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ABSTRACT

High purity porous ZnO nanopyramids with controllable properties are grown on their tips on
Si(100) substrates by means of a catalyst-free vapor phase deposition route in a wet oxygen
reaction environment. The system degree of preferential [001] orientation, as well as
nanopyramid size, geometrical shape and density distribution, can be finely tuned by varying the
growth temperature between 300 and 400°C, whereas higher temperatures lead to more compact
systems with a three-dimensional (3D) morphology. A growth mechanism of the obtained ZnO
nanostructures based on a self-catalytic vapor-solid (VS) mode is proposed, in order to explain
the evolution of nanostructure morphologies as a function of the adopted process conditions. The
results obtained by a thorough chemico-physical characterization enable to get an improved
control over the properties of ZnO nanopyramids grown by this technique. Taken together, they
are of noticeable importance not only for fundamental research on ZnO nanomaterials with
controlled nano-organization, but also to tailor ZnO functionalities in view of various potential

applications.

KEYWORDS: ZnO; nanopyramids; vapor deposition; growth mechanism, photolumiscence.
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INTRODUCTION

ZnO, a biosafe II-VI semiconductor with a wide band gap (Eg = 3.4 eV),'® low cost and
remarkable stability,”"* has been the subject of an ever increasing interest since the 1930s, with a

research peak at the end of the seventies.'* This flourishing attention has been stimulated by the

15-20 -

unique zinc oxide properties, including the large exciton binding energy (60 meV)' %!

and

the spontaneous piezoelectric polarization,**® due to the stacking of alternating O*~ and Zn**

planes along the ¢ axis of the hexagonal wurtzite structure.''=%

The tailoring of zinc oxide chemical, physical and functional properties as a function of the size

and shape of ZnO building blocks offers a huge possibility for a variety of technological end-

uses.”***  The latter encompass, among others, transparent conducting oxides,”'*"

2,46 30,39

(photo)catalysts for various processes,”>>**** light emitting diodes®*® and lasers, electrodes

5,36,48-50

for dye-sensitized"'"****’ and photoelectrochemical cells, nanostructured films with for

30,38,51-52

anti-fogging and self-cleaning applications, as well as nanoscale transducers, field

1,13,16,53

emitters, resonators and solid state gas sensors.''***® Therefore, various preparation

15,26,28,54-55 33,42,45,53,56

routes (from wet chemical approaches, to hydrothermal/solvothermal

15,22,44,50,57

processes, electrodeposition,”**®

40,59

atomic layer deposition, chemical vapor

deposition (CVD)'"'*2*2841 and evaporation'>="*"*

) have been proposed to fabricate ZnO-
based systems with tailored morphologies and dimensional scales from micro to nano-level, with
the aim of increasing their performances."*® In this regard, beside morphology, the defect content
and active area significantly affect the properties of ZnO nanomaterials for a variety of
technological applications.''¢-3%-60-¢1

The huge renaissance experienced by zinc oxide research from the mid-1990s has been

stimulated by the possibility of growing a wide range of low-dimensional nanosystems
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(including, but not limited to, nanowires, nanotubes, nanobelts, nanorings, nanosprings,

3,10,31,36,

hierarchical architectures and so on), 4355 demonstrating that ZnO exhibits the richest

9,61

variety of morphologies among inorganic materials.”” Nonetheless, despite ZnO nanostructures

have been investigated extensively up to date, the growth of materials with tuned spatial

organization, high surface area and porosity is still not completely satisfactory'*® and represents

15,45,54

an important challenge for modern material science. In particular, the preparation of

supported ZnO nanoarchitectures with precise structure and shape control, as well as the
understanding of their growth mechanism, may open up new directions towards the introduction
of novel properties and functionalities and meet the requirements of next-generation device

fabrication.”’ In this regard, most of the work done so far has concerned arrays of 1D ZnO

8,10,47,49-50,53,57

systems grown on specific substrates whereas relatively few papers have reported

on the growth of ZnO pyramids and cone-shaped structures, although the latter are highly

desirable for many applications.'®***” To date, the obtainment of ZnO-based nanopyramids has
y app pyr

7,11,21,25,35,56

been most reported in a powdered form, whereas only a few reports have described

13,37,62

their fabrication as supported systems with upward pointing tips and a very high density on

18,23

the growth substrate. Nevertheless, supported systems stand as a more attractive choice for

functional applications, thanks to the lower tendency to sintering and/or deactivation and to the
possibility of being directly integrated into functional devices.**'>*

In this work, we report on the successful fabrication of ZnO nanopyramids with downward
pointing tips without the use of any seed/buffer/catalyst layer, at variance with previous reports
on the growth of ZnO nanomaterials.*®*">***°7 The target pyramids have been obtained by a

simple one-step chemical vapor deposition (CVD) route, which, beside the scalable advantages

due to its industrial character, enables a high control on the purity, crystallinity and morphology
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of the resulting ZnO nanostructures.'*® The system chemical composition, structure, nano-
organization and optical properties were characterized as a function of the adopted deposition
temperature, a key parameter enabling to finely tailor the system features. The experimental
findings and growth mechanism presented and discussed in this work for the obtained ZnO
nanostructures might shed light on the physical insights governing the shape-controlled

formation of ZnO nanosystems.m’26

To the best of our knowledge, the present work reports the
first example appeared so far in the literature for the CVD of ZnO nanopyramids protruding from

the substrate surface with their tips.

EXPERIMENTAL SECTION

Synthesis. ZnO depositions were performed in a home-made thermal-CVD apparatus consisting
of a tubular furnace equipped with a quartz tube reactor.*® In each experiment, Zn(hfa),» TMEDA
(hfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate; TMEDA = N,N,N’ . N’-
tetramethylethylenediamine), adopted as Zn precursor,”” was placed in an external glass vessel
and heated at 80°C by means of an oil bath and transported into the reaction chamber by means
of electronic grade N, (flow rate = 100 sccm). The gas lines connecting the precursor vessel and
the reactor were heated at 120°C throughout each growth experiment, in order to avoid
detrimental condensation phenomena. An auxiliary electronic grade oxygen flow (rate = 30
sccm) was introduced separately into the reaction chamber after passing through a water
reservoir maintained at 30°C. Depositions were performed on p-type Si(100) substrates
(MEMC®, Merano, Italy, 15 mm x 15 mm x 1 mm), subjected to a previously described pre-
cleaning procedure.® The total pressure was set to 3.0 mbar, and the CVD process carried out for

120 min adopting deposition temperatures (T4) between 300 and 500°C.
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Characterization. Glancing incidence X-ray diffraction (GIXRD) patterns were recorded at a
fixed incidence angle of 1.0° by means of a Bruker D8 Advance diffractometer equipped with a
Gobel mirror, using a CuKa X-ray source powered at 40 kV and 40 mA.

X-ray photoelectron spectroscopy (XPS) analyses were carried out by a Perkin-Elmer @ 5600ci
instrument using a standard MgKa radiation (hv = 1253.6 ¢V), at working pressures < 10™ mbar.
The element binding energy (BE) values (uncertainty = +0.2 eV) were corrected for charging
effects by assigning a position of 284.8 eV to the Cls signal arising from adventitious
contamination.** Atomic percentages (at. %) were calculated through peak integration, using
standard PHI V5.4A sensitivity factors. Ar’ sputtering was carried out at 3.5 kV, with an argon
partial pressure of 5x10™° mbar. The Zn Auger parameter was calculated as previously
reported.”***

Field emission-scanning electron microscopy (FE-SEM) images were collected using a Zeiss
SUPRA 40 VP apparatus. Plane-view and cross-sectional micrographs were recorded with a
primary beam voltage of 10 kV. The mean nanoaggregate size and deposit thickness values were
estimated by using the Image]® (http:/imagej.nih.gov/ij/, accessed September 2017) picture
analyzer software. Growth rates as a function of deposition temperatures were calculated by
dividing the measured thickness values (in nm) by the adopted deposition time (in min).
Cross-sectional samples suitable for transmission electron microscopy (TEM) observations were
prepared by an initial mechanical polishing, using an Allied Multiprep System with diamond-
lapping films, down to a thickness of approximately 20 pum, followed by Ar’ ion milling by
using a Leica EM RES102 apparatus, with acceleration voltages up to 4 kV and incident beam
angles between 6° and 11°. Low and high magnification high angle annular dark field-scanning

transmission electron microscopy (HAADF-STEM) images and energy dispersive X-ray

ACS Paragon Plus Environment

Page 6 of 28



Page 7 of 28

oNOYTULT D WN =

Crystal Growth & Design

spectroscopy (EDXS) elemental maps were acquired using an aberration corrected cubed FEI
Titan electron microscope operated at 300 kV, equipped with the ChemiSTEM system.®> A
probe convergence semi-angle and a detector collection inner semi-angle of 21 mrad and 55
mrad, respectively, were used for image acquisition.

Room temperature photoluminescence (PL) measurements were carried out by a Fluorolog-3
(SPEX Inc.) spectrometer with an excitation wavelength of 330 nm. Fluorescence spectra were
measured at 90° to the excitation beam and were corrected by using a correction function

supplied by the manufacturer.
RESULTS AND DISCUSSION

The chemico-physical properties of ZnO samples were investigated as a function of the adopted
growth temperature, a parameter playing a crucial role in determining the characteristics of the

fabricated nanomaterials.?>>

The system phase composition and crystallinity were investigated
by GIXRD analyses (Figure 1). As a general trend, the observed diffraction peaks displayed a
high intensity and a narrow spectral width, confirming the high phase purity and good crystalline
nature of the obtained nanosystems.>* All the observed reflections could be indexed according to
the hexagonal ZnO wurtzite (P6smc) crystal structure (¢ = 3.249 A; ¢ = 5.206 A).'1243-3466
Under the adopted preparation conditions, the minimum temperature for the obtainment of
crystalline wurtzite was 300°C, since preliminary growth processes at lower temperatures did not
yield any appreciable diffraction peak. All the patterns were characterized by the presence of a
main reflection at 23 = 34.4°, corresponding to (002) ZnO planes. A comparison of the relative
signal intensities with respect to those of the reference powder spectrum indicated an appreciable
17.24-25,40.47.62

[001] preferential orientation, as often reported for wurtzite ZnO nanosystems.

Calculation of the ratios between (002) and (101) signal intensities indicated that the highest
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orientation degree occurred for samples deposited at intermediate temperatures (350—400°C, see
Supporting Information (SI), Figure S1), the ones also characterized by the higher growth rates
(SL, Figure S2). As can be observed in Figure 1, for the same specimens the (100) reflection
intensity became negligible, and, in particular, it was completely absent for a deposition
temperature of 400°C, the sample presenting the highest [001] orientation degree. This
observation suggested that the majority of nanopyramids were perpendicular to the substrate

surface, in line with TEM results (see below).

(002)
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20 25 30 35 40 45 50
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Figure 1. GIXRD patterns of ZnO nanosystems synthesized at different growth temperatures.

The surface chemical composition of the target ZnO nanomaterials was investigated by XPS.
Figure S2, SI shows wide-scan surface XPS spectra of selected ZnO systems, which were
dominated by zinc and oxygen photopeaks. Carbon presence (typically < 20 at.%) was attributed
to adventitious surface contamination due to atmospheric exposure, since the Cls signal fell to

noise level after a few minutes of Ar’ sputtering. Irrespective of the process conditions, the
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Zn2ps;; (Figure 2a) and Zn3p positions (BE = 1021.8 and 88.9 eV, respectively) were in line

with literature values for

oNOYTULT D WN =

11 (a) Zn2p;;,

N
Intensity (a.u.)

23 1 I LI I LI I LI I LI
24 1026 1024 1022 1020 1018
25 BE (eV)

Intensity (a.u.)

39 TTTTT T TT T TT T TTT[TTT[T
40 538 536 534 532 530 528 526
BE (eV)

45 Figure 2. Surface Zn2p;, (a) and Ols (b) photoelectron peaks for representative ZnO systems
synthesized at different growth temperatures. In each case, the spectral intensity has been

48 normalized for comparison purposes.

5,28,58
Q.=

pure Zn The finger print of zinc(II) oxide occurrence was provided by the evaluation of

53 . . . .
54 the Auger a parameter (o = 2010.3 eV), in excellent agreement with previous literature data.**%7

56 The surface Ols signal (Figure 2b) resulted from two concurrent contributions: (I), located at BE
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=530.3 eV and attributed to Zn-O-Zn bondings of the oxide phase; (II), centered at BE = 531.9
eV, assigned to surface —OH groups, whose presence is typically observed on a ZnO surfaces.”*
Accordingly, the O/Zn surface ratio (typically close to 1.3) was slightly higher than 1, the value
expected for stoichiometric ZnO.

A first insight into the system morphology was gained by plane-view and cross-sectional FE-
SEM micrographs (Figure 3), that revealed a significant evolution of the material nano-
organization as a function of the growth temperature. For T4 < 400°C, the specimens displayed
an anisotropic growth, characterized by nanoyramidal aggregates with tips pointing towards the
substrate surface. These nanopyramid arrays are characterized by a high homogeneity and an
appreciable porosity. A detailed inspection of these micrographs confirmed that the base of the
pyramids is very close to a regular hexagon, as recently reported for powdered ZnO synthesized

1124344245 and for supported ZnO systems obtained by CVD." Upon

by solution approaches
increasing the growth temperature (Tq > 400°C), the system underwent a progressive
densification, leading to a lamellar texture at 450°C and, ultimately, to a globular morphology at
500°C, in line with the progressive decrease of the [001] orientation testified by XRD analyses
(see above and Figure S1, SI). Correspondingly, the film thickness, after achieving a maximum
value of (260+£50) nm for T4 = 350°C, decreased down to (60£5) nm for T4 = 500°C. Figure S3,
SI reports the Arrhenius plot of the obtained growth rates, whose maximum value occurred at Ty
= 350 °C (= 2 nm/min). In particular, for T4 < 350°C a surface reaction limited regime took
place,®® whereas for T4 > 350°C the increased thermal energy supply promoted the formation of a
higher number of nucleation sites at expenses of deposition on the already formed ones. As a

result, thinner nanodeposits with more densely packed grains are indeed observed.”’

The influence of the deposition temperature (T4) on the material morphology can be further

ACS Paragon Plus Environment
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54 Figure 3. Plane-view and cross-sectional FE-SEM micrographs for ZnO nanosystems fabricated

56 at different growth temperatures.
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(b)

Zn Si

Zn O Zn 8l O

Figure 4. TEM characterization of a ZnO sample fabricated at 300°C. (a) High resolution
HAADF-STEM image of a ZnO crystal, oriented along the [010] zone axis.®® The exposed
{101} facets are indicated by the white lines. (b) Fourier transform (FT) pattern of the crystal in
(a). (c) High resolution HAADF-STEM micrograph of a part of a ZnO crystal. (d) HAADF-

STEM image and corresponding EDXS elemental maps revealing the elemental distribution.

investigated by using the zone model proposed by Movchan and Demchishin.®® In particular, the

ACS Paragon Plus Environment
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calculation of the homologous temperature T, = T¢/Tp, (Tr, ZnO melting temperature = 2248 K),
yielded the following Ty values: 0.25 (T4 = 300°C), 0.28 (T4 = 350°C), 0.30 (T4 = 400°C), 0.32
(Tg = 450°C) and 0.34 (T4 = 500°C). The observed morphologies are in line with the model
predictions, according to which porous columnar structures are expected for Ty, values below 0.3.
On the other hand, upon increasing the growth temperature up to 500°C, the occurrence of a

denser deposit is in good agreement with model prediction of coalesced grains.

Figure 5. TEM characterization of a ZnO specimen fabricated at 400°C. (a) High resolution
HAADF-STEM image of a ZnO crystal, oriented along the [010] zone axis.®® The exposed
{101} facets are indicated by the white lines. (b) FT pattern of the region in (a). (c) High
resolution HAADF-STEM micrograph of a part of a ZnO crystal.

In order to investigate in detail the system structure at the nanoscale, HAADF-STEM and EDXS
analyses were carried out on selected specimens fabricated at T4 = 300°C and 400°C. Figures 4

and 5 display HAADF-STEM (Z-contrast) overview images of both samples in cross-section,

ACS Paragon Plus Environment
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together with EDXS elemental maps for Si, Zn and O, revealing the Si//ZnO stacking. Low
magnification STEM images show that the nanopyramids characterizing the two deposits have a
different height, and in particular 200 and 70 nm for the specimens grown at T4= 300 and 400°C,
respectively. The presence of dark-contrast voids in the ZnO crystals (see Figures 4a and 5a),
highlights a certain system porosity.

The pertaining Fourier transforms (FTs) of the crystals (Figures 4b and 5b) could be indexed
according to the hexagonal ZnO phase,®® in line with the previously discussed XRD data. Figures
4c¢ and Sc report higher magnification images, highlighting that most of ZnO crystals are oriented
along the [010] zone axis, with the [001] orientation being almost perpendicular to the substrate.
For both samples, the exposed lateral facets are the {101} ones (compare Figures 4a and 5a).
Basing on the obtained data, a schematic representation of the main structural features of the

ZnO pyramids on the Si substrate is presented in Figure 6.

00..0.00.0’0000..0000‘0‘00000000‘.0.0600000.’000.0..00
8888888888888 888888888s s $888888888¢88¢88¢888¢888 S 8
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8 888888888888 s 88 EEssssEEEEeEsEseEeEesessssesssssssssssse
8888888888888 88 8888 ssssssesssssssssesssssssssssssss
888888888888 EEEEEEESEsEEEEEEEEEEEEEEEEEEEEEEEEEEESEEESEE o
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0
®©ro11] @ Si

Figure 6. Schematic representation of the main structural features of ZnO pyramid arrays. The
pyramidal ZnO structures are grown with their [001] axis almost perpendicular to the Si(100)

surface and the exposed {101} facets are marked by the black lines in one of the pyramids.
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A detailed literature analysis has evidenced the presence of a previous work®’ concerning the
obtainment via an evaporation route of hexagonal pyramids with a morphology similar to the
present one, despite with a less ordered orientation. The authors provide an explanation for this
peculiar nano-organization, involving the synergistical occurrence of a vapor-solid (VS)
mechanism and the growth according to a preferential orientation (i.e., the [001] one). In a
different way, the classical vapor-liquid-solid (VLS) process, typically observed in the presence
of metal particles intentionally deposited on the growth surface,” which act as catalysts for the
subsequent nucleation and growth of the target nanostructures, can be unambiguously ruled out
under the adopted experimental conditions.

In the present case, the used reaction atmosphere contains water vapor, whose presence promotes
the activation of the used Zn precursor (Figure 7a). In fact, hydroxyl groups arising from the
dissociative chemisorption of water molecules on the growth surface favor the decomposition of
the P-diketonate precursor, opening the chelate cycles and resulting in the subsequent
elimination of ligands in the enolic form.”*”’” In the present case, —OH groups also promote the
preferential growth of ZnO nanostructures along the ¢ axis. This phenomenon can be explained
by considering the wurtzite-type structure of zinc (II) oxide, formed alternating planes of Zn and
O atoms along the ¢ axis.”**>** This arrangement produces a spontaneous polarization along the
¢ axis, which, in turn, triggers an anisotropic growth along the [001] direction. This effect is
additionally promoted by water supply during the deposition, inducing a preferential interaction
of —OH groups with Zn(II) centers present on (001) surfaces, which further favor the precursor
decomposition on these planes and a faster growth along this direction.

Figure 7b proposes a sketch of the decomposition mechanism of the Zn precursor in the presence

of water vapor on Si(100) substrates. After the initial formation of the first nucleation centers

ACS Paragon Plus Environment
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Figure 7. a) Schematic representation of the decomposition mechanism of the Zn(hfa),*TMEDA

precursor on a Si(100) substrate in a reaction environment containing water vapor. The [3-
diketonate and TMEDA ligand are indicated by L and L’, respectively.” For sake of simplicity,
only the elimination of one hfa ligand is shown. b) Sketch of the three steps involved in the
growth of the ZnO nanopyramids obtained in the present work. The <001> orientation is marked

for clarity.

(stage 1), which activate the subsequent growth process, the formation of nanostructures strongly
oriented along the [001] direction (as discussed above basing on the obtained experimental
results) is observed. In this regard, the pristine nuclei become progressively larger and undergo

an anisotropic abnormal grain growth process,’’ resulting in the development of bullet-shaped

ACS Paragon Plus Environment
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structures (stage 2). Such anisotropic growth can be traced back to the different crystal plane
surface energy, which is much higher for (001) ones with respect to the other facets.”"

As a consequence, [001] becomes the fastest grain growth direction, along which the bullet-
shaped structures continue to grow. Subsequently (stage 3), isotropic growth becomes
competitive with the above discussed anisotropic one, and ZnO pyramids are formed from the
large and hexagonal top plane grown at the final stage along the [001] direction. The final results
in the development of arrays of ZnO pyramids, whose packing is directly affected by the actual
temperature of the growth surface. It is worthwhile highlighting that the proposed growth
mechanism is indeed significantly influenced by the adopted deposition temperature. For T <
400°C, XRD analyses (see above) indicate the development of a preferential <001> orientation,
which is progressively more enhanced upon going from T = 300°C to T = 400°C. At T > 400°C,
three-dimensional isotropic growth becomes progressively predominant with respect to the one
along the [001] direction, both for the enhanced thermal energy supply and the less efficient
chemisorption of water molecules, which results in a lower preferential orientation degree.”"
These variations are reflected by a well evident modification in the morphology of the target
systems, which, at T = 500°C, appear as more compact three-dimensional systems.

As demonstrated by the experimental results presented so far, the obtained hexagonal pyramids
possess various unique features, including: 1) the uniform shape, delimited by smooth surfaces;
i1) the well-defined tips, which could be promising for eventual applications in field emitters; iii)
the presence of a high porosity, as evidenced by the dark-contrast voids in the above discussed
TEM micrographs. The enhanced surface area nanoarrays (see also Figure S4, SI) might result to
be attractive candidates for the fabrication of gas sensors and photocatalysts for a variety of end-

uscs.
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The optical properties of ZnO nanosystems deposited at different temperatures were investigated
by PL measurements (Figure 8). As can be observed, all the spectra were characterized by a
prominent peak in the UV region (A = 380 nm), with a remarkable tailing into the Vis region.
This main contribution could be assigned to the near band-edge emission typical of ZnO,
whereas the tailing was ascribed to material defectivity.****"* A comparative inspection of the
spectra as a function of the growth temperature highlighted a slight red shift of the main peak
(from 375 up to 380 nm) upon decreasing the growth temperature, along with a progressive
increase of the tail magnitude, suggesting a lower optical quality and an increase of the material
defectivity , which could be related to the higher degree of porosity present in the ZnO crystals
grown at lower temperature.”® On the other hand, the presence of surface and/or bulk defects,
along with the balance between recombination/trapping of the photogenerated carriers, is known

to be of utmost importance in the developed materials for gas sensing and photocatalysis.®®"

— 300°C

Intensity (a.u.)

I T T T I T T T I
360 380 400 420 440
wavelength (nm)

Figure 8. Representative PL spectra of ZnO specimens grown at different temperatures.
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CONCLUSIONS

Arrays of supported ZnO nanopyramids with downward pointing tips and a hexagonal base were
obtained on Si(100) substrates by means of a CVD process. The proposed synthetic strategy is
cheap and simple with a high yield and, in principle, could be amenable for an eventual scale-up.
The obtained experimental data indicated a high purity, crystallinity and optical quality for the
target ZnO nanomaterials, which possess tunable morphologies as a function of the adopted
growth temperature. The highest degree of <001> orientation was observed at optimal growth
temperatures of 350—400°C, corresponding to the most pronounced pyramidal morphology.
Detailed structural analyses enabled to propose a phenomenological growth model, based on a
direction-conducting growth and a vapor-solid (VS) mechanism, directly influenced by the
adopted substrate temperature.

The present results highlight how the powerful combination of complementary analytical
techniques enables to investigate the complex interplay between nanosystem morphology and
processing conditions. In perspective, the obtained ZnO nanopyramidal arrays are expected to
provide novel insights for various potential applications, from light emitting diodes to field

emitters and AFM probes, up to solid-state gas sensors and photocatalysts.
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Controlled growth of supported ZnO inverted nanopyramids with downward pointing tips

Davide Barreca, Giorgio Carraro, Chiara Maccato,* Thomas Altantzis, Kimmo Kaunisto, and

Alberto Gasparotto™

Si(100)

The fabrication of supported ZnO nanopyramids with hexagonal bases and downward pointing
tips is performed by a catalyst-free vapor phase process. A possible growth mechanism is
proposed to explain the formation of the target structures under the adopted conditions. The
system morphology can be finely tuned through controlled variations of the growth temperature,

a key result for eventual technological applications.
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