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Abstract: This article presents a comprehensive review of the current research addressing the
surface effects on physical properties and potential applications of nanostructured ZnO.
Studies illustrating the transport, photoluminescence (PL), and photoconductivity properties
of ZnO with ultrahigh surface-to-volume (S/V) ratio are reviewed first. Secondly, we exam-
ine recent studies of the applications of nanostructured ZnO employing the surface effect on
gas/chemical sensing, relying on a change of conductivity via electron trapping and detrap-
ping process at the surfaces of nanostructures. Finally, we comprehensively review the photo-
voltaic (PV) application of ZnO nanostructures. The ultrahigh S/V ratios of nanostructured
devices suggest that studies on the synthesis and PV properties of various nanostructured
ZnO for dye-sensitized solar cells (DSSCs) offer great potential for high efficiency and low-
cost solar cell solutions. After surveying the current literature on the surface effects on nano-
structured ZnO, we conclude this review with personal perspectives on a few surface-related
issues that remain to be addressed before nanostructured ZnO devices can reach their ulti-
mate potential as a new class of industrial applications.

Keywords: electrical properties; nanostructures; nanowires; optical properties; surface ef-
fects; ZnO.

INTRODUCTION

The synthesis of a unique group of nanostructures of wurtzite ZnO is possible because of three types
and a total of 13 fastest directions of growth (<0001>, <0110>, and <2110>), together with a pair of
polar surfaces (0001). This group of nanostructures is exemplified by nanowires/nanorods (NWs/NRs)
[1], nanoparticles (NPs) [2], 3D nanoarchitectures [3], nanojunction-arrays [4], nanobelts (NBs) [5],
nanosprings [6], nanorings [7], and NR networks [8]. Moreover, nanostructured ZnO has attracted in-
tensive research efforts for its versatile applications such as photodiodes [9,10], field-effect transistors
(FETs) [11-13], light-emitting diodes (LEDs) [14], gas sensors [15,16], photodetecters [17—-19], opti-
cal switches [18], second harmonics generators [20], solar cells [21,22], and thermal switches [23].
The surface effects—including surface band bending [24], chemisorption/photodesorption near
surfaces [25,26], native surface defects/states [27], and surface roughness [13]—are more pronounced
in the nanostructures than that in thin film and bulk counterparts due to the structural uniqueness and
the ultrahigh surface-to-volume (S/V) ratio of ZnO nanostructures. In order to develop the novel appli-
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cation of ZnO nanostructures utilizing the surface effect, it is very important to understand how the
physical properties are affected by shrinking the dimension of ZnO. For example, the conductivity of
an NW is different from that of the bulk material. In light of the surface scattering, the resistivity should
be large in an NW under the assumption that the band structure does not change. However, experimen-
tal studies have shown the opposite indications on this point. There are reports showing the superior mo-
bility observed in ZnO NW devices exceeding state-of-the-art planar devices [12].

In this review, we discuss the surface-related transport, photoluminescence (PL), and photo-
conductivity properties of ZnO nanostructures. Furthermore, we examine recent studies on the applica-
tions of nanostructured ZnO, taking the advantage of the surface effect on gas/chemical sensing, em-
ploying the change of conductivity via electron trapping and detrapping process at the surfaces of
nanostructures. We also discuss the emerging photovoltaic (PV) application of ZnO nanostructures. The
ultrahigh S/V ratios of nanostructured devices suggest that the studies on the synthesis and PV proper-
ties of various nanostructured ZnO for dye-sensitized solar cells (DSSCs) offer great potential for high
efficiency and low-cost solar cell solutions. At the end of this review, we will address most of the bar-
riers that must be overcome before ZnO nanostructures can reach their ultimate potential as a new class
of industrial materials.

TRANSPORT PROPERTIES

The fundamental study in the electrical properties of ZnO nanostructures is demanded for developing
the nanoelectronics. The high S/V ratio of ZnO nanostructures makes them suitable for biosensors and
chemical sensors with significantly improved sensitivity. Understanding the surface effects, such as
geometric properties, surface states, surface roughness, and surface passivation, on the transport be-
havior of ZnO nanostructures is crucial for reliable device fabrication. Among the various ZnO nano-
structures, the transport of individual ZnO NWs/NRs has been extensively investigated [28—34]. Due to
the confined geometry of the low-dimension nanostructures, it is not possible to determine the electri-
cal properties by conventional thin-film techniques such as Hall measurements. Alternatively, the meas-
urements of a single ZnO NW-based three-terminal FET are often used to estimate device characteris-
tics, such as the carrier concentration, mobility, effective barrier height, and ideality factor from I-V
measurements under different gate voltages [12,13,34-36]. In the typical FET test structures, a pair of
leads patterned on the two ends of the NW serves as the source and drain electrodes using conventional
photolithography or e-beam lithography. Additionally, a weak capacitively coupled terminal as the gate
electrode is employed to control the NW conduction, and thus gates the FET device performances such
as operation speed, power efficiency, and ON/OFF ratio by applying a transverse electric field
[35,37,38]. There are several types of gate configurations of NW FETs, i.e., back, top, side, and sur-
rounding gates. The back-gate configuration is mostly used due to its simplicity of fabrication. The
schematic of a back-gate NW FET with the measurement circuit is shown in Fig. 1. The electron mo-
bility (1) and the carrier concentration (n) are related to the transconductance (g, = dlds/dVg) and can
be calculated as follows:
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where C o is the gate-N'W capacitance, # is the thickness of the gate insulating layer, L is the NW chan-
nel length, r is the NW radius, &, is the dielectric constant of the gate insulating layer, V is the source-
drain voltage, V, is the gate voltage, and Vgt is the gate threshold voltage below which current is sup-
pressed to an OFF state [13,35].
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Fig. 1 Schematic of an NW-based FET with the measurement circuit.

Due to the native defects such as oxygen vacancies and zinc interstitials, intrinsic ZnO shows
n-type semiconductor behavior. It is well known that the native defects at the metal oxide surfaces serve
as the binding sites for chemisorption processes, such as the formations of charged oxygen molecule
complexes [O,(g) + e~ — O, (ad); more details will be discussed in the section on gas/chemical sen-
sors]. They also contribute to the scattering and the trapping of carriers [39], thus lowering the carrier
mobility. Furthermore, negative oxygen molecule complexes [0, (ad)] adsorbed on the ZnO surfaces
form the depletion regions that reduce the conductivity, influencing the operation modes of NW FETs
[36]. This unusual behavior comes from the surface band bending [40,41]. It is expected that the sur-
face band bending at the surface of single-crystalline NWs is more pronounced than that in the thin film
counterpart [42,43]. As a result, the surface treatment on the ZnO nanostructures is important to tailor
the desired electrical characteristics of NW-based devices. ZnO NWs exhibited an electron mobility of
1000 cm?/V's, which is larger than that of thin film (115-155 cm?/Vs) after coating the NWs with poly-
imide [34,44]. Using SiO,/Si;N, as the passivation layer was also found to enhance electron mobility
up to 4120 cm?2/Vs [12]. In addition to the passivation layer, the post-annealing in ozone [36], O, [45],
H, [46], or N, [47] ambient has been applied to enhance the electron mobility. These surface modifi-
cations aim for compensating the surface states or reconstructing the surface of NWs and then elimi-
nating the surface scattering and reducing the trapping centers, leading to the enhanced mobility. For
example, the electron mobility of an ozone-treated single ZnO NW is up to 1175 cm?/Vs [36]. These
results suggest that after the surface modifications, ZnO nanostructure-based devices can achieve a
faster operation speed than their thin film counterpart.
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The operation modes of transistors (depletion- or enhancement-mode) can be crucially deter-
mined by the carrier trapping states at the surfaces [13]. The trapping of electron carriers in the trap
states [O,(g) + ¢~ — O, (ad)] can cause electron depletion in the channel, resulting in a gate threshold
voltage shift and a conductance modulation. The rough NWs have more fraction of the surface deple-
tion region in the NW channel than the smooth ones. Depletion- and enhancement-mode FETs were
demonstrated by the smooth and rough surfaces of ZnO NW FETs, respectively [13]. Both depletion-
and enhancement-mode FETs are demanded for NW-based integrated-circuit electronics with the high
logic performance. The inverter circuits, by combination of both depletion- and enhancement-mode
ZnO NW devices, exhibit the desired voltage-transfer characteristics with high gains, robust noise mar-
gins, and less power dissipation, which makes them superior to logic inverters based on single-mode
NW FETs [48]. However, the rough surface of NWs may cause carrier scattering, leading to the limited
operation speed. In order to maintain the operation speed, the depletion in the NW channel could be
generated by the appropriate coating layer instead of the rough surface of the NWs. ZnO nanostructures
will have the opportunity to achieve the electronic devices with less power dissipation and faster oper-
ation speed by the surface modifications.

PHOTOLUMINESCENCE PROPERTIES

Room-temperature PL analysis is widely used to investigate the optical properties of ZnO. Optical prop-
erties of various ZnO nanostructures are intensively studied since it has been realized that ZnO is the
ideal material for light emitters mainly due to its tightly bound excitons and wide bandgap, which lead
to highly efficient near-band-edge recombination at UV regions [24,27,49-97]. Different nanostructures
show some variations of the position and the intensity of the peak in the PL spectra. Room-temperature
near band-edge emission (NBE) in the different ZnO nanostructures has been reported to occur at
373 [50], 378 [51-53], 380 [54-56], 381 [57], 383 [58,59], 384-391 [60], 387.5 [61], 389 [59,62], and
390 nm [63]. Size-dependent time-resolved PL (TRPL) analysis indicates that the defect densities of the
various nanostructures with high S/V ratio are varied as compared with the bulk ZnO [27,64,65], lead-
ing to the distinct shifts of the NBE for a variety of nanostructures synthesized by different methods
[49]. Furthermore, although the sizes of these ZnO nanostructures are larger than the Bohr radius of
ZnO [66], the blue-shift of NBE in ZnO nanostructures is observed by decreasing the size of ZnO
nanocrystals (NCs) [67], nanodots [68], and NBs [69], which is indicative of surface effects as well. For
the sizes of ZnO structures larger than the Bohr radius, it is suggested that the variations in the position
of the NBE in various ZnO nanostructures result from different concentrations of native defects. Room-
temperature PL spectra of ZnO typically exhibit the visible emission, which corresponds to the deep-
level emission (DLE). Figure 2 shows the DLE (normalized PL spectra) from different ZnO nanostruc-
tures, which results from the various defect states, as shown in Fig. 3. The defect ionization energies
range from ~0.05 to 2.8 eV [70,71]. The green emission is the most commonly observed defect emis-
sion in ZnO nanostructures [50,52-54,56,58—61,72-76] and often attributed to singly ionized oxygen
vacancies [50,54,55,73,76], donor—acceptor transitions [77], recombination at VO“ centers [78,79], zinc
vacancies [80,81], and surface defects [82]. Although the defect origin of the green emission has not
been conclusively identified, polarization-dependent PL spectra from aligned ZnO NRs have demon-
strated that green emission originates from the NR surfaces [83]. It has been shown that coating ZnO
nanostructures with the surfactant can suppress the green emission significantly [82]. The thickness of
surface recombination layer responsible for visible emission in ZnO NWs is estimated to be ~30 nm
[27]. Therefore, it is confirmed that the green emission comes from ZnO surfaces.
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Fig. 2 Room-temperature PL spectra of various nanostructures in the UV range: (1) tetrapods, (2) needles, (3) NRs,
(4) shells, (5) highly faceted rods, (6) ribbons/combs. Reprinted with permission from ref. [49]. Copyright © 2006
John Wiley.
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Fig. 3 Energy levels of native defects in ZnO. The donor defects are Zn;*", Zn;’, ZniX, V,©, V., V,, and the acceptor
defects are V", V" The Kroger Vink notation uses: i = interstitial site, Zn = zinc, O = oxygen, and V = vacancy.
The terms indicate the atomic sites that the species occupy, and superscripted terms indicate the electronic charges
of the species relative to the site that it occupies, where a dot indicates positive charge, a prime indicates negative
charge, and a cross indicates zero charge, with the charges in proportion to the number of symbols. Reprinted with
permission from ref. [142]. Copyright © 1974 American Elsevier.
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In addition, the intensity of the blue—green defect emission depends on the NW diameter [56,84],
but both increased and decreased intensities of defect emissions have been observed with the diameter
[56,84]. However, the blue—green defect emissions can be attributed to singly ionized oxygen vacancies
since the intensity of the blue—green emission is increased with S/V ratio [56,84]. The yellow emission
attributed to oxygen interstitials is commonly observed in ZnO nanostructures as well [51,59,80,85].
The defect responsible for the yellow emission is not located at the surface [59,85] and can be elimi-
nated by annealing in hydrogen/argon ambient [51]. However, the aforementioned has demonstrated
that ZnO nanostructures have potential for a tunable-wavelength LED material by the shift of the NBE
and DLE due to different S/V ratios.

Various complex nanostructures have been synthesized to tailor the optical properties since the
engineering of the ZnO NWs/NRs through surface modification can maximize the benefits provided by
nanostructures [86-90]. For example, the enhancement of PL has been observed in ZnO/Er,04 and
Zn0O/ZnMgO core-shell nanostructures [87,88]. An aqueous chemical method was also proposed to fab-
ricate the well-aligned ZnO/Al,O5 core-shell NRs. The Al,O; shell layer resulting in the flat-band ef-
fect near the ZnO surfaces leads to a stronger overlap of the wavefunctions of electrons and holes in the
ZnO core, further enhancing the NBE [24]. The PL intensity of ZnO/ZnS nanotetrapods and the life-
time of the UV exciton radiative transition have been increased by more than 20 times due to the pas-
sivation effect of the core-shell structures [91]. The shell layer not only can make a strong overlap of
the wavefunctions but also can compensate the surface states of the NWs, leading to enhancement of
the NBE emission. In addition, the appropriate shell layer can avoid oxygen adsorption/desorption
(more details will be discussed in the section on gas/chemical sensors) to make the luminescent prop-
erties of ZnO stable.

In addition to the room-temperature PL analysis, the low-temperature PL. measurements are often
applied to investigate exciton emissions in ZnO nanostructures with high efficient recombination. Due
to the high absorption coefficient for photons of hv > Eg, where Eg is the bandgap energy, most of the
excitons and carriers are generated near the semiconductor surfaces. In the case of ZnO nanostructures,
a large fraction of free excitons can be bound to the surface defects. The excitons localized in surface
states near the surfaces within the thickness of ~20 nm are defined as surface excitons (SXs) [92,93].
Due to the surface band bending, the photon energy of SXs is higher than that of other bound excitons
but lower than that of free excitons [94,95]. As the power intensity of photo-excitation is increased, the
saturation behavior in the PL intensity of SXs can be readily observed, which is different from other
bound excitions [94]. When the size of ZnO nanostructures is decreased, the role of SXs becomes im-
portant for the optical and electronic properties of ZnO [94,96,97]. The enhanced SX emission at he-
lium temperature has been demonstrated in ZnO/amorphous Al,O5 core-shell NWs because a reduced
band bending generated the high density of SX near the surfaces [89]. Because the photon emissions
from ZnO closely correlate with ZnO surfaces and SX is one of the dominant surface-related emissions,
the core-shell nanostructure can provide a platform to investigate the surface-related emission in detail
by applying different materials and thicknesses of shell layers. This would benefit the development of
ZnO nanostructures for optoelectronic nanodevices.

PHOTOCONDUCTIVITY PROPERTIES

For ZnO thin-film-based UV detectors, a slow response time ranging from a few minutes to several
hours and a low optical gain are commonly observed. However, ZnO nanostructures show significantly
improved performances of photodetectors. It has been reported that the internal photoconductive gain
of intrinsic ZnO NW-based UV photodetectors could be as high as ~108 due to the presence of the oxy-
gen-related hole-trapping states (i.e., oxygen vacancies) at NW surfaces [17,19,98]. Because the photo-
generated holes are trapped at the hole trapping states [0, (ad) + At — O,(g)], the life times of the
photogenerated electrons are increased. In addition, photoconductivity was also observed at energies
corresponding to the deep-level states confirmed by PL spectra. Photocurrent as a function of the light
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polarization angle for both UV and visible light has been demonstrated, as shown in Fig. 4 [19].
Polarized photodetection of both UV (365 nm) and visible light shows that the photoconductivity of
ZnO NW is maximized when the incident light is polarized parallel to the NW axis. This behavior spec-
ifies ZnO NWs, promising application in high-contrast polarizer. Photoresponses of the ZnO NWs
under the illumination of above-bandgap light (325 nm) and defected-related light (453 nm) are signif-
icantly different in the maximum photocurrent while they both exhibit slow photoresponses, as shown
in Fig. 5. According to the photoconductivity studies of ZnO NWs, the presence of O, has an impor-
tant effect on the photoresponse [32,99]; i.e., O, adsorption on the NW surface [O,(g) + e~ — O, (ad)]
could significantly hasten the photocurrent relaxation rate. As shown in Fig. 6, the photocurrent relax-
ation time is hours in vacuum but around 8 s in air ambient. This is the oxygen-related hole-trapping
state effect. Upon illumination, the photogenerated holes discharge surface chemisorbed O, through
electron-hole recombination at the surfaces [0, (ad) + /" — O,(g)], which increases the time it takes
electrons and holes to recombine and thus trigger an increase in the photoconductivity. By blocking the
illumination, O, molecules re-adsorb onto the NW surface and reduce the photoconductivity. Recently,
researchers’ attention has been focused on improving the responses and reset times. The UV response
of a ZnO NB-based sensor has been enhanced by five orders of magnitude after functionalizing its sur-
face with a polymer layer for UV absorption [100,101]. This giant enhancement is suggested to the en-
ergy levels introduced by the polymer lying in the corresponding bandgap and in the conduction band
of ZnO, which serve as a “hopping” state and increase the excitation probability of an electron to the
conduction band. The reset time of ZnO NW-based photodetector has been reduced drastically by sur-
face functionalizing or utilizing a Schottky contact [102,103]. The slow recovery time of the NW-based
photodetector is attributed to O, molecule re-adsorbtion onto the NW [O,(g) + ¢~ — O, (ad)].
Therefore, the reset time benefits by speeding up the process of O, molecules re-adsorbing.
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Fig. 4 Photocurrent as a function of the light polarization angle for both UV (bottom) and visible light (top). The
inset shows a spectrum of halogen light source. Reprinted with permission from ref. [19]. Copyright © 2004
American Institute of Physics.
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Fig. 5 Photoresponse of the ZnO NWs under the continuous illumination of 325- and 458-nm wavelength light and
after turning off the light in vacuum at 300 K at a bias voltage of 0.5 V. Reprinted with permission from ref. [99].
Copyright © 2004 American Institute of Physics.
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Fig. 6 NW photoresponse to 633-nm laser in air compared to that in vacuum (inset). Reprinted with permission
from ref. [19]. Copyright © 2004 American Institute of Physics.
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GAS/CHEMICAL SENSORS

ZnO NWs are also useful in detecting versatile gases due to their high S/V ratios. The fundamental
mechanism relies on a change of conductivity via the electron trapping and detrapping process on NW
surfaces. Ambient conditions, intrinsic oxygen vacancies, and sensing temperatures which significantly
influence surfaces play important roles in the response time of gas-sensing detectors [104—108]. As gas
molecules are adsorbed on NW surfaces, charge transfer occurs and modifies the carrier concentration,
resulting in a change of conductivity. For NO, or O,, they tend to capture free electrons in NWs and
dissociate into NO,~ or O,~, forming a low-conductivity depletion layer near the surfaces. Therefore,
the conductivity of ZnO NWs is decreased in the presence of NO, and O, [109-113]. On the other hand,
reductive gases, such as ethanol, H,, CO, and H,S, react with the charged oxygen molecules on NW
surfaces, and thus free electron concentration is increased due to oxygen desorption [0, (ad) — O,(g) +
¢7], leading to an increase of conductivity [104-106,114,115].

ZnO NWs with various sizes for gas sensing have also been reported. As the NW diameter
shrinks, the sensitivity to oxygen sensing is increased due to the large S/V ratio and the high density of
oxygen vacancies in NWs [108,112]. It is believed that the majority of oxygen vacancies exist at the
surface of NW and act as adsorption sites for oxygen molecules [84], which adsorb on the ZnO NW
surface by capturing free electrons from the n-type ZnO, thereby creating a depletion layer with low
conductivity near the surface [O,(g) + e~ — O,7(ad)]. The reason for high density of oxygen vacancies
in small NWs is that the compressive stress within ZnO NWs increases with the decreasing diameters
of NWs and thus increases the density of oxygen vacancies in the surface layers of the NWs [116].
Consequently, a large quantity of oxygen vacancies and large effective surface areas at the surfaces of
NWs with small diameter lead to the serious depletion layers near the surfaces. This enhanced sensi-
tivity for ZnO NWs with small diameters can be explained by a surface depletion layer-dominated
mechanism [117]. The formation of the depletion regions near NW surfaces reduces the carrier con-
centration and thus has a great influence on NW conductivity especially when the NW diameter is com-
parable to the Debye screening length [117,118]. In the presence of reductive gases, electrons trapped
on the surface are released by oxygen desorption [0, (ad) — O,(g) + 7], resulting in a great change
of the conductivity and the width of surface depletion region. This change is more prominent for NWs
with small diameters, leading to the significant increase of sensitivity of gas sensing [117,119]. A sim-
ilar concept of enhancing the sensitivity by reducing carrier concentration has been achieved with the
oxygen plasma treatment for NH; sensing [120].

ZnO NW FETs for gas sensing have also been fabricated to enhance the sensitivity via adjusting
the gate voltage to affect gas adsorption/desorption behavior at NW surfaces. With the aid of a negative
bias to deplete the electrons in NWs, the binding of oxygen adsorption is weakened, resulting in a sen-
sitivity improvement for NO, and NH; sensing. Furthermore, a strong negative bias can refresh the gas
sensors, and the selectivity of gas sensing can be carried out by refreshing the threshold voltage [118].
The aforementioned results open the possibility of a single NW-based gas/chemical sensor with wide-
detection range and high sensitivity by tunable gate voltage.

Response and reset times are among the critical figures of merit for gas/chemical sensors. For the
two figures of merit, there are several surface-related improvement methods, such as the formation of
Schottky contact and the surface modification on ZnO nanostructure-based devices [121]. Regarding
the Schottky contacted NW gas sensor, Fig. 7 shows the proposed mechanism. In the presence of oxy-
gen molecules, the Schottky barrier height is further increased due to oxygen adsorption, resulting in a
dramatic reduction of conductivity. For CO sensing using this method, CO molecules react with the ad-
sorbed oxygen molecules and release the trapped electrons, leading to the fact that the Schottky barrier
height is decreased with a drastic current recovery, and the response time and the reset time can also be
reduced [121].
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Fig. 7 Sensing mechanism of a variable Schottky barrier height, corresponding to different conditions: in (a) N,
(b) O,, and (c) CO ambient. Reprinted with permission from ref. [121]. Copyright © 2009 American Chemical
Society.

Several surface modification techniques have been used to improve the gas sensing performances
of ZnO nanostructures because of their strong surface-related sensing behavior. Au NP-decorated ZnO
NWs for CO sensing have been studied. Au NPs on NW surfaces act as the catalyst in the process of
reducing the activation energy for oxygen dissociation and spilling the charged oxygen molecules over
the NW surfaces due to their availability of free electrons and highly conductive nature, resulting in the
improved gas-sensing behavior. This mechanism is also known as spill-over effect [104,122,123]. Due
to the large difference between the work function of Au and the electron affinity of ZnO, Au NPs also
enhance the surface depletion effect by modulating the surface depletion region and account for the
rapid and ultrahigh sensing for ethanol [119,123]. Pt NP-decorated ZnO NWs are also found to be ef-
fective in enhancing the response to H,S and ethanol [16,124]. As shown in Fig. 8, the response in-
creases with H,S concentration, and can be further enhanced by Pd NP decoration. The sensitivity of
acetone and toluene sensing using InSb- and TiO,-doped ZnO NWs have been improved by the surface
modification, which reduces the activation energy of oxygen desorption and thus efficiently desorbs
oxygen molecules at the surfaces of ZnO NWs [125,126]. A reduction of activation energy also con-
tributes to the reduction of response and reset times [118]. The enhanced sensitivity in a bilayered poly-
mer/ZnO gas sensor based on the ZnO NBs with a plasma-polymerized acrylonitrile (PP-AN) surface
coating has been observed as well [107]. PP-AN can increase the concentration of the adsorption sites
for target gases, resulting in a high sensing response. Moreover, it has been reported that desorbing
charged oxygen molecules adsorbed at NB surfaces using UV illumination can create more adsorption
sites for subsequent oxygen molecules sensing, leading to the improvement of sensitivity [107].
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Fig. 8 Dynamic responses of sensors with different samples to H,S. Reprinted with permission from ref. [124].
Copyright © 2009 Royal Society of Chemistry.
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DYE-SENSITIZED SOLAR CELLS

DSSCs were reported by Gritzel et al. in 1991 [127]. As they are one of the most promising low-cost
solar cells, a lot of work has been done to try to improve their performance. DSSCs are based on photo-
excitation of dye molecules at the surfaces of the metal oxide electrodes, such as ZnO. Electrons are in-
jected from the dye molecules into the metal oxide electrodes, and the dye is reduced by electron do-
nation from the electrolyte. Therefore, the metal oxide electrodes are investigated intensively for
achieving a fast electron transport and improving the efficiency of DSSCs [21,128,129]. TiO, is the
most widely used electrode in DSSCs. However, ZnO is thought to be a potential substitute for TiO,
due to its high mobility [44].

Since light absorption plays a dominant role in the operation of solar cells, increasing the cross-
section area of optical absorption is usually the first step in the work of improving solar cell efficiency.
The nanostructures with high S/V ratio can be beneficial in this regard. A dye monolayer on a flat inter-
face for ZnO thin films exhibits only negligible light absorption since the cross-section of optical ab-
sorption for molecular dyes is typically 2—-3 orders of magnitude smaller than their physical cross-sec-
tions. The use of a nanostrucured ZnO can significantly enhance the interfacial surface area over the
geometric surface area, by up to 1000-fold for a 10-um-thick film, leading to high absorbance from the
many successive monolayers of adsorbed dyes in the optical paths [130]. Figure 9 shows the schematic
of ZnO nanostructure-based DSSCs. To compare with TiO,, ZnO can be easily fabricated in various
morphologies with a large surface area, which is the essential factor in maximizing dye adsorption. In
general, the I is proportional to the amount of the absorbed dyes, which are related to the area of the
electrodes of DSSCs. The roughness factor (RF), defined as the ratio of total surface area of electrodes
to the shadow substrate area of a cell, is widely used to quantitatively estimate the amount of the ab-
sorbed dyes [21]. Various ZnO nanostructures used in DSSCs and their performance are listed in
Table 1.
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Table 1 Performance of DSSCs utilizing different ZnO nanostructures.

Nanostructure n%) V. (mV) I (mA/cm?) FF Refs.
Nanocrystalline film 0.40 550 1.22 0.66 [143]
2.80 550 9.10 0.57 [144]
NR 1.32 570 7.00 0.33 [145]
4.70 710 10.70 0.62 [144]
Nanofiber 3.02 570 9.14 0.58 [146]
NW 1.50 710 5.85 0.38 [21]
0.84 500 3.40 0.49 [22]
NW with branched structure 0.46 620 1.84 0.40 [147]
NW with pillar structure 0.34 690 1.26 0.39 [147]
Nanosphere 1.59 668 5.43 0.44 [136]
2.60 557 12.30 0.48 [148]
Nanotetrapod 1.02 580 3.76 0.47 [149]
3.27 614 9.71 0.55 [150]
Nanoflower 1.60 580 8.75 0.32 [137]
0.30 535 1.10 0.54 [148]
Nanoflower with Au NPs 2.50 500 15.00 0.33 [137]
NP 0.87 670 2.25 0.58 [145]
6.58 621 18.11 0.59 [135]
0.75 573 1.20 0.51 [151]
Nanosheet 1.55 593 2.06 0.55 [151]
Mesoporous aerogel thin films 2.40 600 8.32 0.48 [152]
NP aggregate 5.40 595 9.70 0.45 [153]
Plate aggregate 1.90 554 8.40 0.41 [148]
Network structure 1.34 600 3.58 0.62 [154]
Hierarchical structure 6.51 670 10.90 0.48 [155]
Nanosphere/film composite 2.25 718 6.13 0.51 [136]
NW/NP composite 2.20 610 6.30 0.58 [22]
ZnO/TiO, core/shell NW 2.27 800 4.78 0.60 [139]
2.00 705 5.30 0.54 [140]
2.00 704 5.30 0.53 [141]

7 is solar energy conversion efficiency, V. is open-circuit voltage, I is short-current density, FF is
fill-factor, NPs is nanoparticles, and NWs is nanowires.

For DSSCs, the electron transport of ZnO is also related to its morphologies [21,131-134]. For
example, the electron transport in the ZnO NW DSSCs is about two orders of magnitude faster than that
in the ZnO NP DSSCs [131]. However, the short-circuit photocurrent density (/) and the energy con-
version efficiency (77) of ZnO NP DSSCs (with 22.8 um in thickness) are superior to those of the ZnO
NW DSSCs (with 18~24 pum in length) [21,135]. This can be explained as follows: the RF of 882.35
for ZnO NP DSSCs is much larger than that for ZnO NW DSSCs (RF = 200) [21,135]. If the RF is suf-
ficiently large, even a monolayer of dye molecules could absorb most of the incident photons [127].
Therefore, it is a trade-off problem of improving the efficiency by varying the morphology of ZnO elec-
trodes.
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Dye-coated ZnO
nanostructured
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Fig. 9 Schematic of ZnO nanostructure-based DSSCs.

The transport in DSSCs is influenced by the surfaces of nanostructured electrodes as well. For ex-
ample, some electrons might be captured by the surface states located on the ZnO electrode surface, de-
creasing the 71 of the cell. Surface passivation, which can reduce the surface defects of the ZnO, is an-
other method to enhance the 7. After annealing the ZnO electrodes in oxygen ambient, the 1 increases
from 1.03 to 1.59 % [136]. Au NPs have been found to enhance the 1 of ZnO nanoflower-based DSSCs;
i.e., the ZnO nanoflowers decorated with Au NPs showed 2.5 % of 1, higher than 1.6 % for the ZnO
nanoflowers [137]. This is because surface defects are eliminated during the Au NPs’ formation
process, possibly by the electron abstraction from the defects through the reduction of Au ions.

Moreover, ZnO surface is unstable in acidic dye of DSSCs, such as N3 and N719. ZnO surface
forms Zn2*/dye complexes in the dye environments, leading to a low electron injection efficiency of the
dye molecules [138]. The core-shell structure, one of the surface passivation methods, provides a good
way to protect the ZnO against the harm of the acidic dye. The Al,O5 shells acting as a protecting and
electron-blocking layer improved the open-circuit voltage (V) but greatly decreased the short-circuit
current of the ZnO/Al,O5 core-shell NW DSSCs [139]. However, TiO, shells increased the V__ and fill
factor, resulting in the improvement of 1 up to 2.25 % for the ZnO/TiO, core/shell NW DSSCs [139].
This is due to the fact that the shells suppress the recombination by forming an energy barrier and pas-
sivating surface recombination centers [140,141]. Therefore, surface treatments, such as coating shell
layer or decoration with metal particles, can improve the efficiency and the endurance of DSSCs.
However, the influence on V_ and I, should also be considered when improving the efficiency.

CONCLUSION AND OUTLOOK

We have reviewed some of the critical, initial research designed to determine unique transport, PL, and
photoconductivity properties offered by ZnO nanostructures with ultrahigh S/V ratio. Preliminary
works from many research groups demonstrate that there are many applications of nanostructured ZnO
devices in electronics and optoelectronics. After showing some of the empirical information accumu-
lating in the current literature on the surface effects on nanostructured ZnO, we believe that there are a
few surface-related issues that remain to be addressed before nanostructured ZnO devices can reach
their ultimate potential as a new class of industrial applications.

First of all, nanostructure is not simply a miniaturization in sizes. To conclusively identify the sur-
face effects, powerful tools must be established to measure atomic structure, understand local electronic
structure, and detect local chemistry at the ZnO surfaces precisely.
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The second challenge is that the chemical/thermal stability of nanostructured ZnO still needs to
be controlled well and studied systematically. Although various methods for controlling surface effects,
such as heat treatments and surface functionalization, have been applied, comprehensive study on the
relationship between processes conditions and surface effect is still needed. For instance, as discussed
before, when deposited on the surface of nanostructured ZnO, the passivation layers could compensate
the surface states or reconstruct the surfaces of nanostructured ZnO, leading to chemical stability in
some way. However, the ultimate utilization of nanostructured ZnO devices strongly depends on the
ability to precisely control surface properties with durability. Judged against these metrics, the demand
for the research work on the effect of surface treatment will certainly be increased before finding wide-
spread use in practical applications. Moreover, it has been known that when the size of nanomaterials
is decreased greatly, the melting point will be reduced significantly due to ultralarge surface areas as
compared to the bulk materials. This weakened thermal stability may severely limit the use of nano-
structured ZnO.

The third challenge is the feasible scheme for controlled growth of nanostructured ZnO.
Nanostructured ZnO is being used increasingly as 1D building blocks in electronics and optoelectronics
of the future, taking advantage of the surface-dependent physical properties of ZnO. Considerable ef-
fort must be devoted to developing nanostructured ZnO building blocks of controlled geometry, such as
diameters, lengths, surface roughnesses, and predetermined configuration since surface effects are pro-
nounced in nanostructured ZnO. We are convinced that the ability to fabricate ordered nanostructures
of ZnO with desirable geometry would provide a useful platform for the fundamental understanding of
surface effects and represent one of the critical steps toward the feasibility of practical applications of
nanostructured ZnO.

The fourth challenge is the achievement of reliable p-type ZnO. Without question, the most sig-
nificant impediment to the widespread exploitation of ZnO in electronic and photonic applications is
the difficulty in achieving p-type ZnO due to the presence of intrinsic defects in ZnO. Even if acceptors
are deliberately added in ZnO, donors are easily formed as compensation centers and tend to be domi-
nant; i.e., p-type ZnO changes back to n-type over time due to its instability, although some studies have
demonstrated an incontrovertible proof that p-type ZnO indeed exists. The wide variety of growth tech-
niques for p-type nanostructured ZnO is needed urgently for enhancing the commercial appeal of
nanostructured ZnO. The condition of nanostructured ZnO growth can lead to various types of accep-
tors and donors at the surfaces, which significantly influence electrical and optical properties of ZnO;
thus, the research on the surface effect on physical properties of nanostructured p-type ZnO is crucial
as well.

Although the properties of various nanostructures are similar to those reported for thin films, the
pronounced surface effect significantly enhances electrical and optical properties; i.e., the observed size
effects in nanostructures are the result of different S/V ratios rather than quantum confinement.
Nanostructured ZnO and its applications derived from the surface effects are still in an early stage of
technical development. The ability to manipulate the phenomena due to the surface effect is demanded.
We believe that the promising applications together with a fundamental interest in nanomaterials will
continuously provide compelling motivation for research into techniques for fabricating nanostructured
ZnO devices with better controlled surface effects. We expect that nanostructured ZnO employing the
surface effect could open up the promising potential for future electronic and optoelectronic devices.
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