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uring the last few decades, numer-

ous nanostructures have been dis-

covered and can now be rationally
synthesized. Among them, one-
dimensional (1D) nanostructures, repre-
sented by nanowires (NWs), nanotubes, and
nanobelts,’ are considered as advanced
fundamental building blocks for the next
generation devices and systems in electron-
ics,? optics,® sustainable energy,* biomedi-
cine,” and defense technology.® Nowadays,
understanding of the formation mecha-
nisms of most nanostructures has been pri-
marily established. The morphology, dimen-
sion, and crystallography of those
nanostructures can be rationally controlled
in the laboratory, which provides a reliable
supply of the building blocks. As a result,
the cutting-edge research on nanotechnol-
ogy is gradually shifting from nanomaterial
synthesis toward property improvement
and nanodevice development. For example,
prototypical sensors,” solar cells,® nanogen-
erators,’ light-emitting diodes (LEDs),'® la-
sers,'" and biomarkers'? have all been dem-
onstrated using 1D nanostructures. They
are promising candidates for replacing cur-
rent technology with advanced perfor-
mance and novel functionalities. The devel-
opment of such nanodevices requires
precise control and high uniformity of the
morphology and properties of the nano-
structure building blocks. Length, diameter,
and orientation are very basic and very im-
portant characteristics of a NW, which di-
rectly determine its electrical and optical
properties and the performance of the cor-
responding nanodevices. Although they
need to be measured every time when they
are made and/or used, the results may vary
from one to another due to different tools
and methodologies that are used and large
deviations can always be found. In the na-
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ABSTRACT Precise control of nanomaterial morphology is critical to the development of advanced nanodevices
with various functionalities. In this paper, we developed an efficient and effective statistics-guided approach to
accurately characterizing the lengths, diameters, orientations, and densities of nanowires. Our approach has been
successfully tested on a zinc oxide nanowire sample grown by hydrothermal methods. This approach has three
key components. First, we introduced a novel geometric model to recover the true lengths and orientations of
nanowires from their projective scanning electron microscope images, where a statistical resampling method is
used to mitigate the practical difficulty of relocating the same sets of nanowires at multiple projecting angles.
Second, we developed a sequential uniform sampling method for efficiently acquiring representative samples in
characterizing diameters and growing density. Third, we proposed a statistical imputation method to incorporate
the uncertainty in the determination of nanowire diameters arising from nonspherical cross-section spinning.
This approach enables precise characterization of several fundamental aspects of nanowire morphology, which
served as an excellent example to overcome nanoscale characterization challenges by using novel statistical
means. It might open new opportunities in advancing nanotechnology and might also lead to the standardization
of nanocharacterization in many aspects.
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nometer scale, a small difference in mea-
surement may bring about significant varia-
tion in the performance and impair the
device reproducibility. To establish a com-
pletely reproducible research platform for
researchers across different disciplines, a
standard methodology for precisely charac-
terizing those properties is greatly desired.
Such a methodology will even be required
for mass production and quality control for
future possible commercialization of nan-
odevice products. Nonetheless, to establish
such a methodology that can provide a
simple, accurate, and reproducible charac-
terization demands more than just micro-
scopic analysis. In this paper, we use novel
statistical ideas and means to establish a
statistics-guided approach to precise char-
acterization of nanowires. Recently, various
statistical methods have been successfully
used to tackle challenging problems in nan-
otechnology that are difficult to solve by
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Figure 1. SEM image of a typical ZnO NW array when the
sample was tilted by 30°. Inset is a top view image of the
NW array.

physical approaches.’>~ "7 This paper makes further
progress in this direction. Our approach addresses three
key issues: (a) precisely characterizing the length, orien-
tation, size, and density of a NW forest, which is a typi-
cal configuration of most nanowire products; (b) effi-
ciently measuring the general property of the entire NW
sample; and (c) unveiling the true information of NWs
based on measurements contaminated by external
sources of variation in the nanometer scale.

RESULTS AND DISCUSSION

Determination of Nanowire Length. In this section, we
consider the important task of estimation of nanowire
length. Since a substrate usually contains a large popu-
lation of nanowires, the objective here is to study the
distribution of nanowire length. Statistically, such a dis-
tribution can be characterized by the average and
spread, that is, the mean and standard deviation (SD).
Scanning electron microscopy (SEM) is a popular
method for measuring NW length and other morphol-
ogy. This method is easy to use and provides general in-
formation over a large quantity. Other related tech-
nigues include transmission electron microscopy (TEM)
and scanning probe microscopy (SPM). Currently, de-
tails are lacking on how to recover the true morphologi-
cal characteristics from SEM images. In general, an ar-
ray of NWs grown on a solid substrate are not exactly
vertically aligned or oriented toward the same direction
and do not have the same length. For illustration, Fig-
ure 1 presents an SEM image of a zinc oxide (ZnO) NW
forest grown on a silicon substrate, taken at a tilting
angle of 30°. All of the NWs in this figure are grown up-
ward, but not perfectly perpendicular to the substrate.
In the top view SEM image (inset of Figure 1), the NWs
tilt at different angles. This figure indicates that the pro-
jective lengths of NWs measured from SEM images are
different from their true lengths. In addition, for a given
SEM imaging angle, the variation in the orientation of
NWs leads to uncertainty in the projecting angles,
which rules out the possibility of determining the
length distribution of NWs from a single SEM image.
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To mitigate this difficulty, we introduced a three-
dimensional geometric model, coupled with a statisti-
cal estimation method to recover the true length distri-
bution of NWs from the projections of the lengths of
the NWs measured from SEM images. This method can
precisely determine the length distribution and the ori-
entation distribution of NWs.

The geometric model is presented in Figure 2a,
where the solid blue line (OA) represents a NW grown
on a solid substrate on the x—y plane. Let K denote the
length of the NW in Figure 2a. In terms of statistical ter-
minology, K is a random variable, and hence the objec-
tive here is to estimate the expected value of K, denoted
by E(K), and the variance of K, denoted by var(K). In Fig-
ure 2a, the orientation of the NW is defined in terms of
the angle «, which captures how the NW is vertically
aligned on the substrate. In the figure, vy denotes the
angle between the NW and the y—z plane and 8 the
angle between the +y axis and the projection of the
NW onto the y—2z plane, given by the dotted blue line
(OA"). The projection of the NW on the SEM image is the
dashed blue line (OB) with length L. From this geomet-
ric model, it can be verified that

A'B' = OA' X sin(180° — &) = OA X cos y X sin &
(M
where A’B’ is the projection of the NW onto the z axis
with length (K2 — L?)'2, We have

VKZ—L2=K><cosy><sin6 (2)

and a can be expressed as

2 2
Sinaz\/KTL (3)

Combining eqs 2 and 3
o = sin"'(cos y X sin d) (4)

where o = 90° means that the NW is exactly perpen-
dicular to the substrate.

Because three independent equations are required
for solving for the three unknowns, K, vy, and 9, in eq 2,
the NW samples are tilted at three different angles 6,,
6, and 63, and at each 6, the projected NW length L; is
measured from the SEM image. As shown in Figure 2b,
when the NW sample is tilted around the x axis by an
angle 6, angle 8 becomes (3 — 6) and all the other pa-
rameters remain unchanged. Similarly, from eq 2, we
have

\sz — L2 =Kxcosy xsin(d — 0,)
\/K2 — L2 =Kx cosy xsin(d — 0,) 5)
K2 — L3 =Kx cosy xsin(d — 0,)

The values of K, y, and & can be determined by solving
eq 5 and consequently a can be obtained from eq 4.
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Following the devel-
oped method described
above, we measured the (a)
projective lengths of the
NW array in our experiment
at 6; = 15° 6, = 30°, and
05 = 45° to recover the dis-
tributions of the true
length and orientation of
the NWs. In general, for a
NW array with high density,
a random cleavage of the
NW sample should be
taken to represent the gen-
eral property of the NW ar-
ray. Also, to measure the
projective length of a NW
at a tilting angle, its root
and top should be observ-
able. For illustration, Figure
2c shows cleavage of a
NW sample, where the
NWs with observable roots
and tips are marked by the blue lines. In our experi-
ment, measurements were conducted at random loca-
tions from the NW sample, and at each 6;, the projective
lengths L; of about 30—40 NWs with observable roots
and tips were measured. The mean and SD of the L;, L,,
and Ls values are given in Table 1. Figure 3 is the
Box—Whisker plot'® of the L;, L,, and L; data, where
each black dot indicates one projective NW length. The
upper and lower borders of the box in the figure repre-
sent the largest 25% and smallest 25% of the observa-
tions, respectively. The middle gray bar inside the box,
representing the sample median, divides the data into
two halves. The data points outside the gray lines are
classified as outliers.

Note that eq 5 requires projective lengths of the
same NWs at different tilting angles to recover the
true length K. This is, however, impractical due to the
mismatching between the nanoscale imaging and mac-
roscale sample rotating. To overcome this obstacle, we
developed a novel statistical method for estimating the
true length of NWs without measuring lengths from
the same NWs in all three angles. The method consists
of three steps. (1) For each 6; randomly divide the ob-
servations into m mutually exclusive subsets and let L;
denote the average of the L; values of the jth subset. (2)
Forj=1,..,m,letK;and o; be Kand o obtained by plug-

sample was tilted by 45°.

TABLE 1. Means and SDs of the L,, L, and L; Values
Measured from SEM Images at 6, = 15°, 0, = 30°, and 03
= 45°

tilting angle 0, =15° 0, =15 0, =15
mean (nm) 1013 1253 1493
SD (nm) 437 565 577
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Figure 2. (a) Schematic illustration of the geometric model used to recover the true length of a ZnO NW.
(b) Optical image of LEO 1530 SEM chamber revealing the tilting situation of SEM imaging. (c) One SEM im-
age of ZnO NWs on the edge of a piece of silicon wafer for length and orientation measurements. The

ging Lyj Ly;, and Ls; into egs 4 and 5. (3) Use the sample
mean and sample variance of K; values to estimate the
mean and variance of K, and use the sample mean and
sample variance of o; values to estimate the mean and
variance of a.

For situations in which the measurements are sorted
in some certain order, it is recommended to randomly
permute the data before performing the division in step
1. The developed method can be easily implemented
in computer languages like R and Matlab. In our experi-
ment, we applied the developed method to divide the
data into m = 5 subsets and obtained the estimated
mean of Kto be 2117 nm with SD 916 nm and the mean
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Figure 3. Raw data of the measured length of NWs. Each
measurement is drawn as a black dot, while the box plot rep-
resents a reference for the dispersion. Upper and lower bor-
ders of the box indicate the first and third quartiles, and the
middle bar on the box is the median. The points exceeding the
gray bars are classified as outliers.
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Figure 4. (a) Distribution of the recovered length and orientation of NWs. The mean of K was estimated at 1933 nm with SD
of 507 and the mean of o was estimated to be 59 with SD of 8. (b) Convergence of the estimated of the mean of K. (c) Con-

vergence of the estimated mean of .

of a to be 57° with SD 17°. It is possible to obtain the
sampling distribution of the estimators from the devel-
oped method by repeatedly dividing the data in step 1.
For illustration, Figure 4a presents the density of the
means of K and a given by repeatedly applying the pro-
cedure 100 times to the data of our experiment. Let K*
and a* denote the means of K and o« computed by ap-
plying the procedure 400 times. Figure 4b plots the de-
viation of the mean of K from K* for our experiment
against the number of times the data were divided in
step 1, and Figure 4c plots the deviation of the mean of
o from a* for our experiment against the number of
times the data were divided in step 1. These figures in-
dicate that the means of K and a become stable when
the procedure is repeated 150 times.

Determination of Nanowire Density. The density of a NW
array is usually defined to be the number of NWs lo-
cated per unit area. The density is another fundamen-
tal property of NW arrays that affects the overall perfor-
mance of NW-based devices. For example, NW density
determines the roughness factor that is directly related
to the efficiency of solar energy conversion,® the cata-
lytic ability,’® or the capacitance of charge or
molecules.??!

It is always contradictory when a macroscale gen-
eral property is needed to be determined on nano-
scale samples. In order to be accurate and representa-
tive, one needs to perform the measurement on as

0
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many individual samples as possible. On the other
hand, the nanoscale feature of the targeting sample re-
stricts the measurements into a very small area. The
density measurement is such a case. NWs can only be
counted within a very small area each time. However,
the density in a tiny area may not fully represent the
density of the entire sample due to the density fluctua-
tions in the small scale (e.g., micrometers in our ZnO
sample). As a result, how to decide the data sampling
area becomes critical.

Besides, as in many other scientific experiments, it
is important to balance the accuracy and the resources
provided in the experiment. One is often interested in
obtaining information about the NWs as much as pos-
sible with minimum experimental efforts.'® Therefore,
for taking measurements of the NWs, an efficient strat-
egy that balances the amount of information and the
available resources is highly desired to decide how
many and which nanowires should be measured. It is
also beneficial if measurements can be taken in a se-
quential manner.?? Here we propose a two-stage proce-
dure for uniformly measuring the NW density. The ba-
sic idea is to take measurements from selected areas
with two levels of fineness. The imaging area is divided
into equally spaced big n; X n; cells by a coarse grid (la-
beled as |, I, ..., n;) and in the meantime into n, X n,
equally spaced small cells (labeled as 1, 2, .., ny), where
n; and n, are positive integers where n, is a multiple of

www.acsnano.org



n,. Figure 5 illustrates such a plan
with n; = 4 and n, = 8. On the ba-
sis of the two types of cells, the
procedure consists of two steps.
(1) Randomly pick n; cells from 1
the n;2 small cells such that each
column and each row of the imag-

ing area contain precisely one .
cell. Then from each chosen large

cell, randomly pick one small cell 3
inside the large cell to perform

measurement. (2) Among the n, 4

— n, rows and n, — n; columns in
which no cells were chosen in
step 1, randomly pick n, — n; ad-
ditional small cells such that after
combined with the cells chosen in 6
stage 1, each row and each col-
umn of the fine grid has one and

7
exactly one small cell to be
chosen.
Estimates associated with this 8

scheme will have smaller vari-
ances than their counterparts
chosen by using simple Monte
Carlo sampling. Using a ZnO NW
array shown in Figure 5 for illus-
tration, the coarse and fine grid
layers had 16 and 64 unit cells, respectively, with n; =
4 and n, = 8. In the first step, the cells labeled by (I, 1),
(I, 1), (11, 111, and (IV, IV) were chosen, indicated by green
color. The small unit cells chosen among the green
ones were in yellow. The four additional cells chosen

in stage 2 were in gray. Combining four yellow cells and
four gray cells gave eight cells that were distributed uni-
formly in the substrate; each row and column contain
precisely one cell. The numbers of NWs located in these
eight cells will then be used to determine the NW's
density.

An additional set of data was collected following
the same procedure from another SEM image that was
taken at a different location of the substrate. The results
from these two locations are summarized in Table 2.
The overall average was 21.2 NWs per cell. Because the
area of one cell was 2.40 pum?, the density of the NW
sample was 8.83 X 10° NW/cm?, If only the first step was
done on location 1, the result would be 22.25 NWs per
cell, which gives the density of 9.27 X 10° NW/cm?. The
difference between numbers received from the two
stages is about 5%, which can be considered as ge-
neric variation among the NWs due to the small num-
ber of observations. Depending on the requirement of
accuracy in different cases, one may move on to the
second step, which will give a more precise result.

The above method presented a novel scheme for
measuring the data in one image and can produce esti-

8 matrix.
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mators with smaller variance than those from simple
Monte Carlo sampling. Variance formulas of this
scheme can be found by using some combinational
methods.?? In order to retrieve representative informa-
tion of the entire NW sample, more observing areas
should be included. Distribution of the observing areas
can also be arranged and selected based on the same
sequential method. In general, this method is particu-
larly useful for nanocharacterization sampling when the
features of interests do not distribute evenly across
the sample area.

Determination of Nanowire Diameter. Diameter is yet an-
other fundamental parameter of the NW morphology,
widely considered as a primary measure for evaluating
the sample uniformity. The NW diameters are typically
measured by SEM, or by TEM when the diameter of the

TABLE 2. Summary of the Numbers of Nanowires in Each Cell That
We Have Chosen to Count
step 1 step 2
celll  cell2  cell3  cell4  cell1  cell2  cell3 cell4

location 17~ #NWs 20 22 24 23 25 18 18 20

average 22.25

average 21.25
location2 ~ #NWs 19 22 15 20 17 27 22 27

average 19.00

average 21.12

overall average 21.18

VOL.4 = NO.2 = 855-862 = 2010

Figure 5. Sequential procedure for determining the density of NWs. The yellow-shaded cells are the
four cells that were chosen in the first step. If the space is divided by a 4 x 4 matrix (marked by Ro-
man numbers), these four cells take up every row and column. The four transparent cells are what

were chosen in the second stage. The total eight cells also take up every row and column of the 8 X
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The main idea is to ad-
just the angle {s using a sta-
tistical imputation proce-
dure.?® For clarity, let
subscript i denote the pro-
jected diameter, spinning
angle, and true diameter
corresponding to the ith
observation. For example,
the values of the first ob-
servation are denoted X;,

Al

{1, and AB;. It is reasonable

£ X = AB xcosy

to assume that the {j; val-
ues are uniformly distrib-

(a) (b}

Figure 6. lllustration of the relationship between the true diameter of a NW and its projec-

tive diameter.

NW is too small to be imaged sharply under SEM. Here,
we discuss a method for the case of SEM imaging,
which can be directly applied to TEM or even SPM im-
aging because both of them can also be considered as
a 2D projection of 3D features. In an SEM image, the
projected thickness is independent of the NW's orienta-
tion angle, given as « in Figure 2a. However, one arti-
fact that should be considered is the shape of the NW's
cross section, which might distort the actual diameter
of a NW. For example, the projected thickness of a NW
with a hexagonal cross section depends on the spin-
ning angle of the NW, denoted by 5. As shown in Fig-
ure 63, ¥ is the angle between the NW’s longest diago-
nal, AB, and the horizontal line, AC, which is parallel to
the projecting plane, S. The diameter of such a hexago-
nal NW is defined as the length of AB. On a projective
image, the observed diameter, denoted by X; is dis-
torted by the spinning angle in the following manner:

X = AB X cos (6)

From eq 6, the maximum value of X is the AB, where s
= 0°, as shown in Figure 6b. However, the majority of X
would be observed to be smaller than AB, where the
smallest value is observed when s = 30° as shown in
Figure 6¢. Due to the six-fold symmetry of the NW's
cross section, all possible measurements fall into the
range of 0° =< s = 30°. As a result, even for an array of
NWs with the same diameter, the variation of the spin-
ning angle {s can give rise to variation to the observed X
values. The variation could be as large as 13.4% of the
actual diameter. Thus, if the diameters were directly de-
termined from the projected image, the mean and SD
would always be biased. It should be noted that this
problem exists in all noncylindrical-shaped NWs, includ-
ing triangular, rectangular, etc. In view of this problem,
we developed a statistical method for recovering the
true mean and SD of AB values using the observed X
values.

A@MK) VOL. 4 = NO.2 = WANG ET AL.
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uted on [0°, 30°], indepen-
(c) dent of the diameter AB.
First, using the random
number generator in R
2.8.1,* a random sequence
of angles that are uniformly distributed between 0 and
30°is generated. This can also be done in Excel by using
the function RAND. The number of angles in this ran-
dom sequence is the same as that of observations. The
randomly generated {s; works as the true ys; and can be
used to recover the AB; using eq 6. Then, a simulated AB;
is obtained by dividing X; and find the mean and SD of
all AB; values. This procedure should be repeated a
number of times to obtain multiple simulated means
and SDs, the averages of which will reveal the mean and
SD of the true diameter, AB..

For our ZnO NW sample, we measured the diam-
eters of NWs from the 32 unit cells chosen by the se-
quential procedure introduced during NW density de-
termination with n; = 16 and n, = 32. To measure the
diameters of a reasonable number of NWs, an SEM im-
age was divided into 1024 unit cells by a 32 X 32 ma-
trix. Thirty-two unit cells are chosen out of a 32 X 32
matrix, within which the NWs were measured. The
above imputation method gave the mean diameter of
97 nm with SD of 33 nm, whereas the mean and SD di-
rectly calculated from the observed diameter were 92
and 31 nm, respectively. The estimated mean diameter
using the imputation method was larger than the mean
of the observed. The two SDs also differed slightly but
did not differ in terms of relative standard deviation
(RSD). The RSD of X values was 33/97 ~ 34.02% and
that of simulated AB values was 31/92 ~ 33.7%. Figure
7 indicates that when the developed method is applied
to our example the estimated mean AB converges when
the number of repetitions reaches 200.

With slight modification, the developed approach is
also applicable to NWs with other types of cross sec-
tions, such as triangular or rectangular shapes, where
eq 6 needs to be changed according to the relationship
between the true diameter and projective diameter.
The sequences of projecting angles can be generated

www.acsnano.org
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Figure 7. Convergence of the estimated mean diameter, AB

values. Reference line is drawn to show the convergence of
the estimated value.

either randomly or with preferences in a case by case
manner.

CONCLUSIONS

In this paper, we developed a statistical approach
for precisely characterizing the lengths, diameters, ori-
entations, and density of NWs. This method was illus-

EXPERIMENT

For the growth of the zinc oxide nanowire array on silicon
substrate, a thin layer of zinc oxide was first deposited as nucle-
ation seeds. To do this, a few drops of 5 mM zinc acetate ethanol
solution were dipped on the silicon substrate and blown dry.
Subsequent to repeating this dip-coating three times, the sub-
strate was placed in an oven and baked at 350 °C for 20 min. The
seed-coated substrate was placed in a vial, facing down on the
surface of the solution containing 25 mM zinc nitrate, 25 mM
hexamethylenetetramine, and 2 g/L branched polyethylenimine.
The reaction was performed at 90 °C for up to a day. SEM im-
ages were taken using LEO 1530, and length measurements
were made by image processing software Image Pro based on
SEM images.

The statistical methods developed in this paper were imple-
mented using R 2.8.1,%* a free statistical computing environ-
ment, which can also be implemented by using Microsoft Ex-
cel.?® Some developed R programs are available from the
authors.
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