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Nanoparticles—particles with sizes at the nanometer scale
in all three dimensions—have attracted much attention be-
cause of their unique photonic, electronic, magnetic, and cata-
lytic properties.[1] The assembly of isotropic nanoparticles
onto one-dimensional (1D) architectures represents an impor-
tant step towards the integration of nanoparticles into nano-
devices.[2] In particular, nanoparticles of one material can be
assembled on a 1D nanostructure of a different material to
form unique and interesting hybrid nanomaterial systems.[3]

Recently, carbon nanotubes (CNTs) have been used as
templates or scaffolds for the hybrid assembly of nanoparti-
cles.[4–10] Because of their great hardness and toughness, CNTs
keep their morphology and structure even at high nanoparti-
cle loadings. Using different methods, many types of metal
and semiconductor nanoparticles, such as Au,[4] Ag,[5] Pt,[6]

SnO2,[7] TiO2,[8] and CdSe,[9] have been assembled on CNTs.
Recently, CNTs beaded with a variety of nanoparticles have
been reported.[10–15] More importantly, some of these beaded
CNT hybrid systems exhibit unique properties. For example,

supercapacitance in a RuO2/CNT composite,[16] diode-like
rectification based on Co3O4-beaded CNTs,[11] and improved
optical limiting from Au- and Ag-coated CNTs[15] have been
demonstrated.

As an important wide-bandgap semiconductor (3.37 eV)
with a large exciton binding energy (60 meV), ZnO has
received widespread attention because of its excellent perfor-
mance in electronics, optics, and photonics systems.[17] A
range of 1D ZnO nanostructures have been fabricated.[17,18]

ZnO nanoparticles and quantum dots have been synthesized
by different methods,[19–22] and can also be assembled into 1D
structures.[23] The two important building blocks in nanotech-
nology, ZnO nanoparticles and CNTs, have rarely been as-
sembled as hybrid structures.[24–27] Kim and Sigmund[24] and
Park and co-workers[25] have reported the coating of ZnO
nanorods on CNTs by chemical vapor deposition (CVD) in a
tube furnace. Gao and co-workers[26,27] have reported the de-
position of ZnO particles on multiwalled CNTs (MWNTs)
and their enhanced photocatalytic activity. The method in-
cludes decoration of MWNTs with sodium dodecyl sulfate
(SDS) followed by reaction of zinc acetate with lithium hy-
droxide monohydrate in anhydrous ethanol. In hybrid sys-
tems, control of the particle size and interparticle distance is
essential to their applications in electronic and photonic
devices.[2] In addition, the functionalization of CNTs in order
to anchor nanoparticles changes the surface properties of
CNTs.[26,27] Hence, the potential of ZnO nanoparticles on
CNT scaffolds for applications needs to be further investi-
gated.

In this work, we report on a hybrid system of ZnO nanopar-
ticles on MWNT scaffolds synthesized via a very simple and
straightforward process. This involves the coating of pure Zn
on as-grown, aligned MWNT films, followed by oxidization by
simply heating the coated sample in air. After cooling, ZnO
nanoparticles were found to have formed chain-like structures
along the MWNTs, while the morphology of the aligned
MWNTs remained unaltered. By directly changing the dura-
tion of the Zn coating step and thus the coating thickness, the
average ZnO particle size and interparticle distance can be
readily controlled. Based on this ZnO/MWNT hybrid system,
an ultrafast nonlinear optical switching behavior has been
demonstrated. Furthermore, three-photon adsorption of ZnO
nanoparticles has been observed. Our results highlight oppor-
tunities for integrating CNTs with other functional oxide
nanoparticles via a simple method, and for exploring the col-
lective properties of nanoparticles/CNT hybrid materials.
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Moreover, it is expected that the larger specific surface area
of ZnO nanoparticles on CNT forests would further enhance
the performance of ZnO as a biological catalyst and gas sen-
sor.

The typical morphologies of the as-grown CNTs and of the
CNTs beaded with ZnO nanoparticles have been analyzed by
scanning electron microscopy (SEM). Figure 1 shows the gen-

eral surface morphology of as-grown MWNTs with a diameter
of 15–40 nm and a length of about 10 lm deposited on a Si
substrate. After heating Zn-coated CNTs at 400 °C in ambient
conditions for two hours, the original smooth MWNTs were
decorated by ZnO nanoparticles, forming chain-like struc-

tures. Figures 2a,c,e show images of these structures corre-
sponding to a Zn-coating step duration of 1, 3, and 5 min, re-
spectively. Calibration showed that the deposition rate of Zn
on the upper part of aligned CNTs was about 10 nm min–1.
Figures 2b,d,f show the diameter distributions of ZnO nano-
particles for each coating duration. From Figure 2, we can see
that with the increase in the Zn-coating thickness the average
diameter of ZnO nanoparticles increases from 19.2 nm to 26.2
and 36.6 nm. At the same time, the sample coated for 3 min
shows the narrowest size distribution, about 3.5 nm. For each
case, the size distribution of ZnO nanoparticles roughly fol-
lows a Gaussian profile, as shown in the fitting curves in Fig-
ures 2b,d,f. On the other hand, with the increase in coating
thickness, the average distance between particles is reduced.
For the ZnO-beaded MWNTs with a coating time of 1 min,
there is a narrow gap between adjacent nanoparticles. For
MWNTs coated with Zn for 3 min, almost all particles are
connected. After coating for 5 min, the particles begin to
overlap and aggregate. Coating for 7 min has also been at-
tempted, but then all particles piled together and few isolated
individual particles could be distinguished. Such controllable
interaction between adjacent nanoparticles along one dimen-
sion is very important to the collective behavior in nanoparti-
cle assemblies.[28]

Resonant micro-Raman spectroscopy and photolumines-
cence (PL) spectroscopy using a He–Cd laser (325 nm,
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Figure 1. Typical SEM image of the as-grown MWNTs.

Figure 2. Typical SEM images of ZnO-beaded MWNTs
with coating times of a) 1 min, c) 3 min, and e) 5 min;
b,d,f) corresponding diameter distributions of ZnO nano-
particles in samples (a,c,e), respectively. Solid lines in
(b,d,f) represent the Gaussian fitting curves. SD = standard
deviation.



40 mW) under back-scattering geometry have been employed
to characterize the as-grown and ZnO-beaded MWNTs. The
results are shown in Figures 3a,b, respectively. From Fig-
ure 3a, we can see that with the increase in the Zn-coating
thickness, three additional peaks, besides the original D (dis-

ordered carbon, at about 1350 cm–1) and G (sp2 carbon, at
about 1580 cm–1) bands of MWNTs, begin to appear at about
574, 1148, and 1720 cm–1. The three peaks are attributed to the
multiples of 1-longitudinal optical (1LO) phonons of ZnO,
which are often observed in ZnO bulk crystals,[29] single-crys-
talline ZnO nanowires,[30] and some high-quality ZnO nano-
particles.[21,31–33] We have also noticed that, in the Raman
spectra of ZnO, the full width at half maximum (FWHM) of
the 1LO peak varies between 31 and 33 cm–1 for samples coat-
ed for 3, 5, and 7 min, and increases to 40 cm–1 for the sample
coated for 1 min. Such broadening of Raman peaks in ZnO
nanoparticles compared with those of ZnO crystals[34] could
be a result of the confinement of optical phonons, oxygen de-
ficiencies, and residual stress in the ZnO nanoparticles.[30,35,36]

However, no remarkable red-shift of the peak position is
found, compared to previous reports.[32,33,35] In Figure 3b, for
the sample coated with Zn for 1 min, no obvious PL peak is
observed because of the low concentration of ZnO nanoparti-
cles and limited sensitivity of our PL detector. However, in
samples coated for 3, 5, and 7 min, one blue emission peak
and one broad yellow–green band are detected. The blue peak

is associated with the recombination of free excitons in
ZnO.[22,25,37] It can be seen that the intensity of the blue peak
increases with the ZnO content, and that its position shifts
slightly from 386 nm to 390 and 394 nm upon increasing the
coating duration from 3 min to 5 and 7 min. Such a red-shift
with particle size is believed to arise from the quantum-con-
finement-induced enhancement of the energy gap, which has
been reported in ZnO nanocrystallites with 20–60 nm particle
sizes.[21,37–39] The broad yellow–green band is generally attrib-
uted to the oxygen vacancies and/or interstitial Zn ions in the
ZnO lattice.[22,25,36,37] Furthermore, it is worth noting that in
our case the ratio of blue-band intensity to yellow–green-band
intensity increases with the particle size. This observation
is similar to the results obtained for ZnO nanowires[40,41] and
quantum dots,[42] suggesting that surface recombination may
also play an important role in the broad yellow–green emis-
sion of this ZnO/MWNT hybrid system.[40]

To further explore the microstructure of MWNTs beaded
with ZnO nanoparticles, transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) have been car-
ried out. Figures 4a,b show typical TEM images of the samples
coated with Zn for 3 min and 5 min, respectively. It can be

seen that in the 3 min coating step, hollow ZnO beads are
formed along the MWNTs, while, when coated for 5 min, most
of the particles are solid. Such hollow beads have also been
found in the products from the sample coated with Zn for
1 min. As shown in Figure 4a, some cavities in the hollow
beads seem to have a polyhedral shape, although the particles
themselves do not have a regular shape—in contrast to the
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(a)

(b)

Figure 3. a) Resonant micro-Raman spectra and b) PL spectra from as-
grown MWNTs and ZnO-beaded MWNTs with different coating dura-
tions. LO: longitudinal optical.

100 nm

10 nm

100 nm

Figure 4. Typical TEM images of ZnO-beaded MWNTs with Zn-coating
durations of a) 3 min and b) 5 min. c) HRTEM image of (a) showing a
hollow particle on a MWNT. d) Magnified HRTEM image, taken from the
square area in (c).



ZnO submicrometer-sized hollow beads reported in the litera-
ture,[18] in which the polyhedral ZnO beads have spherical cav-
ities. Figure 4c shows an HRTEM image of a ZnO nanoparti-
cle on a MWNT coated for 3 min. The intact MWNT structure
and crystalline fringes of ZnO nanoparticles are clearly ob-
served. There is a thin amorphous layer surrounding the whole
particle and connecting it to the wall of the MWNT at the
same time. Such compact connection between the MWNT and
the ZnO nanoparticle could be due to the good wettability of
melted Zn on the surface of CNTs.[24] More details can be seen
by enlarging the square highlighted in Figure 4c, shown in Fig-
ure 4d. From the figure, the spacing between adjacent walls of
the MWNT has been determined to be 3.41 Å, a value similar
to the layer spacing in graphite. For the nanoparticle, two lat-
tice spacings of 2.45 Å and 2.83 Å were obtained. In addition,
an interfacial angle of 63.2° has also been measured. These re-
sults are consistent with the following collections of hexagonal
ZnO interplanar distances:[43] {011} � {100}, {011} � {1–10} and
{1–11} � {100}. Although the {100} or {1–10} faces of ZnO nano-
particles are roughly parallel to the wall of the MWNT, the
tubular CNT wall makes it difficult to grow epitaxially the
ZnO nanoparticle, which has a non-layered structure. Thus,
this region is expected to be highly defective in order to re-
lease a large mount of strain at the interface.[44]

The chemical composition of the ZnO/MWNT hybrid prod-
ucts was further confirmed by X-ray photoelectron spectros-
copy (XPS). Figure 5a shows the C1s spectra from as-grown
and ZnO-beaded MWNTs. After beading the MWNTs with
ZnO nanoparticles, the C1s peak intensity is significantly de-
creased, suggesting that CNTs are covered by nanoparticles.
The peak positions also shift to higher binding energies with

increasing duration of the Zn-coating step. To clarify the
details, the Gaussian decomposition of the peaks of as-grown
CNTs and ZnO-beaded CNTs (coated for 3 min) is shown in
Figure 5b. For the as-grown CNTs, the spectrum consists of at
least two components. The peak at about 284.6 eV is attribut-
ed to the graphitic carbon on the walls of the MWNTs, and
the other peak, located at about 285.7 eV, is due to C–O
bonds that may be attributed to surface hydroxyl groups.[11,45]

After beading with ZnO nanoparticles, the spectrum shows
three peaks. Although the peak at 285.0 eV has a higher bind-
ing energy, it is still assigned to C–C binding.[46,47] Also, the
peaks at about 286.2 eV and 287.2 eV are considered to origi-
nate from the C–OH and C�O groups, respectively.[48–50] At
the same time, the intensity of the O1s spectra increases, and
the peaks tend to shift to lower binding energies after beading
with ZnO nanoparticles, as shown in Figure 5c. Such peak
shifts are due to the fact that both the oxygen in ZnO (530.6–
531 eV)[21,51] and in C�O (about 531.3 eV) have lower bind-
ing energies than the oxygen in C–O (about 533 eV).[52,53] Fig-
ure 5d shows that typical Zn2p spectra are observed from
ZnO-beaded CNT samples and the peak positions remain
constant. No Zn–C bonding has been found. These XPS spec-
tra clearly demonstrate the successful beading of ZnO on
CNTs and the formation of strong covalent single and double
bonds between carbon and oxygen atoms, which is consistent
with other metal oxide/CNT composite materials.[45,46]

Using femtosecond laser pulses at a wavelength of 780 nm,
we have observed ultrafast absorptive nonlinearities in films of
MWNTs beaded with ZnO nanoparticles on quartz substrates.
To minimize the average power and reduce accumulative ther-
mal effects, 220 fs laser pulses at a 1 kHz repetition rate were
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(a)

(c)

(b)

(d)

Figure 5. a) XPS C1s spectra from as-grown and ZnO-
beaded MWNTs. b) Gaussian decomposition of C1s
spectra of as-grown MWNTs (bottom) and ZnO-beaded
MWNTs (coated with Zn for 3 min, top). c) O1s spec-
tra. d) Zn2p spectra.



employed. The laser pulses were focused onto the samples
with a minimum beam waist of about 15 lm. The incident and
transmitted laser powers were monitored as the samples were
moved (or z-scanned) along the propagation direction of the
laser pulses. Figure 6a displays the typical open-aperture
z-scans, showing negative signs for the absorptive nonlinearity.
The z-scan curve of as-grown MWNTs shows a typical signal

for saturable absorption, consistent with our previous re-
port.[54] On the other hand, the transmittance from ZnO/
MWNTs (coated for 1 min) is only slightly smaller than that
from as-grown MWNTs. However, for the sample coated for
5 min, the normalized transmittance is significantly reduced.
Such a reduction is believed to be induced by three-photon ab-
sorption in the presence of ZnO nanoparticles. With the total
energy of three photons (3 × 1.59 eV), a valence-band electron
can be excited to the conduction band in ZnO (Eg = 3.37 eV
for bulk ZnO, where Eg is the bandgap energy). Such a non-
linear process gives rise to a positive contribution to the non-
linear absorption, in contrast to the contribution to the satura-
ble absorption. The details of three-photon absorption in ZnO
nanoparticles can be found in our previous work,[55] in which
only positive absorption signals have been observed. Here,
due to the saturable absorption of MWNTs, the resultant non-
linear absorption is the interplay between the three-photon
absorption in ZnO nanoparticles and the saturable absorption

in MWNTs. Such an interplay provides an effective way to
control the nonlinear response by changing the concentration
of the ZnO nanoparticles in our ZnO/MWNTs hybrid system.

We assume that the observed absorptive nonlinearity can be
described by Da = a2I, where a2 is the effective third-order non-
linear absorption coefficient and I is the light irradiance. The a2

value can be extracted from the best fit between the data and
the z-scan theory.[56] At 780 nm, a2 = –30 cm GW–1 (or Imv(3) =
–1.7 × 10–11 esu (v(3) (SI units) = 4p/9 × 10–8v(3) (esu)); v(3) : the
imaginary part of the third- order nonlinear susceptibility) can
be obtained for the as-grown MWNT film, while the a2 (or
Imv(3)) for ZnO-beaded MWNTs (coated for 5 min) is
–21 cm GW–1 (or Imv(3) = –1.1 × 10–11 esu). Here, Imv(3) repre-
sents the imaginary part of the third-order nonlinear adsorption
susceptibility. By comparison, a value of 8.3 × 10–13 esu at
800 nm was observed for v(3) in carbon nanoparticles em-
bedded in sol–gel SiO2 glass.[57] For a single-walled CNT
(SWNT) solution at a concentration of 0.33 mg mL–1, it has
been reported to be 4 × 10–13 esu at 820 nm.[58] Our larger value
of v(3) is attributed to the high concentration of MWNTs and
ZnO nanoparticles packed as a thin film.

To evaluate the recovery time of the observed nonlineari-
ties and to gain an insight into the underlying mechanism, a
degenerate pump–probe experiment was conducted with
220 fs, 780 nm laser pulses. Figure 6b displays the transient
absorption signals of both as-grown MWNTs and ZnO-
beaded MWNTs (coated for 5 min) at the same wavelength.
In this experiment, the pump irradiance was varied from
3.7 GW cm–2 to 70.1 GW cm–2, and a saturable absorption
(SA) effect was observable. The results in Figure 6b confirm
the SA processes measured using z-scans as depicted in Fig-
ure 6a. In these pump–probe studies, all the signals from both
MWNTs and ZnO-beaded MWNTs show an effectively nega-
tive nonlinear absorption predominantly due to photoinduced
bleaching. At a very high irradiance, both MWNTs and ZnO-
beaded MWNTs reveal clear saturable absorption or optical-
induced transparency. In this saturation regime, most of the
carrier states are filled, and, thus, the sample absorption is
completely quenched. A similar observation has been made
for semiconducting SWNTs by Ostojic et al.[59] Such satura-
tion in SWNTs was observed at a low fluence of 1 mJ cm–2

(∼7 GW cm–2). In our case, such a process may involve the
carrier shift between ZnO nanoparticles and CNTs, a possibil-
ity that deserves further investigation. The large and ultrafast
saturable absorption in ZnO-beaded MWNTs suggests that
the samples can be used as saturable absorber devices. These
devices can offer a potentially simple and cost-effective solu-
tion for passive optical regeneration, error-free transmission
distances for periodically amplified optical transmission sys-
tems, laser-mode locking based on a saturable absorber, and
high noise-suppression capability, as reported by Set et al.[60]

and Yamashita et al.[61] Furthermore, combining the three-
photon absorption properties of ZnO with the saturable
absorption properties of CNTs to yield ZnO/MWNTs hybrid
materials would also find important applications in future
multifunctional nanodevices.
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Figure 6. a) Open-aperture z-scans of the as-grown MWNTs (filled
squares) and ZnO-beaded MWNTs (coated with Zn for 1 min) (open
circles) and 5 min (open squares), recorded with an irradiance of
7.0 GWcm–2. The solid lines are the best-fit curves calculated using the
z-scan theory [56]. b) Degenerate 220 fs time-resolved pump–probe mea-
surements of the as-grown and ZnO-beaded MWNTs (coated with Zn for
5 min) performed at 780 nm with different pump irradiances. The top
curves are shifted vertically for clear presentation.



Experimental

Aligned MWNTs were grown on silicon substrates coated with iron
nanoparticles using plasma-enhanced chemical vapor deposition
(PECVD) [62]. The iron nanoparticle catalyst was sputtered onto the
substrate by radio-frequency (RF) sputtering. After that, the as-grown
MWNTs were placed into an RF plasma-assisted sputtering system
(Denton Discovery-18) to be sputtered with a Zn film at room tem-
perature (20 °C). The details can be found in our previous report [63].
Ar plasma at a power of about 100 W was induced to bombard a pure
Zn (99.9%, Aldrich) target. The deposition duration varied from 1 to
7 min. Subsequently, as-sputtered samples were put onto a hot plate
and heated at 400 °C in ambient conditions for 2 h. After cooling, the
as-grown products were characterized by SEM (JEOL JSM-6400F),
TEM (Philips CM300, 300kV), micro-Raman/PL spectroscopy (Re-
nishaw), and XPS (ESCA MK II; Mg source). For the measurement
of nonlinear optical performance, the MWNTs were grown on quartz
substrates and then beaded with ZnO nanoparticles by following the
same procedure. The laser pulses were generated by a mode-locked
Ti:sapphire laser (Quantronix, IMRA) that seeded a Ti:sapphire re-
generative amplifier (Quantronix, Titan).
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