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ABSTRACT: In this work, Zn2GeO4 nanowires (NWs) were successfully
synthesized on Si(100) substrates through carbon thermal reduction and a
vapor−liquid−solid method. The NWs were of around 100 nm diameter
and high aspect ratio (AR > 150). High-resolution transmission electron
microscopy studies indicate that the NWs are single-crystalline with [110]
growth direction. Moreover, the atomic resolution high-angle annular dark-
field and bright-field images of scanning transmission electron microscopy
have distinguished the different elements. They also further identified the
structure of Zn2GeO4 and located the positions of the elements.
Additionally, we have fabricated devices and measured the electrical
properties of a single NW. It is remarkable that individual Zn2GeO4 NW
devices exhibited excellent optoelectronic properties with fast switching
speed under 254 nm UV illuminations. Furthermore, with short wavelength
UV illumination, as we soaked Zn2GeO4 NWs in methyl orange solution, the methyl orange was degraded. Therefore, Zn2GeO4
NWs have potential applications in UV photodetectors and degradation of organic pollutants.

■ INTRODUCTION

Recently, nanoscaled and multifunctional metal oxide nano-
structures have attracted extensive attention for potential
applications because of their electrical and optoelectrical
properties.1−8 As a result, functional 1-D nanostructures of
metal oxide nanowires and nanorods have been fabricated by
plenty of methods.2 For decades, ternary materials such as
Zn2SnO4,

9,10 Zn2SiO4,
11 Zn2Ga2O4,

12 and Zn2GeO4
13−17 have

been of interest because they exhibit physical or chemical
advantages by tuning their components. Among these func-
tional oxide NWs, the wide-band gap material Zn2GeO4 (Eg =
4.68 eV) has promising properties in diverse areas. Also,
Zn2GeO4 nanorods were found to be stable photocatalysts in
degradation of benzene18 and RuO2-dispersed Zn2GeO4showed
the potential for decomposing water.19The sheaflike, hyper-
branched Zn2GeO4 nanostructure displayed photocatalytic
properties for reducing CO2 into renewable hydrocarbon
fuel.20 Feng et al. proved that Zn2GeO4 nanorods could be a
candidate as a high-capacity anode for lithium batteries.21Liu et
al. reported that native defect phosphor of Zn2GeO4 presented
white-bluish emission and its photoluminescence was brighter
than that of ZnO phosphor,22while Williams et al. reported that
Mn2+-doped Zn2GeO4 showed green luminescence.23

Zn2GeO4 has been synthesized by various methods. Tsai et
al. fabricated Zn2GeO4 nanostructures by submerging Zn-
containing Ge nanoparticles in water at room temperature.13

Yan et al. synthesized nanowires by a chemical vapor transport

method.14 Sun et al. synthesized nanorods by a simple
hydrothermal method.24 In this work, we synthesized
Zn2GeO4 nanowires by a carbon thermal reduction method.
With Au-coated film on Si(100) substrate for catalysis, the high
aspect ratio Zn2GeO4 nanowires were synthesized by the
vapor−liquid−solid (VLS) mechanism. Furthermore, the
atomic resolution annular dark-field (ADF) and annular
bright-field (ABF) images of scanning transmission electron
microscopy (STEM) were utilized to distinguish the different
elements of atoms within the single nanowire. Moreover, we
have fabricated devices to measure electrical properties of the
single NW. Depositing Au on the nanowires led to a better
photocatalytic activity on degrading ethyl range; thus, the effect
of Au nanoparticles on degradation has been studied.

■ EXPERIMENTAL SECTION

The Zn2GeO4 nanowires were synthesized by a three-zone
furnace, using the carbon thermal reduction method and
vapor−liquid−solid mechanism. The temperature setups of the
furnace were 950, 800, and 800 °C. The ZnO and Ge powders
were prepared with atomic ratio of 2:1 and mixed with 0.23 g of
graphite powder in an alumina boat at the upstream zone (950
°C). The 3 nm thick gold film serving as the catalyst was
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deposited on a Si(100) substrate at the midstream zone (800
°C). Carrier gases, argon and oxygen, were adjusted to 50 and
10 sccm, respectively. The temperature was elevated at the rate
of 15 °C min−1 and maintained at specific temperatures for 1 h,
while chamber pressure was kept at 3 Torr during the growth of
nanowires.
The morphology and crystal structure of Zn2GeO4 nanowires

were characterized by field emission scanning electron
microscope (FESEM, JEOL 6500F) and X-ray diffractometer
(XRD, Bruker D2 phaser) using the Cu Kα radiation (λ = 1.54
Å). The crystal structure was further examined by a spherical-
aberration corrected field emission transmission electron
microscope (Cs-corrected FE TEM, JEOL-ARM200FTH).
The electrical and photoresponse properties of a single-wire
electric chip exposed to a portable 4 W UV lamp were
measured with semiconductor analyzers (Agilent B1500A). The
photocatalytic activity for degradation of methyl orange (MO)
by Zn2GeO4 NWs was characterized by a Jasco V-670
instrument. The Zn2GeO4 NWs grown on the Si substrate
were placed in 20 mL of 5 ppm MO solution under the
radiation of a UV lamp (Germicidal Lamps, EYE, G10T8, 10
W). After irradiation for 1 h, the aborption of MO solution was
measured by a UV−vis spectrometer. Furthermore, we
deposited a 3 nm Au film on the surface of Zn2GeO4 NWs
by an e-gun evaporator. After being annealed at 500 °C, the Au
film transformed to nanoclusters.

■ RESULTS AND DISCUSSION
Synthesis of Zn2GeO4 Nanowires. In this study, we used

ZnO and Ge powders as experimental sources. The powders
were placed upstream at 950 °C, evaporated, and transported to
midstream by the carrier gases. The melting point of the
germanium is 937 °C,so the setting temperature would produce
germanium vapor. As we mixed ZnO and graphite powders at
such a high temperature, zinc vapor was supplied based on
previous studies.25 As shown in Figure 1a, high-density
Zn2GeO4 NWs were synthesized on the Si(100) substrate
under the pressure of 3 Torr. Different synthesis conditions are
discussed in Figure S1 of the Supporting Information. Figure 1a
shows the high aspect ratio (>150) when the length of grown
NWs is greater than 20 μm; also, the inset shows the nanowire
diameter was about 120 nm. The X-ray diffraction spectrum in
Figure 1b corresponds to Zn2GeO4 of a rhombohedral
structure (JCPDS card 11-0687) with lattice constants of a =
b = 14.231 Å and c = 9.53 Å. The high crystallinity and high
aspect ratio of Zn2GeO4 NWs are beneficial for their future
applications. In addition, the crystal structure and composition
of Zn2GeO4 NWs were analyzed by high-resolution trans-
mission electron microscopy (HRTEM) and energy-dispersive
spectrometry (EDS). Figure 2a is a low-magnification TEM
image of a single Zn2GeO4 nanowire. Figure 2b shows the
HRTEM image of the NW, and the inset is its corresponding
fast Fourier transform (FFT) diffraction pattern, revealing that
the Zn2GeO4 nanowire was perfect single-crystalline with [110]
growth direction. Figure 2c,d show EDS point and line element
analysis. The EDS point analysis indicated that the atomic ratio
of Zn and Ge was about 2, which is coherent with the
stoichiometry of Zn2GeO4. Also, the line element analysis
spectra shows uniform distribution of Zn, Ge, and O.
Panels c and d of Figure 3 are the atomic resolution ADF and

ABF images of a Zn2GeO4 nanowire along the [001] zone axis,
respectively. As we compare Figure 3a,b with the crystal
structure illustration, the six-member rings appear explicitly.

The Zn2GeO4 belongs to willemite structure (space group 148,
R3H). Every Zn and Ge are bonded with four oxygen atoms in
tetrahedral structure. Each oxygen is coordinated with one Ge
ion and two Zn ions. In conclusion, Zn2GeO4 contains one
GeO4 tetrahedron and two ZnO2 tetrahedrals. Because the
high-angle annular dark-field and bright-field images were based
on the atomic number, we could not identify Zn and Ge
because of their similar atomic number. However, remarkably,
we observed the atoms with spherical-aberration corrected field
emission transmission electron microscope (Cs corrected field
emission TEM). Because Zn2GeO4 is composed of tetrahedral
ZnO4 and GeO4, we also analyzed the complex vibration
models with FTIR and Raman. The detailed information is
represented in Figures S2 and S3 of the Supporting
Information.26−28

Photodetectors. As illustrated in Figure 4a, we fabricated a
single Zn2GeO4 nanowire photodetector electrical chip. The Pt
electrodes of the device were deposited on the edges of the
nanowire by focused ion beam (FIB) which contacted external
Au/Ti electrodes. In this study, we compared the current gain
in the dark and exposed to 254 nm UV light. The I−V curve in
Figure 4b shows that the current in the dark condition was
extremely low with a bias of ±3 V. Notably, it was exciting that
the Zn2GeO4 nanowire was sensitive to 254 nm UV light; the

Figure 1. (a) FESEM image of Zn2GeO4 NWs. The inset is a high-
magnification image of the NWs. (b) The XRD pattern shows the high
crystallinity of Zn2GeO4.
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photocurrent was enhanced at about 800 pA with forward bias
of 3 V, which was about 80 times the dark current. While the
wide band gap Zn2GeO4 was exposed to 254 nm wavelength
light, electron−hole pairs were created within the nanowire. We
assume the long channel length of the chip from the inset of
Figure 4b and high crystallinityof Zn2GeO4 NWs as discussed

above, a number of electron−hole pairs would be generated by
254 nm UV light. The response time is defined to be the
required interval for increasing 90% of photocurrent variation,
while the recovery time is defined to be the decay interval for
decreasing 90% of photocurrent variation. The results of
photoresponse shown in Figure 4c were conducted at the bias
of 3 V. In Figure 4c, we can find alternatively switching
behaviors. As for detailed switching time analysis, the response
time and recovery time were ∼0.6 and ∼1.5 s, respectively.
Schematic illustration of the band structure diagrams and
photoconduction mechanism of Zn2GeO4 nanowires are shown
in Figure 5. Oxygen molecules around the surface of NWs were
believed to capture the free electrons within NWs in the dark
condition (eq 1), forming the low-conductivity depletion
region.1 Plenty of electron−hole pairs could be generated
under the illumination of 254 nm UV light (eq 2). Thus, the
photocurrent was rapidly generated by the excess moving
electrons under the effect of the applied electric field. The
generated holes would migrate to the surface, resulting in the
recombination of adsorbed negative oxygen ions (O2

−) and the
decrease of depletion regions. Also, the oxygen molecules could
be released to air and residual electrons enhance the
photocurrent, which led to optoelectronic properties at the
same time (eq 3). After the UV lamp was turned off, the oxygen
molecules became negative oxygen ions by charging electrons
at the surface as the initial type.

+ →− −O (g) e O (ad)2 2 (1)

→ +− +hv he (2)

+ →+ −h O (ad) O (g)2 2 (3)

Figure 2. (a) Low-magnification TEM image and (b) HRTEM image of a single Zn2GeO4 NW. The inset in (b) is the FFT diffraction pattern
corresponding to the [11̅0] zone axis with [110] growth direction. Panels (c) and (d) are the EDS point and line element analysis of the Zn2GeO4
NW, respectively.

Figure 3. (a) Schematic illustration of Zn2GeO4 crystal structure along
[001] zone axis. (b) Crystal structure with a slight tilt along [001]
zone axis and without oxygen atoms. (c,d) Atomic resolution high-
angle annular dark-field and bright-field images of a Zn2GeO4
nanowire along [001] zone axis.
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According to the above equations and our experimental data,
the surface of NWs plays the important role for adsorption and
desorption of oxygen molecules. We can attribute the fast
switching behaviors to the high aspect ratio of the Zn2GeO4
NWs. Thus, the chip we created with long channel length
would acquire the advantage.
Photocatalytic Activity. With the advantage of high aspect

ratio of Zn2GeO4 NWs, we applied it for degradation of MO.
First, we prepared raw Zn2GeO4 NWs soaked in MO solution.
In Figure 6a, the absorbance at the wavelength of 464 nm

decreased during the increase of reaction time and under the
irradiation of 254 nm UV light. Moreover, we fabricated
Zn2GeO4 NWs coated with Au nanoparticles. According to
previous reports, constructing the heterojunction would
decrease the rate of recombination of electron−hole
pairs.29,30 As illustrated in Figure 6b and the inset, the Au
nanoparticles with diameter of about 10 nm were deposited by
e-gun evaporator at the surface of Zn2GeO4 NWs; the EDS
spectrum shown in Figure 6c indicated the existence of Au.
Moreover, we conducted the blank experiment exposed to 254
nm UV light but without Zn2GeO4 NWs. The measurements of
degradation of MO are shown in Figure 6d, showing that the
UV light had no influence on the pure MO solution. Thus, the
reactions for degradation of MO would occur based on the
following equations.

+ → +− +hv e hZn GeO2 4 (4)

+ → · ++ +hH O OH H2 (5)

+ → ·+ −h OH OH (6)

+ · →MO OH degradation of MO (7)

Zn2GeO4 NWs obtained sufficient photoenergy to generate
electron−hole pairs under irradiation of 254 nm UV light (eq
4). Therefore, the strong oxidation of hydroxyl radicals would
happen while H2O reacted with holes (eq 5). Additionally, the
hydroxide ions could react with holes to produce hydroxyl
radicals. Eventually, the MO solution was degraded by the
highly effective hydroxyl radicals (eq 6). With the remarkable
photoactivity of Au-coated Zn2GeO4 NWs, we propose that the
Au nanoparticles would construct a Schottky barrier between

Figure 4. (a) Fabrication flow of a single Zn2GeO4 nanowire-based electrical chip. (b) I−V curve measured between ±3 V bias in the dark and under
exposure to 254 nm UV light. The inset is the SEM image of the photodetector. (c) Switching behaviors for time-dependent photoresponse with 254
nm UV turned on and off repeatedly. (d) Photoresponse and recovery time for a single period of UV light on−off cycle.

Figure 5. Schematic illustration of the mechanism for the photo-
detector showing (a) the schematic of the band structure diagrams of a
NW in the dark condition and (b) under exposure of 254 nm UV light.
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the surface of Zn2GeO4 NWs and Au nanoparticles. The shift of
Fermi level for decreasing built-in potential resulted from the
enhancement of the photocatalytic activity for degradation of
MO. The photogenerated electrons would transfer to Au
nanoparticles, hindering the recombination of electrons and
holes in Zn2GeO4 NWs. Also, the residual holes would
continuously react with hydroxide ions and H2O, producing
more hydroxyl radicals. Thus, the enhancement of degradation
of MO was achieved by the above reactions.

■ CONCLUSIONS
In this study, high-density single crystalline Zn2GeO4 NWs
were successfully synthesized on Si(100) substrates by a carbon
thermal reduction method. HRTEM images showed the high
crystallinity of Zn2GeO4 NWs with [110] growth direction.
Furthermore, we have observed the NWs with atomic
resolution high-angle annular dark-field and bright-field images
of scanning transmission electron microscopy (STEM), on the
basis of which we could specify the locations of the atoms.
Moreover, the fast switching behaviors demonstrated that the
Zn2GeO4 NWs of high aspect ratio may serve as building blocks
for UV photodetectors. Additionally, the enhancement of the
photocatalytic activity for degradation of MO was achieved with
Au-coated Zn2GeO4 NWs. For electrons transferred to Au
nanoparticles, the recombination of electron−hole pairs was
decreased in Zn2GeO4 NWs. Thus, the residual holes reacted
with H2O and hydroxide ions played the important role in
degradation of MO.
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