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ABSTRACT

The chemical bath deposition of nanowires is of high interest for a wide variety of optoelectronic, piezoelectric,
and sensing devices, but a theoretical description of the elongation process is still missing despite its critical
importance. By solving Fick’s diffusion equations in combination with thermodynamic computations, we determine
the expression of the axial growth rate of nanowires and its temporal dependence under dynamic conditions, namely
in a sealed reactor where the depletion of chemical reactants occurs. The theoretical model is found to be in very
good agreement with a large set of experimental data specifically collected in the case of the chemical bath
deposition of ZnO nanowires. In particular, an activation energy of 198 + 24 kJ/mol is deduced for the elongation
process of ZnO nanowires, involving the energy barriers for both the dehydration process of Zn(ll) species (i.e.
[Zn(H20)6]?* ions) and their subsequent direct incorporation onto the c-plane top faces. This shows its high potential
for deeply investigating the physicochemical processes at work in the chemical bath. By using the theoretical model
as a predictive approach, a complete growth diagram reporting the evolution of the length of ZnO nanowires vs
effective growth time and temperature is also gained over a broad range of conditions, revealing its additional high
potential for applied research and industrial purposes. The present general approach is further compatible with a

broad range of chemicals in solution and of semiconducting materials grown by chemical bath deposition.



1. INTRODUCTION

As a low-cost, low-temperature, and easily implemented process, chemical bath deposition (CBD) is of great
interest to form nanostructures with a dedicated structural morphology.t? It is further compatible with a variety of
applications in the fields of optoelectronics,®® piezoelctricity,®” and sensing,® and it can be scaled up for industrial
purposes.® One of the most-well known use of CBD over the last decade has been devoted to the formation of ZnO
nanostructures, mainly nanowires (NWs), using the spontaneous and selective area growths on a variety of flexible
and rigid substrates.’*1* A reactor containing the bath comprising the chemical precursors composed of a zinc salt
and an ammine mixed in aqueous solution is typically sealed and placed in an oven heated at a temperature in the
range of 60-90 °C.*>28 The CBD process induces the heterogeneous formation of ZnO NWs that is achieved on a
dedicated nucleation surface, e.g. a ZnO polycrystalline seed layer**2! or single crystal,>?® or a metallic seed
layer.2+%6 In the most widely used case of a sealed reactor,'116182526 the system is thus closed with no continuous
addition of chemical precursors during the CBD process, which corresponds to dynamic conditions. The axial
growth rate of ZnO NWs is thus basically not constant over time and decreases as their elongation proceeds owing
to the depletion of the chemical bath in reactants, typically the Zn(ll) ions as the limiting species. As a result, the
elongation of ZnO NWs and specifically its temporal dependence has emerged as a critical issue both for
fundamental research purposes aiming at more deeply understanding the physicochemical processes at work as well
as for applied research and industrial purposes targeting the massive production of ZnO NWs.

However, despite its primary importance, the theoretical modeling of the elongation process of ZnO NWs by
CBD through the expression of its axial growth rate has so far been limited to static conditions,?”?° namely in a
continuous flow reactor. No temporal dependence has been reported to take into account dynamic conditions in a
sealed reactor originating from the depletion of the chemical bath in reactants. Boercker et al. showed that the
length of ZnO NWs is inversely proportional to its surface density in a growth regime limited by the diffusive
transport of chemical reactants.?” Later on, Cheng et al. established a comprehensive analysis of the surface
reaction-/diffusive transport-limited growth regimes to get the expression of the axial growth rate under homeostatic
conditions.? They developed a continuous flow reactor maintaining homeostatic chemical precursor concentrations

and constant growth temperature to successfully investigate the elongation process of ZnO NWs. Cossuet et al.



subsequently reported that Zn-polar ZnO nanorods have a higher growth rate than O-polar ZnO nanorods owing to
their larger surface reaction rate constant by using the same analysis as in Ref. 2.2 In the present case, the reactor
was sealed and thus the system was closed, but the active surface area for the selective area growth of ZnO nanorods
on patterned ZnO single crystals was very small as compared to the sample size and solution volume, somehow
corresponding to static conditions.

In this article, we establish and develop a theoretical model of the axial growth rate of ZnO NWs by CBD and
of its temporal dependence under dynamic conditions in the framework of the surface reaction-/diffusive transport-
limited growth regime analysis in combination with thermodynamic computations. The theoretical modeling is
applied to the elongation process of ZnO NWs when grown in a broad range of CBD conditions in order to reveal
the physicochemical processes at work on their c-plane top faces. These findings further reporting a predictive
approach of the CBD process under dynamic conditions are of high and broad interest for a wide variety of

chemicals in solution and of semiconducting materials in the framework of NW growth.

2. EXPERIMENTAL SECTION

2.1. Seed layer deposition. The 2 x 2 cm? samples were prepared from Si (100) substrates cleaned with

acetone and isopropyl alcohol in an ultrasonic bath. In order to perform the ZnO seed layer deposition, a solution
containing 375 mM of zinc acetate dihydrate (Zn(CH3;COO)..2H,0, Sigma-Aldrich) and 375 mM of
monoethanolamine (MEA, Sigma-Aldrich) in pure ethanol was prepared and stirred for several hours at 60 °C on
a hot plate and then at room temperature. The substrates were subsequently dipped in the solution under a controlled
atmosphere (< 15 % hygrometry) and annealed for 10 min at 300 °C to evaporate residual organic compounds and
for 1 h at 500 °C to crystallize the ZnO seed layer.

2.2. Synthesis of ZnO NWs. ZnO NWs were then grown by CBD with a chemical bath containing an
aqueous solution of zinc nitrate hexahydrate (Zn(NOs)..6H.0, Sigma-Aldrich) and hexamethylenetetramine
(HMTA, Sigma-Aldrich) mixed in an equimolar ratio of 30 mM (pH = 6.9). To increase the pH to 11.0, 800 mM
of ammonia (NHs, Sigma-Aldrich) was further added to the chemical bath. The samples were placed face down in
a sealed reactor containing the precursor solution and heated in a regular oven at 80 — 95 °C in the range of 40 min

to8 h.



2.3. Morphological characterization. The morphological properties of ZnO NWs were investigated

with a FEI Quanta 250 field-emission scanning electron microscope (FESEM). By using ImageJ software, the c-
plane surface area ratios of ZnO NWs were assessed from top-view FESEM images, in which a filter was applied
to only display their c-plane top facets. Moreover, the mean lengths of ZnO NWSs were measured from cross-
sectional view FESEM images. The numerical values are summarized in Table S1.

2.4. Thermodynamic simulations. Thermodynamic simulations were performed using Visual

MINTEQ software for determining the equilibrium concentration of Zn(ll) ions as a function of the growth
temperature and NHs concentration.*®>%° Zn?* ion was considered as a single metallic cation, which is able to form
complexes with two possible ligands, namely NHz and HO", denoted as L, by following the general reaction: nZn?*

+ iL < Zn,Li® where Zn,L?"™ is the complex considered and i the coordination number. The global

Zn, L2 . ) )
= 1Znnly ].assouated with each chemical

thermodynamic equilibrium is calculated from the stability constants g = Zn2 L]

reaction, whose the typical values were taken from NIST database.

3. RESULTS AND DISCUSSION

3.1. Description of the theoretical model under dynamic conditions. We consider a semi-

infinite reactor — as defined for z > 0 — where an infinite substrate is placed at z = 0 as seen in Figure 1. In order
to estalish the expression of the length of ZnO NWs and its temporal dependence, namely their elongation under
dynamic conditions where the depletion of chemical reactants occurs, we apply Fick’s second diffusion equation

in one dimension as follows:3°

X nZt (EqD)

with the three following boundary conditions:
C(z,t =0) = C, (Eq.2)
C(z=0,t) = Cy (Eq.3)

dC(z=0,t) kyS

0 Eq.4
- (€@ =0,0)~Cey) (Eq.4)

where C(z, t) is the concentration of Zn(ll) ions (m*) at a height z above the substrate and at a growth time t, C,,

is the equilibrium concentration of Zn(ll) ions (m™®), k, is the first order reaction rate constant of ZnO crystallization



(m.s?), S is the c-plane top surface area ratio and D is the diffusion coefficient of Zn(I1) ions in aqueous solution
at the temperature T (m?.s?).

Egs.2 and 3 report that C, corresponds to the concentration of Zn(ll) ions at t = 0 wherever in the chemical
bath and is assumed to match the concentration of Zn(ll) ions located infinitely far from the substrate at any t. Eq.4
accounts for the consumption of the limiting reactants (i.e. Zn(ll) ions) on the growth front located at the c-plane
top facet of ZnO NWs. It is obtained by applying Fick’s first diffusion equation at z = 0 by further neglecting the
development of the growth front with time as well as by considering S as a constant parameter in a first
appoximation.

In order to solve this second-order partial differential equation, we apply the Laplace transform to Eq.1, and,
by using Eq.2, we obtain:

aZC P _CO (Eq5)

—_—C = —

9z2 D D
where c(z, p) is the Laplace transform of C(z, t). The temporal derivative is thus removed and we get an ordinary

differential equation. By solving Eq.5 with Egs.3 and 4, we obtain:

kS Co—C (Eq.6)
copy =G0 D o7l <_ ng)

p k.S
(5+%)

By applying the inverse Laplace transform to Eq.6, we get the following expression:

2
C(z,t) = (Cop — Ceq) [erf <2L\/D_t) + exp <%z + (leS) t) erfc (ZjD_t + %ﬁ)] + Ceq (Ea.7)

In order to deduce the time-dependent axial growth rate of ZnO NWs denoted as R.(t), we consider the

relation:
R.(t) = %(C(z =0,t) — Ceq) (Eq.8)

where p is the atomic density of wurtzite ZnO that is equal to 4.20 x 10?2 m™3. This directly gives:

Co— Cog)k k.S)? k.S
R.() = % [exp <( B ) t) erfc (% ﬁ)] (Eq.9)

The length of ZnO NWs denoted as L and its temporal dependence is, in turn, deduced by integrating Eq.9,

which yields:



_ (G = Ce)D (k;5)? k.S ¢ (Eq.10)
L(t) = W eXp( D t) erfc (ﬁﬁ) + 2k15\/; -1

In the following, we define AC as C, — C,,, Which represents the effective concentration involved in the

eq
elongation process of ZnO NWs. A more detailed proof to get Eq.10 is available in Supporting Information.

As a direct comparison, we also consider the axial growth rate of ZnO NWs under static conditions denoted

as R3tatic a5 given in Refs. 272 py:

. k,CoD (
— pSstaticy _ Eq.11)
L(t) = R t pD+p6k15t

where § is the stagnant layer thickness (m), i.e. the thickness of fluid above the ZnO NWs subjected to the diffusive

transport of Zn(ll) ions.
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Figure 1. Schematic of the geometry used to establish the theoretical model of the axial growth rate of ZnO NWs
by CBD and its temporal dependence under dynamic conditions (i.e. considering the depletion of chemical
reactants).

Under dynamic conditions where the depletion of chemical reactants is considered (i.e., using a sealed reactor),
we deduce from Eq.9 that the axial growth rate of ZnO NWs decreases by increasing the growth time, which
implies, from Eq.10, that their elongation nonlinearly increases. In contrast, under static conditions where no
depletion of chemical reactants is taken into account (i.e., using a continuous flow reactor), the axial growth rate of
ZnO NWs is constant and Eq.11 clearly reveals that their elongation linearly increases. This nonlinearity has thus
not been considered in the previous theoretical model under static conditions as reported in Refs. 272 although it
has been revealed by typical experimental data reporting the evolution of the length of ZnO NWs with growth time

under dynamic conditions.33



Additionally, the equilibrium concentration of Zn(ll) ions denoted as C,,, for which its value depends on the

eq
CBD conditions, was assessed for a given set of growth parameters through dedicated thermodynamic calculations
by using Visual MINTEQ software. The evolution of C,, as a function of the NHs concentration (i.e. of the pH) at
different temperatures is presented in Figure 2 for a chemical bath containing an equimolar concentration C, of
Zn(NOs). and HMTA of 30 mM. We see that C,, is strongly dependent upon the NHs concentration, and hence
cannot be neglected in most cases. In particular, for a NH3z concentration of 30 mM corresponding in a first
approximation to what is typically provided by the hydrolysis of HMTA, C,, is as high as 15.2 mM, dividing by
more than a half the available concentration of Zn(I1) species for the elongation of ZnO NWSs. Two growth regimes
can further be identified: i) below a NHz concentration of 60 mM, C, does not depend on the growth temperature
and the remaining Zn(11) species are mainly in the form of Zn?* ions, ii) above a NH; concentration of 250 mM,
Ceq depends on the growth temperature and the remaining Zn(l1) species are mostly in the form of Zn(NHz).** ions.
When the NH; concentration lies in the range of 60 — 250 mM, C, is negligible, reflecting very high supersaturation
levels. However, these CBD conditions are known to be experimentally unfavorable for the heterogeneous
formation of ZnO NWs onto the substrate, because a large amount of ZnO is homogeneously formed in the bulk
solution due to very high supersaturation levels.3* Additionally, although the evolution of C,, in Figure 2 was
plotted for a given C, of 30 mM, it should be noted here that C,, ~ 0.5 C; in the C, typical range of 10 — 100 mM
when no NHjs is added. In other words, the proportion of remaining Zn(ll) species is unchanged when the equimolar
concentration of Zn(NO3), and HMTA is varied from 10 to 100 mM and when no NHjs is added. The influence of

the homogeneous growth is basically not described by the present model.
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Figure 2. Concentrations of dissolved and crystallized Zn(l1) ions when thermodynamic equilibrium is reached,
as computed with Visual MINTEQ for C, =30 mM and T = 80, 90 and 95°C. The plotted curve directly gives the

value of C,g.

3.2. Investigation of the fundamental physicochemical processes during CBD by using

the theoretical model. In order to assess the consistency and reliability of our theoretical model with respect

to experimental data, we first consider CBD conditions where the homogeneous growth can be neglected. In that
purpose, a first series of samples of ZnO NWs was grown at 90 °C in a chemical bath containing 30 mM of Zn(NOs).
and HMTA as well as 800 mM of NHs mixed in aqueous solution, giving rise to an initial pH of 11.0. The total
growth time was further varied in the range from 40 min to 8 h. As expected, the length of ZnO NWs continuously
increases with growth time, as shown in Figure 3. Interestingly, no significant homogeneous growth occurs in the
chemical bath under these CBD conditions, even for the growth time of 8 h, as revealed in Figure Sla-c. This

clearly indicates that the homogeneous growth is overall negligible for the present CBD conditions.

Figure 3. Cross-sectional view FESEM images of ZnO NWs grown by CBD at 90 °C with 30 mM of
Zn(NOs3)2 and HMTA as well as 800 mM of NHjs for (a) 40 min, (b) 1 h, (c) 1.5 h, (d) 3 h, () 5hand, (f) 8 h,
respectively. The scale bar represents 5 pm.

The mean length of ZnO NWs as deduced from cross-sectional view FESEM images in Figure 3 is presented
in Figure 4, where its evolution as a function of effective growth time is fitted by Eqgs.11 and 10 using both
theoretical models under static and dynamic conditions, respectively. It should be noted here that the effective
growth time is actually introduced by considering the thermalization time of 35 min for the chemical bath to reach
90 °C. S values, as deduced from top-view FESEM images in Figure S2, are further found to be fairly constant and
amean S value of 0.27 is then considered. The linear fit from Eq.11 yields RSt4¢ = 1.90 um/h. By using C, = 30
mM and & = 3.8 mm 2° along with D = 2.74 x 10° m?%s *, a low value of k, around 2.28 um/s is obtained. However,
we can immediately notice that the linear fit provided by Eq.11 has a very poor agreement with the experimental
data, as it fails to predict the decrease in the axial growth rate of ZnO NWs with effective growth time. In contrast,

by setting AC and k, as the only free fit parameters in Eq.10, a very good agreement with the experimental data is



reached for AC = 22.4 mM and k; = 19.4 um/s. It is worth noticing that thermodynamic calculations predict AC =
26.2 mM under these CBD conditions as seen in Figure 2, which is in good accordance with the fitted value. The
small difference can be explained by a residual homogeneous growth that still occurs in the chemical bath, lowering
in turn the available precursor concentration for the elongation process of ZnO NWSs on the substrate. As a
consequence, the theoretical model under static conditions should only be used to describe the axial growth rate of
ZnO NWs in particular cases — as when a continuous flow reactor is used for instance?® — while our theoretical
model under dynamic conditions can be applied to describe the axial growth rate of ZnO NWs in the vast majority

of cases — as when a sealed reactor is used.
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Figure 4. Length versus effective growth time of ZnO NWs grown by CBD at 90 °C with 30 mM of Zn(NO3);
and HMTA as well as 800 mM of NH3. The experimental data were fitted by Eq.11 with R$t%¢ = 1,90 pm/h

using the theoretical model under static conditions, and by Eq.10 with AC = 22.4 mM, k; = 19.4 um/s, S = 0.27,

D =2.74 x 10° m?/s, and p = 4.20 x 102 m3 using the theoretical model under dynamic conditions, respectively.

As the theoretical model under dynamic conditions has successfully described the evolution of the length of
ZnO NWs with growth time when no significant homogeneous growth occurs, we can now use it in more typical,
general cases to gain a deeper understanding of the fundamental physicochemical processes in the CBD. In
particular, the temperature dependence of the surface reaction rate constant k; in Egs.10 and 11 has not been
determined yet despite its strong interest to reveal the mechanisms at work during the elongation process of ZnO
NWs. In that purpose, three series of samples were grown respectively at 80, 90 and 95 °C in a chemical bath
containing 30 mM of Zn(NOs), and HMTA mixed in aqueous solution, giving rise to an initial pH of 6.9. The total
growth time was again varied in the range from 40 min to 8 h. As NHjs is usually not used to perform CBD, it was

not added to the chemical bath here. As a result, the homogeneous growth is much more pronounced as seen in



Figure S1d-f and it turns out to mostly occur at the very beginning of the CBD. Therefore, to take into account its
influence in the theoretical model under dynamic conditions, we make the assumption that it occurs instantaneously
at a growth time t = 0. The effective concentration involved in the elongation process of ZnO NWs denoted as AC
is thus expected to be lower than the predicted value of 14.8 mM for these CBD conditions. Moreover, the
equilibrium concentration C,, — and in turn the supersaturation level — is not dependent upon the growth
temperature in this range of pH as revealed in Figure 2. Then, we also assume that AC does not vary with
temperature. As expected again, the length of ZnO NWs continuously increases with growth time regardless of the
growth temperature, as shown in Figure 5a-g, S3, and S4. The mean length of ZnO NWs as deduced from these
cross-sectional view FESEM images is presented in Figure 5h, where its evolutions as a function of effective
growth time are fitted by Eq.10 using the theoretical model under dynamic conditions. For the same reasons as
before, the effective growth time is introduced by subtracting the thermalization time of 35 min to the total growth
time and a mean S value of 0.27 is considered. Furthermore, we use D = 2.38 x 10° m?/s at 80 °C, D = 2.74 x 10°
m?/s at 90 °C, and D = 2.93 x 10° m?/s at 95 °C.* For the fitting procedure, only the series at 90 °C with AC and
k, set as the only free fit parameters is first considered, where the relation 3.31 m2.s* < AC.k; x 10"° <5.34 nmr
2.5t must be fulfilled for the sake of consistency with Ref. ?° (see Supporting Information). A very good agreement
with the experimental data is found for AC = 3.93 mM and k,; = 18.2 um/s. The strong effect of the homogeneous
growth at that pH is seen in the fitted value of AC, which is much lower than its predicted value of 14.8 mM by
thermodynamic calculations as given in Figure 2. Interestingly, it should also be noted that the different growth
kinetics at 90 °C with or without the addition of NHj3 originate from the only variation of AC, while k, keep a
similar value in both cases. This suggests that the mechanisms involved during the elongation process of ZnO NWs
at low and high pH are similar. Second, the series at 80 and 95 °C are subsequently fitted with AC = 3.93 mM and
k4 as the only free fit parameter. A very good agreement with the experimental data is found for k; = 2.65 pum/s at

80 °C and k; = 40.8 um/s at 95 °C, respectively. From these k, values in the range of 80 to 95 °C, the Arrhenius
plot of k,, i.e. the graph of In(k;) = f(%) is established in Figure 5i. The excellent agreement with the

experimental data indicates that the elongation process of ZnO NWs is thermally activated. By using the Arrhenius
equation,®® we deduce an activation energy E, of 198 + 24 kJ/mol. This value is higher than the activation energy

reported in Ref. 2 using classical crystal growth theory.®” However, their approach only considers the activation

10



energy required for the direct incorporation of Zn?* ions — which are the dominant Zn(l1) species under these CBD
conditions — onto the c-plane faces of ZnO NWs. In contrast, as Zn?* ions are well-known to form octahedral
complexes with water molecules —i.e. [Zn(H20)s]** — in aqueous solution,*®*! a dehydration step is required before
their direct incorporation onto the c-plane faces of ZnO NWs. It has been further confirmed that no intermediates
in the form of zinc hydroxide phases are involved in the crystallization process for the present CBD conditions.*?
Ab initio calculations have shown that the energy of hydration of six water molecules on a Zn?* ion lies in the range
of -1600 to -1400 kJ/mol,**4*-46 revealing a very high energy barrier for the complete dehydration of the ion in
aqueous solution. However, this barrier is presumably much lower on the c-plane faces of ZnO NWs where the
dehydration process may be assisted by the surface. Also, a partial dehydration of Zn?* ions might be sufficient for
its direct incorporation onto the c-plane faces of ZnO NWs, leading in turn to a massive incorporation of hydrogen
in their center as reported in Ref. 4. Therefore, the relatively high activation energy we obtain is most likely
explained by both processes of dehydration of [Zn(H20)s]?* ions and of incorporation of Zn(l1) species at the c-

plane top faces of ZnO NWs.
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Figure 5. (a-g) Cross-sectional view FESEM images of ZnO NWs grown by CBD at 90 °C with 30 mM of
Zn(NQOgz)2 and HMTA for (a) 40 min, (b) 1 h, (¢) 1.5 h, (d) 2 h, (¢) 3 h, (f) 5 h, and (g) 8 h, respectively. The scale
bar represents 1 um. (h) Length versus effective growth time of ZnO NWs for each of these series of samples.
The experimental data were fitted by Eq.10 with AC = 3.93 mM, S =0.27, p = 4.20 x 10%® m3, and with k; =
2.65 um/s and D = 2.38 x 10° m?/s at 80 °C, k; = 18.2 um/s and D = 2.74 x 10° m?/s at 90 °C, and k, = 40.8
um/s and D = 2.93 x 10 m?/s at 95 °C, using the theoretical model under dynamic conditions. (i) Arrhenius plot

of the surface reaction rate constant k; of ZnO NWs.

11



3.3. Effects of the CBD conditions by using the theoretical model as a predictive

approach. As the temperature dependence of k; has precisely been established, a predictive approach can be

developed to model the elongation process of ZnO NWs in a standard sealed reactor for a broad range of CBD
conditions. The concentration profile of Zn(ll) species versus effective growth time t and height z above the ZnO
NWs, as deduced from Eq.7, is shown in Figure 6a for the particular case where the growth temperature is 90 °C,
Co = 30 mM, and S = 0.27. The effects of the homogeneous growth at t = 0 where the concentration of Zn(ll)
species instantaneously drops of more than 10 mM everywhere in the chemical bath is clearly seen along with the
effect of the equilibrium concentration of Zn(11) species C,, limiting the effective concentration AC to only 3.93
mM for the elongation process of ZnO NWs. It is worth noticing that the influence of the homogeneous growth on
the value of AC was assessed here through the experimental fit in Figure 5 for a given set of CBD conditions, as it
cannot predictively be determined by the present model. However, in a first approximation, AC can be inferred in
the most widely used case, where the concentration of Zn(NOs), and HMTA is equimolar and where no NHs is
added. In these CBD typical conditions, C, / C.q ~ 2 as previously discussed in Figure 2 and hence the
supersaturation ratio is unchanged. Accordingly, we may roughly assume in these conditions that AC ~ 0.13 C, by
taking the homogeneous growth into account. Moreover, it should be noted that the concentration profile of Zn(Il)
species does not reach a steady state as it continuously decreases by increasing the growth time, regardless of the
height z above the ZnO NWs. Figure 6b,c reveals the evolution of the length of ZnO NWs as a function of effective
growth time and temperature, as deduced from Eq.10 in the particular cases where C, = 30 mM and S = 0.27. For
each growth temperature, k, values were deduced from the linear fit in Figure 5i and D values were inferred from
Ref. *. For the sake of clarity, the theoretical data are represented both on 3D (Figure 6b) and 2D graphs (Figure
6¢) at a given temperature in the range of 60 to 95 °C. Below the growth temperature of 60 °C, the NW growth is
negligible, while their length rapidly increases for higher temperatures, which is consistent with what is typically
observed experimentally in the literature.*® Importantly, we further note that the increase in the length of ZnO NWs
with the growth temperature has an inflexion point around 75 °C. This directly indicates that, for related higher
values of k4, the axial growth rate of ZnO NWs is predominantly limited by the diffusive transport of Zn(ll) ions.
The present predictive approach represents a powerful tool for the optimization of the CBD conditions and the

design of a sealed reactor for both fundamental and applied research.
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Figure 6. (a) Concentration of Zn(I1) species versus effective growth time t and height z above the ZnO NWs, for
a chemical bath at 90 °C initially containing 30 mM of Zn(NOs), and HMTA. Eq.7 was used for the plot with AC
=3.93mM, C,q =15.18 mM, k; = 18.2 um/s, S =0.27, D = 2.74 x 10° m?/s, and p = 4.20 x 10?® m™>. (b-c)
Length of ZnO NWs versus effective growth time t and temperature T, for a chemical bath initially containing 30
mM of Zn(NOs), and HMTA. Eq.10 was used for the plot with AC = 3.93 mM, S =0.27 and p = 4.20 x 10%® m,

For each growth temperature, k, values were deduced from Figure 5i and D values were inferred from Ref. ®,

4. CONCLUSIONS

In summary, we have established a theoretical model to describe the elongation process of NWs grown by
CBD under dynamic conditions, namely in a sealed reactor where the depletion of chemical reactants occurs. The
present experimental configuration is used in the vast majority of investigations reported in the literature and
dedicated to the synthesis of ZnO NWs for both fundamental and applied research. Our theoretical model is based
on the resolution of Fick’s diffusion equations using appropriate boundary conditions in combination with
thermodynamic computations yielding the equilibrium concentration of Zn(ll) species. The expression of the axial
growth rate of ZnO NWs and its temporal dependence is determined, namely the evolution of their length vs growth
time. That expression is found to be in very good agreement with a large set of experimental data collected at
different pHs and growth temperatures. In particular, we have shown, from the temperature dependence of the
surface reaction rate constant ki, that the activation energy required for the elongation process of ZnO NWs is equal
to 198 £ 24 kJ/mol. The present value typically involves the energy barriers required i) for the dehydration process
of Zn(Il) species (i.e. [Zn(H20)s]** ions), and ii) for their subsequent direct incorporation onto the c-plane faces of
ZnO NWs. By using the theoretical model as a predictive approach, a complete growth diagram reporting the
evolution of the length of ZnO NWs vs effective growth time and temperature is gained as a typical illustration.
Our theoretical model represents a powerful tool for the careful investigation of the physicochemical processes at

work during the CBD of ZnO NWs for fundamental research, but also for the design of a sealed reactor or the

13



predictive behavior in a broad range of CBD conditions for applied research and industrial purposes. Eventually,
this general approach is of high potential for other systems involving a wide variety of chemicals in solution and of

semiconducting materials grown by CBD.

SUPPORTING INFORMATION

Detailed proof of the dynamic growth model, pictures of the chemical bath, top-view FESEM images of the series

at 90 °C with 800 mM of NHjs, cross-sectonial view FESEM images of the series at 80 and 95 °C, NW length and

S numerical values of the series at 80, 90 and 95 °C (PDF).
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