, but no significant changes indicating
a substrate damage during the plasma processing were detected. However,
when the direct CCP-PEALD is applied, the surface roughness increases to
Rruvs ~10 nm, as seen in Fig. 8(d), which indicates PMMA degradation
under the ion bombardment during the deposition. This effect is less pro-
nounced in the PC substrates, with initial roughness of ca. 0.4 nm, shown
in Fig. 9, where the surface roughnesses after film deposition are compara-
ble to the films deposited on Si substrates, also with direct CCP-PEALD.
Thus the severeness of the surface damage can be considered to be dependent
on the resilience of the polymer material to the plasma irradiation and ion
bombardment.

No significant changes were observed with remote PEALD, which indi-

cates that the surface damage is mainly attributed to the ion bombardment.
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Moreover, also UV-radiation is created in the plasma, which can cause pho-
todegradation of the polymer surfaces [53]. The effect of UV irradiation and
the ion bombardment to the polymer surface was characterized by exposing
the PC substrates to the direct CCP without film deposition. To isolate the
effect of the UV, MgF, window was used to protect samples from plasma
particles. The AFM images of the PC surfaces exposed to the UV irradia-
tion and direct plasma are shown in Fig. 10. The surface roughness of the
PC exposed to the UV through the MgF, window (Fig. 10(a)) was measured
to be ~0.45 nm, being similar to the untreated reference (Fig. 9(a)). The
sample exposed to the direct plasma, however, shows a change in the surface
morphology (Fig. 10(b)), with an increase in RMS roughness to ca. 1.3 nm.
In comparison, the RMS surface roughness of PMMA increased to ~35 nm
after the similar direct plasma exposure (not shown), which emphasizes the
sensitivity of PMMA to the ion bombardment.

The exposure tests thus support the hypothesis of the ion bombardment
being the main contributor to the plasma-induced damage. The exposure
to the plasma was observed to cause damage to PC, even when no changes
were observed in the samples with PEALD ZnO films. However, during the
ZnO deposition the film itself will protect the substrate from further plasma
damage after a certain thickness [54]. Also the possibility of the UV-induced
damage, i. e. photochemical changes in the polymers, cannot be excluded

solely by studying the surface morphology of the samples.
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4. Discussion

In room-temperature PEALD, where no additional thermal energy is pro-
vided to enhance the reactivity, the effect of the plasma on the film growth
and properties is substantial. The observed differences in the films underline
the role of energetic ions in the room-temperature PEALD. As presented,
the growth and characteristics of the deposited ZnO films depend on the
used PEALD setup. In the remote PEALD, both with ICP- and CCP-
configurations the film growth and properties were alike. The low growth
rate, high content of residual H and C in oxygen rich films, and the amor-
phous structure can be considered as consequences. of the inadequate energy
deposition for the surface reactions during the plasma pulses.

In the remote ICP-PEALD used in this study the high operation pressure
(5 mbar) results in that despite the high plasma density the ion flux and
energy deposition to the substrate can be considered negligible. Hence, the
film growth is governed mainly by the neutral oxygen species, that can be
either ground state oxygen atoms or even O, molecules [56] or exited species
i. e. plasma radicals, mainly the low energy metastable O and O5 [55]. The
density of these species is restricted by the de-excitation processes in the
plasma and afterglow volume as well as the recombination reactions at the
surfaces [57].

The assumption of low-energy metastable governed growth gets support
when considering the films deposited using the remote and direct CCP-
PEALD, under the same pressure of 5 mbar. In the used remote setup
the substrate is placed in a distance of 1 cm from the grid that confines the

plasma volume. The grid allows the ions to pass through the holes and the
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flux is restricted by the grid transparency. The energy of the ions is mainly
lost in the collisions and in the ion recombination within the volume below
the grid. However, it is plausible that a small fraction of the ions can con-
tribute to the surface reactions, but by comparing the films deposited with
the remote and direct CCP-PEALD setups, the effect of this fraction to the
film growth is not substantial. The small distance between the plasma vol-
ume and the substrate can also allow a flux of higher energy plasma radicals
to the substrate.

The effect of the distance = between the active (ionizing) plasma and
the substrate to the number of specific species at the substrate (N,) can be

approximated as:

N, = Nye~Enioe (1)

where Ny is the initial number of the species created in the plasma, which
is proportional to the plasma density n., and the production process rate
coefficient (ov). The amount of species consumed by processes such as de-
excitation is described with the exponential function consisting of the density
of the colliding species n; and the cross sections o; of the processes. In this
case, where the electron temperatures in the plasma are similar in both the
CCP and ICP (1-5 eV), the Ny is only dependent on the plasma density,
being 10° — 10 cm~3 for the CCP and 10'° — 102 cm™3 for the ICP. As
the majority of the species interactions occur with the neutral molecules,
njicp = Njccp at the same pressure. Due to the exponential nature of the
species consumption, the distance x becomes the dominant factor. Thus, in

this case the 50 cm distance from the ICP source results in the lower fluence
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of energetiereactive species to the substrate despite the higher initial plasma
density. This, together with the plausible ion contribution, causes the small
improvement in the film composition and differences in the film structure in
the remote CCP-PEALD deposited films.

The anomalies in the film growth with remote CCP-PEALD with 200 W
plasma power can be explained by a presence of a 'parasitic’ active plasma
component between the grid and the substrate. The generation of this plasma
component is a result of the mode transition effect in the RF capacitive dis-
charge [58, 59], and its effect on PEALD is reported in detail in Ref. [60]. The
mode transition phenomena are not restricted to the CCP discharges, and
the presence of characteristic E-H transition in the RF ICP was observed also
in the system used for the ICP-PEALD (see Appendix). Though no signifi-
cant changes were observed in the ZnO films deposited under different ICP
modes, the reduction in the GPC and slightly enhanced crystalline structure
between 1000 W and 2000 W applied powers may be results of changes in
plasma parameters caused by the detected plasma mode transition, and the
subsequent difference in the density/energy of the neutral species accounted
for the film growth. However, the exact reason for the differences in the ZnO
growth and properties between the two plasma modes remains yet unknown

and will be a subject of future investigations.

5. Conclusions

ZnO films deposited by means of remote ICP- and CCP-PEALD were
amorphous and had high O/Zn ratio from 1.6 up to 2.8 accompanied by

high H and C impurity content, but the film composition was to some extent
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improved with increased plasma pulse length and power. The film growth
was similar on Si, PMMA, and PC substrates, indicating that the plasma
activates the ZnO growth on polymers via increase in the reactive surface
sites. This avoids the nucleation delay observed in low-temperature thermal
ALD on polymers. Crystalline films were achieved with direct CCP-PEALD,
but the exposure to ion bombardment caused roughening of the polymer
surface. Therefore the room-temperature PEALD on sensitive substrates
must compromise between the film quality and substrate damage. The slow
film growth with remote PEALD can be connected both to the low reactivity
of the diethylzinc precursor as well as to the insufficient energy deposition of
the plasma species to the substrate. This is a result of the high pressure of
the PEALD reactors that leads to an increase in the de-excitation processes

consuming the energetic plasma radicals.
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Appendix A. E-H transition in ICP-PEALD O5(—Ar) plasma

In the electrostatic E mode, typically observed with low powers, the elec-
tric field is generated between the coil segments, making the plasma coupling
capacitive. With increasing power over specific critical value the discharge
transits into the electromagnetic H mode, where the coupling is inductive

[61]. The mode transition to the capacitive E mode to the inductive H mode
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increases the electron density in the plasma, and decreases the electron en-
ergy and plasma potential [62]. Subsequently to the deposition experiments
the ICP mode transition in the Oy plasma was investigated by optical emis-
sion spectroscopy (OES) in the visible wavelength range. The spectra were
recorded with OceanOptics USB2000+ spectrometer, and the optical fiber
was coupled to view the plasma perpendicularly at a distance of 5 cm be-
low the plasma source. Figure 11 shows the recorded spectra with plasma
powers of 500, 1000, and 2000 W. It was observed that at low powers (up to
1000 W) the optical emission spectra is dominated by Ar carrier gas, with
the most intense line observed at 751 nm. When 2000 W power is applied
the total optical intensity decreases and atomic oxygen at 777 nm becomes
the dominant emission line.

Figure 12 shows the RF characteristics of the plasma generator (fre-
quency, DC voltage, and DC current) as a function of the applied power,
and the normalized peak intensities of Ar 751 nm and 811 nm lines, and O
777 nm line of the corresponding optical emission spectra. It can be seen
that below 1000 W the output voltage remains constant while the current
increases with applied power, indicating that the plasma is operated in the
capacitive (E) mode. From 1250 W onwards the plasma is in the inductive
(H) mode, and the plasma power increase is applied by increasing the DC
voltage. The transition is accompanied by a drastic drop of Ar line intensities
in the obtained OES spectra.

The selected intense Ar emission lines correspond to the decays of Ar
excited to high energy levels. These energy levels can be occupied either

by direct electron impact excitation or by ionization followed by recombi-
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nation [63]. However, for these processes the threshold energies are above
13 eV [64], which means that in the capacitive E mode the contribution of
the high-energy tail of the electron energy distribution is significant. After
the transition to the H mode the intensities of these lines reduce drastically,
indicating a reduction in the effective electron temperature, being in agree-
ment with the reported changes in plasma parameters during the E-H mode
transition. The increase in the O 777 nm line intensity corresponds to the
increase in the (low-energy) electron dens ity as a function of the applied

power.
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Table I: Elemental compositions of the remote ICP-PEALD ZnO films, measured using

ToF-ERDA.

Pt H C N F 0 Zn 0/Zn

(W) (s) (at. -%) (at. -%) (at. -%) (at. -%) (at. -%) (at. -%) ratio

500 3 262 10+£1 04+£01 024005 46+£2 171 28+0.3
500 6 17+ 1 10+1 07+£01 01£005 502 22+£2 23403
500 11 16£1 94+05 07=x01 - 51 +2 22+£2 23+£04
1000 6 17+ 1 W0+£1 05£01 014005 5H0£2 2242 23+£0.2
1000 11 161 &8+£05 03=£005 01=£005 512 24£2 21+£02
2000 3 262 9+05 02+£005 06+£01 44+2 20£2 22403
2000 6 6£1 8£+£05 03+£005 06=x01 50+£2 25+£2 1.8=+02
2000 11 134+£1 605 024£0.05 - 53 2 271 +£2 20402
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Table II: Elemental compositions of the remote CCP-PEALD ZnO films, measured us-
ing ToF-ERDA. The films denoted with (*) are deposited using the alternative Oy feed

distribution and plasma ignition using Ns.

p t H C N O Zn O/Zn
(W) (s) (at. -%) (at. -%) (at. -%) (at. -%) (at. -%) ratio
50 1 22 +1 1241 5+05 43 +2 194+1 23+£0.2

50 3 171 6=£05 102 48=*£2 282 1.7=£02
20" 3 181 8£05 1402 48£2 252 19=£02
20 6 15+£1 6+£05 1+£02 48£2 29+£2 1.7£02
100 1 9+1 11£1 505 43£2 22+2 20=£0.3
100 3 19+1 6+£05 202 472 282 1.7=£02
100* 3 18+1 7+£05 1+£02 48£2 262 19=£02
100 6 5+£1 6+£05 2+02 48£2 302 16=£02
200 1 141 8£05 5+05 46=*x2 28+£2 1.7X0.1
200 3 171 8£05 3+£02 46=£2 27+2 18=£02
200 3 13+£1 5+£05 1+£02 48£2 32+2 15=£02
200 6 605 2£02 1+02 51+£2 41+2 12+£02

35



Table III: Elemental compositions of the direct CCP-PEALD ZnO films, measured using

ToF-ERDA.
p t H C N 0) Zn O/Zn
(W) (s) (at. -%) (at. -%) (at. -%) (at. -%) (at. -%) ratio
50 3 10 £ 1 3£05 08+£01 51+£2 35+£2 15+02
50 6 §+05 2+£02 05+£01 51+2 38£2 14402
100 3 8£05 2502 1+£02 92+2 36£2 15402
100 6 5+05 07401 04+£01 52+£2 424+£2 1.2+02
200 3 6+05 1.7£02 09+£01 52£2  39+£2 13=£02
200 6 5+05 05+£01 05+01 524+2 42+£2 12402
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List of figure captions:

Figure 1:

Figure 2:

Figure 3:

The growth per cycle of the ZnO films deposited on Si substrate with (a)
ICP-PEALD, (b) remote CCP-PEALD, and (c) direct CCP-PEALD.
Empty symbols in (b) denote the films deposited with alternative O,
feed distribution and plasma ignition with Ny. Error bars correspond

to variation in the measured film thickness over the deposition area.

The Zn intake per cycle, measured with Rutherford backscattering
spectrometry from ZnO films deposited on Si, PMMA, and PC sub-
strates using (a) ICP-PEALD, (b) remote CCP-PEALD, and (c) direct
CCP-PEALD. The empty symbols in (b) denote the films deposited

with alternative gas feed and plasma ignition with No.

ATR-FTIR absorption spectra of the ZnO films on PC (solid lines)
and PMMA (dashed lines). The substrate signal is subtracted from
the spectra. ZnO deposited using (a) ICP-PEALD with 500 W plasma
power and 6 s plasma pulses, (b) ICP-PEALD with 2000 W power and
6 s pulses, (c) remote CCP-PEALD with 50 W power and 3 s pulses,
(d) remote CCP-PEALD with 50 W power and 3 s pulses using the
alternative O feed, and (e) direct CCP-PEALD with 50 W power and

3 s pulses.

Figure 4: XRD patterns of the ZnO films deposited with (a) ICP-PEALD, with

11 s plasma pulses, (b) remote CCP-PEALD and (c) direct CCP-
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Figure 5:

Figure 6:

Figure 7:

Figure 8:

PEALD, both with 6 s plasma pulses.

Atomic force micrographs of the ICP-PEALD ZnO films deposited on
Si substrate with plasma power of (a) 500 W, (b) 1000 W, and (c)
2000 W, all with 11 s plasma pulses. The corresponding RMS rough-
nesses are (a) 0.3 & 0.1 nm, (b) 0.8 & 0.1 nm, and (c¢) 1.2 + 0.1 nm.

Atomic force micrographs of the remote CCP-PEALD ZnO films de-
posited on Si substrate with plasma power of (a) 50 W, (b) 100 W,
and (c) 200 W, all with 6 s plasma pulses. The corresponding RMS
roughnesses are (a) 2.2 £ 0.1 nm, (b) 2.9 + 0.1 nm, and (c) 1.4 £

0.1 nm.

Atomic force micrographs of the direct CCP-PEALD ZnO films de-
posited on Si substrates with plasma power of (a) 50 W, (b) 100 W,
and (c) 200 W, all with 6 s plasma pulses. The corresponding RMS
roughnesses are (a) 2.6 £ 0.1 nm, (b) 2.6 + 0.1 nm, and (c) 2.20 +

0.1 nm.

Atomic force micrographs of the PEALD ZnO films on the PMMA
substrate, (a) uncoated PMMA reference, ZnO deposited with (b) ICP-
PEALD, plasma power 1000 W, 11 s pulses, (c) remote CCP-PEALD,
plasma power 100 W, 6 s pulses, and (d) direct CCP-PEALD, plasma
power 100 W, 6 s pulses.
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Figure 9:

Figure 10:

Figure 11:

Figure 12:

Atomic force micrographs of the PEALD ZnO films on the PC sub-
strate, (a) uncoated PC reference, ZnO deposited with (b) ICP-PEALD,
plasma power 1000 W, 11 s pulses, (c¢) remote CCP-PEALD, plasma
power 100 W, 6 s pulses, and (d) direct CCP-PEALD, plasma power
100 W, 6 s pulses.

Atomic force micrographs of the PC surfaces after 15 min exposure to
(a) UV/VUYV irradiation of the O, plasma through the MgF, window,
and (b) direct plasma. Both exposures were done using CCP-PEALD

setup.

Optical emission spectra of the ICP-PEALD Ar-O, plasma with plasma
powers of 500, 1000, and 2000 W. The spectra are normalized to the
highest peak intensity of each spectrum. Inset: corresponding integra-

tion time -normalized spectra at wavelength range 650-860 nm.

Left: ICP plasma generator output frequency, DC Voltage, and DC
current as a function of the applied power. Right: Ar 751 nm, Ar
811 nm, and O 777 nm peak intensities of the OES spectra as a function
of applied power, normalized to the highest Ar intensity. The E-H
transition region is highlighted with grey.
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Table IV: Representative examples of RMS roughness values of ZnO films on Si, PMMA,
and PC substrates, and RMS roughnesses of PMMA and PC exposed to direct plasma
and plasma UV through MgF, window.

(a) ICP-PEALD (b) Remote CCP-PEALD | (c) Direct CCP-PEALD
P (W) t(S) Rgrus (nm) | P (W) t(s) Rgrus (nm) | P (W) t(s) Rgrus (nm)
Si (ref. 0.2 £ 0.02 nm)
500 6 04 +0.1 |50 3 1.8 +£0.2 | 59 3 2.6 £0.1
500 11 0.3 £0.1 |50 6 22£0.1 |50 6 2.6 £0.1
1000 6 0.5+ 0.1 | 100 3 3.0 £ 0.3 | 100 3 21+£0.1
1000 11 0.8 £0.1 | 100 6 29 £ 0.1 | 100 6 2.6 £0.1
2000 6 1.1 £0.1 | 200 3 2.1 £0.2 | 200 3 2.5 +£0.1
2000 11 1.2 +£0.1 | 200 6 1.4 £ 0.1 | 200 6 22 +0.1
PMMA (ref. 6 + 1 nm)
1000 6 1.5+ 0.3 | 100 6 6.0 £ 0.4 | 100 6 10+1
2000 6 3.0 £ 0.2 |200 6 12+5 200 6 9+2
PC (ref. 0.4 + 0.1 nm)
1000 6 1.4+ 0.2 | 100 6 23 +0.3 | 100 6 1.7+ 0.3
2000 6 1.2 +0.1 | 200 6 2.0+ 0.2 | 200 6 3.0 £0.2
Plasma exposure Direct MgFy window
PMMA 35 £ 5 nm 6 = 1 nm
PC 1.3 £ 0.2 nm 0.4 =+ 0.1 nm
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Highlights

e 7ZnO films were grown using room-temperature PEALD with 3 different

plasma configurations

Film growth was similar on Si, PMMA, and PC substrates

e Use of remote PEALD results in amorphous ZnO with high O/Zn ratio

Direct plasma produces polycrystalline ZnO films but damages the

polymer substrates

e EH mode transition in the inductively coupled plasma was observed 49
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