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Single semiconducting nanowires have been cleaved to desired length at desired locations inside the
scanning electron microscope (SEM) using a nanoprobe system. SEM and transmission electron
microscope examinations of the cleaved nanowires revealed that the cleaved ends of the nanowires
are in general atomic flat, but not without atomic steps. Possible use of the cleaved nanowire as
nanocavity for nanolaser was considered, and several key parameters were estimated. In particular,
our result shows that, for a semiconducting CdS nanowire, the effect of the atomic steps at the
cleaved ends of the nanowire is negligible if the nanowire cavity is longer than severa
micrometers. © 2004 American Institute of Physics. [DOI: 10.1063/1.1757635]

Semiconducting nanowires may potentially be used as
building blocks in nanoelectronics, optoelectronics, and
photonics.>~" In particular ultraviolet nanowire nanolasers
have been fabricated using ZnO and CdS nanowires.®’ De-
tailed optical and electric measurements on the single-crystal
CdS nanowires shown that they can function as Fabry—Perot
optical cavities.” These optoelectronic applications require,
however, that the ends of the nanowires be flat in order to
function as reflecting mirrors, and this imposes a severe limi-
tation as to the synthetic methods and types of the nanowires
that may be used. Although some nanowires do have flat
ends,® most of the as grown nanowires do not have flat ends.
In principle the method of sonication may be employed to
produce flat ends,” but this method does not have any control
as to where to break the nanowires and on the length of the
so formed Fabry—Perot cavities. Here we report an investi-
gation on the controlled cleavage of single nanowires in the
scanning electron microscope (SEM), and show that a nano-
probe system may be readily used to produce Fabry—Perot
cavity with desired length and therefore offering a possible
control on the wavelength of the nanowire nanolaser.

The in situ cleavage experiments were carried out using
aMM3A nanoprobe system installed in a FEI XL 30F SEM.8
Figure 1(a) is a photograph showing the MM3A nanoprobe
outside the SEM together with a Chinese penny which has a
diameter of 1.8 cm. The control system of the nanoprobe
allows the tip of the nanoprobe to move on a surface of a
sphere with an accuracy of about 2.5 nm, and the radial
movement of the tip perpendicular to the surface may be
controlled with an accuracy of 0.25 nm. For nanoscale ma-
nipulation, sharp tips of nanometer scale are of crucia im-
portance. In this study we used tungsten tips made by etching
tungsten wires in NaOH solution, SEM examination of the
tips shows that the tips are typicaly of the size of about
20-50 nm.

Single semiconducting nanowires were found and the
movement of the nanoprobe was monitored using the SEM.
The tip of the nanoprobe was first positioned at the desired
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point on the nanowire with a fine step of movement of about
0.25 nm. The tip was then withdrawn from the nanowire, and
a force was exerted on the nanowire by moving forward the
tip with a larger step of movement, e.g., 1.0 nm. With suit-
ably positioned tip and added force, the nanowire may be
cleaved at the desired position at the nanowire.

The cleaved nanowires were further examined by trans-
mission electron microscope (TEM) (in the present work we
used a FEI F30 electron microscope). To enable TEM obser-
vations of the same cleaved nanowire we directly dispersed
the nanowires onto the holey carbon film on aTEM grid. The
grid was then loaded into the SEM, and nanowires were
examined by the SEM and cleaved in situ by the MM3A
nanoprobe system. After the cleavage of the nanowires, the
grid sample was moved out of the SEM and transferred into
the TEM. The same nanowires were found and observed.
Figure 1(b) is a SEM image showing a tip above a ZnO
nanowire that was cleaved by the tip inside the SEM.

Semiconducting CdS nanowires used in this study were
fabricated using solvothermal method. TEM examination
confirmed that the nanowire has a wurtzite structure with a
=414 A andc=6.72 A .° Figure 2(a) isa SEM image show-
ing that most of the CdS nanowires have diameter around 50
nm and most ends of the nanowires are not flat. Figure 2(b)
isaTEM image showing atypical nanowire having a curved
end. High resolution TEM (HRTEM) image of the nanowire

FIG. 1. (a) An external view of a MM3A nanoprobe. (b) SEM image show-
ing the tip of the nanoprobe, together with a cleaved ZnO nanowire.
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FIG. 2. () SEM image showing the CdS nanowires of about 50 nm in
diameter. (b) TEM image of one CdS nanowire with round end. (c) HRTEM
image showing that the CdS nanowire is single crystal with growing axis
(pointed by the arrow) along the [001] direction.

[Fig. 2(c)] shows that the nanowire is single crystal with its
axis along the [001] direction. There exist also a few nanow-
ires containing twins [see e.g., the lower nanowire shown in
Fig. 3(a)]. But regardless of these twins the axis of the nano-
wireis along the [001] direction. Figure 3(a) isa TEM image
showing two cleaved CdS nanowires. The cleaved ends are
seen to be flat and perpendicular to the axes of the nanow-
ires. Shown in Fig. 3(b) is a HRTEM image of the cleaved
nanowire shown on top of Fig. 3(a). The cleavage is shown
to be on the (002) plane and the cleaved end is atomic flat.
However the HRTEM image of Fig. 3(b) shows that the
cleaved end is not perfect. An atomic step is also observed at
the cleaved end. The height of the step is measured to be
0.67 nm, which is consistent with the spacing of the (001)
plane of CdS.

Similar cleavage experiments were also carried out on
ZnO nanowires, which were synthesized using physical va-
por deposition method. The axis of the nanowires is along
[0001]. Most of the as grown ZnO nanowires studied in this
work do not have flat ends. Shown in Figs. 4(a) and 4(b) are
two SEM images of the same ZnO nanowire taken before

FIG. 3. (a) TEM image of two cleaved CdS nanowires. (b) HRTEM image
of the cleaved end of the top nanowire of (a) showing the cleaved surface is
atomically flat with one step of 0.67 nm.
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FIG. 4. SEM images taken (a) before and (b) after a ZnO nanowire was
cleaved twice by a nanoprobe. (c) TEM image of the same ZnO nanowire as
shown in (b), (d) HRTEM image of the right part of the nanowire showing
the cleaved end is flat.

and after cleavage. Figure 4(c) isa TEM image showing the
same cleaved nanowire, and Fig. 4(d) is a HRTEM image
showing the cleaved end of the right part of the nanowire of
Fig. 4(c). The cleaved end is seen to be flat, although not
without atomic steps.

Cleaved surfaces have been used for a long time as re-
flection mirrors in resonators in large scale. In some favor-
able cases the naturally formed faces® and cleaved ends via
sonication’ have been proved as being able to act as reflect-
ing mirrors for nanowire resonator. However evidence was
not provided as to whether or not steps exist on those flat
ends. We now consider the question as to how the presence
of afew atomic scale steps would affect the use of the nano-
wire as lasing resonator, and present some estimations on a
number of key parameters using the CdS nanowire as an
example. Our estimations show that the effect is negligible if
the nanowire cavity is longer than about 2.5 pm.

We considered three cavities with length L =510, 2550,
and 15300 nm. Using the relation L=m\/(2n),* whereL is
the length of the cavity, \ is the wavelength in the air, and n
is the index of the medium inside cavity, and assuming n
=2.5 and A =510 nm, we obtain the mode number m equal
to 5, 25, and 150, respectively for the three cavities with
different L. The mode spacing was calculated using A\
=(N\?/2L)(n—\(dn/dX\)) " 1.* For a first-order estimation,
we have assumed that dn/d\=0 and obtained AX=102,
20.4, and 3.4 nm, respectively, for the three L, indicating that
the resonant modes separate further apart for shorter cavities.

The steps at the end of the nanowire may introduce sev-
eral effects. The length of the cavity will change by the
amount of the step height, the reflectance of the end changes
when there exist steps at the end, and waves reflected from
different parts of the stepped end will have different phases
resulting in a mixing of phases in the cavity.

Assuming there exist single atomic steps on both ends,
we would then have at least three distances between the two
mirrors, i.e, L, L+0.67 nm and L+1.34 nm for a CdS
nanowire. The resonance wave with A =510 nm in the cavity
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TABLE I. Estimation of several parameters for Fabry—Perot optical cavities
formed by CdS nanowires with different lengths.

Length of cavity (nm) 510 2550 15300
Mode number (for A =510 nm) 5 25 150
Wavelength spacing (nm) 102 20.4 34
Wavelength shift due to steps (nm) 1.34 0.27 0.04
FWHM 6\ (nm), without steps 0.66 0.13 0.022
FWHM 6\ (nm), with steps 2.32 0.46 0.077

having L =510 nm will shift to A¢=511.34 nm when the
two mirrors separated L+1.34 nm, and \;=510.27 and
510.04 nm, respectively, for L=2550nm and L
=15300 nm. Experimental measurements show that the
peak width of stimulated emission from CdS nanowire is
around 0.3 nm.” Therefore, the length effect of the steps can
be ignored for cavities longer than 2.5 um.

Imperfect reflection at the mirrors will cause resonance
loss and increase the resonance linewidth. The width of the
resonance v can be estimated via Sv~vg/F for F>1,
where v is the spacing between adjacent resonance frequen-
cies, F is the finesse of the resonator’® F=myY?/(1—y),
y?=exp(—2e,L) is the overal intensity attenuation factor,
a,=ast+ 120 In(UR4R,), ag being the absorption factor,
and R; and R, the reflection coefficients at the two mirrors.
Since the steps on the mirrors do not affect the absorption
inside the cavity, we may ignore the absorption in the present
estimation by assuming =0 and obtain y*=R;R,. In
wavelength space, the full width at half maximum (FWHM)
of the resonance peak can be expressed as SN~AM/F,
where AN is the wavelength spacing between resonance
modes. Assuming that the two cleaved ends have the same
reflectance of 0.98 and the step area is 5% of the total
cleaved end area, we have the following results: for perfect
cleaved ends with no steps, R;=R,=0.98,F=155; for flat
ends containing steps, R;=R,=0.98X95%=0.931, and F
=44. The FWHM of the resonance peak due to the reso-
nance loss may then be calculated and the results are listed in
the last two lines of Table I. The increase in the FWHM due
to the steps is negligible if the cavity is longer than 2.5 um.

The phase shift caused by the step may be estimated
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using ¢=2mx2AL/(N/n), AL being the step height. For
AL=0.67nm, A=510nm, and n=25  we have ¢
=0.0066X 27, which is much smaller than 2. Therefore
the existence of the steps at the surface will not affect the
resonance of the waves.

In summary, single semiconducting nanowires have been
successfully cleaved at desired points using a nanoprobe sys-
tem inside the SEM. We estimated the effect of the step on
the potential use of the nanowire as nanolaser cavity and
found that the effect is negligible as long as the nanowire is
longer than several micrometers.
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