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The delivery of porous ZnO thin films represents a challenge due to the low porosity achievable by con-
ventional thin film deposition methods. In this contribution, the synthesis of mesoporous ZnO thin films is
demonstrated through calcination in air of hybrid Zn-based polymers (zincone) obtained by molecular
layer deposition (MLD). The calcination process was followed as a function of temperature using X-ray
reflectivity and diffraction, together with spectroscopic ellipsometry. Temperature ranges were identified
for the removal of the organic ligands (120 °C) and ZnO crystallization (340 °C). The total porosity and
open porosity were also determined by ellipsometric porosimetry (EP) and grazing incidence small-angle
X-ray scattering (GISAXS). The calcination temperature was identified as a control parameter for obtaining
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1. Introduction

Porous ZnO thin films are often employed in sensing (bio- and
gas-) and as a host material for biomedical applications, such
as drug delivery and tissue engineering.’ However, classical
thin film technologies often suffer from some major limit-
ations, such as an intrinsic low surface area and lack of frame-
work porosity." For this reason, new synthetic methods for the
production of porous ZnO thin films are sought.

Molecular layer deposition (MLD) is a sequential self-limiting
vapor-phase deposition method for the delivery of (ultra-)thin
organic and hybrid films.*® The layer-by-layer nature of such a
method allows the deposition of highly conformal thin films
with sub-nm thickness control that can be applied to complex
high aspect ratio nanostructured substrates and devices.

While in the delivery of pure polymeric structures the com-
bination of two or more organic ligands is adopted,® hybrid
organic-inorganic materials can be synthesized with the com-
bination of metalorganic precursors with the ligands used in
organic MLD.*”® These materials possess unique properties,
often differing from their pure organic and inorganic
counterparts.”'® In the literature, several functional hybrid
films have been reported, adopting different metallic precur-
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different (open) porosity contents and pore size distributions (PSDs). Open porosity values of 12.6% and
19.6% were obtained by calcining the zincones up to 600 °C and 400 °C, respectively. Open PSDs with a
mean value of 3.2 nm (400 °C) and 4.6 nm (600 °C) were obtained. The formation of larger slit-shaped
pores was demonstrated at higher temperatures, due to the growth and coalescence of ZnO crystallites.

SOrs (e.g., Al,ll_ls Ti,16,17 Zr,16 Hf,18 Zn,19_22 V,23’24 Li,25 Fe’26,27
Mo,?® $n,*® and Er’°). Generally, the composition of the thin
films includes the metallic element, oxygen and/or nitrogen,
and an organic backbone, and they are referred to as ‘metal-
cones’, e.g., alucones, zincones, and titanicones.™®

From the metal-alkoxide produced by MLD, porous metal
oxide thin films can be achieved through water etching or
thermal treatments in the presence of oxygen.' In the litera-
ture, (ultra-)thin porous alumina'»'*?'* and titania'”**~°
are the most studied MLD-derived oxides, and recently,
vanadium->*** and tin->° based materials have also been
investigated. The oxide layers were applied as functional thin
films in photocatalysis®**® and as electrodes for lithium-ion
batteries,'”** or for protective and passivating layers.**3”*!

In this contribution, starting from the results obtained
from Zn-alkoxides deposited by sub-saturated plasma
enhanced atomic layer deposition (PE-ALD) and reported in a
previous study,*® porous ZnO was obtained by the calcination
of MLD zincone layers. The calcination process was followed
by spectroscopic ellipsometry (SE), X-ray diffraction (XRD), and
reflectivity (XRR). The pore content and pore size distribution
were investigated by ellipsometric porosimetry (EP), already
successful in determining the open porosity in hybrid and
polymer-derived oxides.'>'”?**>%% Grazing incidence small-
angle X-ray scattering (GISAXS) was used for gaining more
insight into the total porosity.

In the literature, the transformation of zincones into
porous ZnO has not received the same attention as the Ti- and
Al-based counterparts, due to their low surface area achieved

This journal is © The Royal Society of Chemistry 2019
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so far. Liang et al** reported on the calcination in air of
zincone layers coating titania nanoparticles. Low surface area
ZnO as well as a wide distribution of micro- and meso-pores
was obtained. By changing the post-deposition annealing
temperature, the surface area and mesopore content
decreased, and clogging of the pores was hypothesized to be
due to the crystallization of ZnO. Temperatures up to 400 °C
were investigated by means of thermogravimetric analyses,
and loss of the material was witnessed starting from 70 °C.
However, the pore content was not reported, and the crystalli-
nity and crystal development not investigated.
Furthermore, the study was limited to ultra-thin zincone films
(40 cycles, 0.25 A per cycle). Consequently, the aim of this
work was an investigation of the crystallinity of zincone layers
to show the evolution of the ZnO crystals and, in turn, the con-
sequent possible clogging of the forming pores. Moreover,
specific calcination temperatures were identified in order to
balance the crystalline formation with the pore content.

were

2. Experimental
(a) MLD system

A custom-built MLD reactor was used to deposit the zincone
thin films on single side polished ¢-Si (100) substrates (Siegert
Wafer). Diethyl zinc (DEZ, Sigma-Aldrich) was used as the
metalorganic precursor. Ethylene glycol (EG, Sigma-Aldrich)
was used as the organic co-precursor. A constant flow of Ar (16
sccm) was adopted during the whole process as purging and
carrier gas. An automation platform (MKS PAC 1000) and a
mass flow controller (MKS MF1-C) were used to control the Ar
flow rates. ALD-valves (Swagelok ALD3) were used to pulse DEZ
and EG into the reactor. Due to the high vapor pressure of
DEZ, no further heating or bubbling system was adopted. EG
was instead heated to 80 °C. All depositions were carried out at
a substrate temperature of 110 + 5 °C.

(b) Chemical and structural characterization

Spectroscopic ellipsometry (J.A. Woollam M-2000V) was used
to determine the thickness and optical properties of the layers
after deposition. The measurements were carried out at three
different angles (65°, 70°, and 75°) in the wavelength range
from 370-1000 nm. The analysis of the spectra was performed
with the software CompleteEASE®. The thickness was deter-
mined by applying a three-layer model consisting of a silicon
substrate, a native silicon oxide layer with a fixed thickness of
1.5-2 nm, and a Cauchy layer, as follows

n(/l):A+/1E2+/1£4 (1)
in which 7 is the wavelength-dependent refractive index, 4 is
the wavelength and A, B, and C are fit parameters. Only A and
B parameters were fitted and the spectral range 370-1000 nm
was adopted for the zincone layers, while the spectral range
450-1000 nm was adopted for the MLD-derived ZnO, in order
to use only its transparent region. The growth per cycle (GPC)
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was determined by SE averaging the thickness of at least 5
samples placed on the sample holder and dividing it by the
number of cycles (see ESI, Fig. S17).

X-ray diffraction (XRD) and reflectivity (XRR) were per-
formed on the MLD zincone layers. The diffractometer
(Panalytical Empyrean), working in a 6/26-configuration, was
equipped with a copper tube (1 = 1.5418 A). XRD was used to
analyze the crystalline properties of the films in specular direc-
tion, that is, with the crystallographic planes parallel to the sub-
strate. The beam was further parallelized with a layered X-ray
mirror and a PIXcel*”-detector was operated in the 1D-mode. A
1/8° divergence, a 10 mm mask, and a P7.5 anti-scatter slit were
used in the setup. The integration time per measurement was
set to 600 s with a step size of 0.0263°. In order to quantify the
crystal growth, an estimation of the average crystallite size D was
performed. D can be obtained from a Bragg peak in the XRD
spectrum using Scherrer’s formula,*®

A
- Py cos O

(2)

where 1 is the wavelength of the X-rays, f,4 is the full width at
half maximum of the peak, and 0 is the peak position.

XRR was used to determine the density and thickness of the
layers. A 1/32° divergence was used in the setup. The measure-
ment was performed between 0° and 5° with a step size of
0.007° and a total integration time of 720 s. The fitting was per-
formed using X'Pert Reflectivity software by PANalytical.

For the chemical analysis of the obtained thin films, prior
and after calcination, Fourier-transform infrared (FTIR) was
performed. A BOMEM MB-102 was adopted. For each spec-
trum, 1000 scans were recorded in transmission mode with a
resolution of 4 cm™" between 300 cm™' and 3700 cm™. All
spectra were baseline corrected and normalized to the film
thickness. In order to exclude or reduce the contribution of
atmospheric gases and vapors, a stream of N, was used.

Grazing incidence small angle X-ray scattering (GISAXS)
experiments were performed at the SAXS beamline at the syn-
chrotron Elettra in Trieste, Italy. A wavelength of 0.154 nm was
used, whereas the incidence angle for all the scattering experi-
ments was set to 0.21°. The SAXS signal was recorded with a
Pilatus3 1M detector at a sample detector distance of 2 meters.
The recorded intensity maps were transferred into the reciprocal
space and plotted via the software package GIDVis."” The value
of the scattering vector (g) can then be used to calculate real
space distances (d) via the Debye-Scherrer equation d = 2n/q.**

Atomic force microscopy (AFM) was performed in non-
contact mode on a Nanosurf Easyscan 2, equipped with a
PPP-NCLR-10 cantilever (NanoWorld AG, Switzerland).
Correction of artifacts, plotting and data evaluation were per-
formed with the freely available software package Gwyddion.*’

(c) Calcination: method and porous ZnO characterization

In order to remove the organic ligands to obtain porous ZnO,
the zincone layers were calcined in air up to a temperature of
600 °C. To follow the calcination, in situ temperature-depen-
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dent studies were performed by both SE and X-ray based tech-
niques. The SE system was equipped with a THMS600 temp-
erature stage (Linkam, UK), with a sealing capping chamber.
The temperature was varied from room temperature to either
400 °C or 600 °C at 200 °C per hour. Subsequently, the system
was cooled down at the same rate. For these experiments, the
acquisition angle was fixed at 70°.

For the determination of the porosity in the porous ZnO
layers, the THMS600 temperature stage was equipped with a
custom-made humidity pump, and the principles of ellipso-
metric porosimetry (EP) were used.*® The relative humidity was
monitored via a sensor in the measurement chamber
(Sparkfun SHT-15) and tuned in the range of 0-95%.>" In this
way, pores with a diameter >0.33 nm (the kinetic diameter of
the water molecules) were probed. A dry atmosphere (i.e., 0%
relative humidity) was reached using a flow of N,, ensuring the
removal of water from the measurement chamber. In order to
tune the relative humidity, the flow of humid air is mixed with
N, and adjusted in equilibrium steps. The temperature of the
stage was kept at room temperature, ensuring that the
measured relative humidity in the chamber was the same as
on top of the samples.

In EP with water vapor, the variation of both the refractive
index (n) and water multilayer thickness/swollen thin films is
reported as a function of the relative humidity, resulting in classi-
cal adsorption/desorption isotherms, generally categorized
according to the TUPAC classification.”>™> A type 1 isotherm is
associated with porous materials with a narrow distribution of
pore size with a diameter below 2 nm (nano-porous or micro-
porous materials), and a type II isotherm is associated with non-
porous materials. Mesoporous materials are instead character-
ized by a type IV isotherm, in which a hysteresis arises in the de-
sorption step, due to the condensation of water in the pores. The
adsorptive uptake was expressed as the adsorptive volume
obtained from the Lorentz-Lorenz relationship and calculated as:

-1 ny® -1
Vprobe :m_n02+2 (3)
14 nwaterz -1
nwater2 +2

where Vjophe is the volume of the condensed probing gas
inside the pores, V is the total volume of the film, n, is the
refractive index when the pores are empty (at 0% relative
humidity) and 7., is the refractive index of water, reported
as 1.33. When all the pores are filled with water, eqn (3) also
expresses the total open porosity accessible to water. With this
approach, the porosity values obtained are independent of the
refractive index of the matrix. More details on the technique
can be found in ref. 56 and 57. Besides the volume fraction of
the pores filled with the probing vapor, the pore size distri-
bution (PSD) can be calculated. For mesoporous materials, the
Kelvin equation can be adopted.’®>° It relates the curvature of
a liquid to its vapor pressure through:

1 1 RT p
—+—=—xIn|— 4
o 12 YVm (Po) @)
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where y is the surface tension, V,,, is the molar volume, and
plpo is the ratio between the relative and saturation vapor
pressure of the probing molecule. Using water, it corresponds
to the relative humidity. For a cylindrical pore, the Kelvin
equation can be written as

Yy X Vm
T'pore =

— o (5)
RXTxIn (—0)
p
In situ temperature-dependent XRD and XRR studies were
performed with a DHS900 heating stage attachment (Anton-
Paar, Austria), as previously reported,**®® using a heating rate
of 200 °C per hour up to either 400 °C or 600 °C.**

3. Results and discussion
(a) MLD zincone: growth and chemistry

In order to verify the self-limited MLD growth and exclude any
chemical vapor deposition (CVD)-like growth contribution, the
exposure and subsequent purging timings for DEZ and EG
were optimized to saturation. The growth per cycle as a func-
tion of the four MLD-cycle parameters is shown in Fig. 1 for a
substrate temperature of 110 °C.

Under saturated conditions, the DEZ/purge/EG/purge
sequence was 0.15/60/1/60 s and the GPC had an average value
of 1.05 + 0.01 A for 100 cycles of deposition.} With increasing
the number of cycles up to 500 (see ESI, Fig. S17), the GPC was
found to be constant at 1.05 A, with an increase of the error up
to +0.08 A. In the literature, a wide range of growth rates were
reported for EG-DEZ zincone layers. Yoon et al.®® reported a
variation in the GPC between 4 A at 90 °C and 0.25 A at 170 °C
when measured in the first 10 cycles of deposition on ZrO,
nanoparticles. On the other hand, the GPC measured on Si by
means of X-ray reflectivity showed a constant value of 0.7 A at
130 °C. Peng et al.>" reported a GPC on oxidized Si of 0.57 A at
120 °C and of 0.39 A at 165 °C. These values were calculated
from the linear increase of thickness with the number of
cycles, although the measurements were carried out on aged
samples showing thickness loss after exposure to air. Due to
the linearity of the thickness increase, the GPC values were
considered reliable. Finally, Liang et al.>* reported a GPC on
TiO, nanoparticles of 0.25 A measured at 120 °C and the low
GPC was attributed to decomposition of DEZ during the depo-
sition. All the different values reported in the literature reflect
the variability often reported for MLD processes even under
saturation conditions,** likely depending on different experi-
mental factors such as the reactor geometry, substrate,
working pressure, and cycle pulse/purging times. The values
we reported of 1.05 + 0.01 A are therefore in the same range of
the previous literature. The linearity of the GPC was tested up

11t is worth reporting that the standard deviation of the GPC was calculated con-
sidering the asymptotic value of the four saturation curves obtained through a
fitting procedure. By averaging the data points at and after saturation, the error
bar increases to +0.03 A.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9dt02824b

Open Access Article. Published on 28 August 2019. Downloaded on 2/14/2026 2:38:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

0.10 0.15
DEZ pulse [s]
1.5 . : . . : .

1.4

O~

GPC [A]

T
7
/7
/
1

1.1

1.0 1 L L 1 L L
50

EG purge [s]

View Article Online

Paper

1.5

GPC [A]

1.1

0720 30 40 80
DEZ purge [s]

=T=="—="1

d)
25

2.0

0.0% '
0.5

1I.O 1I.5
EG pulse [s]

Fig. 1 Saturation curves for the MLD zincone process adopting EG and DEZ as precursors. The growth per cycle (GPC) is reported against (a) DEZ
pulse, (b) DEZ purge, (c) EG pulse, and (d) EG purge. The fitting curves are also reported. Each data point was obtained after 100 cycles of

deposition.

to 500 cycles, confirming the stability and reproducibility of
the process (see ESI, Fig. S17). In order to confirm the success-
ful MLD process, FT-IR was performed on the zincone layers
after few minutes of exposure to air (Fig. 2a). The FT-IR spec-
trum of the calcined zincone is also reported in Fig. 2b and is
commented in the next section.

The spectrum showed the typical absorption modes gener-
ally assigned to EG-DEZ zincones.?""®> The absorption modes
between 2950 and 2690 cm™" are attributed to the symmetric/
antisymmetric/combination C-H vibration mode in -CH,-.
The strong absorption at 1100 cm™' and 888 cm™' was
assigned to C-O stretching in C-C-O and Zn-O-C moieties®>
and to Zn-O stretching,”" respectively. O-H stretching absorp-
tion bands (3500-3000 cm™') were not present in the
spectrum, indicating that the MLD reactions were complete
and no hydrolyzation due to air exposure occurred, yet. The
FT-IR spectrum confirmed the successful MLD deposition,
starting point for the transformation of the zincone into
porous ZnO.

This journal is © The Royal Society of Chemistry 2019

(b) Calcination of zincone into porous ZnO

As afore-mentioned in the Experimental section, the zincone
layers were heated in air to 400 °C and 600 °C, with a heating
rate of 200 °C h™'. The calcination process was meant to
remove the organic ligands, in turn forming (porous) ZnO. It
was followed in situ by means of XRD, XRR, and SE, as pre-
viously reported in ref. 42 and 60. The XRD measurements are
reported in Fig. 3.

The zincone layers were amorphous before calcination, as
no diffraction peaks were present in the diffractogram, except
for the Si 200 peak (see the spectrum at 26 °C in Fig. 3a and
Fig. S3 in the ESI{). In order to find the temperature at which
the zincone starts to form crystalline ZnO, measurements with
quick integration times were taken every 20 °C between 220 °C
and 400 °C (Fig. 3a). Below 220 °C, the layer was found still
amorphous. At 340 °C, the first characteristic Bragg peaks of
crystalline ZnO appear at 2-theta of 31.7° and 36.1°, corres-
ponding to the (100) and (101) net plane of ZnO, respectively,

Dalton Trans., 2019, 48, 14178-14188 | 14181
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Fig. 2 FT-IR spectra of (a) 50 nm-thick MLD zincone layer right after deposition and (b) 27 nm-thick calcined MLD-derived ZnO treated up to
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Fig. 3 Zincone calcination as followed in situ by XRD (a) up to 400 °C;
(b) up to 600 °C with a long integration time; (c) calcined MLD-derived
ZnO as measured at room temperature. Bragg peaks originating from
ZnO and Si are indicated by their respective Miller indices.

as in the reference ZnO powder (26170-ICSD®?). Already
between 340 °C and 400 °C, the Bragg peaks, referring to ZnO,
increase in height, pointing out the growth of the ZnO crystal-
lites. In order to provide high-resolution scans in the tempera-
ture range where the crystallization takes place, XRD measure-
ments with long acquisition times were performed in the

14182 | Dalton Trans., 2019, 48, 14178-14188

temperature range between 360 °C and 600 °C (Fig. 3b).
Between 360 °C and 500 °C, the ZnO 100 and 101 diffraction
peaks were found to increase in intensity while simultaneously
decreasing in width, pointing out an increase in the crystallite
size. For temperatures above 500 °C, a small peak at 34.3° was
found corresponding to the diffraction at the ZnO (002) net
plane. It is worth noting that the 002 peak is shadowed by the
Si 200 diffraction peak and it is hypothesized to be present
already starting from 340 °C. The presence of the three
different Bragg peaks points out the polycrystalline nature of
the ZnO formed by calcination of the zincone layer. This is in
agreement with the study performed on the amorphous
zincone-like layers deposited by plasma enhanced ALD.*?
From the shape of the corresponding Bragg peaks, the crystal-
lite size was estimated according to eqn (2), with the aim of
representing the crystallite length perpendicular to the sample
surface as a function of temperature (see ESI, Fig. S4f). At
600 °C, the crystallite size was between 21 + 2 nm (for the
(100) planes) and 17 + 2 nm (for the (002) planes). The final
diffractogram of the calcined MLD-derived ZnO is reported in
Fig. 3c, as measured at room temperature, showing a clearly
polycrystalline ZnO. The presence of residual carbon was
excluded from the FT-IR measurement on the calcined MLD-
derived ZnO (Fig. 2b). In the spectrum, the C-H and C-O
stretching bands are absent, and the Zn-O stretching shifted
to 404 cm™ ", due to the formation of the crystalline lattice.®* It
is worth reporting that the SiO stretching band appearing at
1104 cm™" is due to the further oxidation of the ¢-Si substrate
(see ESI, Fig. S2t). When comparing the MLD zincone crystal
formation upon annealing in air to the one of the zincone-
like*> and pure ZnO® previously reported, the temperature at
which the Bragg peaks are formed/grow was found the same
and is therefore independent of the amount of carbon present
in the layer but only dependent on the ZnO matrix. This result

This journal is © The Royal Society of Chemistry 2019
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is different from what was previously reported for other
MLD-derived oxides, i.e., TiO,,"® where the carbon matrix was
found to inhibit the crystal formation.

XRR measurements were carried out to investigate the
evolution of the mass density and thickness of the zincone
layers upon calcination (Fig. 4).

For every measured XRR spectrum, the critical angle was
defined as the incidence angle where the intensity of the
reflected X-ray beam is half of its initial value. From the critical
angle, the electron density of the film was calculated.
Assuming an appropriate model for the chemical composition
of the thin film and the substrate material, the measured XRR
spectra could be fitted. While the electron density of the film
has a one-to-one correspondence to the critical angle in each
XRR spectrum, the mass density depends on the choice of the
chemical composition of the layer. The chemical composition
of the film changes during the temperature increase since
carbon and hydrogen are removed from the system, as wit-
nessed from FT-IR. There are two temperature regimes for
which the chemical composition can be predicted, namely
before and after calcination. The chemical composition of the
metalcone before calcination was chosen as ZnO,C,H, After
calcination, based on the FTIR data, a pristine ZnO model was
chosen to properly describe the film. The first fit was done at
room temperature with a zincone film model of the compo-
sition ZnO,C,H,. Since this first fit provided important initial
parameters for the further fits at higher temperatures, the
same zincone film model was used for the fits at higher
temperatures.

From the fitting, three parameters were calculated, namely
the layer thickness (Fig. 4a), the mass density (Fig. 4b) and the
layer roughness (Fig. 4c). The mass density increases with
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increasing temperature. Two regimes can be identified,
namely below 340 °C and above 340 °C. Below 340 °C, the
removal of the organic content accounted for an increasing
mass density of the film. This is confirmed by the drastic
decrease in thickness, going from 50 nm to 32 nm at 340 °C
(Fig. 4a). Above 340 °C, the crystallization of ZnO occurs,
causing a further and accelerated increase in mass density and
a further decrease in thickness, down to 52% of its initial
value. This agrees with the XRD measurements that show the
beginning of the crystallization at the same temperature. A
higher content of crystalline ZnO over non-crystalline ZnO
clearly increases the density of the film. Besides, the XRD
measurement showed the growth of the crystallite size mainly
between 340 °C and 500 °C. Growing crystallites cause a
decrease in cavities between crystal grains also resulting in an
increased mass- and electron density of the film. These results
suggest that, in order to have C-free crystalline ZnO, the calci-
nation temperature should be right above the crystallization
temperature of ZnO. The chemical composition of MLD-
derived ZnO calcined up to 400 °C confirmed this hypothesis.
FT-IR spectra of these layers (see the ESIT) showed no absorp-
tion of carbon functionalities, and, in turn, only partially crys-
tallized ZnO is present after calcination at 400 °C, with the Zn-
O lattice stretching absorption at 400 cm™'. Finally, when the
film is cooled to room temperature, the mass density
increases, with a final value of 4.5 g cm™>. This is related to
thermal expansion since the XRD data suggest no change in
the crystal structure and composition of the film within the
cooling process. Comparing the final value of mass density
with the one of bulk ZnO of 5.1 g cm™>, a total film porosity of
20% can be assumed. The roughness of the film (Fig. 4c)
increases with temperature mainly between 300 °C and 600 °C.
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1l1nm

(a) Thickness, (b) mass density, and (c) roughness calculated from the fit of the zincone calcination as followed in situ by XRR; the red

symbols refer to the layer after calcination measured at room temperature; the dashed red line indicates the temperature at which crystallization
occurs; (d) AFM pictures of the pristine zincone layer (25 °C) and after calcination at 400 °C and 600 °C. All the measurements were performed at
room temperature. The inserted scale bar represents a lateral dimension of 500 nm.
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This can be ascribed to the formation of cavities at the film
surface as well as to the crystallization process. This is con-
firmed by the AFM pictures recorded before and after calcina-
tion at different temperatures (Fig. 4d). The formation of crystal-
lites roughening the surface starts to be visible at 400 °C and it
is more evident at 600 °C, where the whole surface showed
regular structures attributed to the ZnO crystallites. The root
mean square deviation of the heights (,,s) and the autocorrela-
tion length in lateral dimension (T') were gained from fitting the
height-height correlation function (HHCF) calculated directly
from the AFM images with a Gaussian HHCF. For the investi-
gated samples (pristine, after calcination at 400 °C and at
600 °C), 6;ms Was determined to be 0.5, 0.6 and 1.3 nm, respect-
ively; correspondingly, T was evaluated to be 24, 26 and 40 nm,
respectively. Hence, the described roughening appears to be
accompanied by a lateral growth of structures on the surface
with increasing the temperature during calcination.

The transformation of the zincone to ZnO was also followed
by SE (Fig. 5).

Two critical regions can be identified. The film thickness
(Fig. 5b) and refractive index (Fig. 5a) are constant below
120 °C. At 120 °C, a dramatic drop in the film thickness and a
rapid increase in the refractive index were observed. The thick-
ness drop indicates a collapse of the hybrid structure inside
the film explained by the removal of the organic content of the
film. The sudden removal of carbon and hydrogen from the
film together with the collapse of the film structure is in line
with an increased electron density which explains the quick
increase in the refractive index at 120 °C. The thickness drop
occurred in the same temperature range as the one observed
with XRR, confirming the robustness of both models adopted.
Between 120 °C and 340 °C, the film thickness is slowly
decreasing which is mainly related to reorientation processes
of the remaining amorphous ZnO and further carbon and
hydrogen removal. The refractive index only slightly increases,
confirming that only minor rearrangements and residual
carbon removal occurred in this temperature range. At 340 °C
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the crystallization of the remaining ZnO started, in agreement
with the XRR and XRD measurements. Both the thickness and
refractive index abruptly changed due to the phase transition.
The film thickness continuously decreases with increasing
temperature up to 500 °C, where the crystallization ends. The
refractive index was found to increase, in agreement with the
increase in electron density also measured by XRR. When the
film was brought back to room temperature, no significant
changes in the film thickness could be measured by ellipsome-
try. The refractive index, however, was found to decrease. For
non-porous crystalline ZnO, the temperature dependency of the
below-band-gap refractive index at a wavelength of 630 nm is
on

or

. on
Fig. 5b, a temperature dependency of o7 = LA 10 * K ! was

reported to be in the range of —— = 0.8 — 0.9 x 10 * K 1.***° In

measured during the cooling process. Comparing the refractive
index to the electron density measured by XRR, the electron
density cannot be the determinant property for the decrease of
the refractive index while decreasing the temperature. Instead, a
decreased electronic polarizability is responsible for the behav-
iour of the refractive index while cooling. The difference
between the measured and literature values could arise from
the porous nature of the film, together with its polycrystalline
texture and possible residual impurities. The final refractive
index of 1.67 suggests the presence of porosity in the layer, con-
firming the hypothesis put forth from the XRR measurements.
In the literature, Liang et al.>® followed the weight loss of TiO,
nanoparticles coated with 1 nm-thick MLD zincone with
thermal gravimetric analysis, reporting similar temperature
ranges and supporting the in situ study so far.

Comparing the in situ study here reported with the previous
ones on zincone-like and pure ZnO layers, some differences
can be observed in the temperature ranges where the impuri-
ties are removed from the layers. When the layer shows crystal-
linity or oxidized carbon (included up to 7% in the layers),
removal of adsorbed gas or residual carbon starts between
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Fig. 5 Calcination of the zincone as measured by SE (a) refractive index and (b) thickness as a function of the calcination temperature.
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Fig. 6 GISAXS measurement of the MLD-derived ZnO layers calcined at
(a) 400 °C and (b) 600 °C; (c) interference peaks and their fitting with
Lorentzian functions in order to extract the peak width §; (d) a sketch of
the extracted distances in the porous structures after calcination.

170 °C and 230 °C. The inclusion of the oxidized C functional-
ities in a partially crystalline or amorphous ZnO increases the
energy necessary for its removal. ZnO crystallization starts at
340 °C, despite the amount of carbon present, as aforemen-
tioned. The polycrystallinity of ZnO starting from an amor-
phous layer is in agreement with the amorphous zincone-like
transformation, highlighting that in the absence of a seed
layer/crystallite with a specific orientation, the self-texturing of
ZnO will not deliver a specific orientation of the crystallites.

(c) Porosity in MLD-derived ZnO

In order to calculate the total and open porosity§ of the layers,
GISAXS and EP measurements were performed, respectively.
From GISAXS experiments performed on the samples cal-
cined at 400 °C and 600 °C, firstly, the (meso-)porous nature of
the thin films could be confirmed by the scattering maps exhi-
biting distinct peaks along the in-plane direction (Fig. 6c).
Secondly, by analysing the interference peaks close to the
specular direction (distance of the Kiessig fringes above the
beam stop in g,), a film thickness of ~30 nm could be deter-
mined for the sample calcined at 400 °C, in line with SE and

§ The total porosity comprises both open and closed porosity. Open porosity is
defined as all of the pores which are connected to the surface. Closed porosity is
defined as all of the pores which are included in the material matrix and do not

have access to the surface.”*”*

This journal is © The Royal Society of Chemistry 2019
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XRR measurements. The roughening of the surface (as also
confirmed by AFM) leads to the more distinct decrease of the
scattering intensity in the mentioned direction for the sample
calcined at 600 °C; no distinct Kiessig fringes were present and
the evaluation of the film thickness was not possible for the
respective sample. In the maps of the recorded scattering
intensities of the samples calcined at 400 °C and 600 °C,
respectively, the distinct interference peaks along the in-plane
direction are present due to the samples exhibiting a certain
kind of order in the lateral dimension; from them, the dimen-
sionalities of the porous structure could be assessed (Leroy
et al.”’). The peak positions correspond to average distances
(diotar) Of (28.8 £ 1.5) and (59.3 + 1.7) nm for the samples cal-
cined at 400 °C and at 600 °C, respectively. These can be attribu-
ted to overall domain sizes in the lateral dimension, comprising
both ZnO and pores (i.e., diotal = Azno + dpore, Se€ Fig. 6d). From
fitting the peaks with Lorentzian functions and extracting the
peak width § (inset of Fig. 6¢), one obtains the domain size of
the ordered domain, again, via the Debye-Scherrer equation d =
2n/6.® Hence, the ZnO domain size (dzno) was estimated to be
(20.6 = 0.8) nm for the sample calcined at 400 °C and (48 + 3)
nm for the sample calcined at 600 °C. The difference between
the distances calculated from the lateral peak position and the
peak width can, thus, be interpreted as a measure for the pore
diameter (dpore), (7.8 = 1.7) and (11.3 + 3.4) nm, respectively.

A sketch of the extracted distances in the porous structure
is given in Fig. 6d. Furthermore, from evaluating the Porod
invariant Q;,, and the fit of the Porod plot at large g, the
surface-to-volume ratio for the two samples was evaluated to
be 0.5 nm™" (400 °C) and 0.3 nm™" (600 °C).*® Although esti-
mating the measured area of the samples is not trivial, and in
turn a significant measure of the surface area is not possible,
this shows that the overall porosity of the zincone calcined at
400 °C is larger than the one of the sample calcined at 600 °C,
despite exhibiting smaller pores. Please note that GISAXS
probes the total porosity of the thin films and could only be
applied on an in-plane peak, thus, repeating porous structures
parallel to the substrate.

Complementing the total porosity evaluation, the determi-
nation of the open porosity can be measured with EP. This
kind of porosity is directly related to applications where the
material interacts with species present on the surface, e.g., fil-
tration membranes, bio- and gas-sensors, and photocatalysis.
In this study with EP, water was used as a probing molecule,
with a kinetic diameter of 0.27-0.33 nm.”**® In Fig. 7, the
adsorption isotherms and the relative pore size distributions
are reported.

Fig. 7a shows the refractive index variation upon exposure
to different relative humidity values. The shape of the iso-
therms suggests that ZnO is mesoporous, that is, with a pore
size distribution (PSD) within 2 nm and 50 nm in pore dia-
meter. The adsorption at very low humidity is solely attributed
to nanopores (elsewhere also called micropores),>"® and does
not represent the major water uptake in the isotherm, indicat-
ing a low amount of narrow pores. The condensation of water,
typical of mesoporous materials and resulting in a sudden

Dalton Trans., 2019, 48, 14178-14188 | 14185
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Fig. 7 (a) Variation of refractive index as a function of the relative

humidity for a MLD-derived ZnO obtained after calcination at 600 °C; (b)
adsorption isotherm for MLD-derived ZnO obtained at 400 °C and
600 °C; (c and d) pore size distribution (PSD) reporting the volume of
water adsorbed in the pores of the calcined layers at (c) 600 °C and (d)
400 °C. The thickness of layers was 32 nm and 27 nm for the layers cal-
cined at 400 °C and 600 °C, respectively.

uptake of the probe molecule, in the porosity of ZnO started at
a relative humidity of 70%. The high partial pressure at which
the condensation takes place indicates pores with a slit-shape,
while in the case of cylindrical pores the condensation would
usually occur at lower partial pressure (40-50%). Water uptake
was found to slow down when approaching condensation, but
a plateau was not found in the partial pressure range explored.
Moreover, the hysteresis between the adsorption and desorp-
tion branch is relatively small, and the desorption almost com-
pletely follows the adsorption branch. This kind of hysteresis
loop is typical of clay-like materials or sintered nano-par-
ticles.>® In the MLD-derived ZnO formed by calcination,
several crystallites oriented in different directions are growing
simultaneously and coalescing in time, possibly resulting in a
clay-like structure. The AFM picture of the MLD-derived ZnO at
600 °C (Fig. 5d) supports this hypothesis, clearly showing
periodical structures standing out of the surface. Eqn (3) was
applied to the adsorption branch of the MLD-derived ZnO cal-
cined at 400 °C and 600 °C and showed in Fig. 7b. The layer
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calcined up to 600 °C showed a porosity value of 12.6 + 0.5%,
while the one calcined at 400 °C showed a value of porosity up
to 19.6 = 0.5%, in line with the surface-to-volume ratios calcu-
lated from the GISAXS maps. The temperature can therefore be
used as a parameter to tune the pore content, because it
directly affects the packing and dimension of the crystallites
and, in turn, the free volume in the ZnO films. Moreover, the
nanoporosity is affected by the calcination temperature, as
shown in the inset in Fig. 7b. However, the low values achieved
(0.5% and 1.3% as measured at 30% relative humidity for the
layers calcined at 600 °C and 400 °C, respectively) point out
that this method cannot deliver significant amounts of nano-
porosity. It is worth reporting that this is a slight underestima-
tion of the total open porosity, especially in the mesoporous
region at very high partial pressure. The high polarity of water
and the high affinity with the material cause a strong multi-
layer adsorption, interfering with the ellipsometry measure-
ments. In the literature, porosity in hydrolyzed zincone was
reported by Peng et al>' and MLD-derived ZnO obtained by
calcination was reported by Liang et al*® Transmission elec-
tron microscopy and AFM carried out on the hydrolyzed
zincone layers suggested the presence of nano-scale porosity
due to the degradation of the zincone layers upon exposure to
the atmosphere, although no further chemical characterization
and a specific analysis of the porosity were performed. Instead,
the calcined MLD-derived ZnO was characterized by nitrogen
sorption. In the study, the surface area obtained by calcined
zincone was suggested to be limited by the crystallization of
ZnO. In our work, we demonstrate that the crystallization
indeed lowers the available open porosity but can additionally
be tuned by acting on the temperature, knowing that the crys-
tallization occurs at 340 °C. In the literature, crystalline oxides
with very limited porosity have been achieved by calcination in
air, so far. Van de Kerckhove reported on MLD-derived
titania’” and vanadia®® annealed under different atmospheres.
Annealing in air delivered very limited porous titania (2%) and
nonporous vanadia as measured by EP. While not achieving
the high porosity of MLD-derived alumina,'***> MLD-derived
ZnO can be produced with sufficient porosity to be adopted in
photocatalysis and sensing applications.

Applying the Kelvin equation (eqn (5)), the PSD can be calcu-
lated. In Fig. 7c and d the PSD of the MLD-derived ZnO is
reported for layers calcined at 600 °C and 400 °C, respectively.
At 600 °C, the PSD is wide and with a maximum at a pore width
of 4.6 nm. Instead, at 400 °C the PSD is sharper and shifted at a
lower pore size, namely 3.2 nm. This result confirms the relative
difference in the pore dimension as measured from GISAXS.
The crystallization of ZnO, with crystallite coalescence and
growth, creates lower open porosity but wider pores, showing
the possibility to control, to a certain extent, the pore size.

4. Conclusions

The development of porosity and crystallinity upon the calcina-
tion of MLD zincones into ZnO is investigated. Zincone layers

This journal is © The Royal Society of Chemistry 2019
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were deposited by means of MLD adopting EG and DEZ as pre-
cursors and the process and the material characteristics were
studied in detail. The zincone layers were subsequently cal-
cined in air up to 400 °C and 600 °C at a rate of 200 °C h™". In
situ techniques, namely XRD, XRR, and SE, were adopted to
gather insights into the transformation of the zincone layers
into ZnO. The removal of the carbon functionalities related to
the EG was found to occur starting from 120 °C, causing a
reduction of the thickness and an increase of the mass density
and refractive index. At 340 °C, the crystallization of the ZnO
was found to start and a polycrystalline texture developed,
showing (100), (002), and (101) planes as measured by XRD. At
this temperature, a drastic change of the physical-chemical
properties was measured, and no carbon content was detected
by means of FT-IR. The final mass density (4.5 g cm™®) and
refractive index (1.67 at 633 nm) are below the ones of bulk
ZnO, suggesting the presence of porosity.

In order to define the amount of closed and open porosity
in the layer, GISAXS and EP measurements were performed,
respectively. The calcination temperature can be used to control
the open pore content and pore size distribution in the layers.
With GISAXS, layers deposited at 400 °C showed a higher surface-
to-volume ratio (0.5 nm™") and a lower pore size of (7.8 + 1.7) nm
compared with a calcination temperature of 600 °C, which
showed a lower surface-to-volume ratio (0.3 nm™") and a larger
pore size of (11.3 + 3.4) nm. With EP, a porosity up to 19.5% was
found. Layers deposited at 400 °C show a higher pore content
(19.5%) and a lower mean pore size (3.2 nm), while adopting
temperatures up to 600 °C a lower pore content (12.6%) and a
higher mean pore size (4.6 nm) can be achieved. These results
may open new applications for the MLD-derived ZnO in the
fields of photocatalysis and bio- and gas-sensing.
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