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Water-Assisted Growth of Aligned Carbon Nanotube-ZnO

Heterojunction Arrays**

By Jianwei Liu, Xiaojun Li, and Liming Dai*

1D heterojunction structures based on nanomaterials are of
significance to both scientific fundamentals in nanoscience!"
and potential applications in nanoscale systems, including var-
ious new electronic and photonic nanodevices.™® Conse-
quently, considerable effort has been made in recent years to
devise and characterize various heterojunctions between dif-
ferent low-dimensional nanomaterials. ! Examples include
the syntheses of doped GaN-based core/shell/shell (n-GaN/In-
GaN/p-GaN) nanowire heterostructures through metal-or-
ganic chemical vapor deposition (MOCVD);F! aligned ZnO
heterojunction arrays on GaN, AlysGagpsN, and AIN sub-
strates by a vapor-liquid—-solid phase process using gold as a
catalyst;[6] multiwalled CNT—zinc sulfide (CNT: carbon nano-
tube) heterojunctions by a combination of ultrasonic and heat
treatments;’| CNT-silicon nanowire heterojunctions by loca-
lizing a suitable metal catalyst at the end of a preformed
nanotube or nanowire;*” and SWNT-gold (SWNT: single-
walled carbon nanotube) nanorod heterojunctions through
the selective solution growth of Au nanorods on an SWNT
structure.’! Among them, CNT-based 1D heterojunctions are
of particular interest because of the unique molecular geome-
try as well as excellent electronic, thermal, and mechanical
properties intrinsically associated with CNTs.!

On the other hand, ZnO nanostructures are shown to pos-
sess superior optoelectronic properties useful in nanoscale
transistors,'” sensors, ' electron emitters,'?!! and many other
systems.'”" 4 The large-scale formation of heterojunctions of
ZnO with other nanomaterials (particularly CNTs) should ex-
tend the scope of ZnO nanomaterials for potential applica-
tions. Although recent work has demonstrated the large-scale
growth of aligned ZnO nanowire arrays,m] the formation of
large-area ordered heterojunctions of ZnO nanostructures
with other semiconducting materials has been much less dis-
cussed in the literature.’! In particular, the growth of aligned
CNT-ZnO heterojunction arrays remains a big challenge.
Here, we report the first synthesis of large-scale aligned
CNT-ZnO heterojunctions simply by water-assisted chemical
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vapor deposition (WACVD) of carbon on a zinc foil, which
acts as both the substrate for the CNT growth and zinc source
for the formation of the ZnO nanostructures. Water, as a
weak oxidizer, provides the oxygen source for the formation
of ZnO nanostructures and also enhances CNT growth.!'
This cost-effective and efficient approach requires no other
catalytic reagent and allows the large-scale formation of het-
erojunctions between the perpendicularly aligned CNTs and
ZnO nanostructures through a natural contact. As we shall
see later, the intimately connected heterojunctions between
the aligned CNTs and ZnO nanostructures thus prepared pos-
sess interesting optoelectronic properties attractive for many
potential applications, including their use as electro-optic sen-
sors and field emitters.

Briefly, the formation of the aligned CNT and ZnO hetero-
junctions was achieved by carrying out pyrolysis of C;H, on a
zinc foil supported by a quartz glass plate in a tube furnace at
850 °C under a combined flow of Ar and H,, with a portion of
the carrier gas passing through a water bubbler, followed by
annealing with a flow of Ar via the water bubbler passing
through the reaction system. Figure 1a shows a low-magnifi-
cation scanning electron microscopy (SEM) image of the as-
synthesized CNT-ZnO sample, revealing a large-scale aligned
array. Although the corresponding SEM images under higher
magnification in Figure 1b and ¢ show some misalignment at
the top of the nanotube array, Figure 1b clearly shows the
CNT-ZnO heterojunction with a ZnO crystal (bright spot) at-
tached on the tip of each of the constituent aligned CNTs. Fig-
ure 1c further reveals that approximately 40 % of the ZnO
nanoparticles are of hexagonal morphology. The correspond-
ing transmission electron microscopy (TEM) image in Fig-
ure 1d shows that the CNT thus prepared is multiwalled, and
that the ZnO nanoparticle is intimately connected to the
aligned CNT structure. The multiwalled CNT with an inner di-
ameter of approximately 30 nm and outer diameter of ap-
proximately 60 nm possesses a bamboolike structured hollow
core, similar to those prepared by solvothermal reduction of
ethanol in the presence of Mg!™®! or pyrolysis of FePc.'®! Fig-
ure le shows the selected-area electron diffraction (SAED)
pattern of the ZnO nanoparticle, which indicates that the as-
prepared ZnO nanoparticle is single crystalline and can be in-
dexed as hexagonal wurtzite ZnO."”! The aligned CNT-ZnO
heterojunctions thus prepared were further investigated using
energy-dispersive X-ray spectroscopy (EDS) in a scanning
electron microscope. As expected, the line-scanning EDS pro-
files for Zn and C clearly show a dramatic decrease in the Zn
(and corresponding increase in C) content along the scanning
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have “etched” the nanotube top cap to
expose the Zn catalyst particle for the
formation of ZnO and further growth.
By eliminating water from the reaction
system, we did not produce any aligned
CNTs (Fig. 2b), confirming the role of
water in enhancing aligned CNT growth
in this particular case. It has been re-
cently reported that the addition of an
appropriate amount of water vapor dur-
ing the growth of aligned CNTs can ef-
fectively oxidize the amorphous carbon
coating, if any, on catalyst particles,
leading to enhanced catalytic activity
and a longer lifetime.!'¥

Further details of the formation of
the CNT-ZnO heterojunction were ob-
tained from X-ray photoelectron spec-
troscopic (XPS) studies. Figure 3a rep-
resents an XPS survey spectrum of an

Zn

as-prepared sample, which shows the
presence of C, O, and Zn with the
O/Zn ratio calculated to be 1.15—a
value that varied little with excessive
heating (ca. 500°C) and/or pumping
° (ca. 107 Torr; 1 Torr~133 Pa) for a
prolonged time. Given possible errors
T 5 3 4 5 6 associated with the atomic-ratio calcula-

Energy (keV) tion from an XPS survey spectrum, the
value of 1.15 is consistent with the cor-

Figure 1. a) Low-magnification SEM image of an aligned CNT-ZnO heterojunction array. b,c) As responding O/Zn ratio of 1 calculated

for (a), under higher magnification. d) Transmission electron microscopy (TEM) image of a typical
CNT-ZnO heterojunction and a selected-area electron diffraction (SAED) pattern of a ZnO tip (e).

from the molecular structure of ZnO.

f) Energy-dispersive X-ray spectroscopy (EDS) line-scanning profile of CNT-ZnO heterojunctions This indicates that any possible oxygen
from the ZnO tip to the CNT. g) A point-focused EDS profile on the ZnO tip. adsorption from air onto the nanotube

surfacel'”) is negligible in this particular
case. The high-resolution XPS spectra

path from the ZnO tip to the CNT (Fig. 1f). The point-fo-  0f Zn 2p3;, O 1s, and C 1s are shown in Figure 3b-d, respec-
cused EDS profile from the ZnO tip shows intense Zn and O  tively. The strong peak at 1022 eV seen in Figure 3b can be at-
peaks with a much smaller C peak (Fig. 1g). The co-existence  tributed to Zn**. The O 1s peak at 530.6 eV is attributable to
of Zn and C peaks in the point-focused EDS profile from the O% in the ZnO crystal lattice, a typical value for zinc oxide
tip indicates, most probably, that the nanotube adopted a “tip- ~ networks.””! The high-resolution XPS C 1s peak at 284.4 eV,

growth” mechanism!"! with the Zn catalyst
forming in the initial stage of the growth
process moving up along the growing nano-
tube. Subsequent annealing under the
mixed flow of Ar and water further facili-
tated the growth of the ZnO tips. Indeed,
we observed that a prolonged post-synthe-
sis annealing under the mixed flow caused a
significant increase in the size of the ZnO
tip (see below), and that only metal nano-
particles smaller than the tube diameter
were formed at the tips of the aligned CNTs
prepared without the post-synthesis anneal-
ing, as shown in Figure 2a. During the
annealing process, therefore, water might
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Figure 2. a) SEM image of an as-prepared sample without the post-synthesis annealing.
b) SEM image of an as-prepared sample without the introduction of water vapor into the nano-
tube growth atmosphere.
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function (ca. 4.5 V), through the
heterojunction, to the aligned CNT tip
(ca. 5.0 V).l We carried out a control
experiment in which the ZnO nanopar-
ticle was deliberately removed from the
CNT structure under strong ultrasonica-
tion (Model B2510-Mt, 40 kHz) for 1 h.
As can be seen in Figure 4b, the same
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sample solution as for Figure 4a showed
a significantly weakened emission band
at about 450 nm after ultrasonication
(Fig. 4b), due, most likely, to the ultra-
sonication-induced dissociation of the
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d ZnO nanoparticles from the nanotube
heterojunctions (inset Fig. 4b).

Using current-sensing AFM
(CSAFM),”" we further studied the
electronic characteristics of the aligned
CNT-ZnO heterojunctions. Current—
voltage (I-V) curves of the aligned
CNT-ZnO heterojunctions were mea-
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Figure 3. a) XPS survey spectrum of the as-prepared products. b) Zn 2p3,, spectrum. c) O 1s

spectrum. d) C 1s spectrum.

shown in Figure 3d, arises from the graphite-like C-C
bond,?!! which is similar to that of CNTs prepared by pyroly-
sis of iron phthalocyanine.ml The absence of oxygen compo-
nent(s) in the high-resolution XPS C 1s spectrum confirms
there is no oxygen bonded to the nanotube structure. There-
fore, the XPS data, together with the above microscopy re-
sults, unambiguously indicate the formation of ZnO nanopar-
ticles at the tips of aligned CNTs to form an aligned CNT-
ZnO heterojunction array.

Similar to many ZnO nanomaterials that possess interesting
optoelectronic properties, the CNT-ZnO heterojunctions are
attractive for various optoelectronic applications. To assess
the optoelectronic properties of the CNT-ZnO heterojunc-
tions, we measured the photoluminescence (PL, excitation
wavelength: 325 nm) emission from the as-grown sample after
being gently dispersed in water at room

BINDING ENERGY (eV)

284 280 276 sured by placing a gold-coated conduct-

ing AFM tip onto the ZnO nanoparti-
cles with an applied voltage between the
conducting AFM tip and Zn substrate
(Fig. 5a). The nonlinear /-V response
for the CNT-ZnO heterojunctions (cur-
ve I, Fig. 5b) reveals their semiconducting behavior in the
dark. Upon UV illumination (Hg lamp, 4 W and 366 nm), a lin-
ear I-V response with a larger slope was observed (curve II,
Fig. 5b). The observed change indicates that the aligned CNT—
ZnO heterojunctions assumed a more conductive ohmiclike
contact when irradiated with UV light, which is consistent with
a decrease in the potential barrier at the junction by the above-
bandgap light absorption[zsl and a photoinduced increase in
charge-carrier density.m] The possibility of photoexcitation of
charge carriers in the Si AFM tip can be ruled out because
there is no significant deviation from the linear /-V response
when I-V measurements were performed in the dark and un-
der light on the aligned nanotube sample prepared under the
same condition without the post-synthesis annealing necessary
for the formation of the heterojoined ZnO nanoparticle.

temperature. The PL spectrum given in Fig-
ure 4a shows a near-band-edge emission at
386 nm (3.20 eV) and a broad blue—green
emission band at about 450 nm (2.75 eV).
The near-UV emission at 3.20 eV corre-
sponds to the bulk bandgap at 3.35 eV of
ZnO and originates from the recombination
of free excitons.” The broad band at ap-

Intensity (a. u.)

o)

Intensity (a. u.)

proximately 2.75 eV is attributed to the re-
combination of photogenerated holes with
singly ionized oxygen vacancies®! gener-
ated possibly by electron transfer from the
ZnO nanoparticle of a relatively low work
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Figure 4. Room-temperature PL spectra of an as-grown sample a) after being gently dispersed
in water and b) after being strongly ultrasonicated for a prolonged time (i.e., 1 h).
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Figure 5. a) Schematic representation of the contact configuration for the |-V measurements. b) -V characteristic curves of an aligned CNT-ZnO het-
erojunction in the dark (curve 1) and with UV illumination (curve II). For the sake of clarity, only two of the ZnO nanoparticles are shown to contact

with the AFM tip in (a).

In order to exploit the generality of the water-assisted CVD
process for producing aligned CNT heterojunctions with ZnO
nanostructures of different geometries, we have also systemat-
ically varied the growth conditions. It was found that detailed
structures of the resultant CNT-ZnO heterojunctions depend
strongly on the reaction time. In particular, Figure 6a and b
show that the size of the aligned CNT-supported ZnO parti-
cles significantly increased with the purging time. Further-
more, the formation of heterojunctions between aligned
CNTs and ZnO rods (Fig. 6¢) was observed by increasing the
Ar flow rate to 600 sccm, while keeping other conditions un-
changed. Therefore, the growth conditions play an important
role in regulating the size and/or morphology of the ZnO par-
ticles in the CNT-ZnO heterojunctions.

Figure 6. a) SEM image of the CNT-ZnO heterojunctions formed by
water-assisted growth with an increased purging time of 40 min. b) As
for (a), under higher magnification. ¢) SEM image of the CNT-ZnO rod
heterojunctions formed by water-assisted growth with an increased Ar
flow rate of 600 sccm. d) As for (c), under higher magnification.

Adv. Mater. 2006, 18, 17401744
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In conclusion, we have demonstrated the large-scale synthe-
sis of aligned CNT-ZnO heterojunction arrays by CVD of
C,H; on a zinc substrate under Ar and H, in the presence of
water. SEM and TEM studies revealed intimate contact be-
tween the ZnO nanoparticle and aligned CNT. The aligned
CNT-ZnO heterojunctions thus prepared were shown to pos-
sess interesting optical and optoelectronic properties attrac-
tive to a wide range of potential applications. Owing to its
simplicity and scalability, the water-assisted growth process
developed in the present study could easily be adopted for
large-scale, cost-effective production of aligned CNT hetero-
junctions with ZnO nanostructures of different geometries for
various potential applications.

Experimental

In a typical experiment, the CVD growth of the CNT-ZnO hetero-
junction arrays was carried out on a zinc foil supported by a quartz
glass plate in a tube furnace at 850 °C under a combined flow of Ar
(300 sccm), H, (20 scem), and C,H; (10 scem) for 10 min with a por-
tion of the carrier gas passing through a water bubbler. This was then
followed by purging the reaction system with a flow of Ar through the
water bubbler for 20 min.

SEM imaging was performed on a Hitachi S-4800 field emission mi-
croscope. TEM images were taken on a Hitachi H-7600 transmission
electron microscope using an accelerating voltage of 120 kV. PL emis-
sion spectra (Agx =325 nm) were recorded on a Perkin Elmer LS 55
luminescence spectrometer while XPS measurements were recorded
on a VG Microtech ESCA 2000 using monochromatic Mg Ka radia-
tion at a power of 300 W. UV irradiation was carried out with a
UL3101 UV lamp (entela).
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