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nO nanowires (NWs), an outstand-

ing member of the family of one-

dimensional nanostructures,' 3 have
found many applications in fabricating elec-
tronic, optoelectronic, electrochemical, and
electromechanical devices, such as ultravio-
let (UV) lasers,* light-emitting diodes,” field
emission devices,®” solar cells,® as well as
piezo-nanogenerators.”'® In general, ZnO
NWs are typically manufactured by two
methods, namely, physical vapor deposi-
tion and hydrothermal decomposition. In
contrast to the physical vapor deposition,
synthesized via the wet chemical method,
the ZnO NWs are of low aspect ratio typi-
cally of 10 to 15,""'2 which greatly limits
their applications in which flexible and high
surface to volume ratio ZnO NWs are
needed. There has been a few reports that
the aspect ratio of the ZnO NWs could be in-
creased by adding some external capping
agents, such as ethylenediamine (En)'® and
polyethylenimine (PEI);® however, at the
same time, these capping agents might also
introduce some undesirable impurities into
the ZnO NWs, which would greatly under-
mine their applications for which untainted
ZnO NWs are required.

In most existing literature, synthesis of
nanomaterials lacks of theoretical guidance
for achieving high quality and reproducible
nanomaterials. The practical requirements
for nanomaterial synthesis are morphology
control, dimensionality control, and orienta-
tion control. In this study, as guided by sta-
tistical methods, we performed a sequence
of experiments toward growing aspect ratio
enhanced ZnO NW arrays. Classic statistical
analysis did not suit this application due to
the uncontrollable variation in the process
and complex interactions among various
factors. In this work, we use pick-the-winner
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ABSTRACT Controlling the morphology of the as-synthesized nanostructures is usually challenging, and
there lacks of a general theoretical guidance in experimental approach. In this study, a novel way of optimizing
the aspect ratio of hydrothermally grown ZnO nanowire (NW) arrays is presented by utilizing a systematic
statistical design and analysis method. In this work, we use pick-the-winner rule and one-pair-at-a-time main
effect analysis to sequentially design the experiments and identify optimal reaction settings. By controlling the
hydrothermal reaction parameters (reaction temperature, time, precursor concentration, and capping agent), we
improved the aspect ratio of Zn0 NWs from around 10 to nearly 23. The effect of noise on the experimental results
was identified and successfully reduced, and the statistical design and analysis methods were very effective in
reducing the number of experiments performed and in identifying the optimal experimental settings. In addition,
the antireflection spectrum of the as-synthesized Zn0 NWs clearly shows that higher aspect ratio of the Zn0 NW
arrays leads to about 30% stronger suppression in the UV —vis range emission. This shows great potential
applications as antireflective coating layers in photovoltaic devices.

KEYWORDS: ZnO nanowires - aspect ratio - hydrothermal growth - statistical design
of experiments (DOE) - pick-the-winner (PW) rule - one-pair-at-a-time main effect
analysis

rule’ and one-pair-at-a-time main effect
analysis' to identify optimal reaction set-
tings. By controlling the hydrothermal reac-
tion parameters, for instance, the precursor
concentration, the reaction time, and tem-
perature, the aspect ratio of the ZnO NWs
can be improved to almost twice that of the
regular ZnO NWs. Furthermore, the antire-
flection properties were also improved dra-
matically with increased aspect ratio of the
ZnO NW arrays, which shows great poten-
tial applications as antireflection coating
layer for solar cells.
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zlwang@gatech.edu.

RESULTS AND DISCUSSION

Reaction Mechanism and Statistical Design of
Experiments. The annealing process helped
the as-deposited Au layer to form a uniform
crystalline thin layer on the surface of the
Si substrate, which was critical to the ori-
ented growth of aligned ZnO NWs. The
chemistry of the growth has been well-
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documented.'"® Zinc nitrate salts provide Zn?* ions re-
quired for building up ZnO NWs, while water mol-
ecules in the solution provide O*” ions. Even though
the exact function of HMTA during the growth is still
unclear, it is believed to act as a weak base, which
would slowly hydrolyze in the water solution and
gradually release OH™. This is critical in the synthesis
process because, if the HMTA hydrolyzes too fast and
produces a lot of OH™ in a short period of time, the Zn?*
ions in solution would precipitate out very quickly due
to the high pH environment, which would have little
contribution to the ZnO NW oriented growth, and even-
tually results in fast consumption of the nutrient and
limits further growth of the ZnO NWs.

(CH,)gN, + 6H,0 < 4NH, + 6HCHO
NH; + H,0 < NH;H,0
NH;H,0 <= NH; + OH~

Zn*" + 20H™ < Zn(OH),

A
Zn(OH), —Zn0O + H,0

The growth process of the ZnO NWs can be de-
scribed and controlled through the five chemical reac-
tions listed above. All of the five reactions are actually in
equilibrium and can be controlled by adjusting the re-
action parameters, such as precursor concentration,
growth temperature, and growth time, in order to push
the reaction equilibrium forward or backward, which
enables us to tune the aspect ratio of the ZnO nano-
wires, as shown in Figure 1. In general, precursor con-
centration determines the NW density and aspect ra-
tios. Growth time and temperature control the ZnO NW
morphology and aspect ratios, as well. In most of the
existing literature, there lacks of a systematic study on
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Figure 1. SEM images of ZnO nanowires with aspect ratio of (A) 7.7, (B) 12.4, (C) 14.5, and
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the growth conditions and how do they affect the mor-
phologies of the received nanowires. A general ap-
proach is “cook and look”. Our goal is to use statistical
theory to guide our synthesis so that we can systemati-
cally achieve high quality, reproducibly desired
nanostructures.

The control factors (reaction parameters) that were
changed in the course of experiments include the fol-
lowing: (1) Temperature of the furnace (temp), mea-
sured in Celsius degrees. (2) Time for which the experi-
mental setup was placed in the furnace (time),
measured in hours. (3) Concentration of the zinc precur-
sor solution (Zn), measured in millimoles per liter. (4)
The amount of capping agent that was used in the ex-
periment (capping) was measured in terms of the ratio
to the zinc precursor concentration.

Note that the chemistry term “reaction parameter”
is often referred to as “experimental factor” in the statis-
tical literature, and in the rest of this paper, these two
terms will be used interchangeably. The factors will be
varied among different levels. Generally speaking, high
temperature and low zinc precursor concentration fa-
vor thinner and longer NWs; short reaction time (<4 h)
and long reaction time (>48 h) decrease the aspect ra-
tio of the ZnO NWs. Only intermediate reaction time
gives a desirable aspect ratio.

The experiments were conducted on a sequential
basis. In the first two stages, we tried a wider range of
experimental parameters to narrow down the range for
good growth of the NWs. Once good yield of NWs was
obtained, we concentrated on exploring settings to in-
crease the aspect ratio. When an experiment resulted in
NWs with higher aspect ratio, subsequent experiments
would be conducted by changing the parameters in the
vicinity and toward the optimal setting. If the experi-
ment resulted in NWs with low aspect ratio, the corre-
sponding parameter settings were considered undesir-
able and the vicinity of these values was
avoided in the subsequent experiments.
In the end, we also tested the consistency
of the results. It is important to get good
and reproducible results whenever the ex-
periments are conducted. Hence, in the
last stage, we performed the experiments
repeatedly to ascertain that the settings
chosen were indeed optimal.

Stage I: Analysis from Rudimentary
Experiments. Prior to collaboration with
statisticians, a number of preliminary ex-
periments were conducted. SEM images
of about 111 samples were available,
which are referred to as stage | experi-
ments henceforth. On the basis of these
images, we observed good growth in
about 60% of these trials. For many
samples, either the NWs grew sparsely or
clustered in certain locations. Quite often,
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TABLE 1. Summary of Parameter Ranges of the
Rudimentary Experiments

parameter settings
temperature of furnace/°C 65,70, 75,80
growth time/h 3—-42
zinc concentration/mM 0.05—50
capping agent additive or no additive

they were lying horizontally on the substrate. Among
these 111 trials, the highest aspect ratio was found to
be around 12. The settings used for these experiments
are listed in Table 1.

Here is a summary of how the experimental param-
eters influenced the growth of NWs:

® Capping agent: Additive acetic ions (Ac) provided
higher aspect ratio compared to other additives (so-
dium dodecyl sulfate (SDS) and ethylenediamine (En)).

®Both the length and diameter of the NWs increased
with time.

®Zinc concentration influenced aspect ratio signifi-
cantly. It was found that higher Zn values resulted in
lower aspect ratio and vice versa.

oGrowing NWs for very little time (3—10 h) resulted
in very poor growth and aspect ratio.

el ow temperature (60 °C) did not yield good NWs.
Very few experiments were performed at 80 °C.

Stage II: Explore the Experimental Settings. Traditionally,
engineers tend to use one-factor-at-a-time approach
to plan experiments, wherein settings are changed for
only one factor at a time, based on the previous results.
This approach is easy to understand but has some
drawbacks when compared to the statistical design of
experimental methods such as factorial designs.

Full factorial design is a statistical experimental de-
sign that consists of all possible combinations of levels
for k factors, each taking on two or more levels.” For ex-
ample, a full factorial design with k factors taking on
two levels would comprise all 2¢ combinations (runs).
Fractional factorial design is a carefully chosen subset
(fraction) of a full factorial design. For example, if we
have k factors at two levels each, a 1/2° fraction of the
full factorial design is denoted as 2¢ design.

Factorial experiments have some advantages over
one-factor-at-time experiments. First of all, they re-
quires less runs for the same precision in effect estima-
tion. Second, dependency of the influence of a factor on
the level of another factor can be detected. This is called
interaction between the two factors in statistical litera-
ture. Third, interpretations and applicability from facto-
rial designs are more general. Last, in case of factorial
designs, the chance of missing optimal combination of
settings is smaller. Wu and Hamada give the design and
analysis strategies of full factorial and fractional facto-
rial designs in detail."®

In the previous stage, zinc concentration had shown
a clear influence on the aspect ratio of the NWs. This

www.acsnano.org

TABLE 2. Design and Experimental Results of Stage Il

. . rowth
code temp time In capping (rated 0?] a1—5 scale)
A 65 6 2 Ac poor (1)
B 65 12 5 none good (5)
C 65 48 20 high Ac poor (1)
D 80 6 5 high Ac 0K, but not dense (2)
E 80 12 20 Ac poor (1)
F 80 48 2 none pyramid/cone shaped (3)
G 94 6 20 none poor (1)
H 94 12 2 high Ac good (5)
| 94 48 5 Ac good (5)

time we performed the experiments with three levels
of 2, 5, and 20 mM. From the past data, we observed
that low temperatures did not provide good NWs. To
explore the effect of temperature, we widened the
range of the temperature values and chose 65, 80, and
94 °C. Since short growth time resulted in poor growth
of NWs, we went with a higher value. The levels chosen
for temperature were 6, 12, and 48 h. Note that these
values went beyond the range of values used before. It
was discovered that the capping agent (additive) Ac
provided better NWs (higher aspect ratio) compared to
other additives, such as SDS and En. Hence, we contin-
ued with the additive Ac for the subsequent experi-
ments. We tested the effect of using capping agent at
two levels, in addition to another control level where no
capping agent was used. Ac indicates that concentra-
tion of the capping agent is the same as the zinc con-
centration, while high Ac indicates that the concentra-
tion of the capping agent is twice the zinc
concentration.

Using these four factors at three levels, we designed
and conducted the experiments as shown in Table 2,
which consisted of nine experiments. This design is re-
ferred to as a 3%~ fractional factorial design. Here the
base 3 refers to the number of levels over which the fac-
tors are varied. The exponent 4—2 indicates that four
factors are considered, and instead of performing all
their 3* level combinations, we choose only a 37%th
fraction (i.e., 1/9 fraction). The results of these experi-
ments are provided in Table 2, and the corresponding
SEM images are shown in the Supporting Information
(SI) Figure S1.

From Table 2, we observed that few of the combina-
tions provided good results. For some of the settings,
growth of NWs was very poor, hence measuring the as-
pect ratio was meaningless in these cases. Instead, we
rated them according to the level of growth of the NWs
in the sample. “Poor” refers to the sample where NWs
were either absent or clustered at a few places. “Good”
refers to samples where the NWs were upright and
dense. Some of the aspects which were considered to
reduce the effectiveness of the NWs were slantness of
the NWs, pyramid/conical shape of the NWs, and very
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TABLE 3. Design and Experimental Results of Stage Ill

aspect ratio

run temp time In capping trial 1 trial 2
1 80 12 2 no 17.2 14.7
2 80 12 5 11 no growth 6.9
3 80 48 5 no 83 10.1
4 80 48 2 11 18.9 9.6
5 94 12 5 no 10.8 141
6 94 12 2 11 78 8.4
7 9% 48 2 no 14.1 17.9
8 9% 48 5 11 no growth 9.1

low density of the NWs (i.e., smaller number of NWs
per unit surface area).

From Table 2, we observed that high zinc concentra-
tion (20 mM) resulted in poor growth, irrespective to
the levels of other factors. Chances of good growth
were higher when the NWs were grown for 12 or 48 h.
Similarly, when temperature was set at 80 or 94 °C, the
chance of good growth was also higher. On the basis of
these observations, we ignored the level of tempera-
ture at 65 °C, time at 6 h, and zinc concentration at 20
mM, which led to poor growth. Our focus was narrowed
down to two other good settings. The influence of the
capping agent was not clear from the above experi-
ments, possibly because the changes in other factor set-
tings may have overshadowed the effect of the cap-
ping agent. Therefore, in the next stage, we dropped
the “high Ac” level for capping to minimize the side ef-
fects it may cause, such as change of ionic strength and
pH value of solution.

Stage lll Experiments: Narrow down the Focus. During this
stage, we performed the experiments as shown in Table
3. This design is referred to as a 2*" ! fractional factorial
design since only half (i.e., 27") of the 2* runs for four
factors at two levels were conducted. We replicated
these experiments twice (trials 1 and 2 in Table 3) to im-
prove accuracy. The results of the experiment are pro-
vided in Table 3, and the corresponding SEM images are
shown in Sl Figures S2 and S3. For each sample, we
measured the lengths and widths of around 20 NWs
by Photoshop and then calculated their aspect ratios
average.

It was evident that most of the experiments re-
sulted in good growth of NWs. Moreover, the average
aspect ratio was also improved when compared to the
previous stages. However, the experimental results over
the two trials were not always consistent. Some runs
were consistent (such as runs 1 and 7, which resulted
in high aspect ratio both times, and runs 3 and 6, which
yielded low aspect ratio both times), but many other
runs were not. For instance, run 4 yielded the highest
aspect ratio in the first trial but not so well in the sec-
ond trial. For runs 2 and 8, trial 1 resulted in very poor
or no growth, while trial 2 resulted in good growth (al-
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TABLE 4. Experimental Results for the Three Trials of
Stage Il

aspect ratio
run trial 1 trial 2 trial 3

1 17.2 14.7 13.6

2 no growth 6.9 9.9

3 83 10.1 17.7

4 189 9.6 284

5 10.8 14.1 15.0

6 7.8 84 1.2

7 141 17.9 18.8

8 no growth 9.1 no growth

though low aspect ratio). Possible reasons for these in-
consistencies will be discussed later.

Due to these inconsistencies, we continued to per-
form a third trial for this stage. Results for all three tri-
als are shown in Table 4. Comparing results for each run
from the three trials, we can see that, in general (ex-
cept for the first and eighth run), the aspect ratio for
the third trial was higher than the first and second tri-
als. Furthermore, the order of runs based on the aspect
ratio of the NWs remained almost the same for all three
trials.

In this stage, we were able to obtain good growth
with reasonable high aspect ratio. Next we move to-
ward obtaining consistently higher aspect ratio. How-
ever, there were some challenges. As discussed before,
some experiments were not quite reproducible. Their
results varied a lot when performed at different times,
as shown in Table 4. The inconsistency was due to the
presence of some uncontrollable or unknown noise fac-
tors during the growth process. Because of this, tradi-
tional statistical modeling may not be applicable since
the noise variation can sometimes be so large as to
overshadow the effect of the controlled parameter set-
tings. Hence, obtaining a prediction model that can pre-
dict the result under given parameter settings was diffi-
cult. In view of this, the huge variation among the
results in stage Ill led to another motivation of our
study: to reduce the effect of noise factors on the output.
In other words, we needed to find parameter settings
that not only produce NWs with higher aspect ratio but
also give consistently good results.

Sources of Noise during the Growth of NWs, Control Strategies,
and Data Analysis Approaches. In order to reduce the noise,
we performed a cause and effect analysis. By analyzing
the effects at each step, we try to enumerate the causes
for uncontrolled variation and list the possible causes
of noise.

The major causes of the uncontrolled noise ap-
peared to originate from the deposition of Ti and Au
over the substrate by plasma sputtering. During this
complex process, we had control only over the power
of the plasma sputtering, which was usually fixed by ex-
perience. However, due to technical difficulties, the
variation of working temperature inside the chamber
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