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Abstract: Direct plasma enhanced-atomic layer deposition (PE-ALD) is adopted for the growth of
ZnO on c-Si with native oxide at room temperature. The initial stages of growth both in terms of
thickness evolution and crystallization onset are followed ex-situ by a combination of spectroscopic
ellipsometry and X-ray based techniques (diffraction, reflectivity, and fluorescence). Differently from
the growth mode usually reported for thermal ALD ZnO (i.e., substrate-inhibited island growth), the
effect of plasma surface activation resulted in a substrate-enhanced island growth. A transient region
of accelerated island formation was found within the first 2 nm of deposition, resulting in the growth
of amorphous ZnO as witnessed with grazing incidence X-ray diffraction. After the islands coalesced
and a continuous layer formed, the first crystallites were found to grow, starting the layer-by-layer
growth mode. High-temperature ALD ZnO layers were also investigated in terms of crystallization
onset, showing that layers are amorphous up to a thickness of 3 nm, irrespective of the deposition
temperature and growth orientation.

Keywords: zinc oxide; plasma atomic layer deposition; initial growth

1. Introduction

Zinc oxide (ZnO) is a II-VI semiconductor, well-studied because of its unique qualities. As thin
films, it has been researched for an increasing number of optical and electronic devices, and the
tunability of its physical-chemical properties is still investigated in various scientific fields [1–4].
To name a few, it possesses a wide direct bandgap (~3.37 eV) and large excitonic binding energy
(~60 meV), which is useful for near-UV optoelectronics and lasing applications [5,6]. Furthermore, it is
applied as a transparent conductive oxide due to the possibility to tune its electrical properties via
doping, e.g., aluminum doping [7,8].

Several vapor phase methods are adopted for the deposition of ZnO thin films, such as
sputtering [9], pulsed laser deposition [10], and atomic layer deposition (ALD). ALD, either thermal
or enhanced by plasma (PE-ALD), has often been adopted as the method of choice to deliver high
quality (ultra-)thin ZnO films [4,11–16]. Polycrystalline thin films were obtained down to room
temperature [4,17,18]. PE-ALD is known to deliver ZnO of higher quality compared to thermal ALD,
with a fewer number of defects (e.g., oxygen vacancies and Zn interstitials) and a higher mass density,
both at room and elevated temperatures [4,11,19,20]. The highly reactive species formed in the plasma
phase are considered the key aspect for the improved material quality, contributing to a more efficient
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removal of the organic ligands in the ALD Zn-organometallic precursor, and generally an improved
crystallogenic packing [21,22].

Recently in the literature, great attention has been given to the initial stages of growth of ZnO
by thermal ALD [23–30]. Understanding the first stages of growth is of particular importance
when ultrathin and continuous ZnO films are required, e.g., as an electron buffer layer for inverted
solar cells [4], or as a passivation layer in transistors [31,32]. Depending on the temperature and
substrate material adopted, the growth was found to be from island-like to layer-by-layer or epitaxial,
highlighting the great influence of these parameters in the growth stages. Following the growth
mode schemes presented by Puruunen and Vandervorst [33], ZnO grown by ALD generally showed a
substrate-inhibited growth.

Together with the initial growth, the onset of crystallization represents another critical aspect
when the first stages of the deposition of materials are investigated. The first crystalline units could
develop as early as the first atomic layer or in a later stage of deposition and the details can depend on
the growth orientation, interaction with the substrate and/or the adopted method (e.g., if thermal or
plasma enhanced-ALD) [22]. Compared to the initial growth stages, the onset of crystallinity has not
received the same attention. In a series of investigations on thermal ALD ZnO, Renevier, Ciatto et al.
reported on the growth of ZnO when deposited on different substrates (a-SiO2 [26–28], c-Al2O3 [26–28],
In0.53Ga0.47As [29,30]). The in-situ methodology adopted (mainly X-ray based methods, such as
X-ray fluorescence and X-ray absorption near-edge structure spectroscopy) identified the onset of
crystallization to start from the very first cycle when deposited on c-Al2O3, adopting a 2D-like
growth and developing in-plane crystallinity; a different growth behavior was instead observed when
deposited on a-SiO2 and In0.53Ga0.47As, on which the crystallinity starts after the development of an
initial amorphous layer.

In this contribution, the initial growth and onset of crystallization of ZnO is investigated by
adopting a direct plasma-enhanced ALD (PE-ALD) approach, thus highlighting the role of plasma
surface activation. The initial stages of growth of inorganic materials have been seldom investigated
for PE-ALD, [34–36] and the specific nucleation of crystallites adopting plasma as co-reactant has not
been reported for ZnO. Following the studies on room [18] and high temperature deposition of ZnO by
direct PE-ALD, the evolution of the material properties is investigated with a combination of several
ex-situ analysis techniques.

2. Experimental

A custom-built direct plasma ALD reactor was used to deposit ZnO thin films on single side
polished c-Si (100) substrates (Siegert Wafer, Aachen, Germany) with native oxide. Details on the
system can be found in previous publications [18,37–39]. The pressure in the reactor was controlled
via a manual gate valve, set to a fixed opening to reach a pressure of around 85 mTorr during plasma
exposure. Pure oxygen was used during the plasma step (step A, plasma power 60 W, duration 6 s
for O2 exposure) and Ar was adopted in the purging step. The flow rates for O2 and Ar were set
at 20 sccm during the plasma and the purging step, respectively. Diethyl zinc (DEZ, Sigma-Aldrich,
Darmstadt, Germany, CAS 557-20-0) was used as the metalorganic precursor (step B, duration 150 ms).
The purging times were set at 12 s and 15 s for step A and B, respectively. The cycles always started
and ended with a plasma step, as follows: (A-B)n-A, with n the number of cycles. The last plasma step
was adopted to ensure the removal of the organic ligands of DEZ also on the surface of the layer. Sets
of samples were deposited at constant temperatures in the range from 25 to 250 ◦C [39]. Thickness
variation of the films was achieved by varying the number of cycles.

Spectroscopic ellipsometry (SE) (J.A. Woollam M-2000V, Lincoln, NE, USA) was used to determine
the thickness and optical properties of the films after deposition. The measurements were carried out
at three different angles (65◦, 70◦, and 75◦) in a wavelength range from 370 to 1000 nm. The analysis
of the spectra was performed with the software CompleteEASE® (J.A. Woollam, Lincoln, NE, USA).
The thickness was determined by applying a three-layer model consisting of a semi-infinite silicon
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substrate, a native silicon oxide layer with a fixed thickness of 1.3 to 2 nm (measured before each
deposition), and a Cauchy layer, as follows

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. The fitting was limited to the transparent region of ZnO, i.e., 450–1000 nm.

To verify the robustness of the model adopted, the analysis was extended to a wavelength range
close to the bandgap of ZnO (generally reported at 375 nm). An oscillator model was also adopted,
extending the wavelength range to 370 to 1000 nm. The oscillator model consisted of Gaussian
oscillators to account for the high- and near infrared-energy contributions and a PSEMI-M0 model to
account for the near-bandgap absorption. The PSEMI-M0 model is an oscillator with a sharp onset and
Kramers–Kronig consistent properties consisting of four connected polynomial spline functions [40].
The two models were found to deliver comparable results for the thickness investigated, and thus, the
Cauchy model was preferred due to the lower number of variables adopted.

As a complementary technique to ellipsometry, X-ray reflectivity (XRR) measurements were
performed to determine the film thickness and density as well as the surface and interface
roughness. A PANalytical Empyrean diffractometer (Malvern Panalytical, Kassel, Germany) utilizing
monochromatized copper radiation with a wavelength λ = 1.5418 Å was used. The beam was narrowed
by a 1/32◦ divergence slit and a 10 mm beam mask. Its PIXcel3D-detector was operated in receiving slit
mode, facilitating the P 0.1 antiscatter slit. Two different fitting procedures were applied to explain the
experimental data: a model-dependent and a model-independent approach. For the first, fitting of the
measured data was performed with the software X’Pert Reflectivity (Panalytical, The Netherlands)
applying a three-layer model consisting of a semi-infinite Si substrate, a native SiO2 layer, and a ZnO
layer. The fit parameters in the model were the ZnO layer thickness, density, and surface roughness
as well as the interface roughness with the native SiO2 layer on the c-Si. The approach here used
a segmented algorithm to fit the model onto the experimental data. The second fitting method is
a stochastic model-independent electron density profiles variation using the software Stochfit [41].
A scattering length density (SLD) of 19.5 was chosen for the subphase (SiO2) and the initial value for
the film SLD was 40. For sake of simplicity, the initial value for the film thickness was the one obtained
by the other fit using the X’Pert Reflectivity software and the number of boxes was 1.5 times this value.

Grazing incidence X-ray diffraction (GIXD) was performed on the thin films of ZnO to investigate
the in-plane orientation of the crystallites with respect to the silicon oxide surface. The measurements
were conducted at the synchrotron Elettra (Trieste, Italy) using the XRD1-beamline [42]. The wavelength
was set at 1.4 Å and an incident angle α of 1.2 to 2◦was chosen to minimize footprint artifacts. Diffracted
intensities were collected on a Pilatus 2M detector and all data have been recalculated to reciprocal
space maps using the in-house developed software package GIDVis [43].

X-ray fluorescence (XRF) spectroscopy was performed with an PANalytical Epsilon 1 (Malvern
Panalytical, Kassel, Germany) to obtain the relative Zn amount after different deposition steps. X-rays
were generated in an Ag anode X-ray tube using a voltage and current of 50 kV and 100 µA, respectively.
A 100 µm Ag-filter was used in the measurements, and the intensity of the Zn-Kα peak at 8.63 keV
was evaluated.

Atomic force microscopy (AFM) was performed in non-contact mode on a Nanosurf Easyscan
2 (Liestal, Switzerland) equipped with a C3000 controller. The tapping mode measurements were
performed using a TAP-300 cantilever (BudgetSensors, Bulgaria). The correction of artifacts, plotting,
and data evaluation were done with the freely available software package Gwyddion [44]. The samples
were rinsed with water and 96% EtOH and dried for 5 minutes on a hot plate at 60 ◦C under constant
nitrogen stream to obtain high quality images.
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3. Results and Discussion

3.1. Thickness and Morphology

ZnO thin films were prepared at room temperature by PE-ALD, as previously reported [18],
and the thickness was varied by varying the number of cycles from 1 to 50 resulting in a maximum
thickness of about 8 nm. X-ray reflectivity (XRR) measurements of the respective samples were carried
out to follow the evolution of the thickness of the growing ZnO (Figure 1).

Figure 1. (a) XRR curves of the first (top) up to the 20th (bottom) PE-ALD ZnO cycle; the curves are
stacked for clarity. The fitting curves are also reported with a red dashed line; (b) modelled ZnO layer
thickness as determined from the XRR curves adopting a three-layer model vs. number of cycles;
(c) growth per cycle (GPC) calculated from the XRR-derived thickness for all samples.

The XRR curves in Figure 1a show a high intensity for low angles, which is the region of total
reflection. At the critical angle (around 2θ = 0.44–0.47◦), the intensity rapidly drops showing the
capability of the X-ray beam to penetrate into the layer. Typically, the angle is related to the electron
density of the top layer, but as ZnO is thin and the native SiO2 layer has a comparable thickness value,
useful information on the density cannot be directly extracted. After the critical angle, the intensity
decays further for higher angles according to Fresnel’s law. By increasing the thickness of the top ZnO
starting from one cycle, Kiessig fringes appear in the curves due to thickness-dependent interference
effects visible in a clear minimum between 3 and 4.5◦. The period of these fringes decreases with
increasing number of cycles; thus, it is inversely correlated to the thickness. Using a model-dependent
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fitting, film properties such as the thickness, density, and surface and interface roughness can be
derived from the XRR curves. The modelled thickness as a function of the number of cycles is shown in
Figure 1b. For the first few cycles (up to 10 cycles), the thickness increases rapidly. After this transient
growth region, the rate slightly decreases and shows a linear behavior throughout the investigated
range (50 cycles). Differentiating the thickness vs. number of cycles curve, the growth per cycle (GPC)
can be obtained (Figure 1c). The GPC is about 0.85 nm for the first cycle, and afterwards decreases with
the numbers of cycles. After 10 cycles the GPC was found constant with a value of around 0.16 nm and
does not appear to change up to 50 cycles.

Puurunen et al. [33] proposed four different models to describe the variation of the GPC in
the initial stages of the growth. These are 1) linear growth (constant GPC for all number of cycles),
2) substrate-enhanced growth (higher GPC in the beginning followed by a decrease to a constant value),
3) substrate-inhibited growth type 1 (lower GPC in the beginning followed by an increase to a constant
value, and 4) substrate-inhibited growth type 2 (first increase to a maximum and then decrease to
constant value). Following this classification, the GPC trend shown in Figure 1c can be identified as
substrate-enhanced growth. The first cycle shows the highest difference to the steady-state value and
the GPC for 2 to 8 cycles rapidly drops to 0.16 nm. In the literature, for the initial growth of thermal
ALD of ZnO, the GPC behavior is often reported with a “substrate-inhibited”-like behavior on different
substrates such as a-SiO2 [23], In0.53Ga0.47As [29], and Al2O3 [25]. In these studies, the first cycles of
the ZnO growth were characterized by island formation, with a limited thickness development, as
measured by in-situ XRR and XRF. In our contribution, the effect of the oxygen plasma in direct contact
with the substrate is believed to increase the number of reactive sites available for the DEZ molecules,
enhancing the growth, similarly to the increase in hydrophilic properties of the Si wafers adopted
in the semiconductor industry prior to wafer bonding [45]. A similar behavior was reported for the
growth of AlN when comparing thermal and plasma enhanced-ALD [46].

With the purpose of better understanding the ZnO growth, additional material properties are
shown in Figure 2, i.e., mass density, surface and interface roughness, derived from the fitting of the
XRR data.

For the transient regime, the mass density fluctuates around a value of 3.5 ± 0.2 g cm−3,
the roughness around a value of 0.32 ± 0.02 nm and the interface roughness around 0.19 ± 0.06 nm.
For more than 10 cycles, the mass density increases rapidly for a few cycles and slows down afterwards,
with the values being between 4.2 ± 0.3 and 4.5 ± 0. 3 g cm−3. These values increase for thicker films,
up to a mass density of 5.6 g cm−3, as measured on a 30-nm-thick ZnO [39]. The surface roughness
shows a fairly linear increase after 10 cycles and the interface roughness also increases at first until
it reaches a constant value of around 0.4 nm at 20 cycles. The interface roughness values point out
the completion of the interface between the ZnO layer and the a-SiO2 above 10 cycles, suggesting the
formation of a continuous layer in correspondence with a constant GPC, as shown in Figure 2c.

A model-independent method was also used to fit the data in Figure 1 to verify the robustness
of the prior adopted three-layer model and exclude a mutual dependence of the model variables.
The normalized electron density profiles of several films obtained are shown in Figure 3. Below six
cycles, the fitting procedure did not converge to feasible results, indicating a highly structured surface
and corroborating the hypothesis of a non-continuous layer in the first cycles of growth. After six cycles
feasible results converged from the model independent fitting and some of the data are summarized in
Figure 3. For −1 < z < 0 nm, the electron density values represent the c-Si substrate and are normalized
to 1. The onset of the electron density increases at z = 0 nm, reflecting the electron density of the
native oxide layer, which is about 1 nm for all samples. The electron density then rapidly increases
and finally reaches plateau values which can be generalized in two groups; up until 10 cycles, the
normalized electron density of the films is around 1.7, whereas for films above 10 cycles the normalized
electron density saturates at around 2.0. The values of the reported electron density correspond to
mass density values (assuming a stoichiometric ZnO film) of 3.1 and 3.7 g cm−3, respectively. The trend
of the density (i.e., two plateaus for the transient and steady-state region) agrees well with the fitting
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using the model-dependent software. However, an offset of around 0.5 g cm−3 is apparent, which
could be due to stoichiometric assumptions. In fact, thicker ZnO layers deposited at room temperature
showed a lower mass density as bulk ZnO, as mentioned above. The roughness is represented by the
slope of the electron density toward the surface to air, which is located at the right hand side of the
curves or larger z values. The slope does not show large variations until 17 cycles, where it mildens,
corresponding to an increase in surface roughness.

Figure 2. XRR-derived parameters (a) density, (b) surface roughness, and (c) interface roughness as a
function of the number of cycles, showing the different phases of growth. The respective thickness
development scale is also reported.
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Figure 3. Normalized electron density profiles of a selection of XRR data as a function of the distance
from the substrate. The electron density profiles were obtained with Stochfit.

Both model-dependent (Figure 2) and model-independent (Figure 3) results identify the two
distinct regions of growth. In order to further confirm the so-far observed trend, additional experimental
techniques were employed. The thickness measured by SE and the Zn amount measured by XRF as a
function of the number of cycles is shown in Figure 4.

Figure 4. (a) Thickness vs. number of cycles as derived from SE; (b) Zn amount in cps from the
XRF measurements.

The thickness by SE shows the same trend as the one obtained with XRR measurement, i.e.,
an initial region with a slightly enhanced growth followed by a transition to a steady-state growth.
The roughness could not be implemented in the SE model without giving unphysical or non-significant
values. For the amount of Zn measured by XRF, no significant deviation from a constant slope can
be observed as function of the number of cycles. The slight difference in rate between the obtained
thickness (by XRR and SE) and the zinc amount (by XRF) in the transient region might occur due to
morphological considerations. This means that while the same zinc amount is deposited per cycle, as
expected being in a self-limiting regime [18], the measured thickness might not be the same due to
changes in the structure and mass density.
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In order to complete the morphological picture of the ZnO layers and shed light on the initial
growth modes, AFM height images of films prepared with different number of cycles at room
temperature are shown in Figure 5.

Figure 5. AFM height images of ZnO on Si substrates grown at room temperature with (a) 4, (b) 8, (c) 9,
(d) 14, and (e) 20 PE-ALD cycles. Image size is 10 × 10 µm for all images and the color bar maximum
(white) is indicated in the figures.

The AFM images reveal scattered island deposited in the first cycles of deposition, similar to
the work of Baji et al. for ZnO deposited at 150 ◦C by thermal ALD [24]. For four cycles (Figure 5a),
scattered islands are found on the surface and the coverage is below 2%. Line scans reveal larger
islands with diameters of around 100 nm and heights of around 6 nm and smaller islands with a
diameter of around 50 to 60 nm and height of around 1 nm. Increasing the number of cycles to
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8 and 9 cycles (Figure 5b,c) leads to an increase in coverage to around 25% and the island height
increases to a maximum of 3 to 4 nm, whereas the diameter stays around 50 nm. A coalescence of
the islands resulting in a closed and smooth layer is observed at 14 cycles (Figure 5d), whereas the
size of the coalescing islands is still around 50 nm. The stage at which a continuous layer is achieved
(according to the AFM images around 14 cycles) is also in agreement with other investigated material
properties. A large change in the mass density was shown for films grown after a similar number of
cycles (see Figures 2 and 3). Furthermore, the GPC settles to a constant value at this stage (Figure 1),
which indicates the initialization of the ALD-typical layer-by-layer growth. By further increasing the
number of cycles to 20 cycles (Figure 5e), the roughness increases compared to the 14 cycles sample and
there are areas with increased height. This increased height suggests the development of crystallites.
Baji et al. [24] investigated the initial stages of growth of ZnO by thermal ALD on different substrates.
The growth on Si (with native oxide) showed a similar trend for the morphology to our results, that
is, scattered islands at 5 and 10 cycles, and a full coverage above 15 cycles. In a nutshell, the AFM
results suggest an island growth for the initial stages whereas the number of islands with diameters
of around 50 nm increases with increasing number of cycles (4 to 9 cycles). After forming a closed
layer by coalescence (around 14 cycles), an increase in height and roughness is observed (20 cycles),
suggesting the formation of crystallites.

In summary, the combination of XRR, XRF, SE, and AFM revealed an enhanced island-growth
mode for direct plasma ALD on Si substrates. Scattered islands are formed in the first cycles, with a
higher mass density compared to thermal ALD of ZnO, resulting in a higher apparent thickness of
the growing layer. The plasma is believed to increase the number of available nucleation sites, which
grow in number and height after every cycle. A higher mobility of the species on the surface is to be
excluded, considering that the deposition is run at room temperature. On the contrary, the islands
are forming and quickly growing in the first ALD cycles, supporting the hypothesis of an active role
of the direct plasma in the formation of additional reactive sites. In the literature, Napari et al. [47]
reported on a comparison between the growth of ZnO obtained by remote and direct plasma sources in
PE-ALD at room temperature. They also reported a generally higher GPC for the direct plasma growth
compared to the remote one, due to the higher flux density of plasma species actively contributing to
the material growth. A continuous layer is formed between cycle 10 and 14, with a thickness of 2 nm.
Mass density, surface and interface roughness are increasing steeply starting from this stage, while the
GPC starts to have a constant value.

3.2. Development of Crystallites

The onset of the crystalline ZnO was also investigated, as polycrystalline ZnO layers with a
100 texture had been obtained for thicker layers grown at room temperature with PE-ALD [18].
To investigate the beginning of the crystallization, GIXD was performed on the films with different
thickness. Such a measurement allows the gathering of structural information down to monolayers
extension from the substrate. An example for a reciprocal space map of a ZnO film is shown in
Figure 6a.
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Figure 6. (a) Example of an GIXD pattern from a 50 cycle ZnO layer. Rings indicate the position
of three Scherrer rings related to the polycrystalline ZnO; the white box shows the integrated area
which was used to obtain information on the in-plane crystal formation. The integral density data is
presented in (b) as intensity as a function of q for various ZnO layers prepared at room temperature of
different thickness.

For polycrystalline samples, the so called Scherrer rings will appear in the space map, indicating
the in-plane and near out-of-plane (excluding specular) orientation of the crystallites. To see at which
cycle number crystalline features appear in the film, a linear integration was performed around the
in-plane direction (qz = 0 Å−1) (indicated in Figure 6a). The intensity as a function of qxy for samples
of different thickness prepared at room temperature is shown in Figure 6b. For thicknesses up to
10 cycles, peaks cannot be observed. This either indicates an amorphous layer in the first stages
of growth or the lateral (in-plane) size of the crystallites is too small so that not enough diffracted
intensity can be generated to be detected. Starting from 20 cycles, a rather broad peak appears at
around 2.5 Å−1. The deconvolution of such a peak allows for the distinction of a contribution at
2.41 Å−1, and 2.54 Å−1, attributed to the (002) and (101) orientation, respectively, when compared
to the reference ZnO powder (26170-ICSD). [48] No signal from the (100) orientation at 2.23 Å−1 is
present. This is in agreement with the (100) preferential orientation in the specular direction previously
reported at room temperature [18,38,39]. When integrating the signal for the in-plane orientation,
a peak arises originating from the (002) planes perpendicular to the substrate surface. In the literature,
the ZnO crystallization is generally reported as island crystallites growing and coalescing before
giving a layer-by-layer growth [22]. In a series of works on the initial growth of thermal ALD of ZnO,
Ciatto et al. [26–28] focused on the crystal formation in the early stages of the ZnO growth. By means
of in-situ X-ray based techniques, a 2D structure was identified in the first cycles of growth, with an
in-plane crystallinity developing as early as from the second cycle when deposited on a-Si. A (001)
fiber texture developed, together with grains, showing no preferential texture. However, in this study,
no grain growth was witnessed in the first 10 cycles, that is, until a continuous layer is formed. Instead,
in our work the onset of the crystallization starts after the completion of a continuous layer. The first
2.5 to 3 nm of growth (corresponding to the first 20 cycles) are amorphous, indicating that the enhanced
island growth has no long-range ordering. The onset of crystallization corresponds to the beginning
of the layer-by-layer growth. Furthermore, mass density, surface and interface roughness have an
abrupt change in trend after the onset, as mentioned above. The crystallites grow with the number of
cycles, and for a thickness of 45 nm we earlier reported crystallite sizes close to 30 nm [18]. Thus, the
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crystallization is thought to start once a closed amorphous layer is formed. In the extensive review on
the crystallization of inorganic materials by ALD, Puurunen et al. [22] identified three possible modes
for the crystallization onset, schematically reported in Figure 7a–c.

Figure 7. Schematics of different growth regimes of crystallites in ALD: (a) growth of crystallites from
initial crystalline nuclei in an amorphous film; (b) growth of crystallites from initial crystalline nuclei in
an amorphous film, inducing crystallization of the amorphous region next to the crystallite; (c) growth
of the ALD layer directly from crystalline nuclei, in an island growth-like regime; (d) growth of the ALD
layer in island growth-like regime starting from an amorphous material and developing crystallinity
after the completion of a continuous layer. (a) to (c) were adapted from [22].

The initial growth of ZnO via direct-plasma enhanced ALD presented here shows an intermediate
behavior between the crystalline island growth (Figure 7c) and the formation of an amorphous region,
followed by formation in the amorphous material of the crystallite (Figure 7b). The formation of
additional reactive sites on the substrate surface due to the direct plasma develops an initial amorphous
growth of the ZnO clusters, followed first by a coalescence of the amorphous islands and formation
of the initial crystal nuclei. Generally, for ALD the plasma was found to accelerate the onset of
the crystallization [22]. However, earlier studies focusing on the (self-)texture development of ZnO
adopting (plasma-based) sputtering or chemical vapor deposition methods highlighted the possibility
of the formation of an amorphous region prior to the crystallization onset [49,50]. Moreover, an
amorphous initial layer was also reported for thermal ALD of ZnO deposited on a-SiO2 [23] and
recently on In0.53Ga0.47As [29]. In a recent in-situ study on the effect of annealing on PE-ALD ZnO, we
demonstrated the presence of an amorphous fraction of material in the room-temperature-deposited
ZnO [38], supporting the hypothesis of its initial amorphous growth.

3.3. Crystallization at High Temperature

The ALD initial growth and crystallization studies reported so far investigated processes run
at high temperature, i.e., starting from 100 ◦C. With the aim of verifying if the room temperature
processes adopted in this study have an influence on the onset of crystallization, considering the
lower surface mobility, higher sticking coefficient and lower energy of the species at this temperature,
the same GIXD analysis was performed for samples with increasing thickness prepared at different
substrate temperatures. The intensity plots for substrate temperatures from 50 to 200 ◦C are shown in
Figure 8a–d.
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Figure 8. GIXD intensity as a function of q for ZnO layers of different thickness (7, 10, and 20 cycles)
and deposited at different temperatures: (a) 50 ◦C, (b) 100 ◦C, (c) 150 ◦C, and (d) 200 ◦C. Irrespective of
deposition temperature and preferred orientation (100 or 002), the crystallinity develops at above 3 nm.

Similar to the room temperature sample, a peak appears above 3 nm, irrespective of the substrate
temperature. (Figure 8a–c). Starting from 150 ◦C, peaks corresponding to the (100) and (101) in-plane
orientation are distinguishable and show similar intensity. For the sample prepared at 200 ◦C (Figure 8d),
peaks can be observed already at 3.3 nm. Compared to the 150 ◦C sample, the (100) in-plane orientation
shows an enhanced intensity. This temperature dependence of the preferential orientation is known
and has already been shown in the literature for thicker films [51,52]. Considering that the growth per
cycle increases with increasing temperature (i.e., the same number of cycles at higher temperature
results in a thicker film than for a lower temperature), the development of crystallinity seems to happen
at a thickness above 3 nm, irrespective of the crystalline orientation and deposition temperature. This
result excludes the contribution of these parameters in the formation of an initial amorphous layer
and corroborates the hypothesis of the role of the direct plasma in enhancing the initial growth at the
expenses of the long-range order.

4. Conclusions

The initial growth of polycrystalline ZnO deposited at room temperature by direct PE-ALD on
Si with native oxide is investigated. Different ex-situ characterization methods (XRR, SE, XRF, and
AFM) allowed the identification of an additional growth mechanism for inorganic materials deposited
by ALD. An accelerated island growth was found to occur in the first stages of layer formation, with
a behavior in between the classical substrate-accelerated and island growth previously identified
for inorganic ALD layers. In the initial 14 to 20 cycles, corresponding to 2.5 to 3 nm of material, an
elevated number of islands of ZnO are forming. Increasing the number of cycles, the islands were
found to coalesce and a classical layer-by-layer mechanism was identified. Furthermore, by adopting
synchrotron radiation GIXD, the onset of crystallization was studied. Differently from the classical
ALD island growth model, amorphous islands are grown in the first stages. The first crystallites are
formed after the islands coalesce, that is, starting from roughly 3 nm. The direct plasma adopted
as co-reactant is believed to accelerate the island formation and prevent an initial crystallization by
increasing the number of reactive sites present on the substrate surface. The onset of crystallization was
additionally studied at high temperature to better identify the origin of the late crystallite formation.
Irrespective of temperature and crystal orientation, an amorphous layer with a minimum thickness of
3.2 nm was witnessed.



Crystals 2020, 10, 291 13 of 15

This investigation extends the knowledge on the initial growth of inorganic materials adopting
ALD and highlights the need for further efforts in studying the role of plasma in deviating from the
classical growth-models.
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