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ABSTRACT

The ability to form ZnO nanowire arrays with dedicated morphological properties is crucial for the development of
efficient piezoelectric devices such as piezoelectric nanogenerators and sensors. However, their integration
typically requires the use of metallic seed layers for their synthesis by chemical bath deposition, from which their
morphological control is still very limited. In this context, the formation mechanisms of ZnO nanowires from Au
seed layers are carefully investigated for different precursor (i.e. zinc nitrate and hexamethylenetetramine)
concentrations in the range of 1 to 100 mM, where drastic variations of the morphological properties are observed.
By coupling in situ pH measurements and thermodynamic computations, we perform an in-depth analysis of the
thermodynamic properties of the chemical bath, where the predominent role of the NOs™ ions in the evolution of
the pH of the chemical bath is revealed. An original approach is further developed to carefully determine the
hydrolysis ratio of HMTA molecules, which is found to vary in the range of 20 — 45 % with the precursor
concentration, and to directly impact the supersaturation ratio of Zn(Il) species. From these results, we identify the

presence of three different growth regimes depending on the precursor concentrations, each of them giving rise to



ZnO nanowire arrays with specific morphological properties. These results highlight the critical importance of the
thermodynamic properties of the chemical bath in the formation process of ZnO nanowires from Au seed layers,
and provide key elements of understanding to efficiently optimize their morphology for their integration into

piezoelectric devices.



1. INTRODUCTION

Devices based on the piezoelectric effect of nanostructures such as piezoelectric nanogenerators (PENGs) and
sensors have received a large interest over the last 15 years.!™ In particular, zinc oxide (ZnO) nanostructures have
gained a broad attention for their integration into such devices, as ZnO benefits from the advantages of being an
abundant and biocompatible wide band-gap semiconductor (3.37 eV at room temperature) with relatively high
piezoelectric constants (e33 = 1.34 C/m? and e3; = -0.57 C/m?).® By using nanostructured ZnO in the form of
vertically aligned, high aspect ratio nanowire (NW) arrays presenting sufficient surface densities, the piezoelectric
effect is further significantly enhanced as compared to the use of bulk ZnO or thin films.” The resulting PENGs
integrating such morphologically controlled ZnO NW arrays encapsulated in a polymer matrix between two
metallic electrodes have the potential to autonomously supply low-power miniaturized portable devices in the range
of the milliwatts.> Among the wide variety of physical and chemical deposition methods used for the synthesis of
ZnO NWs,3!* chemical bath deposition (CBD) has gained much popularity as a low-temperature and low-cost
scalable process compatible with any kind of rigid and flexible substrates.'>'® CBD is a liquid phase growth method
where the substrate is immersed in a sealed reactor containing an aqueous solution of appropriate chemical
precursors, usually zinc nitrate (Zn(NQOs);) and hexamethylenetetramine (HMTA) in the case of ZnO synthesis,
which is then heated at low temperature (< 100 °C) for several hours to activate the crystallization. To promote the
heterogeneous nucleation of ZnO on the substrate and to ensure the formation of sufficiently dense arrays of ZnO
NWs, a seed layer is typically pre-deposited on its surface. While polycrystalline thin films composed of ZnO
nanoparticles are most commonly used as seed layers to obtain ZnO NW arrays with controlled morphologies,'”'®
metallic thin films acting as bottom electrodes such as polycrystalline Au are typically considered when integrating
these NW arrays into piezoelectric devices due to the Schottky nature of the ZnO/Au interface, which is required
to prevent current leakage through the device.>!”?! Despite the presence of several studies successfully integrating
ZnO NW arrays grown from Au seed layers into PENGs,?*??? their morphological control remains challenging
and a deeper understanding of their formation mechanisms should thus be attained to obtain highly oriented ZnO
NW arrays with optimal morphological properties for their efficient integration into piezoelectric devices.

In this context, our previous work thoroughly investigated the nucleation pathways of ZnO through the
modification of the Au seed layer morphology.?! We demonstrated that the nucleation of the c-axis oriented ZnO

NWs is typically performed through their heteroepitaxy on top of the (111) Au free surfaces located on top of the



<111>-oriented grains to form a primary population of vertically aligned NWs. However, we also revealed the
presence of a secondary population of ZnO NWs highly disoriented of around 20 ° with respect to the normal to
the substrate surface — and thus detrimental for the performance of the piezoelectric device, which is presumably
formed through the nucleation of ZnO on the (211) facets of Au grains.?! To reach ZnO NW arrays with optimized
morphological properties, various works have further studied the influence of different growth parameters on the

morphological properties of ZnO NWs grown by CBD from Au seed layers, such as the chemical bath
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temperature,’>?*?° the growth time,?>?** the introduction of additives, or the precursor concentrations.
For instance, Xu et al. observed a strong variation of the ZnO NW density with precursor concentrations, reaching
a maximum of more than 1 NW/um? for Zn(NOs), and HMTA concentrations of 5 mM.?* Additionally, they noticed
a significant increase of the surface area coverage of the ZnO NW array with precursor concentrations, suggesting
a strong increase of the NW diameters. In another study, Xu et al. optimized the aspect ratio of the ZnO NWs
through a statistical design of experiments where several growth parameters were varied simultaneously.”> They
showed that the aspect ratio can be greatly enhanced from around 10 — 14 with no particular optimization to 22.3
when the CBD is performed with 1 mM of precursor concentrations at 80 °C and during 30 h. Furthermore, it can
be noted that the introduction of additives such as ammonia (NH3) in the chemical bath can drastically affect the
morphological properties, as revealed by Boubenia et al. where the introduction of NHj3 led to variations of ZnO
NW densities within two orders of magnitude.?” However, these systematic studies, while providing valuable
information on optimal growth parameter values, have not identified the physico-chemical processes at work during
the CBD of ZnO NWs that could explain the morphological variations observed.

In this work, we investigate the influence of the precursor concentrations, a key growth parameter in the
formation of ZnO NWs grown by CBD from Au seed layers. Zn(NOs), and HMTA precursor concentrations are
varied in equimolar proportions from 1 to 100 mM and the morphological properties of the obtained ZnO NW
arrays are thoroughly analyzed from field-emission scanning electron microscopy (FESEM) images. To gain more
insight into the physico-chemical processes at work during the CBD, in sifu pH measurements are carried out and
coupled with thermodynamic computations. From these data, the influence of each type of ion formed in the
chemical bath is assessed on the pH value, and a new approach is developed to accurately determine the hydrolysis
ratio of HMTA molecules in the whole range of precursor concentrations studied. From these results, a complete

diagram of the formation mechanisms of ZnO NWs is established and related to the evolution of the thermodynamic



properties of the chemical bath with the precursor concentration. These findings provide an in-depth understanding
of the influence of the precursor concentration on the morphological properties of ZnO NWs grown by CBD. They
further illustrate the dominant role of the hydrolysis process of HMTA molecules in the chemical bath on the
formation mechanism of ZnO NWs, which should be considered for the fabrication of efficient piezoelectric

devices.

2. EXPERIMENTAL SECTION

2.1. Deposition Techniques. The samples were fabricated following the same procedure as in our

previous work,?! which is represented in Figure 1. (100)-oriented silicon wafers were used as substrates, where the
native oxide layer was removed through a 1 min-immersion in a buffered hydrofluoric acid solution (Honeywell)
followed by a deionized water rinsing. Ti layers of 10 nm were first deposited by vacuum evaporation (Plassys
MEB550, P < 10 Torr) at a rate of 0.1 nm.s™! to ensure the adhesion of Au on the silicon substrates. Au thin films
of 50 nm were subsequently deposited at a rate of 0.25 nm.s™'. The film thicknesses were monitored in situ using a
quartz microbalance. Such Au thin films typically present highly <111>-textured polycrystalline microstructure
with 48 nm average grain size and 0.6 nm RMS roughness (see Table 1 of Ref.?"). NWs were synthesized by CBD
on the as prepared substrates, where the Au thin films act as seed layers for the nucleation of ZnO. The samples
were immersed face down in separate beakers sealed with glass pieces coated with Parafilm, and containing varying
equimolar concentrations ranging from 1 to 100 mM of zinc nitrate hexahydrate (Zn(NO3),.6H>0, Sigma-Aldrich)
and hexamethylenetetramine (HMTA, C¢H2N4, Sigma-Aldrich) in Milli-Q water (18.2 Q-cm). The sealed reactors
were then placed in a regular oven heated at 85 °C for 3 h. It can be noted that the CBD was performed without any
stirring that could favor convection processes. At the end of the CBD, the samples were immediately removed from

the solution, rinsed with Milli-Q water and dried with No.
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Figure 1. Schematic diagram representing the different steps required for the fabrication process of ZnO NWs on

Au seed layers.



2.2. Characterization Techniques. The pH of the chemical bath was measured in an in sifu manner

throughout the CBD with an InLab Versatile Pro pH electrode from Mettler Toledo. The morphological properties
of ZnO NWs were investigated with a FEI Quanta 250 field-emission scanning electron microscope (FESEM). For
each sample, the mean lengths and diameters as well as the tilt angles of ZnO NWs were measured with the
assistance of ImagelJ software from cross-sectional view FESEM images on 100 NWs, while their mean surface
densities were assessed from top-view FESEM images. The c-plane surface area ratios of ZnO NWs were also
deduced from top-view FESEM images, and by further applying a filter generated by Image] software to only

display their c-plane top facets.
2.3. Thermodynamic Computations. Thermodynamic simulations were performed using Visual

MINTEQ software for determining the pH, the equilibrium concentration of NH4" ions, as well as the
supersaturation ratio of Zn(II) species in the chemical bath as a function of the precursor concentrations. Zn?* ion
was considered as a single metallic cation, which is able to form complexes with three possible ligands, namely
NH3, NOy, and HO", denoted as L, by following the general reaction: nZn*" + iL <> Zn,L*"* where Zn,L"" is the
complex considered and 7 the coordination number. The global thermodynamic equilibrium was calculated from

_ [znaLf™

the stability constants B = Zn AL associated with each chemical reaction, whose the typical values at 25 °C

were taken from NIST database and then deduced at 85 °C using the Van’t Hoff equation. All the constants used

in the computations are summarized in Table S1.

3. RESULTS AND DISCUSSION

3.1. Effects of the Precursor Concentration in the Chemical Bath on the Morphology of

ZnO Nanowires. The structural morphology of ZnO NWs grown by CBD for 3 hours at 85 °C with equimolar

concentrations of Zn(NOs3), and HMTA ranging from 1 to 100 mM is presented in Figure 2 by FESEM imaging,
where strong morphological variations are revealed. To carefully quantify these variations, the mean length,
diameter, and apparent density of a large number of ZnO NWs were systematically measured for each sample from
such FESEM images, from which the NW aspect ratio, the total deposited volume, and the mean NW volume were

deduced. The c-plane suface area ratio, defined as the ratio between the area of the c-plane top facets of ZnO NWs



and the total area, was also assessed for each sample. The evolution of these morphological properties with the
equimolar concentrations of Zn(NOs), and HMTA, denoted as Cy, is summarized in Figure 3a.

Interestingly, the precursor concentrations show a very limited influence on the mean length of ZnO NWs, as
it remains included between 1.4 and 2.0 pm in the whole range of concentrations studied. The mean NW diameter
slighlty decreases from 190 to 120 nm as Cop increases from 1 to 50 mM, and then drastically increases up to 950
nm as Cop reaches 100 mM. As a consequence, the NW aspect ratio remains roughly constant and is comprised
between 9.9 and 13.4 as Cy increases up to 50 mM, and then strongly decreases down to 2.0 as Cy reaches 100 mM.
The mean apparent density of ZnO NWs shows a rapid increase from 0.5 to 17.4 NW/um? as C increases from 1
to 50 mM, but then decreases down to 1.5 NW/um? as Co reaches 100 mM. In contrast, the coverage ratio, defined
as the c-plane top surface area ratio of the ZnO NW array, steadily increases from 0.02 to 0.54 as Cy increases from
1 to 100 mM, which reflects the strong increase of the mean NW diameter despite lower NW surface densities
occurring beyond 50 mM of precursor concentrations. The total deposited volume of ZnO exponentially increases
from 0.023 to 1.7 um*/um? as Cy increases from 1 to 100 mM, which is consistent with the increasing amount of
reactants available for the crystallization of ZnO. Furthermore, as the mean NW length is relatively constant, the
evolution of the mean NW volume is directly correlated with the evolution of the mean NW diameter: this volume
slightly decreases from 0.045 to 0.014 pm?® as C increases from 1 to 50 mM, and then drastically increases up to

1.1 pm? as Co reaches 100 mM.
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Figure 2. Top-view and cross-sectional view FESEM images of ZnO NWs grown by CBD for 3 hours at 85 °C
with equimolar concentrations Cy of Zn(NO3), and HMTA of (a) 1, (b) 3, (c) 5, (d) 10, (e) 20, (f) 30, (g) 50, (h) 80,
and (i) 100 mM, respectively. Scales reported in (a) are valid for all top-view and cross-sectional view FESEM

images, respectively.

The tilt angles of ZnO NWs with respect to the normal to the substrate were also systematically measured for
each sample, from which their mean value and their distribution with respect to the precursor concentrations Co
were deduced and reported in Figure 3a and Figure 3b, respectively. The mean tilt angle of ZnO NWs strongly
increases from roughly 1 to 6 © as Cy increases from 1 to 10 mM, and then increases more progressively up to
around 8 © as Cy reaches 100 mM. In our previous work, two distinct populations of ZnO NWs were identified
when grown from Au seed layers : 1) a primary population of well-oriented NWs with tilt angles typically below 5
° nucleating from Au (111) facets, and ii) a secondary population of highly disoriented NWs with tilt angles
typically comprised between 20 and 30 ° presumably nucleating from Au (211) facets.?! To estimate the evolution
of the verticality of the primary population of ZnO NWs, the mean tilt angles were also calculated for each sample
by excluding any NW presenting a tilt angle greater than 15 °, as reported in Figure 3a (dashed line), thus removing
any contribution from the highly disoriented secondary population. Up to precursor concentrations of 5 mM, we
observe that the primary population of ZnO NWs has a mean tilt angle of around 1 ° and remains very close from

the mean value calculated for all NWs, suggesting that the secondary population of NWs is negligible in this range



of precursor concentrations. This is confirmed by the distributions of NW tilt angles for these precursor
concentrations, as they reveal that more than 90 % of the NWs have tilt angles below 5 °. For precursor
concentrations comprised between 5 and 50 mM, the mean tilt angle of the primary population of NWs increases
progressively up to around 5 °. It can be noted that this value becomes greatly inferior to the value revealed for all
NWs, which suggests that both primary and secondary populations of ZnO NWs coexist in this range of precursor
concentrations. The NW tilt angle distributions show that, for precursor concentrations ranging from 10 to 30 mM,
the proportion of NWs with high vertical alignment, i.e. with tilt angles below 5 °, is reduced to 70 — 80 %, while
the presence of highly disoriented NWs with tilt angles comprised between 15 and 35 ° is clearly shown, confirming
the appartition of the secondary population of NWs in this range of precursor concentrations. For precursor
concentrations comprised between 50 and 100 mM, the mean tilt angle of the primary population of NWs remains
roughly constant around 5 °. Additionaly, the proportion of NWs with high vertical alignment is further reduced,
as only 45 to 50 % of the NWs have a tilt angle below 5 °. However, the remaining highly disoriented NWs show
no preferential orientation for tilt angles in the range of 5 to 35 °. Thus, the primary and secondary populations of

NWs are not clearly distinguishible in this range of precursor concentrations.
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Figure 3. (a) Evolutions of the mean length, diameter, aspect ratio, apparent density, coverage ratio, total deposited

volume, mean volume per NW and mean tilt angle of ZnO NWs as a function of the equimolar concentrations Co

of Zn(NOs), and HMTA. (b) Histogram of the distribution of the NW tilt angles for each equimolar concentration

Co of Zn(NO3), and HMTA studied.

3.2. Effects of the Precursor Concentratio

ns in the Chemical Bath on its

Thermodynamical Properties. 3.2.1. Evolution of the pH of the chemical bath. During the CBD of ZnO

NWs, the thermodynamic properties of the chemical bath (e.g. distribution of aqueous species, or supersaturation

ratio) play a crucial role on their nucleation and growth mechanisms. One of the key parameters influencing these

thermodynamic properties is the pH of the chemical bath, as evidenced in Refs.?®3! In this context, in situ pH

measurements were performed during the CBD of ZnO NWs for Cy values of Zn(NOs), and HMTA ranging from
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1 to 100 mM, as revealed in Figure 4a. During the first 45 min of the growth, a strong decrease of the pH is
observed regardless of Cy, and typically corresponds to the thermalization of the chemical bath up to the temperature
setpoint of 85 °C. The pH of the chemical bath remains relatively stable for longer growth times with values ranging
from 5.2 to 6.3 depending on Cy. A slight increase of the pH during the CBD process can however be observed for
Co values ranging from 1 to 30 mM. This can be attributed to the progressive hydrolysis of HMTA molecules

yielding the formation of additional HO" ions according to the following chemical reactions: !

(CH;)gN4y + 6H,0 = 6HCHO + 4NH; (1)

NH; + H,0 & NHf + HO™ 2)
This increase of pH value can also be associated with a slower kinetic of consumption of HO™ ions at the
growing facets of ZnO NWs, which is directly related to the crystallization process as indicated by the following

chemical reactions: !¢

Zn(N0O3), — Zn** +2NO3 3)
Zn?**t + 2HO~ o Zn0O, + H,0 4)
The rate of ZnO crystallization in the chemical bath is indeed known to decrease over time due to the progressive

depletion of the reactants, as evidenced in Refs.?334,
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Figure 4. (a) Evolution of the pH during the CBD of ZnO NWs as a function of time for different equimolar
concentrations Co of Zn(NOs), and HMTA in the range of 1 — 100 mM. (b) Final pH values measured at the end of
the CBD as a function of Co.

Interestingly, a significant reduction of the pH value occurs when Cy is increased from 1 to 100 mM, as

evidenced in Figure 4b. After 3 h of growth, the pH value ranges from 6.28 for Co = 1 mM down to 5.27 for Cy =
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100 mM. To understand this phenomenon, thermodynamic computations were performed with Visual MINTEQ
software, from which the influence of each type of ions introduced in the chemical bath (i.e. Zn** and NO5™ produced
from the solubilization of Zn(NOs), in Eq.3 and NH4" produced from the hydrolysis processes of HMTA and NHj3
molecules in Eq.1 and Eq.2) on the pH was identified. To do so, the pH at equilibrium was calculated for different
sets of Zn?*, NO;y", and NH4" ion concentrations, as seen in Figure 5. Firstly, the concentrations of these ions were
varied simultaneously in stoichiometric proportions to reproduce the case considered experimentally, where an
equimolar concentration Cy of chemical precursors is introduced in the chemical bath (black curve). While
Zn(NOs), is usually completely solubilized through Eq.3 under standard CBD conditions (i.e. [Zn*] = [NO3] /2 =
Co), the exact fraction of HMTA molecules undergoing the hydrolysis process through Eq.1 is not precisely known
and is typically considered as ' to a first approximation. By further assuming the complete hydrolysis of NH3
molecules through Eq.2, we thus consider that 1 mole of HMTA yields 1 mole of NH4" ions (i.e. [NH4s"] = Co).
From these assumptions, the obtained pH values are remarkably consistent with experimental data, as we observe
a similar decrease of the pH when increasing the ion concentrations. The calculated pH at equilibrium varies from
5.50 at Co = 20 mM to 5.40 at Cy = 40 mM, while the experimental pH of the solution measured after 1 h varies
from 5.53 at Co = 20 mM to 5.40 at Co = 50 mM. Secondly, to thoroughly identify the role of each type of ions on
the pH variations, several series of thermodynamic computations were performed, where the concentrations of
either Zn?" ions (red curve), NH4" ions (green curve), or NOs™ ions (blue curve) were swept independently. In each
case, the concentrations of the two other types of ions were set to a reference concentration of 30 mM (for Zn** and
NH," ions) or 60 mM (for NOs™ ions). We can notice that the addition of Zn>" ions has no influence on the pH value
of the chemical bath at equilibrium since the solution is already saturated with Zn(II) species. The addition of NH4*
ions induces a slight increase of the pH value, which could be expected as NH3 molecule is usually considered to
experimentally increase the pH of the chemical bath from its hydrolysis process producing HO ions through Eq.2.
However, the addition of NOs™ ions leads to a significant decrease of the pH value, which counters the effect of
NH,4" ions. Therefore, when increasing the precursor concentration Co, the pH is subjected to the opposite effects
of the increase of the NHs" and NOj3™ ion concentrations. As a slight decrease of the pH value is overall observed,
we can conclude that the influence of NOj;™ ions is dominant and explains the experimental variations of the pH

observed as a function of C,.
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Figure 5. Evolution of the pH as a function of the concentrations of the different ions in the chemical bath, as
computed by Visual MINTEQ software at 85 °C. For the black curve, the concentrations of every ion types (Zn?",
NH,", and NOs") were varied simultaneously in stoichiometric proportions; for the red curve, only the concentration
of Zn?" ions was varied; for the green curve, only the concentration of NH4" ions was varied; for the blue curve,

only the concentration of NO;™ ions was varied.

3.2.2. Determination of the HMTA hydrolysis ratio. HMTA molecule plays a central role in the CBD of
ZnO NWs by acting both as a pH buffer of the solution through its progressive hydrolysis producing HO™ ions (cf’
Egs.1 and 2)*>%7 and as a shaping agent favoring the growth along the polar c-axis through its presumable
adsorption on the non-polar m-plane sidefacets.’3%3° The hydrolysis of 1 mole of HMTA is commonly assumed to
yield 1 mole of NH3, which is in turn hydrolyzed in 1 mole of NH4" ions (i.e. the extents of reaction related to Egs.
1 and 2 are of 0.25 and 1, respectively, as considered above in Figure 5) as it provides optimal supersaturation
levels favoring the heterogeneous nucleation of ZnO NWs on the substrate.?®>* However, the exact amounts of
NH; and NH4" ions produced in the chemical bath are typically not known despite their crucial importance to
understand the evolution of the thermodynamic properties under different CBD conditions.

In this context, we propose here a method to accurately determine the actual concentration of NH4" ions thanks
to the pH values experimentally measured. To do so, additional thermodynamic computations were performed with
Visual MINTEQ software, where the concentrations of Zn?>" and NOj; ions were varied in stoichiometric
proportions (i.e. Co = [Zn*] = [NO5] /2, with Cy being the Zn(NOs), and HMTA concentrations in equimolar
proportions), and where the concentration of NH4" ions was adjusted so that the simulated pH values match the
corresponding values experimentally measured for each precursor concentration Cy between 1 and 3 h of growth

time (i.e. when the chemical bath has fully been thermalized). The obtained values of the concentrations of NH4*

13



ions as a function of Cy are presented in Figure 6a. We can notice that these values of the concentration of NH4*
ions are relatively close to Co, which accounts for the previous assumption [NH4"] = Cy as a first approximation.
However, these values do not follow exactly this stoichiometry and are overall slightly greater than Co. From these
data, the actual hydrolysis ratio of HMTA molecules was further assessed and its evolution with Cy is presented in
Figure 6b. Interestingly, the hydrolysis ratio of HMTA molecules ranges from 20 % to values as high as 45 %
when Cy lies in the range of 1 — 100 mM. More specifically, it is maintained above 37 % for low values of Cy below
10 mM, revealing that the hydrolysis ratio of HMTA molecules was significantly underestimated in this range of
precursor concentrations. Moreover, the relative concentrations of NH3 and NH4" ions at each value of Co were
extracted from the thermodynamic computations and reported as well in Figure 6b to estimate the hydrolysis ratio
of NH3 to NH4" ions as described in Eq.2 and understand its impact on the overall reaction process. It appears that
the hydrolysis ratio of NH3 molecules is systematically above 97 % for any values of Cy in the range of 1 — 100
mM, revealing that the vast majority of NH3 molecules produced through Eq.1 is readily converted into NH4" ions.
The present approach comparing thermodynamic computations with experimental pH data thus appears as a

powerful tool to thoroughly determine the chemical equilibrium and understand the behavior of complex systems.
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Figure 6. (a) Evolution of the concentration of NH4" ions in the chemical bath as a function of the precursor
concentrations Cy, for a temperature of 85 °C, as computed by Visual MINTEQ software by considering the in situ
pH values measured between 1 and 3 h of growth time (see Figure 4a) as input data and assuming that Co is equal
to the initial concentration of Zn?* ions. The black line representing [NH4"] = C, is plotted as a visual help. (b)
Evolution of the hydrolysis ratio of HMTA molecules to NH4" ions through Eqgs.1 and 2, and of NH3 molecules to
NH," ions through Eq.2 as a function of C.

14



3.2.3. Evolution of the supersaturation ratio. The supersaturation ratio, defined as S; = Co/Cq, with Co and
Ceq being the concentrations of Zn(Il) species introduced in the chemical bath and at the thermodynamic
equilibrium, respectively, is a key parameter for describing the nucleation and growth mechanisms of ZnO NWs.
It is usually considered as the driving force for the crystallization process of ZnO.*> When S, > 1, the solution is
supersaturated and the crystallization process of ZnO becomes thermodynamically favorable. However, Ceq is
strongly dependent upon the composition of the chemical bath and the prior knowledge of the exact concentrations
of the different chemical species is required for its calculation. For instance, it was shown that a small increase of
the concentration of NH4" ions leads to a drastic decrease of C.q, and thus to a strong increase of the supersaturation
ratio S;.?%* This phenomenon is revealed as well in our thermodynamic computations, where S, exponentially
increases with the HMTA hydrolysis ratio at a given Cy value, as shown in Figure 7a. Interestingly, it is also
revealed that Cy has a very limited influence on S; in the range of 1 — 100 mM at a given HMTA hydrolysis ratio
value. This shows that S; is directly correlated with the evolution of the hydrolysis ratio of HMTA molecules,
whereas it is almost not influenced by stoichiometric variations of Zn**, NH4" and NOs™ ion concentrations.

Thanks to the precise determination of the concentration of NH4" ions produced from HMTA molecules
performed for each value of Co, it is possible to precisely quantify the experimental values of S; in the chemical
bath by extracting the value of Cq from each corresponding thermodynamic computation. The variation of S; as a
function of Cy is thus deduced and presented in Figure 7b. From these data, we observe a clear decrease of S, from
about 3.5 — 6.7 for Co = 1 mM to 1.8 — 2.5 for Cy = 100 mM, which is consistent with the similar decrease of the
hydrolysis ratio of HMTA molecules observed in Figure 6b. As a comparison, S, values were also computed in the
case of a constant hydrolysis ratio of HMTA molecules of % (i.e. when [HMTA] = [NH4"]), where a constant value
of nearly 2 was found for Cy values ranging from 1 to 100 mM.

The supersaturation ratio is known to play a central role in the nucleation of solids in solution. In particular,
when the solution is supersaturated (S; > 1), the nucleation rate J of a given solid in solution is almost proportional

to S; according to the following equation:*’

where A and B are two parameters dependent upon the temperature and the nature of the crystallizing solid. An

increase of S; induces in principle an increase of the density of nuclei. In the present case, the decrease of S; observed
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when increasing Co from 1 to 100 mM seems to be in contradiction with the strong increase of the apparent density
of ZnO NWs as observed in Figure 3a. However, in the context of the synthesis of ZnO NWs by CBD, two distinct
types of nucleation should be considered: 1) the homogeneous nucleation of NWs spontaneously crystallizing in the
bulk of the chemical bath, and ii) the heterogeneous nucleation of NWs crystallizing from the seed layer of the
immersed substrate.*! It is thus important to note that, while the measured densities of ZnO NWs indicate an
increase of the heterogeneous nucleation with Co, the thermodynamic computations suggests that we
simultaneously have a decrease of the overall nucleation rate (which includes homogeneous and heterogeneous
nucleations). These trends can be explained by the lower formation energy typically required for a nucleus of ZnO
during an heterogeneous nucleation process than during an homogeneous nucleation process.*’ When the
supersaturation ratio becomes smaller (but still greater than 1), the heterogeneous nucleation, energetically more
favorable, is favored at the expense of the homogeneous nucleation. Conversely, when the supersaturation ratio is
higher, the rapid formation of numerous ZnO nuclei in the solution prevents the diffusion of the reactants towards
the seed layer, which strongly favors the homogeneous nucleation.

As a consequence, the decrease of the supersaturation ratio observed when increasing the precursor
concentrations leads to i) an overall reduction of the nucleation rate of ZnO NWs, and ii) an increase of the
proportion of their heterogeneous growth from the Au seed layer at the expense of the homogeneous growth in the
bulk of the solution. Interestingly, the nucleation of ZnO NWs by CBD from an Au seed layer is thus favored when
the supersaturation ratio is small, which can be obtained by increasing the precursor concentrations. Nonetheless,
it is worth noticing that the increase of the nucleation rate of ZnO NWs is not visible beyond precursor
concentrations of 50 mM (see Figure 2 and Figure 3a) due to the occurence of coalescence effects, reducing the

apparent density of the NWs.
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Figure 7. (a) Evolution of the supersaturation ratio S; of Zn(II) species as a function of the hydrolysis ratio of
HMTA molecules in the case where Cyp = 1 and 100 mM. (b) Evolution of S; as a fonction of Cy by considering for
each value of Cy the concentration of NH4" ions obtained in Figure 6a (red dots). S; values corresponding to the
case where [NH4'] = Cy are also indicated as a comparison (black line). The dashed curve serves as a visual help.

The data were obtained from thermodynamic simulations at a temperature of 85 °C using Visual MINTEQ software.

3.3. Effects of the Precursor Concentration in the Chemical Bath on the Formation

Mechanisms of ZnO Nanowires. In the light of these data, the formation mechanisms of ZnO NWs that

most likely occur during each of the three growth regimes identified in Section 3.1 are deduced and represented in
Figure 8. When the precursor concentration Co is lower than 5 mM (Figure 8a), the hydrolysis ratio of HMTA
molecules is high and leads to a high supersaturation ratio of Zn(II) species, which in turn leads to a low nucleation
rate of ZnO NWs from the Au seed layer. The ZnO nuclei managing to form on the substrate are then sufficiently
scarce to all occupy the most energetically favorable nucleation sites (i.e. those presenting the lowest nucleation
barrier), which are the (111) free surfaces of the Au grains.?! As the Au seed layer is also typically textured along
the <111> direction,?! the resulting ZnO N'Ws are hence very-well aligned vertically, which is characteristic of the
primary population of NWs identified in Ref.?!. When the precursor concentration Cy lies in the range of 5-50 mM
(Figure 8b), the hydrolysis ratio of HMTA molecules decreases, leading to a similar decrease of the supersaturation
ratio of Zn(Il) species, which in turn induces a higher nucleation rate of ZnO NWs from the Au seed layer. The
number of ZnO nuclei is then much higher and cannot all occupy the most energetically favorable nucleation sites.
For this reason, they presumably occupy nucleation sites on both the (111) free surfaces and (211) facets of Au
grains, despite the fact that a higher nucleation barrier is associated with the latter one. These two types of nucleation

processes lead to the formation of a majority primary population of ZnO NWs presenting high verticality and of a
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minority secondary population of ZnO NWs strongly disoriented of around 20 °, respectively, in a similar fashion
as reported in Ref.?!. When the precursor concentration Cy is above 50 mM (Figure 8c), the hydrolysis ratio of
HMTA molecules and the supersaturation ratio of Zn(II) species decrease slightly more, leading to an even greater
nucleation rate of ZnO NWs from the Au seed layer. The ZnO nuclei thus presumably occupy, addionnally to the
(111) free surfaces and (211) facets of Au grains, other nucleation sites exhibiting no preferential orientation. These
nucleation sites could typically be other facets of Au grains or grain boundaries. Moreover, the density of ZnO
nuclei being very high, ZnO NWs are subjected to coalescence effects from the very first stages of their growth,
leading to the drop of their apparent density and to a strong increase of their diameter. As these NWs formed through
various types of nucleation sites, they typically do not have any preferential orientation and thus no particular type

of population can be distinguishible.

d

s c
ZnO narlwires I i | / I\ | | i l
| |

Ausdedlaypr | | I |
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5mM 50 mM Co
High HMTA hydrolysis ratio Low HMTA hydrolysis ratio
High Zn(ll) su‘persaturation Low Zn(l11) su:)ersaturation
Mainly homoger‘reous nucleation Mainly heteroge‘neous nucleation

Figure 8. Schematic diagram of the formation mechanisms of ZnO NWs for different ranges of precursor

concentrations Cp : (a) Co <5 mM, (b) 5 mM < Cy < 50 mM, and (c) Cyp > 50 mM.

4. CONCLUSIONS

In summary, the influence of the concentrations of the Zn(NO3), and HMTA precursors on the formation
mechanisms of ZnO NWs grown by CBD from Au seed layers has thoroughly been investigated. Strong
morphological variations of the ZnO NW arrays have been observed when varying the precursor concentration
from 1 to 100 mM where a maximum apparent density of 17.4 NW/um? was reached for 50 mM of precursors. By
coupling in situ pH measurements of the chemical bath and thermodynamic computations, the evolution of the

thermodynamic properties of the reaction medium with precursor concentration has carefully been analyzed to gain
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a fine understanding of the physicochemical processes at work during the formation of ZnO NWs. In particular, we
have found that the decrease of the pH of the chemical bath with increasing precursor concentrations originates
from the formation of NOs™ ions through the decomposition of Zn(NOs),. Moreover, the hydrolysis ratio of HMTA
molecules has precisely been determined from these data, and found to decrease from approximately 37 — 45 % for
low precursor concentrations below 10 mM to 20 — 30 % for higher precursor concentrations up to 100 mM. We
have further revealed the major influence of the hydrolysis ratio of HMTA molecules on the supersaturation ratio
of Zn(II) species in the chemical bath, which in turn strongly affects the crystallization process of ZnO. From these
results, a complete growth diagram of the ZnO N'Ws has been established, where three different growth regimes
are identified in the range of precursor concentrations studied. These findings reveal the crucial importance of the
optimization of the thermodynamic properties of the chemical bath to obtain ZnO NW arrays of dedicated

morphologies, and are highly valuable for their efficient integration into piezoelectric devices.
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Synopsis

The formation mechanisms of ZnO nanowires grown by chemical bath deposition from Au seed layers were
investigated for different Zn(NOs), and HMTA precursor concentrations. A new approach is further developed to
determine the hydrolysis ratio of HMTA molecules by coupling in situ pH measurements and thermodynamic

computations, revealing its drastic impact on the formation of ZnO nanowires.
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