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ABSTRACT: ZnO nanorods (NRs) grown by chemical bath deposition (CBD) are  prmpmats T

among the most promising semiconducting nanostructures currently investigated for a
variety of applications. Still, contrasting experimental results appear in the literature on the
microscopic mechanisms leading to high aspect ratio and vertically aligned ZnO NRs.
Here, we report on CBD of ZnO NRs using Zn nitrate salt and hexamethylenetetramine
(HMTA), evidencing a double role of HMTA in the NRs growth mechanism. Beyond the
well-established pH buffering activity, HMTA is shown to introduce a strong steric
hindrance effect, biasing growth along the c-axis and ensuring the vertical arrangement.
This twofold function of HMTA should be taken into account for avoiding detrimental
phenomena such as merging or suppression of NRs, which occur at low HMTA

concentration.

1. INTRODUCTION

Among semiconductor nanostructures, ZnO nanorods (NRs)
recently emerged as promising building blocks in many
applications such as piezoelectric transducers, photovoltaic
devices, UV detectors, photocatalysis, gas and bio sensors, and
light-emitting diodes.'~'> This is due to both ZnO peculiar
properties'>—large and direct band gap energy of 3.3 eV, high
exciton binding energy of 60 meV, high electron mobility, and
large piezoelectric response—and the attractiveness of
synthesizing ZnO NRs via low-cost methods based on solution
phase growth. Among the bottom-up approaches, solution
phase growth methods for nanostructures received much
attention as they ensure high deposition rates on a large
variety of substrate, without the need for high temperature or
vacuum systems. In particular, chemical bath deposition (CBD)
gained attention because of its simple experimental setup, cost
effectiveness, and good potential for scaling up.

With respect to vacuum techniques, CBD, and solution phase
synthesis methods in general, have the drawbacks of lack of
good control over growth kinetics and unsatisfactory
reproducibility from one laboratory to another, usually resulting
in contrasting results reported in the literature. Such drawbacks
can be even more severe when large scale production is
attempted. Beyond the intrinsic limit of the solution phase
techniques, there is also a partial understanding of the whole
process underlying the growth of nanostructures. As far as the
CBD growth of ZnO NRs is concerned, the role of the most
used reducing agent, hexamethylenetetramine [HMTA
(CH,)gN,, a tertiary amine highly soluble in water], is currently
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under debate. This is despite the fact that a long series of papers
has been published since its first utilization 30 years ago.'*™ " It
is worth noting that the presence of HMTA is not essential for
the ZnO nanorods growth,"”~>' but it ensures crystalline and
morphological properties better than other reducing agents.

ZnO NRs growth by CBD occurs in an aqueous solution
typically containing zinc nitrate and HMTA. After Zn nitrate
dissociation, Zn>* ion forms a complex with six water molecules
[Zn(H,0)4]*", and essential eqluations for describing the ZnO
NRs growth are the following:'¢'*>>7>*

[Zn(H,0),]** + H,0 < [Zn(H,0);0H]" + H,0"

(1)
[Zn(H,0);0H]" + H,0 < Zn(OH),() + H,0" + 4H,0

(2)
Zn(OH),() < ZnOy,, + H,0 3)

while hydrolysis equilibria of Zn2+(aq) move to the right for the
simultaneous protonation of the HMTA itself or of the
ammonia groups coming from HMTA decomposition:

(CH, )N, + H3O+ < [(CH2)6N4]H+ + H,0 (4)
or

(CH, )N, + 6H,0 < 6HCHO + 4NH, (5)
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NH, + H,0" < NH," + H,0 (5b)

If a rough or seeded substrate is immersed in that solution,
well-ordered vertically oriented ZnO NRs can be grown on
it.”>~>* The seed layer, which consists of zinc oxide crystallites
preformed or spin-coated on the substrate,”> ">’ promotes the
heterogeneous nucleation on the substrate (while the
homogeneous one typically occurs in the bulk solution). The
fact that the anisotropic growth of these nanostructures is
intrinsic to wet chemical methods and to wurtzite structure has
found several experimental evidence.”®*® However, on the
precise role of HMTA there is not a general consensus.
Govender et al.** first proposed that HMTA slowly releases the
OH™ ions by its thermal decomposition to formaldehyde and
ammonia. Ashfold et al.>' reported that the rate of
decomposition of HMTA at 90 °C calculated for a zinc-free
solution is the same as that observed experimentally in a
solution containing zinc nitrate and hexamethylenetetramine,
implying that HMTA decomposition does not depend on the
reactions taking place during ZnO deposition and that HMTA
is an effective pH buffer. Although HMTA decomposition is
assumed in most papers on CBD grown ZnO nanostruc-
tures,>>*® Sugunan et al.'® denied HMTA decomposition. By
using attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy performed on a solution containing
zinc nitrate and HMTA, Sugunan et al."® proposed that HMTA
acts as a nonpolar chelating agent which preferentially attaches
to the lateral (nonpolar) facets of ZnO NRs, inducing
anisotropic growth along the c-axis. Such a shape—inducin%
effect of HMTA has been recently refuted by McPeak et al.,'
who claim that ZnO nanorods growth by CBD does not
involve the adsorption of HMTA on the ZnO lateral walls but
that the role of HMTA is only to control the saturation index of
ZnO through the slow release of OH™ ions. Thus, up to now it
is not clear what the role of HMTA in ZnO NRs growth by
CBD is.

In this work we present a systematic investigation of ZnO
NRs grown by CBD involving Zn nitrate and HMTA. We
report some empirical evidence to support the thesis that
HMTA plays a dual role in the synthesis of ZnO nanorods on
seeded substrate, participating both as supplier of OH™ and as
capping agent promoting anisotropic growth. These two modes
of action are not mutually exclusive, and the amount of HMTA
in solution determines the key process variable.

2. EXPERIMENTAL SECTION

ZnO NRs were grown on c-Si substrate (2 X 2 cm” samples, cut
from p-type, 4 in. Czochralski wafers) by CBD. After surface
cleaning (isopropanol and acetone rinsing), a seed layer of ZnO
crystallites was obtained by spin-coating (1000 rpm, 60 s) the
surface with a solution of 5 mM zinc acetate dihydrate
(CH;C00),Zn-2H,0 (Sigma-Aldrich puriss. p.a, ACS re-
agent, >99.0%) in ethanol (Sigma-Aldrich puriss. p.a, ACS
reagent, >99.8%), followed by 20 min annealing in air on a hot
plate (at nominal 240 °C). This procedure gives about 2 X 10"
ZnO molecules/cm?, clustered in small islands (average size of
23 nm, ~60 nm away from each other), as detailed in the
Supporting Information (Figure S1).

An open large beaker filled with a 100 mL solution (50 mM)
of zinc nitrate hexahydrate (Zn(NO;),-6H,0, Sigma-Aldrich
purum p.a. crystallized, >99.0%) in deionized (DI) water
(Milli-Q, 18 MQ-cm) and a small beaker filled with 100 mL
solution of varying HMTA concentration (Sigma-Aldrich

puriss. p.a, Reag. Ph. Eur, >99.5%) in DI water were well
stirred and preheated at 90 °C. The HMTA solution was
poured into a large beaker, and the seeded substrates were
vertically immersed in the large beaker. While zinc nitrate
concentration in the CBD bath was set at 25 mM (after
solution mixing), HMTA final concentration was varied in the
12.5—-50 mM range. In some tests, HMTA was substituted or
combined with propylamine (PA, (CH,;);N), a liquid primary
amine.

As the concentrations of reactants vary with time (and at
different specific rates), the solution aging effect can occur,
decreasing the Zn?*/OH ratio in a longer CBD process.”"** In
addition, the temperature of the CBD solution heavily affects
the growth kinetics.*>**73¢ These effects have to be considered
when performing CBD experiments; thus, particular care was
taken to immerse the substrates immediately after the solution
mixing and to keep the solution temperature fixed at 90 °C
through a boiling water bath (bain-marie configuration).
Reaction time was varied in the range 0.5-3 h. pH and
temperature were measured before, during (at 90 °C), and after
the CDB with a pH-meter (EUTECH Instruments, pH2007)
equipped with a temperature probe. Once the substrates were
removed from the CBD beaker, they were rinsed with DI water
and dried with N, gas.

The structural properties of ZnO nanostructures were
studied by using a scanning electron microscope (Gemini
field emission SEM Carl Zeiss SUPRA 25) and a transmission
electron microscope (TEM, JEOL ARM200CF), operating in
conventional TEM (CTEM) and diffraction mode.

3. RESULTS AND DISCUSSION

A. ZnO Nanorods Growth with HMTA. Figures la—c
show the SEM analysis of ZnO NRs in plan (top panel) or

Figure 1. SEM images of the plane (top panel) and cross-sectional
(bottom panel) views of the ZnO NRs grown with a zinc nitrate
concentration of 25 mM and different molar concentrations of
HMTA: 50 (a), 25 (b), and 12.5 mM (c). The growth temperature
and time were 90 °C and 1 h, while the pH = 5.7. The scale bar is for
all images.

cross view (bottom panel), evidencing that there is a strong
dependence of the obtained morphology on the amount of
HMTA used. All the samples were grown for 1 h at 90 °C, and
the measured pH was 5.7. For 50 or 25 mM HMTA, a dense
array of ZnO nanorods is obtained, with well-aligned and
separated nanorods (40—50 nm wide, 600—700 nm high). The
array is composed of ZnO nanorods with the well-known prism

dx.doi.org/10.1021/jp507496a | J. Phys. Chem. C 2014, 118, 2818928195
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shape and hexagonal section with a flat top. TEM analyses
(discussed below) revealed that the growth direction is the c-
axis, as expected. If 12.5 mM HMTA is used, a remarkably
different structure is obtained, with ZnO platelets (100 nm
wide and 80 nm high) merged with each other to form an
almost continuous film. In this case, no anisotropic growth can
be assumed as the height is even smaller than the lateral size,
and moreover a large number of defects arose at the junction
between these randomly oriented platelets. Thus, it is clear that
there is a limit in the HMTA concentration over which the
growth is biased toward the rodlike structure. Still, no
difference in the pH of the solution is observed among the
three cases; thus, the rodlike growth cannot be due to the OH™
release coming from the HTMA or ammonia protonation (eq 4
or 5). With 50 mM HMTA, ZnO NRs appear longer than in
the case of 25 mM HMTA.

To compare the growth kinetics between 25 and 50 mM
HMTA, we measured the height of NRs (by cross-view SEM)
obtained from different durations of CBD. The results are
reported in Figure 2 (error bars are of the same size as the
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Figure 2. Time evolution of NRs height grown with 25 mM (open
circles) or S0 mM (closed circles) HMTA concentration (Zn nitrate
concentration of 25 mM, temperature of 90 °C, pH = 5.7). Lines are
linear fit to extract growth rate and time offset, for data up to 2 h
growth time.

symbols size). Several kinetics tests have been done, showing
always the same results. For both HMTA concentrations, the
NRs height scales linearly with growth time, up to a maximum
time of 2 h. After this time the growth rate decreases, which can
be related to the change in Zn®" ions concentration in the
solution after 2 h, as reported in ref 31. Thus, we preferred to
focus our attention on the 0—2 h growth time interval. In this
time range we observed no significant lateral growth, as the 25
mM HMTA samples show ZnO NRs as large as 40—50 nm
from the beginning up to 2 h. The vertical growth rate can be
determined with a simple linear fit for the 25 and 50 mM
HMTA solutions, and it was found that the growth rate is fairly
the same (12.5 nm/min for the 25 mM HMTA, 13.0 nm/min
for the SO0 mM HMTA). This means that by increasing the
HMTA concentration, the hydrolysis equilibrium of Zn2+(aq) is
not significantly changed.

The difference in height of the ZnO NRs grown with
different amount of HMTA is due essentially to a time offset
before beginning of vertical growth (about 15.5 min for 25 mM

and 7.2 min for SO0 mM HMTA). The origin of this time offset
is outside the scope of this work, even though we still observed
the presence of ZnO NRs after 8 min growth with 25 mM
HMTA, with a fairly low substrate coverage (Figure S2). Since
the growth of ZnO NRs is shown to be transport limited, both
height and lateral size of nanorods scale with the inverse of the
nanorods density.”® This implies that a linear trend in the
vertical growth can be reached after an incubation time during
which the NRs density becomes homogeneous on the whole
surface. Given this picture, a large amount of HMTA in the
growth solution ensures a shorter incubation time and,
probably, a more homogeneous NRs array.

B. ZnO Nanorods Growth with PA. The role of the pH
value in ZnO NR growth by CBD has been largely
discussed,' "' *#>192»3% concluding that by changing pH value
different ZnO nanostructures can be formed. In this work, we
always used pH value of 5.7, with HMTA as pH regulator. In
order to clarify if HMTA has any other role beyond that of pH
regulation, we replaced it with a simpler amine, propylamine
(PA). pH regulation can also be achieved by using inorganic
salt, but we decided not to use them as they are known to affect
morphology of oxide nanostructures in low-temperature
solution growth.

Figure 3a reports the pH values of a 25 mM solution of Zn
nitrate kept at 90 °C with different concentration of HMTA or

0
Acqueous salution of 25 mMMZn(NO,),
at 90 °C, with addition of:

-8~ HVTA
—*—PA

Figure 3. (a) pH measured in an aqueous solution of Zn nitrate (25
mM) kept at 90 °C with different concentration of HMTA (close
circles) or PA (stars). (b) SEM plan view ZnO nanostructures grown
with 35 mM PA (Zn nitrate concentration of 25 mM, temperature of
90 °C, growth time of 1 h, pH = 5.7). (c) SEM images of the plane
(top panel) and cross-sectional (bottom panel) views of the ZnO NRs
grown with 12.5 mM HMTA and 35 mM PA (Zn nitrate
concentration of 25 mM, temperature of 90 °C, growth time of 1 h,
pH = 5.7). The scale bar is for all images.

PA. Without any amine, the Zn nitrate solution is acidic (pH =
4.2) due to the hydrolysis of Zn2+(aq) complex. HMTA shows a
strong pH regulation activity, quickly stabilizing the pH at 5.7
in the 12.5-125 mM HMTA concentration range. The
behavior of PA at low concentration is similar, while for PA
concentration larger than 50 mM pH increases up to 9. In
particular, a 35 mM PA solution has a pH = 5.7 (vertical arrow
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in Figure 3a). In principle, if the role of HMTA is only to keep
the pH = 5.7, using another reagent capable of ensuring the
same pH condition should permit the synthesis of zinc oxide
nanostructures with morphological features similar to those
obtained by employing HMTA. Figure 3b shows the plan view
of the CBD with 25 mM zinc nitrate and 35 mM PA solution.
No nanorods or platelet structures were found. Given this
results, we tried to repeat the growth by adding a small amount
of HMTA. Figure 3c reports the SEM images in plan (top
panel) and cross (bottom panel) of the ZnO nanorods
obtained combining 35 mM PA and 12.5 mM HMTA (with
a fixed 25 mM Zn nitrate). Under such conditions, very high
and thin ZnO nanorods were obtained. It is worth noting that
the same amount of HMTA (without PA) gave the merged
ZnO platelets (Figure 1c). This indicates that ZnO NRs can be
obtained even if a low amount of HMTA is used, as long as
another pH regulator is present.

Figure 4 provides a synoptic view of the morphological
features of ZnO NRs grown with different concentration of
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Figure 4. Circles refer to height (top), lateral sizes (medium), and
aspect ratio (bottom) of ZnO NRs grown with different HMTA
concentrations. Stars refer to ZnO NRs grown with HMTA (12.5
mM) and PA (35 mM). In all cases, Zn nitrate concentration was 25
mM, temperature was 90 °C, growth time 1 h, and pH = 5.7.

HMTA, with and without PA. The height and the lateral size
were extracted from SEM images (error bars are of the same
size as the symbols size). When only HMTA is used, higher
HMTA concentration leads to significant increase in aspect
ratio (AR), ranging from about 0.7 (12.5 mM HMTA) to about
15 (50 mM HMTA). The combination of PA and 12.5 mM
HMTA (stars) leads to height, lateral size, and AR comparable
to those obtained with higher amount of HMTA.

This effect of PA can be explained if a double role of HMTA
is assumed—primarily it is a pH regulator, while its secondary
role is to induce the rodlike growth of ZnO. In fact, looking at
Figure 3a, 12.5 mM HMTA turns out to be high enough to
maintain pH at 5.7, but in this case no ZnO nanorods are
obtained, implying that most or all of the HMTA is used up in

pH regulation. When more HMTA or PA is added, ZnO
nanorods appear.

HMTA secondary function of biasing anisotropic growth of
ZnO along the c-axis can be related to the preferential
attachment of chelating HMTA molecules to the lateral faces of
ZnO NRs."® HMTA can bind to nonpolar ZnO crystal surfaces
by means of at least two mechanisms: a dative covalent bond
between the basic N donor atoms and the acidic Zn*" site or a
hydrogen bonding between the tertiary ammonium cations and
the O?~ crystal ions.”” Any of them can lead to a steric
hindrance effect, according to which NRs close enough to each
other tend to inhibit lateral growth.****** This explanation is in
apparent contrast with the conclusion of ref 19 where it is
stated that HMTA does not adsorb on ZnO nanoparticles film.
However, they used very low HMTA concentration (1 mM),
and the HMTA absorption test was carried out at temperature
well below 90 °C. At these conditions, HMTA adsorption and
bonding to ZnO may not be favorable. Our results indicate that
for typical ZnO NR growth condition (90 °C, pH = 5.7,
HMTA = 25 mM) a clear steric hindrance effect induced by
HMTA cannot be ruled out.

C. Steric Hindrance Effect during ZnO NRs Growth.
TEM analysis were performed on ZnO NRs grown with 25 or
50 mM HMTA or with the combination of 12.5 mM HMTA
and 35 mM PA. In order to study the morphology of the NRs
below the surface of the film, the NRs array was embedded by
using an epoxy resin and then sliced up, extracting a plane of
observation about 100 nm above the substrate. All TEM images
refer to this kind of slice. Figure S shows the bright field

Figure 5. TEM images of a slice extracted 100 nm above the substrate
of ZnO NRs samples grown with 25 mM HMTA (a), 50 mM HMTA
(b), or 12.5 mM HMTA+35 mM PA (c) (Zn nitrate concentration of
25 mM, temperature of 90 °C, growth time of 1 h, pH = S5.7). The
scale bar is for all images.

transmission electron microscopy (BF-TEM) images of ZnO
NRs grown with 25 mM (Figure Sa), SO mM (Figure Sb) of
HMTA, or with the combination of 12.5 mM HMTA and 35
mM PA (Figure Sc). NRs with [0001] zone axis aligned with
the line of sight appear with darker contrast and sharper edges.
As shown by SEM images in Figure 1, not all NRs are properly
perpendicular to the substrate, so some misalignment occurs.
Selected area diffraction (SAD) patterns of TEM (presented in
Figure S3) show that NRs are wurtzite ZnO crystals with a
predominant [0001] growth direction.

It is clear that large differences arose among the three
samples. All of them shows quite large NR density, though the
HMTA + PA sample has by far the less dense arrangement of
NRs. Furthermore, the 25 mM HMTA sample presents both
smaller and larger NRs while the 50 mM HMTA and the
HMTA + PA samples have more uniformly sized NRs.

In order to investigate this point, we calculated the size
distribution (Figure 6) of ZnO NRs both on the top plane and
at 100 nm (bottom plane, hereafter) above the substrate, using

dx.doi.org/10.1021/jp507496a | J. Phys. Chem. C 2014, 118, 2818928195
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Figure 6. Size distribution of ZnO NRs in samples grown with 25 mM
HMTA (a), 50 mM HMTA (b), or 12.5 mM HMTA+35 mM PA (c)
(Zn nitrate concentration of 25 mM, temperature of 90 °C, growth
time of 1 h, pH = 5.7). Black and red histograms refer to the top or
bottom (100 nm above the substrate) planes, as depicted in the
drawing. NRs density per ym? are also reported in the legend for each
sample, at the bottom and top planes.

SEM images in Figures 1 and 3 and TEM images in Figure §,
respectively. Although two different techniques have been used
on top and bottom of NRs, a fair comparison can be done and
many reliable information can be drawn. For each sample, the
areal density of NRs is reported, for both planes. In the case of
only HMTA, the NR density clearly decreases from the bottom
plane to the top one, in particular for the 25 mM HMTA
sample. The same sample, moreover, shows a markedly larger
size distribution at the bottom plane in comparison to all the
other samples. Such a situation can also be related to the larger
incubation time extracted for this same sample (Figure 2), as a
longer nucleation time typically gives a larger size distribution.
In addition, with 25 mM HMTA, the most representative size
(35—40 nm) at the top plane is larger than the most
representative size (10—20 nm) at the bottom plane. This
may indicate that most of the ZnO NRs present at the bottom
do not reach the top plane, perhaps suppressed during the
growth. Another explanation is that merging of small NRs
probably occurred (Figure S4) by means of crystal coarsening
or oriented attachment.** The 50 mM HMTA NRs behaves
slightly different, as the average size slightly increases from the
bottom to the top plane, with a decrease of the NR density.
The HMTA + PA sample shows fairly the same average size
among the two planes, with only a moderate reduction in the
NR density. It should be noted that this sample shows the
lowest reduction in NRs density going from the bottom to the
top plane and that also at the bottom plane the NRs density is
quite low (see Figure Sc). In general, ZnO NRs growth in this
case seemed to occur without any merging or NR suppression.

These results can be interpreted with the steric hindrance
effect. Basically, there is a sort of dynamic equilibrium among
attached molecules (HMTA*) and molecules dispersed in
solution. When only 25 mM HMTA is used, the HMTA
concentration in the residual solution at the bottom part of
NRs during the growth becomes less and less, shifting the
equilibrium toward molecules dispersed in solution. This
reduces the HMTA* amount and consequently the steric
hindrance effect. Merging phenomena can then occur. As the
HMTA is increased, a more controlled growth occurs with 50
mM HMTA or even better with the HMTA + PA combination.

To counterprove the HMTA-induced steric hindrance action,
a double-step synthesis test was carried out with HMTA
concentration varied during the growth. Two seeded substrates
were immersed in an equimolar solution (25 mM) of zinc
nitrate and HMTA at 90 °C (pH = 5.7). After 1 h, one sample
was extracted, rinsed, and dried, and a solution of 25 mM zinc
nitrate (preheated heated at 90 °C) was added to double the
original volume. The nominal HMTA concentration was then
halved (12.5 mM) while maintaining that of zinc nitrate at 25
mM. The diluted solution had pH = 5.7, as expected. The
second substrate was kept in the diluted solution for a further
30 min, then removed, rinsed, and dried. Figure 7 reports the

Figure 7. SEM plan views of ZnO NRs grown with 25 mM HMTA for
1 h (a) or with 25 mM HMTA for 1 h plus 12.5 mM HMTA for
farther 30 min (b) (Zn nitrate concentration of 25 mM, temperature
of 90 °C, pH = 5.7). Red circles indicate merging ZnO NRs, while
drawings below represent height and lateral size of NRs before and
after HMTA dilution. The scale bar is for all images.

results of this double-step synthesis test. After the first growth,
ZnO NRs (Figure 7a) exhibit an average lateral size of 40 nm
and a height of 540 nm. The second step (Figure 7b)
surprisingly did not give any extra height (as observed by cross
SEM images, not reported) but only a significant lateral size
growth (from 40 to 100 nm), with several evidence of NR
merging (red circles in Figure 7b). This scenario further
confirms the steric hindrance action of HMTA, giving an
explicit evidence that the NRs anisotropic growth strongly
depends on the HMTA concentration. After the dilution, the
amount of HMTA becomes so low that growth along the c-axis
is essentially suppressed while only lateral growth occurs on the
side walls of NRs.

dx.doi.org/10.1021/jp507496a | J. Phys. Chem. C 2014, 118, 2818928195
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4. CONCLUSIONS

In conclusion, we experimentally studied the role of HMTA in
the chemical bath deposition of ZnO nanorods using a 25 mM
zinc nitrate aqueous solution. It is clearly shown that a lower
threshold in the HMTA concentration exists in order to induce
the anisotropic growth of ZnO NRs along the c-axis. Increasing
the HMTA concentration does not increase the growth rate of
NRs. ZnO NRs can be obtained with a lower HMTA
concentration only if another pH regulator is involved. These
data point out that HMTA plays a double role, acting as pH
regulator, and forming a shell around ZnO NR. The last effect
induces the vertical growth of ZnO NR along the c-axis through
a steric hindrance effect, inhibiting lateral growth. When low
HMTA concentration are used, detrimental effects such as NRs
merging or enhanced lateral growth occur.
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SEM, TEM, and RBS of seeded substrate; early stage of NR
growth and of merged NRs occurrence. This material is
available free of charge via the Internet at http://pubs.acs.org.
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