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detector is a detector that fi nely reacts to 
IR radiation, mainly including two types: 
thermal and photoconductive detec-
tors. The thermal IR detectors relied on 
temperature dependent response, with 
slow response, low sensitivity but higher 
working temperature. [  4  ]  For the photocon-
ductive IR detectors, the electrical signal 
of the detector is monitored by electronic 
excitations caused by the IR photons, 
resulting in faster response, higher sensi-
tivity but cryogenic working temperature 
for reducing thermal noise. [  5  ]  In order to 
better keep tracking photons for photo-
conductive IR detectors, photoactive 
materials assuming a narrow bandgap are 
essential which would be sure to convert 
IR photons into electric signals with high 
quantum effi ciency. For narrow band-gap 
semiconductors (NBSs), either traditional 
heavy-metal-including materials like 
HgCdTe [  6  ]  (<0.1 eV), HgTe [  7  ]  (0–0.68 eV), 
or PbS quantum dots [  8  ]  (QDs) (0.4–2 eV), 
and so on, or heavy-metal-free materials 

such as MoS 2  [  9  ]  (1.2 eV), In 2 Te 3  [  10  ]  (1.19 eV), semiconducting 
single-wall carbon nanotubes (s-SWCNTs), [  11  ]  or semicon-
ducting graphene nanoribbons [  12  ]  et al. The hybrid structures 
of QDs with the conducting materials, such as SWCNT/QDs 
and graphene/QDs composites, further improved the capability 
of IR photons harvesting and detection owing to the effi cient 
charge separation and faster carrier mobility. [  13  ]  In the other 
aspect, artifi cially-designed sub-energy-level materials with 
smaller energy gap, which allow effective generation of IR 
photogenerated carriers, also attracted great attention. For 
example, quantum cascade IR detector, [  14  ]  GaAs based quantum 
well IR detectors (QWIDs). [  15  ]  However, current fabrication of 
ultrahigh performance photoconductive IR detectors is signifi -
cantly limited by the choices of photoactive materials; nowdays, 
such challenges still present concerning with achieving high 
sensitivity and well stability at a high working temperature, as 
well as disposing environmental problems which come from 
the heavy-metal-including elements. 

 Photoconductive IR detectors based on transition metal 
oxides (TMOs) have been a trigger for IR harvesting and detec-
tion for advantages as follows: easy to achieve, “green” as well as 
excellent stability of TMOs systems. However, TMO materials 
still remain an unexplored fi eld for photoconductive IR detectors 
with high IR response so far. Among the TMOs family, vana-
dium oxides offer a promising platform for photoconductive 
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  1   .  Introduction 

 IR light harvesting and detection have attracted extensive 
interest bringing the intriguing applications of photovoltaic 
solar cells, [  1  ]  IR imaging, [  2  ]  and smart response devices. [  3  ]  IR 
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excitons generated in the narrow bandgap of monoclinic VO 2  
(M) nanobeam were effi ciently separated due to the presence 
of type � heterojunction formed on the VO 2  (M)-V 2 O 5  hetero-
interface, which achieved an ultrahigh NIR sensitivity. In the 
as-established CSNHs-based photoconductive NIR detector, the 
responsivity ( R  λ   ) of 2873.7 A W −1  and specifi c detectivity ( D *) 
of 9.23 × 10 12  Jones are achieved at room temperature with the 
990 nm wavelength irradiation and a power density of 0.2 mW 
cm −2 , recording the best IR performance compared with those 
reported IR detectors based on the heavy-metal-free material 
systems of s-SWCNTs, semiconducting graphene nanoribbons, 
silicon, In 2 Te 3 , MoS 2 , and so forth ( Table   1 ).   

  2   .  Results and Discussion 

  2.1   .  Fabrication of Core–Shell Nanobeam Heterostructures 
(CSNHs) with Inner Single-Domain Monoclinic VO 2  (M) Core 
and Outer V 2 O 5  Shell 

 The formation of high-quality VO 2  (M)/V 2 O 5  CSNHs relied 
upon the controlled synthesis of the high-quality single-domain 
monoclinic VO 2  (M) nanobeams. The modifi ed growth meth-
odology, i.e. a space-confi nement chemical vapor deposition 
(CVD) reaction, successfully realized the easy-achieving reac-
tion conditions such as ambient pressure and lower reaction 
temperature to generate the ultralong nanobeams (see Experi-
mental Section). The computational fl uid dynamics (CFD) 
analysis theoretically illustrated our space-confi nement CVD 
process for the formation of VO 2  (M) nanobeams. As pre-
sented in  Figure    2  b, the schematic diagram of gas carrier fl ow 
fi eld both inside and outside of the quartz boat is obtained by 
the simultaneous of continuity equation and Navier-Stokes 

IR detector with high rate and effi ciency of detection due to 
both the fi ne regulation of their band structure coming from 
numerous valence states and rich coordination-style confi gura-
tions. [  16  ]  Especially, monoclinic VO 2  (M) nanobeam has unique 
advantages to be the optimal candidate for IR detection. First 
of all, its narrow bandgap (only 0.58 eV) will optimize the effi -
ciency. Secondly, the one dimensional single-domain VO 2  (M) 
nanobeam structure with high surface-to-volume ratio will inev-
itably lead to signifi cant purifi cation of the electrical behavior 
which is signifi cantly sensitive to environmental perturbation. 
The synergic advantages of small band gap and single phase 
domain in monoclinic VO 2  (M) nanobeam serve an ideal plat-
form to achieve a high response upon external IR photons 
stimulus. Nonetheless, pure VO 2  (M) nanobeam is still disad-
vantaged from easy recombination of the photogenerated exci-
tons (electron-hole pairs) due to its relatively low dielectricity. 
Regarding this, the issue of effi cient dissociation of excitons 
becomes a crucial step. One solution to this problem is to con-
struct heterointerface [  17  ]  in order to generate a built-in electric 
fi eld. Structural analysis and theoretical calculations have con-
fi rmed that VO 2  (M)-V 2 O 5  heterointerface forms a type � hetero-
junction as shown in  Figure    1  c. The staggered band alignment 
between inner monoclinic VO 2  nanobeam core and outer V 2 O 5  
shell as depicted in Figure  1 d would effi ciently prolong the life-
time of excitons so as to improve the IR harvesting and detec-
tion performance. Therefore, monoclinic VO 2  (M)-V 2 O 5  nano-
beam heterostructures provides a new and promising oxide 
catalogue for building photoconductive IR detectors.  

 Herein we highlighted a new photoconductive NIR detector 
based on core/shell nanobeam heterostructures (CSNHs) with 
the inner single-domain monoclinic VO 2  (M) core and outer 
V 2 O 5  shell, which is the fi rst example of TMOs family for 
photoconductive IR detectors with ultrahigh performance. The 

      Figure 1.  Theoretical analyses of VO 2  (M)/V 2 O 5  heterostructure interface. a–b) Band structure of monoclinic VO 2  (M) (a) and orthorhombic V 2 O 5  (b) 
calculated by the density functional calculations. c) Schematic diagram exhibiting the energy band structure of the VO 2  (M)/V 2 O 5  heterostructures. 
The energy level of the O 2s  was taken as zero reference in the calculations of the band alignment. d) The schematic illustration of the monoclinic VO 2  
(M)/V 2 O 5  core/shell nanobeam heterostructures, and the photogenerated carriers transfer in the heterointerface under NIR illumination. 
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equation. The simulation results clearly show 
the presence of a recirculation zone inside 
the quartz boat, leading to a backward fl ow 
at the bottom. Under elevated temperature, 
the VO 2  (B) precursor evaporates to trans-
form the gas phase and recirculate inside the 
quartz boat with the driven force of the gas 
fl ow, thus making full use of the VO 2  (B) to 
produce VO 2  (M) nanobeams undergoing 
the phase transformation from the VO 2  
(B) precursor to VO 2  (M) nanobeams, with 
the driving force of more thermal dynami-
cally stability for monoclinic VO 2  (M). [  16b  ]  
After the reaction, the monoclinic VO 2  (M) 
nanobeams with high density were obtained 
on both sides of the two substrates at each 
end of the quartz boat, which assumed the 
length from tens to more than one hundred 
micrometers and width of about 500 nano-
meters ( Figure S1–S3 , Supporting Informa-
tion). The single-domain monoclinic phase 
VO 2  (M) nanobeam at room temperature was 
confi rmed by the evolution of phase domain 
structures with elevated temperature, which 
was observed by the optical microscopy on 
a typical nanobeam. Figure  2 c depicts rep-
resentative optical images of a typical VO 2  
nanobeam grown on the SiO 2 /Si substrate 
under heating. Notably, at room temperature, 
the nanobeams exhibit a pure insulating 
phase with bright refl ection. As tempera-
ture increased to about 341 K, the multiple 
M and I domains appear periodically along 
the nanobeam axis due to the external 
strain induced by the elastic mismatch with 

 Table 1.   Comparison of the key parameters for the present monoclinic VO 2  (M)/V 2 O 5  core/shell nanobeam heterostructures and other characteristic 
semiconducting nanostructures-based photoconductive IR detectors .

Materials Selection   Response time  Detectivity [Jones]  Responsivity  Power density  Refs.  

Heavy-metal-including materials  HgTe quantum dots  —  3 × 10 10   4.4 A W −1   pW   [  7  ]   

  HgCdTe  —  4 × 10 8     0.58 mW cm− 2    [  5  ]   

  PbS quantum dots  20 ms    10 A W −1   815 nW cm −2    [  20  ]   

  PbS quantum dots  —  1.8 × 10 13   2700 A W −1   80 pW   [  8b  ]   

  Graphene and PbS quantum dots  1.7s/0.26s  —  10 7  A W −1   30 pW   [  13b  ]   

  Hybrid graphene-PbS quantum dot  —  7 × 10 13   10 8  A W −1   50 fW   [  13c  ]   

Heavy-metal-free materials  s-SWCNTs/P3HT  1 ms  2.3 × 10 8   2.2 mA W −1   35 mW cm −2    [  11  ]   

  Graphene  —  —  6.1 mA W −1   —   [  21  ]   

  Graphene nanoribbons  87s/25s  —  1 A W −1   80 mW cm −2    [  12  ]   

  Single layer MoS 2   —  10 7   0.09 mA W −1   50 mW cm −2    [  9  ]   

  In 2 Te 3  nanowire  —  —  0.3 A W −1   47.8 mW cm −2    [  10  ]   

  Silicon nanowire  —  —  100 A W −1   —   [  22  ]   

  VO 2  (M)/V 2 O 5  core/shell nanobeam 

heterostructures  

230/55 ms  9.23 × 10 12   2873.7 A W− 1   0.2 mW cm −2   Present 

work  

      Figure 2.  Space-confi ned CVD synthetic procedure of monoclinic VO 2  (M) nanobeam. a) The 
schematic diagram of the VO 2  nanobeam growth reactor for space-confi ned CVD process. 
b) The fl ow fi eld simulation in the quartz boat by Computational Fluid Dynamics (CFD). c) The 
domain evolution of one VO 2  (M) nanobeam grown on the SiO 2 /Si substrate at different tem-
peratures of 300 K, 341 K and 373 K. Top: pure insulating (I, bright refl ection) Bottom: metallic 
phases (M, dark refl ection). Middle: coexistence of the insulating and metallic domains. Scale 
bars, 1  μ m. 
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the CSNHs. The smooth surface of the monoclinic VO 2  (M) 
nanobeam as shown in  Figure    3  a became rougher after being 
oxidized in the air as shown in Figure  3 b, exhibiting the wavy 
diameters of entire heated nanobeam. This phenomenon can be 
further verifi ed by the high magnifying SEM images (insets in 
the AFM images), in which the rough surface is more obvious. 
The outer shell nonuniformly grew on the axial direction of the 
nanobeam surface, which formed the heterogeneous interfaces. 
Raman spectra demonstrate the coexistence of the monoclinic 
VO 2  (M) and the V 2 O 5  phase in a single heated nanobeam. 
Raman spectra of the heated nanobeams show the 193 cm −1 , 
222 cm −1 , and 617 cm −1 , which are typical peaks of pure mono-
clinic VO 2  (M) phase (Figure  3 c); while other peaks at 146 cm −1 , 
264 cm −1 , 283 cm −1 , and 406 cm −1  match well with that of the 
V 2 O 5  phase as shown in  Figure S5 , Supporting Information. 

the substrate. [  18  ]  Finally, nanobeams converted into a single 
metallic phase with the dark refl ection at temperature higher 
than the metal-insulator transition temperature ( T  c ). The phase 
domain evolution features the typical characteristics of phase 
changing from semiconducting monoclinic VO 2  (M) to metallic 
rutile VO 2  (R), verifying the presence of single-domain VO 2  (M) 
nanobeams around room temperature.  

 By heating single-domain monoclinic VO 2  (M) nanobeams 
at 400 °C in air, VO 2  (M)/V 2 O 5  CSNHs are produced through 
a controlled oxidation process (see Experimental Section and 
 Figure S4 , Supporting Information). The systematic structural 
characterizations revealed the surface coating of orthorhombic 
V 2 O 5  on the single-domain monoclinic VO 2  (M) with the 
well-defi ned heterogeneous interface between VO 2  (M) and 
V 2 O 5 . AFM images provided direct scenery of the surface of 

      Figure 3.  Microscopic characterization of VO 2  (M)/V 2 O 5  CSNHs: a) AFM image of a typical monoclinic VO 2  (M) nanobeam (inset: high magnifi ca-
tion SEM image of individual monoclinic VO 2  (M) nanobeam). b) AFM image of the VO 2  (M)/V 2 O 5  CSNHs obtained by annealing of monoclinic VO 2  
nanobeam in the air at 400 °C for 2 h (inset: high magnifi cation SEM image). c) Raman spectra of monoclinic VO 2  (M) nanobeam and the VO 2  (M)/
V 2 O 5  CSNHs, the peaks labeled by “*” belonged to the silicon substrate. d) High resolution TEM image of the VO 2  (M)/V 2 O 5  CSNHs, the distinguishing 
lattice fringes for the outer surface and inner core can be found suggesting the formation of VO 2  (M)/V 2 O 5  core/shell structures. e) Atomic illustration 
of VO 2  (M)/V 2 O 5  interface of CSNHs. 
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V 2 O 5  were precisely compared using the O2s level as reference. 
As shown in Figure  1 a,b, the calculated band structures of the 
monoclinic VO 2  (M) and V 2 O 5  possessed the band-gap width of 
0.58 eV and 2.26 eV, respectively. The smaller bandgap value of 
0.58 eV is in the right response region for IR light harvesting. 
The energy difference of the conduction band maximum (CBM) 
of monoclinic VO 2  (M) and V 2 O 5  is 0.28 eV, while the energy 
difference of the valence band minimum (VBM) is 1.97 eV, as 
represented in Figure  1 c. Based on the calculations, the band 
alignment of the monoclinic VO 2  (M) and V 2 O 5  heterostruc-
tures is suitable to form the type � heterojunction, which effec-
tively promotes the photogenerated excitons separation. Under 
IR illumination, the photogenerated electrons would transfer 
from the conduction band of the VO 2  (M) to that of V 2 O 5  to 
prolong the lifetime of the photogenerated carriers shown in 
Figure  1 d, and thus effi ciently improve the IR response.  

  2.3   .  NIR Response of As-Obtained VO 2  (M)/V 2 O 5  CSNHs 

 As expected, the as-grown monoclinic VO 2  (M)/V 2 O 5  core/shell 
nanobeam heterostructures with well-defi ned type � heterojunc-
tion interface achieves the intriguing IR harvesting and detec-
tion ability. As depicted in  Figure    4  b (inset), individual VO 2  
(M)/V 2 O 5  CSNHs was directly fabricated into the photoconduc-
tive NIR detector with two terminations contacted by a pair of 

The peaks labeled by star signal “*” come from the silicon sub-
strate. The microscopic phase information of the as-obtained 
heterostructures provides direct evidence for the formation of 
heterostructural interfaces between the VO 2  (M) and V 2 O 5 . As 
illustrated in Figure  3 d, the HR-TEM image is performed on 
the marginal edge region of the CSNHs, from which two sets 
of lattice fringes are distinctly observed, implying that the outer 
shell of the heterostructural nanobeam is crystalline V 2 O 5  while 
the inner core is monoclinic VO 2  (M). The interplanar distance 
of 2.24 Å and 2.82 Å agree well with the (002) and (301) plane 
of V 2 O 5 , while the 3.26 Å and 2.85 Å spacing of the lattice 
fringes are indexed to the (011) and (200) plane of monoclinic 
VO 2  (M). The atomic illustration of VO 2  (M)/V 2 O 5  heterointer-
face is shown in Figure  3 e. All these results clearly demonstrate 
that the VO 2  (M)/V 2 O 5  CSNHs is successfully obtained with 
distinguishing heterostructural interfaces through a simple epi-
taxial growth, which provides the necessary prerequisite for the 
fabrication of high performance IR detector.   

  2.2   .  Band Structure Calculations of the Oxide Heterostructures 

 The density functional calculations unraveled the excited pho-
tons from the monoclinic VO 2  (M), as well as the presence of 
band offsets between monoclinic VO 2  (M) and V 2 O 5 . The abso-
lute energy levels of monoclinic VO 2  (M) and orthorhombic 

      Figure 4.  a) Typical  I –V curves of a single-domain VO 2  (M) nanobeam in dark and under NIR illumination of 4 mW cm −2  (at 990 nm). b) Typical  I – V  
curves of the VO 2  (M)/V 2 O 5  CSNHs detector in dark and under NIR illumination of 4.0 mW cm −2  (inset: the optical image of device confi guration for 
our photoconductive NIR detector.) c) The schematic diagram exhibiting the longitudinal section of the contacts. 
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air conditions. As shown in Figure  4 a, the approximately sym-
metric and linear  I – V  curves indicated the ohmic contact of the 
VO 2  (M) nanobeam for Au electrodes. The photocurrent under 
illumination of 990 nm light exhibited no apparent changes 
compared with that in the dark condition. This result sug-
gested that pure VO 2  (M) nanobeam exhibited no obvious NIR 
response, which was attributed to the ineffi cient separation of 
the photogenerated electron-hole pairs as that in the VO 2 (M)/
V 2 O 5  CSNHs. 

 To rule out the effect of the blank SiO 2 /Si substrate, compar-
ison experiments have also been conducted in the blank sub-
strate as seen in  Figure    5  a. In this case, we sputtered the gold 
electrodes keeping other experimental conditions constant, and 
then all the measured signals could only be produced from the 
substrate effects. As shown in Figure  5 b, there were no obvious 
signal changes under the external NIR light irradiation when 
compared with that under the black condition. In dark condi-
tion, the  I – V  curves revealed a broken circuit behavior with an 
ultralow current value of  ≈ 10 −11  A, which indicated the huge 
electrical resistance exceeded the measuring range of the test 
system; Even under the external irridiation of NIR light, the 
broken circuit still remains for the pure blank SiO 2 /Si sub-
strate. Our experimental fact verifi ed that the substrate effects 
did not contribute the dominant NIR response.  

 Moreover, we found that the ultrahigh NIR response could 
also be found in the other relevant substrates, such as the 
pure silica (SiO 2 ) substrate. The pure silica (SiO 2 ) was used as 
the substrate for testing the NIR response of VO 2  (M)/V 2 O 5  
CSNHs. As depicted in Figure  5 c, the VO 2  (M)/V 2 O 5  CSNHs 
NIR detectors were also fabricated on the silica substrate by the 

Au metal electrodes which were deposited by the plasma sput-
tering with a copper grid shadow mask. The uncovered part of 
the CSNHs was exposed to the incident NIR light. The width 
of this CSNHs and the channel length were about 615 nm and 
52  μ m, respectively.  I – V  measurements were performed on this 
device via two probes under ambient air conditions. Figure  4 b 
shows the typical  I – V  curves which demonstrate that the VO 2  
(M)/V 2 O 5  CSNHs exhibits strong NIR response at 990 nm with 
a power density of 4.0 mW cm −2  at room temperature. The  I – V  
curves are extraordinary nonlinear and deviate from the linear 
area under larger voltage. This can be clearly confi rmed from 
the calculated ratio of photocurrent response  Δ  I  over dark cur-
rent  I  dark  ( Δ  I / I  dark ). Accordingly, the  Δ  I / I  dark  ratio turns out to 
be 1.70 under a bias of 2.0 V, and increases up to 5.90 at the 
3.0 V bias. The larger NIR response is attributed to the fact 
that higher applied external voltage promotes the dissociation 
speeds of excitons at the interface of the VO 2  (M)/V 2 O 5  core/
shell heterostructures. As shown in Figure  4 c, the photogen-
erated electrons transfer from the conduction band (CB) of 
the core VO 2  (M) to that of shell V 2 O 5  under NIR illumination, 
leading to a high concentration of electrons in the CB of V 2 O 5 , 
while the holes are transported through the inner VO 2  (M). 
High voltage drives the photogenerated electrons to the external 
circuit effectively before they recombine with holes. And thus it 
results in the large photoconductivity enhancement.  

 As for comparison, we also investigated the NIR response 
behavior of pure VO 2  (M) nanobeam, a pair of Au electrodes 
were deposited on two terminations of an individual VO 2  (M) 
nanobeam by the plasma sputtering.  I − V  measurements were 
performed on this device by a two-probe method under ambient 

      Figure 5.  a) Schematics of a device with no VO 2  (M)/V 2 O 5  CSNHs connecting the Au electrodes. b)  I – V  measurements of the device with no VO 2  (M)/
V 2 O 5  CSNHs connecting the Au electrodes in dark and under NIR illumination. c) Schematic diagram of the VO 2  (M)/V 2 O 5  CSNHs photoconductive 
NIR detector fabricated on silica substrate. d) NIR response of the VO 2  (M)/V 2 O 5  CSNHs detector fabricated on silica substrate. 
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the effective area of a photoconductor, which can be defi ned as 
 R  λ     =   I  ph /(PS), where  I  ph  is the difference between the photoex-
cited current and the dark current,  P  is the incident light power 
density,  S  is the effective irradiated area on the individual VO 2  
(M)/V 2 O 5  CSNHs. Specifi c detectivity ( D *) is a measurement 
of detector sensitivity, in which we suppose that the shot noise 
from dark current is the major noise which is defi ned as  D *  =  
 R  λ  S  1/2 /(2eI d ) 1/2  where  R  λ    is the responsivity,  S  is the effective 
irradiated area on the individual heterostructure,  e  is the elec-
tronic charge,  I  d  is the dark current. Figure  6 c,d show the calcu-
lated values of  R  λ    and  D * at different light power density. It can 
be seen that the values of  R  λ    and  D * decrease quickly when the 
light power density increases. At room temperature, with the 
power density varying from 0.2 to 4.0 mW cm −2 , the  R  λ    and  D * 
change from 2873.7 to 442.0 A W −1  and 9.23 × 10 12  to 1.42 × 10 12  
Jones, respectively. The obtained  R  λ    of 2873.7 A W −1  and  D * of 
9.23 × 10 12  Jones are the best performance compared with those 
reported IR detectors based on the traditional heavy-metal-free 
material systems of s-SWCNTs ( R    λ     ≈  2.2 mA W −1 ,  D *  ≈  2.3 × 
10 8  Jones), [  11  ]  semiconducting graphene nanoribbons ( R    λ     ≈  
1.0 A W −1 ), [  12  ]  MoS 2  ( R    λ     ≈  0.09 mA W −1 ,  D *  ≈  10 7  Jones), [  9  ]  In 2 Te 3  
nanowire ( R    λ     ≈  0.3 A W −1 ) [  10  ]  or silicon ( R  λ     ≈  300 A W −1 , D*  ≈  
10 13  Jones), [  19  ]  and even superior/comparable to the reported 
ones based on traditional heavy-metal-including materials of the 
HgTe QDs (4.4 A W −1 ,  D *  ≈  3 × 10 10  Jones), [  7  ]  or the solution pro-
cessed PbS quantum dots (QDs) ( R  λ     ≈  2700 A W −1 ,  D *  ≈  1.8 × 
10 13  Jones). [  8b  ]  The key parameters are compared with other 
photoconductive existing IR detectors as shown in Table  1 .  

same experimental procedures on SiO 2 /Si substrate. It can be 
seen in Figure  5 d that with the use of silica as substrate, the 
VO 2  (M)/V 2 O 5  CSNHs still exhibit strong NIR response, sim-
ilar to that on the SiO 2 /Si substrate. That is to say, our SiO 2 /Si 
substrate could be available for the utilization of substrate for 
NIR test as that in the pure silica (SiO 2 ) substrate. All the com-
parison experiments verifi ed that the effects of the substrates 
to the NIR could be ruled out, and the ultrahigh NIR response 
of our NIR detectors was indeed originated from the VO 2  (M)/
V 2 O 5  CSNHs. 

 To further investigate the NIR response of our VO 2  (M)/
V 2 O 5  CSNHs photoconductive NIR detector,  I – V  measure-
ments under different irradiation power density have been 
performed and the ultrahigh response of our NIR detector can 
be refl ected by the calculated results of responsivity ( R  λ   ) and 
specifi c detectivity (D*). As shown in  Figure    6  a, the  I – V  curves 
are highly nonlinear and bend much more at larger voltage. 
The photocurrent increases with the increase of the NIR irra-
diation power, which is attributed to the increasing density of 
photogenerated electrons induced by the increasing light power 
density. To clearly observe the changing trend of the photocur-
rent with the irradiation power, the power density dependence 
of the photocurrent at a bia of 3.0 V is shown in Figure  6 b. With 
the increase of applied NIR light power, photocurrent increases 
gradually and fi nally approaches to saturate when power den-
sity reaches to 4.0 mW cm −2 , at which photoinduced carrier 
separation reached the maximum value. Responsivity ( R  λ   ) is 
the photocurrent generated per unit power of incident light on 

      Figure 6.  Photoresponse measurements of our photoconductive NIR detector at room temperature. a) Typical  I – V  curves of the VO 2  (M)/V 2 O 5  CSNHs 
detector in dark and under NIR illumination with the power of 0.2, 1.0, 2.0, and 4.0 mW cm −1 . b) Curve of light power density-dependent photocur-
rent at a voltage of 3 V. c) Curve of light power density-dependent responsivity at a voltage of 3 V. d) Curve of light power density-dependent specifi c 
detectivity at a voltage of 3 V. 
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band, leading to ultrahigh performance of IR response. The 
experimental results at different working temperature verifi ed 
the vital role of semiconducting monoclinic VO 2  with small 
band gap width that can be effectively excited under the NIR 
photons irradiation, ensuring the ultrahigh performance of 
NIR response in our case.  

 The VO 2  (M)/V 2 O 5  CSNHs photoconductive NIR detectors 
also offer a good repeatability, fast response time and excel-
lent stability. The schematic diagram of the VO 2  (M)/V 2 O 5  
CSNHs photoconductive NIR detector is depicted in  Figure    8  a. 
As shown in Figure  8 b, the photoconductive NIR detector 
exhibits a very reversible switching measured by periodi-
cally turning on and off the 990 nm laser at a voltage of 3 V. 
Under NIR illumination, the photocurrent increases to a stable 
value and drops to the initial value rapidly when the light is 
turned off. Furthermore, an enlarged portion of one rising 
and delaying process has been shown in Figure  8 c which sug-
gests a fast response time. The photocurrent of the detector 
rises less than 50 ms and delays to its dark-state value within 
230 ms. Such fast response time is attributed to the fast exci-
tons separation effi ciency due to the type � heterojunction. On 
the other hand, the one dimensional nanostructure with high 
surface-to-volume ratio enhances the rate of photogenerated 
charges. It should be mentioned that the stability is a crucial 
factor of detectors in practical applications. Figure  8 d depicts 
the variations in the photocurrent of our photoconductive NIR 
detector illuminated continuously with the laser at a bias of 
3 V. No obvious degradation is observed within 2000 s, and 

 In order to further investigate the NIR 
response of the detectors at different working 
temperature, the typical  I – V  curves in dark 
and under NIR illumination at different 
working temperatures were studied. At a rel-
ative lower temperature of 313 K as shown in 
 Figure    7  a, the VO 2  (M)/V 2 O 5  core/shell nano-
beam heterostructures detector exhibits high 
response to the NIR. Such NIR response 
phenomena keeps up to the temperature of 
333 K (Figure  7 b), approaching to the MIT 
temperature (341 K). However, the gradual 
decrease of response can be clearly shown 
as elevation of working temperature. When 
the working temperature is over 340 K as 
shown in Figure  7 c,d, the detector based on 
the VO 2  (M)/V 2 O 5  core/shell nanobeam het-
erostructures shows no response to the NIR. 
At temperature >  T  c , the core monoclinic VO 2  
(M) was transformed into the metallic rutile 
VO 2  (R) and thus metallic rutile VO 2  (R) with 
zero bandgap could not absorb NIR photons 
anymore, unlike that in the low-temperature 
monoclinic phase. In effect, semiconducting 
monoclinic VO 2  (M) with small band-gap 
width effectively facilitated the adsorp-
tion of NIR photons which then excited the 
electrons from valence band to conduction 

      Figure 7.  Infrared responses of the VO 2  (M)/V 2 O 5  core/shell nanobeam 
heterostructures at different working temperature and the schematic dia-
gram of the metal-insulator transition occuring in the inner VO 2  core 
with increasing temperature. a,b) NIR response below the metal-insulator 
transition temperature. c,d) NIR response above the metal-insulator tran-
sition temperature. 

      Figure 8.  The repeatability, fast response time and excellent stability of our photoconduc-
tive NIR detector at room temperature. a) Schematic diagram of the VO 2  (M)/V 2 O 5  CSNHs 
photoconductive NIR detector. b) Time-dependent photocurrent of the photoconductive NIR 
detector with the laser on and off at a voltage of 3 V (power density: 2.0 mW cm −2 , wavelength 
(at 990 nm). c) Enlarged portions of one rise and delay process. d) A photocurrent-time plot 
with a voltage of 3 V and 2.0 mW cm −2  power density illumination (at 990 nm). 
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∂u

∂t
+ (u · ∇ )u = −

1

D
∇ p +

:
D

∇2u,
        

where   u   is the velocity,  p  is the pressure, and   μ   is the viscosity. For 
simplicity, the equations are solved in a two-dimensional rectangular 
domain with a length 200 mm and the hight  H   =  39 mm. The quartz 
boat is 30 mm long and 14 mm high, and is located in the middle of the 
domain. The center line velocity of the infl ow  U  is specifi ed so that the 
Reynolds number Re = DU H /: = 10 , comparable with the experimental 
conditions. A standard fi nite-element method is employed to solve the 
governing equations and eventually a steady fl ow is obtained. The fi gure 
clearly shows the presence of a recirculation zone inside the quartz boat, 
leading to a backward fl ow at the bottom. 

  Characterization : Raman spectra were recorded with a LABRAM-HR 
Confocal Laser Micro Raman Spectrometer 750 K. The fi eld emission 
scanning electron microscopy (FE-SEM) images were obtained on a 
JEOL JSM-6700F SEM. High-resolution TEM (HR-TEM) images were 
taken on a JEOL-2010 microscope at an accelerating voltage of 200 kV. 
The optical images were obtained on Olympus BX51M. Tapping-mode 
atomic force microscopy (AFM) images were taken on a DI Innova 
Multimode SPM platform. The electrical and photoelectric performance 
were measured by the Germany ZAHNER Photoelectrochemical 
Workstations and Keithley 4200-SCS Semiconductor characterization 
system.  
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  3   .  Conclusions 

 In summary, we demonstrated a novel photoconductive near-
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was built by core/shell nanobeam heterostructures (CSNHs) 
with inner single-domain monoclinic VO 2  (M) core and outer 
V 2 O 5  shell, which is the fi rst example of TMOs family for 
photoconductive IR detectors with ultrahigh performance. 
Our established photoconductive NIR detector successfully 
realized an ultrahigh IR detection performance under relative 
higher temperature, especially for room temperature condition. 
At room temperature, the TMO-based photoconductive NIR 
detector achieved ultrahigh responsivity ( R  λ   ) of 2873.7 A W −1  
and specifi c detectivity ( D *) of 9.23 × 10 12  Jones at the 990 nm 
wavelength irradiation with a power density of 0.2 mW cm −2 , 
tracking the best performance among those reported IR detec-
tors based on the traditional heavy-metal-free materials, and 
even superior/comparable to the reported ones based on heavy-
metal-including materials ( Table   1 ). Such high performance has 
been attributed to the fast and effi cient photogenerated excitons 
dissociation at the oxide heterointerface with the type � band 
alignment. Our fi ndings pave a new way to design oxide het-
erostructures for intriguing applications in optoelectronic and 
energy harvesting nanodevices.  

  4   .  Experimental Section 
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