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ZnO is attracting intensive attention for its versatile applications in transparent electronics, UV emitter, 
piezoelectric devices, chemical sensor and spin electronics. As one of the direct wide band gap 
semiconductors, it has advantages over GaN due to its larger exciton binding energy, better lattice match 
on heteroepitaxial growth and availability of single crystal substrate. Large effort has been invested in 
the growth of nanostructured ZnO to explore its potentials for nanoscale device applications. ZnO 
nanobelts, nanowires, nanorings, and nanohelixes demonstrate the diversity of ZnO nanostructures 
family. This review presents recent research on ZnO nanostructures. Issues of synthesis methods, optical, 
electrical, gas sensing and magnetic properties are summarized. These progresses constitute the basis for 
developing future applications in nanoscale electronics, optoelectronics, chemical sensor and 
spintronics. 
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1. Introduction 

Zinc oxide (ZnO) is one of the most important functional oxide semiconductors because of its 
unique properties and potential applications in manifold fields, such as transparent electronics, 
ultraviolet (UV) light emitter, surface acoustic wave (SAW) devices and spin electronics. 
Invisible thin film transistors (TFTs) using ZnO as an active channel achieve much higher 
field effect mobility (7 cmZN.s) than amorphous silicon TFTs (0.5 cm2N.s) [l-31. ZnO has 
been proposed to be a more promising UV emitting phosphor than GaN because of its large 
exciton binding energy (60 mew,  larger than the thermal energy at room temperature. This 
lowers the W lasing threshold and yields higher UV emitting efficiency at room temperature 
[4]. Excitonic emissions have been observed from the photoluminescence spectra of ZnO 
nanorods [ 5 ] .  Large scale vertically aligned ZnO nanorods have been synthesized, 
demonstrating the potential of fabricating nano-optoelectronics arrays [ 6 ] .  SAW filters using 
ZnO films have already been used for video and radio frequency circuits. Piezoelectric ZnO 
thin film has been fabricated into ultrasonic transducer arrays operating at 100 MHz [7]. Holes 
mediated ferromagnetic ordering in bulk ZnO by introducing manganese (Mn) as dopant has 
been predicted theoretically [8] and reported recently [9]. Vanadium doped n-type ZnO films 
also demonstrate a Currie temperature above room temperature [ 101. Due to these remarkable 
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physical properties and the motivation of the device miniaturization trend, large efforts have 
been focused on nanoscale ZnO materials to fabricate high density, high speed, low power 
devices. An assortment of ZnO nanostructures, such as nanorods, nanowires, and nanorings, 
have been successhlly grown via a variety of methods including chemical vapor deposition, 
thermal evaporation, and electrodeposition [ 11-14]. These nanostructures have been subjected 
to electrical transport [ 15,161, UV emission [4,17], gas sensing [18], and ferromagnetic doping 
[9,19,20] studies, and considerable progresses have been achieved. In this paper, recent 
research achievements on ZnO nanostructures are reviewed, summarizing studies on their 
synthesis methods, structural, mechanical, electrical, sensing, optical, and magnetic properties. 

2. Synthesis and characterization of ZnO nanostructures 

ZnO nanostructures are usually obtained via a vapor transport process. Depending on the 
synthesis condition variations in temperature, catalyst, and composition of source materials, a 
wide range of nanostructures has been obtained. Using a vapor-solid process, complex ZnO 
nanostructures such as nanohelixes, nanorings and nanobelts were synthesized by Kong et al. 
[21] (Fig. la). In this process, ZnO powder was decomposed into Zn2+ and 0" at -1400 "C 
then transported by Ar carrier gas to a low temperature zone (-400 "C), and nanostructures 
were formed on a collecting chip. In a similar vapor transport and condensation process 
reported by Ren et al. [22, 231, hierarchical ZnO nanostructures were grown by mixing ZnO, 
In203 and graphite powder and heated up to 820-870 "C. A simplified method to achieve 
nanowires, nanoribbons and nanorods was reported by Yao et al. [ 131: ZnO powder was mixed 
with graphite and heated to 1100 "C then cooled down, nanostructures were found to form on 
the wall of the furnace. These synthesis methods utilize the vapor-solid (VS) mechanism, in 
which ZnO nanostructures are formed by condensing directly from vapor phase. Although 
diverse nanostructures can be obtained, this method provides less control on the geometry of 
ZnO nanostructures. Controlled growth of ZnO nanowires has been achieved by using various 
nanoparticles or nanoclusters as catalysts, such as Au [24, 251, Cu [26], and Co [27]. In these 
cases, ZnO and carbon powder are usually used as source material and a vapor-liquid-solid 
(VLS) growth mechanism governs the synthesis. In the VLS mechanism, the catalyst 
nanoparticles become liquid droplet under reaction temperature. The reactant Zn vapor 
generated by carbon thermal reduction of ZnO powder is transported to the catalyst 
nano-droplets and form Zn-catalyst alloy. In the meantime, ZnO forms as a result of the 
reaction between Zn and CO/C02. Upon suppersaturation, ZnO nanowires grow from the 
droplets. Recently we have found that this synthesis process can be further simplified by 
directly heating pure Zn powder in low concentration oxygen environment (2%) using Au 
nanoparticles as catalysts [28]. The as-synthesized nanowires show high quality and they grow 
along (0001) direction, as indicated in Figs. l b  & Ic. The advantage of using nanoparticles as 
catalysts lies in the better control of the nanostructure growth. Based on the VLS mechanism, 
the diameter of nanowire can be tuned by using different size nanoparticle catalysts. Yang et al. 
reported achievements of ZnO nanowires growth in controlling the position, orientation, 
diameter and density [4]. In their method, (110) plane sapphire was used as an epitaxial 
substrate to obtain vertically grown ZnO nanowires along the (001) direction (Fig. Id). 
Besides using sapphire as epitaxy substrate, anodic alumina membranes (AAM) was utilized 
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as templates to obtain highly ordered ZnO nanowire arrays [ 14,151. These w e l ~ - c o n ~ ~ l e d  
synthesis methods pave the way to the integration of ZnO nanoshctures for future large scale 
device applications. 

Pig. 1. (a) ZnO nmohelix structures grown via Vapor-Solid process. (reprint pemission from ref. [all) (b) ZnO 
nanowires grown via VLS process. {c) High resolution TEM image of a ZnO nanowire shows growth direction along 
(0001). (d) Vertical aligned ZnO nanowires may on sapphire substrate. (reprint permission from ref. 141) 

3. Mechanical properties of ZnO ~ a n o $ t ~ ~ c t ~ ~ e $  

Umders~and~n~ the hdamental physical properties is central to the rational design of 
functional devices. Investigation on individua~ ZnO nanostructures is critical to their 
applications in nanoe~ec~onic devices and systerns. Direct m e ~ u ~ m e n t  of mechanical 
behavior of i ~ d i ~ d u a ~  nanoshctures is rather challenging since the traditional measurement 
method for bulk material does not apply. Based on an eiec~c-~eld-induced resonant 
excitation, Bai [29] ef al. characterized the bending modulus of ZnO nanobelts using 
~ a n s ~ ~ s s ~ o m  electron microscopy (TEM). In this method, a special TEM sample holder was 
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made to apply an oscillating electric field between a ZnO nanobelt and a fixed electrode. This 
electric field drove the vibration of the nanobelt, and resonant oscillation was achieved by 
tuning the driving frequency, as depicted in Fig. 2. Following the classical elasticity theory, 
bending modulus was calculated and shown in Table 1. ZnO nanobelt demonstrates to be a 
promising material for nanoresonator and nanocantilever. Its small size renders improved 
sensitivity compared with conventional cantilever fabricated by microtechnology. Hughes [30] 
et al. reported manipulation of ZnO nanobelt to the desired length and position. This could 
lead to the usage of nanobelt as highly sensitive atomic force microscopy probe. 
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Fig. 2 TEM images of a ZnO nanobelt at (a) stationary (b) the first harmonic resonance in x (thickness) direction, 
v x= 622 KHz, (c) the first harmonic resonance in y (width) direction, v y= 691 KHz. (d) Resonance peak of a ZnO 

nanobelt. (reprint permission from ref. [29]) 

Tablel. Bending modulus of ZnO nanobelts. Ex and Ey represents for the modulus along thickness and width 
direction. (reprint permission from ref. [29]) 

EX ES Na~lobclt ( 2 0 0 5 )  (21) (21) U'<T PXi I.,, " , , V 1 l  

I 8 23 55 33 1 7  232 373 1 6  466206 501206 
I 4 73 28 19 1 5  396 576 14 4 3 2 1 3  455t29 
3 4 07 31 LO 16 662 958 1 4  5 6 3 r 0 9  6 4 6 2 2 3  
1 890 45 39 1 1  710 231 1 1  179206 399?12 

4. Electrical properties 

Electrical transport measurements have been performed on individual ZnO nanowires and 
nanorods [16, 31-33]. Fan [31] et al. configured single ZnO nanowires as field effect 
transistors using photolithography. Nanowires synthesized by CVD method were dispersed 
first in isopropanol alcohol to form nanowires suspension, then deposited onto SiO,/Si 
substrate. Photolithography was used to define contact electrodes array. Degenerately doped 
Si substrate was used to serve as a back gate, and the neighboring electrodes contacting a 
nanowire function as source and drain. Due to native defects such as oxygen vacancies and 
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zinc intersti~als, ZnO nanowires are reported to be n-type semiconductor. Figure 3a shows I-V 
characteristics under different back gate voltages. Well defined transfer characteristic is s h o w  
in Fig. 3b. Carrier concentration and mobility are derived from the transfer chmcwistic o f  
the nanowire transistor to be -lo7 cm-' and -1'7 cm2N.s, respectively. I1 is worth noting that 
the CVI) grown ZnO nanostructures are usually single crystalline, rendering them superior 
electrical property than polycrystalline thin film. For example, an electron field effkct mobility 
of 7 cm2N,s is regarded quite high for ZnO thin film transistors [2]. However, single 
crystalline ZnO nanowires showed much higher mobility, as Chmg et d had reported an 
electron mobility of 80 cm2N.s. This indicates that the ZnO nanostructures based device can 
achieve a faster operation speed than their thin film counterpart. F ~ e ~ o r e ~  using a 
uniquely designed synthesis setup, one can modifj the carrier concentration and mobility of 
the nanowires (Fig. 3c), providing a way to tune the electrical property of ZnO nanowires 

The major impediment of ZnQ for broad electronics and photonics applications rests with 
the d i ~ c u ~ t y  ofp-type doping. Several ptype doping efforts have been reported, with a Ga 
and W codoping method, low resistivity (0.5 Qcm) p-type ZnO thin film was obtained /34]. 
Look et 01. reported nitrogen-doped p-type ZnO obtained by molecular beam epitaxy with a 
hole mobiiity of 2 cm2N.s [35]. Kim ei al. reported phospho~s- dope^ p-type ZnO with a 
thermal activation process [36]. Successful p-type doping for ZnO n a n o ~ ~ c t ~ ~ s  will greatly 
enhance their potential applications for nanoscale electronics and op~oe~ec~onics. P-type md 
Pa-type ZnO nanowires can serve as p-n junction diodes and light emitting diodes (LED). And 
field effect transistors (FET) fabricated from them can constitute c o m ~ l e ~ e ~ t a r y  logic circuits. 
Combined with their optical cavity effect, electrically driven nanowire laser can be potentially 
~mpieme~ted. An attempt to make intramolecular p-n junction on ZnQ nanowires was 
performed by Liu ef srl [15]. In this case, anodic aluminum membrane was used as a porous 
template with pore size around 40 nm. A two step vapor transport growth was applied and 
boron was introduced as the p-type dopant in the first step. Consequently, the I-V 
characteristics demonstrated rectifying behavior due to the i n ~ o l e c u ~ a r  p-n junction in the 
nanowire~ 

PSI. 

a // 

Fig. 3 (a) I-Vcurves of a ZnO nanowire FET from Vg = -6V to 4V; (h) Transfer characteristic of a ZnO nanowipe FET 
(inset); (c) Transfer characteristics of two nanowires with different carrier ~ncentration md carrier mobility. 
Nanowire A has a mobility of 80 cm2N*s and &er concentration -lo6 em"'; and nanowire B has a mobility of 22 

m2N.s and carrier concentration -1 0' cm-'. 
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5. Electron field emission from vertical aligned Zno nanQ~tru~ures 

~asi"one"dimensional (Q1 D) nanomaterial with sharp tip is a natural candidate for electron 
field emission. In fact, field emission fpom vertical aligned ZnO nanoneedles and nanowires 
have been investigated by many groups [27, 37-39]. Tseng [37] et al. grew needle-like ZnCB 
n ~ o w i r e s  on Ga-doped ZnO film at 550%, the as-grown nanowires showed well-aligned 
vertical structure as shown in Fig. 4a. These nanowires were subject to field emission 
m e ~ s ~ ~ ~ e n t ,  the tm-on field was found to be -18 V/pm at a cwent density of 0.01 pLNcm2, 
and the emission current could reach 0.1 &em2 at 24 V / w ,  as shown in Fig. 4b. Lee [27J ef 
al. reported better results for ZnO nanowires synthesized at low temperature. They obtained a 
turn-on field o f  6 Vlpm at a current density of 0.1 pNcm2, and the emission current reached 1 
&cm2 at 11 Vlpm, which could provide sufficient brightness to flat panel display. 

Fig. 4 (a) Vertically aligned ZnO nanowires on Ga-doped ZOO film; (b) Emission current-voltage characteristics o f  

ZnO nanowires. (reprint permission from ref. [37]) 

6. Chemical sensing and hydrogen storage with ZnO Nanostructures 

Oxygen vacancies on metal-oxide surfaces are electrically and chemically active. These 
vacancies function as n-type donors, ofien significantly increase the conductivity of oxide. 
Upon adsorption of charge accepting analytes at the vacancy sites, such as NO2 and 0 2 ,  

electrons will be depleted from the conduction band, leading to a reduced conductivity of the 
n-type oxide. CBn the other hand, molecules that react with surface oxygen, such as CO and H2, 

would react with surface adsorbed oxygen and remove it, leading to an increase in 
conductivity. Most metal-oxide gas sensors operate based on this principle. As one of the 
major materials for solid state gas sensor, bulk and thin films of ZnO have been proposed for 
60 [40], NH3 1411, alcohol [42] and H2 [43] sensing under elevated temperature (-400 "C). 
From the aspect of sensing performance, quasi-one-dimensional (QlD) ZnO, such as 
nanowires and nanorods, is expected to be superior than its thin film counterpart. When their 
diameter is small and comparable to the Debye length, chemisorption induced surface states 
virtually affect the electronic structure of the entire channel, thus render Q1D ZnO higher 
sensitivity than thin film. In addition, ZnO nanowires and nanorods can be configured as 
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either two terminal sensing devices or as FETs in which an external electric field can be 
utilized to tune the sensing property. Recently, Wan [ 181 et al. fabricated ZnO nanowires gas 
sensor using microelectromechanical system technology. Massive nanowires were placed 
between Pt interdigitating electrodes. Under an operation temperature of 300 "C, the 
resistance of nanowires significantly decreases upon exposure to ethanol (Fig. 5a). Electrical 
transport studies show that O2 ambient has considerable effect on the ZnO nanowires [ 16,311. 
Fan et al. discussed the relationship between oxygen pressure and ZnO nanowire FET 
performance [31]. It is shown that ZnO nanowires have fairly good sensitivity to 0 2  (Fig. 5b). 
In addition, it is observed that the sensitivity is a function of back gate potential, i.e., above 
gate threshold voltage of FET, sensitivity increases with decreasing gate voltage (Fig. 5b 
inset). This implies that the gate voltage can be used to adjust the sensitivity range. In addition, 
the large surface-to-volume ratio of nanowires not only results in their enhanced gas sensing 
performance, but also facilitates potential hydrogen storage property. Wan [44] et al. 
investigated hydrogen storage characteristics under room temperature. The highest storage of 
0.83 wt% was achieved at a pressure of 3.03 MPa. In this work, it was suggested that 
hydrogen storage was due to not only surface adsorption but also the incorporation of H2 into 
the crystal interstitial sites. 

I 000 

100 

-0.4 -0.2 0.0 0.2 0.4 
10 

Fig. 5 (a) Response of ZnO nanowires upon exposure to ethanol with concentration of 1-200 ppm at 300 "C (reprint 

permission from ref. [16]); (b) I-V curves of a ZnO nanowire under 0-50 ppm 02. Inset: gate potential dependence of 
sensitivity under 10 ppm 02. 

7. Optical properties 

Intrinsic optical properties of ZnO nanostructures are being intensively studied for 
implementing photonic devices. Photoluminescence (PL) spectra of ZnO nanostructures have 
been extensively reported [4, 45-48]. Strong emission peak at 380 nm due to band to band 
transition and green-yellow emission band related to oxygen vacancy are observed, as shown 
in Fig. 6a. These results are consistent with those of bulk ZnO. Interestingly, the green 
emission intensity increases with decreasing nanowires diameter. This observation is 
attributed to the larger surface-to-volume ratio of thinner nanowires favoring a higher level of 
surface oxygen vacancy [4]. Recently, Fan et al. observed red luminescence attributed to 
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doubly ionized oxygen vacancies [49]. In addition, as one of the characteristics of nanoscale 
systems, quantum confinement was observed to cause a blue shift in the near UV emission 
peak [45] in ZnO nanobelts, as illustrated in Fig. 6b. PL spectra show that ZnO nanowire is a 
promising material for UV emitting, while its UV lasing property is of more significance and 
interest. Huang et al. [50] and Liu et al. [17] reported room temperature UV lasing from 
ordered ZnO nanowires array (Figs. 6c & 6d). 40 kW/cm2 and 100 kwlcm'lasing power 
thresholds were reported and the higher threshold was attributed to larger defect concentration 
present in the wires. As pointed out in ref. 50, the advantages of ZnO nanowire lasers are that 
the excitonic recombination lowers the threshold of lasing, and in addition quantum 
confinement yields a substantial density of states at the band edges and enhances radiative 
recombination. 

In addition, well-facetted nanowires form natural resonance cavities, as shown in Fig. 6b. 
Recently, Law et al. reported using ZnO nanowires as subwavelength optical waveguide [51]. 
Optically excited light emission was guided by ZnO nanowire into Sn02 nanoribbon (Fig. 6e). 
These findings demonstrate that ZnO nanostructures can be the potential building blocks for 
integrated optoelectronic circuits. Besides UV emitting and lasing, effort on utilizing ZnO 
nanowires for UV photodetection and optical switching have been reported by Kind et al. [52]. 
Defect states related visible wavelength detection and polarized photodetection of ZnO 
nanowires were also observed [49] (Fig. 60.  Photocurrent is maximized when incident light is 
polarized parallel to nanowire long axis. This behavior is one of the characteristics of Q1D 
systems and makes them promising application in high contrast polarizer. From the 
photoconductivity measurements of ZnO nanowires, it is found that the presence of 0 2  has 
crucial effect on the photoresponse [16, 49, 531, i.e. O2 surface adsorption on the nanowires 
could greatly expedite the photocurrent relaxation rate. As shown in Fig. 6g, the photocurrent 
relaxation time is around 8 s in air but hours in vacuum. It was suggested that photoresponse 
of ZnO nanowire depends on the desportion-adsorption process of 02. Upon illumination, 
photo-generated holes discharge surface chemisorbed 0 2  through surface electron-hole 
recombination, while the photo-generated electrons significantly increase the conductivity. 
When illumination is switched off, O2 molecules re-adsorb onto nanowire surface and reduce 
electron concentration. 
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Fig. 6 (a) Photoluminesc~ce spectrum of ZnO nanowires with diameter of 100 nm (A), 50 nm (B) and 25 nm (C) 
show near WV emission at 380 nm and green-yellow emission band. (reprint permission from ref. [4]) (b) PL spectra 
of 6 and 200 nm wide ZnO nanobelts show a blue shift of the emission peak. (reprint permission from ref. [45]) (c) 

Vtrtcal aligned ZnO nanowirw array on sapphire substrate wed for light emission. (reprint permission from ref. [sol) 
(d) Emission spectra Erom nanowire army for optical pumping power below (line a) and above (line h, c) lasing 
threshofd. The pumping power are 20, 100, 150 kWlcm’, respectively. (reprint permission from ref. [SO]) (e) A PL 
image of a ZnO nanowire guiding light into a SnOz nanoribbon. (%print permission from ref. [Jl I) If) Polarized 
photodetection of both UV (365 nm) and visible light show that nanowire conductance is maximized when incident 
light is polarized piuallei to the nanowke axis. (g) Nanowire photoresponse to 633 nm laser in air compared to that in 
vacuum (inset). 

Recently, diluted magnetic s e ~ i c o n d u c t o ~  (DMS) are attracting more and more research 
effort because spin-polarized BMS can accomplish efficient spin injection. It is found that 
ZnO is a promising host material for ferromagnetic doping. Room temperature holes mediated 
ferromagnetic ordering in bulk ZnO by introducing manganese (Mn) as dopant has been 
predicted theoretically [S] and observed by S h m a  et QZ. in ZnO thin film [9]. 
~ e ~ o ~ i a ~ ~ ~ s r n  was also observed when Go [54] and Fe [20, 551 were used as dopants. The 
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effort of growing ferromagnetic Znl.,Mn,O (x=O. 13) nanowires with Currie temperature of 37 
K was reported by Chang et al. [56] and shown in Fig. 7. The nanowires were synthesized via 
a vapor phase evaporation method. Because of its wide band gap, ferromagnetic ZnO is 
regarded as an excellent material for short wavelength magneto-optical devices [57]. These 
studies will pave the way for using magnetic ZnO nanowires as nanoscale spin-based devices, 
such as spin valves and spin FETs, with the ultimate goal of manipulating a single electron 
spin rather than the charge as in more conventional devices. 

\, / 37u 
Q.*- ........ n ...... ,....... *-. 

i - - r - . i . I ' I ' . - I  

0 20 40 60 80 100 120 

Temperature (K) 

25.0 , 
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Fig. 7 (a) Temperature dependent magnetization curve of Zn,..Mn,O (x=O.13) nanowire at 500 Oe field shows Currie 

temperature of 37K. (b) Magnetization-Field hysteresis loop obtained at 5 K demonstrates ferromagnetism by Mn 

doping. (reprint permission from ref. [56])  

9. Summary and future prospects 

ZnO offers tremendous potential in providing electronic, photonic, and spin-based 
functionality. Encouraging progresses on the related research have been achieved as reviewed 
in this article. There are still important issues waiting to be further investigated, such as 
growing p-type ZnO nanowires and fabricating nanostructured p-n junction for electrically 
driven nano LED or laser. Integration of ZnO nanostructures for large scale device 
applications is another significant issue. Continuous effort will be dedicated to achieving high 
device density with accessibility to individual nanodevices. Obtaining room temperature 
ferromagnetism in ZnO nanostructures will greatly advance future research on ZnO based 
nanoscale spintronics devices. 
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