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 Effi cient Assembly of Bridged   β  -Ga 2 O 3  Nanowires for 
Solar-Blind Photodetection 
P
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    and   Jean-Jacques   Delaunay   *   
 An increasing number of applications using ultraviolet radiation have 
renewed interest in ultraviolet photodetector research. Particularly, solar-blind 
photodetectors sensitive to only deep UV ( < 280 nm), have attracted growing 
attention because of their wide applicability. Among recent advances in UV 
detection, nanowire (NW)-based photodetectors seem promising, however, 
none of the reported devices possesses the required attributes for practical 
solar-blind photodetection, namely, an effi cient fabrication process, a high 
solar light rejection ratio, a low photocurrent noise, and a fast response. 
Herein, the assembly of   β  -Ga 2 O 3  NWs into high-performance solar-blind 
photodetectors by use of an effi cient bridging method is reported. The device 
is made in a single-step chemical vapor deposition process and has a high 
250-to-280-nm rejection ratio ( ∼ 2  ×  10 3 ), low photocurrent fl uctuation ( < 3%), 
and a fast decay time ( <  < 20 ms). Further, variations in the synthesis param-
eters of the NWs induce drastic changes in the photoresponse properties, 
which suggest a possibility for tuning the performance of the photodetec-
tors. The effi cient fabrication method and high performance of the bridged 
  β  -Ga 2 O 3  NW photodetectors make them highly suitable for solar-blind 
photodetection. 
  1. Introduction 

 The extremely harmful ultraviolet C (UVC, 100–280 nm) radia-
tion cannot penetrate the earth’s protective atmosphere and, 
therefore, UVC is not part of solar radiation at the Earth’s 
surface. The absence of UVC in solar radiation and artifi cial 
lighting provides a “black background” for detection of weak 
UVC emitting sources such as fl ames. Accordingly, selec-
tive detection of UVC without sensitivity to solar radiation 
has been named solar-blind photodetection. Solar-blind pho-
todetectors have found many civil and military applications 
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including fi re detection, missile warning, 
non-line-of-sight optical communication, 
chemical/biological analysis, and UV 
astronomy. [  1–3  ]  Unfortunately, the com-
mercially available solar-blind detectors 
are based on the photoelectric effect (pho-
tomultiplier tubes), which requires high 
operating voltages, thus limiting their 
applications. 

 Current research in solar-blind photode-
tectors focuses on UVC sensitive wide band 
gap semiconductors such as Al  x  Ga  1−x  N, 
Mg  x  Zn  1−x  O, diamond, AlN, cubic BN, 
and the monoclinic gallium oxide (  β  -
Ga 2 O 3 ). [  4–9  ]  Epitaxially grown Al  x  Ga  1−x  N 
should be fabricated with  x   ≥  0.45 to 
achieve solar-blind photodetection, but the 
quality of the Al  x  Ga  1−x  N fi lms deteriorates 
rapidly as the Al content increases. [  2  ]  The 
wurtzite Mg  x  Zn 1− x  O can only be synthe-
sized for  x  ≤ 0.37 due to phase segregation 
between ZnO wurtzite and MgO rock salt 
which results in a maximum bandgap of 
4.3 eV, not large enough for solar-blind 

Diamond, AlN, and cubic BN on the con-
photodetection. [  10  ]  
trary have very large band gaps of 5.5, 6.1, and 6.3 eV, which 
limit their detection to wavelengths shorter than 225, 210, and 
193 nm, respectively. [  6–8  ]  The   β  -Ga 2 O 3  with a band gap of  ∼ 4.5 eV 
is particularly suitable for solar-blind photodetection. [  11–13  ]  
 β  -Ga 2 O 3  single crystals have been used to fabricate Schottky 
photodiodes for solar-blind photodetection. [  14,15  ]  Recently, 
the use of nanostructured materials for photon detection has 
attracted much attention. [  16–19  ]  For instance, ZnO nanowires 
(NWs) have been demonstrated to have very high photo-
conductive gain due to their one-dimensional structure 
and charge separation properties. [  20  ]  On the other hand, the 
  β  -Ga 2 O 3  NWs have been synthesized by various groups and 
their fundamental properties have been studied. [  21–24  ]  To the 
best of our knowledge, only one study has been conducted 
on the fabrication of solar-blind photodetector with   β  -Ga 2 O 3  
NWs. [  25  ]  The reported photodetector was made from a single 
  β  -Ga 2 O 3  NW by top-down techniques resorting to photoli-
thography for the fabrication of the metallic electrodes. The 
device exhibited high sensitivity and fast response to 254 nm 
light. However, the photocurrent was noisy due to the high 
Schottky barrier and the spectral selectivity of the device was 
not reported. 
1wileyonlinelibrary.com
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      Figure  1 .     a) Schematic diagram of the bridged NW structure showing 
the electrodes made of thick   β  -Ga 2 O 3  NW layers and the bridged NWs 
crossing the gap between the NW electrodes. b) An SEM image of the 
bridged   β  -Ga 2 O 3  NW structure. c) A magnifi ed view of the bridged 
  β  -Ga 2 O 3  NWs crossing the gap.  
 The conventional top-down approach for fabrication of NW-
based devices is complicated, time-consuming, and expensive
and, therefore, is limited to fundamental studies and labora-
tory demonstrations. To extend the fi eld of applications of NW-
based devices, a more effi cient and practical method is needed
to assemble NWs into functional devices. [  26–28  ]  In our pre-
vious work, we have developed a single-step bridging method
to assemble bridged ZnO NWs into visible-blind photodetec-
tors. [  29–31  ]  The bridged NW device has been demonstrated to
have several advantages over the conventional NW devices:
1) the fabrication process is simple, effi cient, and cost-effective;
2) the NW surfaces are free from contamination because no
post-process is needed after the growth of the bridged NWs (e.g.,
resist coating for photolithography); 3) the NW properties are
not affected by the substrate because the bridged NWs are not
in contact with the substrate, unlike the situation in conven-
tional NW devices; 4) the structure is free of contact barriers
because the bridged NWs and their electrodes (consisting of
thick NW layers) are made of the same material during the
same growth process. In this report, we show that the bridging
method can be applied to assemble   β  -Ga 2 O 3  NWs into a bridged
structure which exhibited high performance in solar-blind pho-
todetection. A stable and high photocurrent with a photocurrent
to dark current ratio of  ∼ 3  ×  10 4  was achieved under 2 mW cm  − 2

at a wavelength of 254 nm. A fast photocurrent decay with
a characteristic time of much less than 20 ms was observed.
In addition, a clear cutoff wavelength at  ∼ 280 nm and a high
250-to-280-nm rejection ratio of  ∼ 2  ×  10 3  were obtained. The
photoluminescence (PL) properties of the   β  -Ga 2 O 3  NWs were
also investigated, showing the intrinsic UVC emissions for the
fi rst time. To further understand the photoresponse mecha-
nism, bridged   β  -Ga 2 O 3  NWs having different defect densities
were synthesized and their photoresponse and PL properties
were investigated. The results revealed that the photoresponses
of the   β  -Ga 2 O 3  NWs can be tailored to meet the needs of dif-
ferent applications for the photodetectors.   

 2. Results and Discussion  

 2.1. Fundamental Properties of   β  -Ga 2 O 3  NWs 

  Figure    1   a  shows a schematic diagram of the bridged NW struc-
ture. The structure consists of thick NW layers, serving as native
electrodes, and, bridged NWs across the gap between the thick
layers, acting as sensing elements. The NW layer electrodes and
the bridged NWs are synthesized simultaneously in a single-step
chemical vapor deposition (CVD) process. In order to achieve
selective growth of   β  -Ga 2 O 3  NW layers, very thin ( ∼ 2 nm)
Au layers having the shape of the electrodes are patterned by
sputtering Au through a physical mask on quartz substrates.
Bridged NWs are formed across the gap between the NW layer
electrodes in a self-grown process. Figure  1 b shows a scanning
electron microscope (SEM) image of the bridged   β  -Ga 2 O 3  NW
structure synthesized at a substrate temperature of 1000  ° C.
The SEM image clearly shows the selective growth of   β  -Ga 2 O 3
NW layers on the patterned Au layers. The shape of the thick
NW layers is defi ned by the shape of the thin Au layers. A
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
magnifi ed view of the gap area between the NW layers in Figure  1 c 
shows that the electrodes are bridged by many NWs. The 
bridged   β  -Ga 2 O 3  NWs have diameters of several tens of nanom-
eters and lengths up to one hundred micrometers. The   β  -Ga 2 O 3  
NWs most likely grew by a vapor-solid process, because no Au 
particles were found at the tips of the NWs.  

 The X-ray diffraction (XRD) pattern of  Figure    2   reveals that 
the NWs are indeed crystalline   β  -Ga 2 O 3 . All the diffraction 
peaks can be indexed with those of the monoclinic   β  -Ga 2 O 3  with 
lattice parameters  a   =  1.223 nm,  b   =  0.304 nm,  c   =  0.580 nm, 
and   β    =  103.7 °  (JCPDS Card No. 43–1012).  Figure    3   a  shows the 
high-resolution transmission electron microscope (TEM) image 
of a   β  -Ga 2 O 3  NW with a diameter of  ∼ 60 nm grown at 1000  ° C. 
The magnifi ed image of the core part of the NW in Figure  3 b 
reveals lattice fringes with a d-spacing of 0.58 nm, which 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2010, XX, 1–7
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      Figure  2 .     XRD pattern of the   β  -Ga 2 O 3  NWs. All the diffraction peaks can be 
indexed to the monoclinic phase   β  -Ga 2 O 3  (JCPDS Card No. 43–1012).  

      Figure  4 .     Room-temperature PL spectrum of the   β  -Ga 2 O 3  NWs grown 
at 1000  ° C (Sample 1). The arrow indicates the shoulder in the shorter 
wavelength side of the UVC emission.  
matches that of the (001) lattice planes of   β  -Ga 2 O 3 . The NW is 
found to grow along the [001] direction, in consistence with the 
selected-area electron diffraction (SAED) pattern recorded along 
the [100] axis shown in Figure  3 d. The TEM image of Figure  3 c 
is evidence for the presence of an amorphous surface layer with 
a thickness of  ∼ 3 nm. This amorphous layer contrasts with the 
highly ordered lattice in the core of the NW and may play an 
important role in the photoresponse process.   

 The room-temperature PL spectrum of the   β  -Ga 2 O 3  NWs syn-
thesized at 1000  ° C (denoted as Sample 1) is shown in  Figure    4  . 
The PL spectrum shows a strong UVC emission and multiple 
emissions in the UVA to the visible range. Detailed view of 
the UVC emission reveals a weak peak at  ∼ 265 nm ( ∼ 4.7 eV) 
besides the main peak at  ∼ 278 nm ( ∼ 4.5 eV). Both peaks should 
© 2010 WILEY-VCH Verlag GmAdv. Funct. Mater. 2010, XX, 1–7

      Figure  3 .     a) High-resolution TEM image of a   β  -Ga 2 O 3  NW grown along 
the [001] axis. Magnifi ed images of b) the box b and c) the box c as 
indicated in fi gure a), revealing a good crystallinity of the NW core and 
a thin amorphous surface layer, respectively. d) SAED pattern of the NW 
recorded along the [100] axis.  
be intrinsic emissions of   β  -Ga 2 O 3  that originate from the ani-
sotropy of the monoclinic phase. Indeed, Ueda  et al.  showed 
by optical transmission spectroscopy that   β  -Ga 2 O 3  had two 
absorption edges at 4.79 and 4.52 eV for light polarized with 
E//b and E//c, respectively. [  13  ]  The band gaps obtained from our 
PL spectrum are in good agreement with the band gaps esti-
mated from their optical transmission spectra. Previous studies 
of the PL properties of   β  -Ga 2 O 3  single crystals [  32,33  ]  and nanos-
tructures [  21–23  ,  34–35  ]  show only blue emission or UVA emission, 
with no intrinsic emission in the UVC range. To the best of 
our knowledge, this is the fi rst time the intrinsic PL emission is 
observed for   β  -Ga 2 O 3 . The observation of the intrinsic emission 
may be explained by improved crystal quality of our NWs and/or 
the use of proper excitation source (  λ    =  230 nm). The PL spec-
trum of our sample also shows several defect emissions in the 
UVA to visible range (350–600 nm) with intensities lower than 
that of the intrinsic emission. These defect emissions may arise 
from the donor levels to acceptor levels electron-hole recombi-
nation. It has been proposed that the donor levels are induced 
by the oxygen vacancies and the acceptor levels are formed 
by gallium vacancies or gallium-oxygen vacancy pairs. [  21  ,  36  ]  
According to Binet and Gourier, [  32  ]  electrons in donor clusters 
forming donor levels are captured via a tunnel transfer process 
by holes on acceptor levels to form trapped excitons, which 
recombine radiatively emitting photons. The tunnel transfer 
process is slower than the radiative recombination process and, 
therefore, determines the recombination rate for the defects 
emissions. This has signifi cant infl uence on the photoresponse 
properties of   β  -Ga 2 O 3  NWs with different defect densities.    

 2.2. Photoresponse Properties of the Bridged   β  -Ga 2 O 3 NWs 

 The photoresponse properties of the bridged   β  -Ga 2 O 3  NWs were 
studied in controlled conditions to eliminate the disturbances 
caused by changes in the environment conditions such as tem-
perature and humidity. The temperature was kept at  ∼ 20  ° C 
and the relative humidity was kept below 15%.  Figure    5   a  shows 
a representative time-dependent photoresponse of the bridged 
bH & Co. KGaA, Weinheim 3wileyonlinelibrary.com
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  Figure  5 .     Photoresponse properties of the bridged β-Ga 2 O 3  NWs grown at 1000  ° C (Sample 1). a) Time-dependent photoresponse of the bridged 
  β  -Ga 2 O 3  NWs measured in dry air under UVC ( ∼ 2 mW cm  − 2  at 254 nm) illumination with a period of 60 s at a bias voltage of 50 V. [36]  The photocurrent 
to dark current ratio was  ∼ 3  ×  10 4 . b) Photocurrent decay process of the device. The inset shows the enlarged decay edge. c)  I – V  characteristics of the 
bridged   β  -Ga 2 O 3  NWs in dark (squares), under 365 nm light (triangles), and under 254 nm light (circles). The  I – V  curve measured under 254 nm light 
is plotted on a linear scale in the inset. d) Spectral response of the bridged   β  -Ga 2 O 3  NWs revealing that the device is blind to solar light. The dashed 
line indicates the lowest wavelength of the solar spectrum on Earth.  
  β  -Ga 2 O 3  NWs (Sample 1). Under a bias voltage of 50 V, [  37  ]  the 
dark current was only  ∼ 0.2 pA. This extremely low dark current 
is favorable for practical sensing devices. Upon UVC (254 nm) 
illumination, the current instantaneously increased by more 
than 4 orders of magnitude to  ∼ 6 nA. A photocurrent to dark 
current ratio of  ∼ 3  ×  10 4  is achieved under an irradiance of 
 ∼ 2 mW cm  − 2 . Soci  et al.  have demonstrated that the surface states 
causing charge separation were responsible for the high photo-
conductive gain in ZnO NWs. [  20  ]  The high photoconductivity of 
the   β  -Ga 2 O 3  NWs may be attributed to the surface states arose 
from the amorphous surface layer observed in the TEM image 
of Figure  3 c. The surface states serve as trapping centers for 
the photogenerated holes, cause charge separation, and prolong 
the lifetime of the photogenerated electrons. Besides the high 
photoconductivity, the photocurrent of our device is less noisy 
in comparison with the photocurrent of the single   β  -Ga 2 O 3  
NW photodetector of Ref. 25 under similar measurement 
bandwidths ( ∼ 10 Hz). The photocurrent fl uctuation (    �I/I  , as 
defi ned in Ref. 26) of our device is less than 3% at a bias voltage 
of 5 V (see Supporting Information Figure S2). This result con-
trasts with the over 30% photocurrent fl uctuation for the single 
  β  -Ga 2 O 3  NW photodetector fabricated by photolithography. [  25  ]  
Generally, the photocurrent noise in barrier-type photodetectors 
is attributed to the fl icker noise (intrinsic noise), the random 
electron-hole generation/recombination, and the noise gener-
ated by the fl uctuation of the potential barrier that controls the 
electron injection from the electrodes into the conduction band 
© 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.com
of the photoconducting material (photoinduced noise). [  38  ]  In our 
device, the extremely low dark current of the bridged   β  -Ga 2 O 3  
NW photodetector indicates that the intrinsic noise is very 
small. In the single   β  -Ga 2 O 3  NW photodetector, the Schottky 
barrier between the NW and the Au electrodes should be very 
high, judging from the reported highly nonlinear current–
voltage ( I–V ) curve under UVC illumination. Consequently, the 
photoinduced noise is very high and is the main contribution 
to the photocurrent noise. On the contrary, in our device the 
NW-layer electrodes and the bridged NWs are free of barrier 
because they are made of the same material, and the barriers 
between the indium contacts and the NW-layer electrodes are 
very low. Therefore, the photoinduced noise is very small in our 
device. The small intrinsic noise and small photoinduced noise 
resulted in a stable photocurrent in our bridged   β  -Ga 2 O 3  NW 
photodetector.  

 Figure  5 b shows a typical photocurrent decay process of the 
bridged   β  -Ga 2 O 3  NW photodetector. The current decreased by 
more than two orders of magnitude within  ∼ 20 ms (integration 
time of each points) and decreased to the dark level within  ∼ 10 s. 
The persistent photoconductivity (PPC) effect, which is usually 
seen in photoconducting materials such as ZnO and GaN, [  30  ,  39  ]  
was not observed in the bridged   β  -Ga 2 O 3  NWs. The PPC effect, 
characterized by a very slow decay process, is mainly attributed 
to the surface states that act as trapping centers. In ZnO and 
GaN, high density of surface states are formed by adsorbed 
oxygen ions because a large amount of electrons are available 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2010, XX, 1–7
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      Figure  6 .     Time-dependent photoresponse of the bridged   β  -Ga 2 O 3  NWs 
(Sample 1) measured in an argon atmosphere under the same bias 
voltage (50 V) and illumination conditions ( ∼ 2 mW cm  − 2  at 254 nm) as 
in Figure  5 a.  
for oxygen molecules to capture. Therefore, oxygen adsorption 
greatly affects their photoresponse. On the contrary, the elec-
tron density of   β  -Ga 2 O 3  NWs is extremely low. Consequently, 
only a low density of surface states can be created by adsorbed 
oxygen ions and thus oxygen adsorption has a minor effect on 
the photoresponse of   β  -Ga 2 O 3  NWs. To verify this point, we 
have conducted photoresponse measurements in argon (Ar) 
atmosphere. The photoresponse curve measured in Ar shown 
in  Figure    6   is almost identical to that of Figure  5 a measured in 
dry air. Especially, the decay process in Ar is found to be as fast 
as in air. This is in sharp contrast to the decay process of ZnO 
photodetectors measured in an oxygen-defi cient environment, 
which is much slower than in air. [  40–41  ]  The bridged   β  -Ga 2 O 3  
NWs are expected to exhibit the same photoresponse proper-
ties in a vacuum as in dry air. The dark current was found to 
increase with increasing humidity because of the formation of 
a conducting water layer on the surface of the NWs. Therefore, 
for practical applications the device can be vacuum-packaged, 
protecting itself from the infl uence of humidity, and thus 
ensuring long-term and stable operation.  

  I–V  characteristics of the bridged   β  -Ga 2 O 3  NWs in dark and 
under different illumination conditions are shown in Figure  5 c. 
Under 254 nm light, the  I–V  curve is symmetric and nearly 
linear as seen in the inset of Figure  5 c. This confi rms that the 
potential barrier in the bridged NW structure is very low. The 
 I–V  curve measured under 365 nm light does not show sig-
nifi cant increase as compared with the  I–V  curve measured in 
dark, which suggests the bridged   β  -Ga 2 O 3  NWs are not sensitive 
to 365 nm light. To further characterize the spectral selectivity 
of the bridged   β  -Ga 2 O 3  NWs, the spectral response of the device 
was measured. Under light with a wavelength longer than 
280 nm, the current is kept on the dark current level and the 
device shows nearly no response. The current begins to increase 
abruptly at  ∼ 275 nm, a wavelength corresponding to the band 
gap of the   β  -Ga 2 O 3  NWs as estimated from the PL spectrum. 
High responsivity is obtained for wavelengths from 200 to 
260 nm. Interestingly, the maximum responsivity is found to 
be at  ∼ 250 nm, which corresponds to the absorption edge of 
  β  -Ga 2 O 3  obtained by polarized transmission spectroscopy with 
© 2010 WILEY-VCH Verlag GAdv. Funct. Mater. 2010, XX, 1–7
the polarization being  E//b . [  33  ]  A large 250-to-280 nm rejection 
ratio of  ∼ 2  ×  10 3  is obtained, which is much higher than that of 
the Schottky photodiode realized with a single-crystal   β  -Ga 2 O 3  
(250-to-280 nm rejection ratio of  ∼ 20). [  14  ]  The above results 
demonstrate that the bridged   β  -Ga 2 O 3  NWs can be used as 
solar-blind photodetectors with high sensitivity and fast on/off 
response.   

 2.3. Varying the Photoresponse Properties of the Bridged 
  β  -Ga 2 O 3  NWs 

 To further understand the photoresponse mechanism of the 
  β  -Ga 2 O 3  NWs, bridged   β  -Ga 2 O 3  NWs were fabricated under 
different substrate temperatures. Sample 2 and 3 were syn-
thesized at 925 and 800  ° C, respectively. These two samples 
synthesized at lower temperatures are expected to have more 
defects than Sample 1 synthesized at the higher temperature 
of 1000  ° C. The increase in defects densities should change 
the photoresponse properties of the bridged   β  -Ga 2 O 3  NWs. 
Indeed, the time-dependent photoresponse curves in  Figure    7   a  
show large changes as compared with that of Sample 1 of 
Figure  5 a. With decreasing growth temperature, it is found that 
the dark conductivity and the photoconductivity increase, the 
photocurrent to dark current ratio increases, and the decay time 
increases. All these changes can be well explained by taking into 
account the role of defects in the   β  -Ga 2 O 3  NWs. The PL spectra 
shown in Figure  7 c reveal that the defect emissions are greatly 
enhanced with decreasing growth temperature. The PL results 
show that the   β  -Ga 2 O 3  NWs have higher defect densities under 
lower growth temperatures. As discussed before, the defects 
emissions result from a two-step recombination process: 1) the 
tunnel transfer of electrons from donor clusters to acceptors 
to form trapped excitons and 2) the radiative recombination 
of these excitons at the acceptor sites. The tunnel transfer step is the 
rate determining step and was found to be much slower than 
the recombination process. [  32  ]  A rather long decay with a charac-
teristic time from hundreds of microseconds to a few milliseconds 
was found for the defects emissions. [  32  ,  36  ]  On the contrary, 
the intrinsic emission does not rely on the tunnel transfer 
process and therefore decays very fast with a characteristic 
time of less than 1 ms. [  32  ,  42  ]  The difference in the decay times 
of the defect emissions and the intrinsic emission suggests that 
the lifetimes of the carriers in conduction and valence bands are 
much shorter than the lifetimes of the carriers on the defects 
(donor and acceptor) levels. Therefore, the changes in the pho-
toresponse properties observed for the samples with different 
defect densities can be explained. The increase in the dark con-
ductivity with increasing defects density is due to the increase 
in the carrier density in the   β  -Ga 2 O 3  NWs. The increase in the 
photoconductivity with increasing defects density is attributed 
to the long lifetimes of the carriers trapped on the defects levels. 
This also accounts for the longer decay process in samples with 
higher defects densities. The spectral response of Sample 2 and 
Sample 3 were also measured and are reproduced in Figure  7 b. 
For Sample 2 with intermediate defect densities, the bridged 
  β  -Ga 2 O 3  NWs are insensitive to light with wavelength longer 
than 320 nm. The responsivity curve increases gradually in the 
range of 320–280 nm and increases abruptly from 275 nm. The 
mbH & Co. KGaA, Weinheim 5wileyonlinelibrary.com
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  Figure  7 .     a) Time-dependent photoresponse of the bridged  β -Ga 2 O 3  
NWs grown at 925  ° C (Sample 2, solid line) and at 800  ° C (Sample 3, 
dotted line) measured in dry air under a bias voltage of 5 V and an UVC 
(254 nm) irradiance of  ∼ 2 mW cm  − 2 . The photocurrent to dark current 
ratios for Sample 2 and Sample 3 were ∼5  ×  10 4  and ∼5  ×  10 6 , respectively. 
b) Spectral responses of Sample 1 (squares), Sample 2 (circles), and 
Sample 3 (triangles). c) Room-temperature PL spectra of Sample 1 (solid 
line), Sample 2 (dashed line), and Sample 3 (dotted line), revealing an 
increase in defect emissions with decreasing growth temperature.  
maximum responsivity increases by one order of magnitude 
as compared with that of Sample 1. The 250-to-280 nm rejection 
ratio is still as high as  ∼ 5  ×  10 2 . For Sample 3 with very high 
defect densities, although the maximum responsivity increases 
by four orders of magnitude compared to that of Sample 1, the 
bridged   β  -Ga 2 O 3  NWs become sensitive to visible light and no 
clear cutoff wavelength is observed. The 250-to-280 nm rejec-
tion ratio is only  ∼ 20. Therefore, the effect of defects densities 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
in the   β  -Ga 2 O 3  NWs could be used to develop photodetectors 
for different applications. For photodetectors with high spec-
tral selectivity and fast response, the defects densities in the 
  β  -Ga 2 O 3  NWs should be kept at a low level. For photodetectors 
with high responsivity, the   β  -Ga 2 O 3  NWs should be synthesized 
with high defects densities.     

 3. Conclusions 

 In conclusion, we have successfully assembled   β  -Ga 2 O 3  NWs 
into a bridged structure in a single-step CVD process. The PL of 
the   β  -Ga 2 O 3  NWs showed intrinsic UVC emissions, which were 
observed for the fi rst time. The bridged   β  -Ga 2 O 3  NWs exhibited 
a stable photocurrent ( �I/I      <  3%), a high photocurrent to dark 
current ratio ( ∼ 3  ×  10 4 ), and a fast decay (  τ    <  <  20 ms) in response 
to 254 nm light. Moreover, the device also showed solar-blind 
spectral response with a high 250-to-280-nm rejection ratio of 
 ∼ 2  ×  10 4 . To further understand the photoresponse mechanism, 
bridged   β  -Ga 2 O 3  NWs with different defects densities were syn-
thesized at different growth temperatures. By combining their 
photoresponse properties with their PL properties, it was found 
that the defects formed by oxygen vacancies or gallium vacan-
cies played an important role in the photoresponse. The prop-
erties of the bridged   β  -Ga 2 O 3  NWs could be tailored to achieve 
high spectral selectivity and fast response with low defect den-
sities and to achieve high responsivity with high defect densi-
ties. Our method provides an effi cient way to assemble bridged 
  β  -Ga 2 O 3  NWs solar-blind photodetectors, which could fi nd wide 
applications in fi elds such as fl ame detection, missile tracking, 
and space-to-space communications.   

 4. Experimental Section 
  Fabrication of the Bridged  β  - Ga  2  O  3   NWs : Au pads with a thickness of 

 ∼ 2 nm were sputtered on quartz substrates through a metal physical 
mask. The distance between two facing pads was  ∼ 100  μ m.   β  -Ga 2 O 3  
NWs were then grown on the substrates by CVD in a horizontal vacuum 
tube furnace (MTI GSL-1600X). A 0.4 g powder mixture of Ga 2 O 3  and 
graphite (1:1 in weight) was loaded in an alumina boat as the source 
materials and placed at the center of the furnace. The substrate was 
placed 15–20 cm away from the source and downstream of the carrier 
gases. Argon and oxygen with a volume ratio of 20:1 were used as the 
carrier gases at a working pressure of  ∼ 60 Torr. The temperature of the 
furnace was raised to the target temperature at a rate of 10  ° C min  − 1 . 
The temperature of the source was kept at 1180  ° C for 30 min, while the 
temperature of the substrate was 800–1000  ° C, depending on its position 
in the tube furnace. The substrate temperatures for Sample 1, Sample 2, 
and Sample 3 were 1000  ° C, 925  ° C, and 800  ° C, respectively. After the 
growth, the furnace was cooled down naturally to room-temperature. 

  Characterization of the Fundamental Properties the  β -Ga 2 O 3   
 NWs :  SEM images of the fabricated nanostructures were taken with 
a Hitachi S-3000N. TEM images and SAED patterns were taken with 
a JEOL JEM-2010F under an acceleration voltage of 200 kV. The XRD 
pattern of the   β  -Ga 2 O 3  NWs was obtained with a diffractometer (MXP3, 
MAC Science) using a monochromatic CuK  α   radiation. The PL spectra 
of the   β  -Ga 2 O 3  NWs were measured with a fl uorescence spectrometer 
(FP-6600, JASCO) under excitation with a Xe lamp (excitation 
wavelength of 230 nm). The PL spectra in the range of 250–420 nm and 
400–600 nm were taken without and with a 370-nm longpass fi lter, 
respectively. The two spectra were merged to get the full spectrum in 
the range of 250–600 nm. 
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  Characterization of the Photoresponse Properties of the Bridged  β -Ga 2 O 3   
 NWs : In order to shield the electrical noise and control the gas 
atmosphere, the samples were installed in a tailor-made metallic chamber 
with a quartz window and gas inlet/outlet. The NW-layer electrodes were 
contacted with indium metal because indium is known to form Ohmic 
contact with   β  -Ga 2 O 3  [  14  ] . The chamber was purged by dry air or argon 
before the measurements. The  I–V  curves and the current-time curves 
were recorded with a picoammeter/voltage source (6487, Keithley). 
The time-dependent photoresponse curves were measured using a 
UV transilluminator (LMS-20E, 3UV) as the light source (254 nm). 
The spectral photoresponse curves were measured under a bias 
voltage of 50 V using the excitation light of a fl uorescence spectrometer 
(FP-6600, JASCO) as the light source. The UV light irradiances were 
measured with an optical power meter (PD300-UV, Ophir).     

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.    
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