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The home-built heating stage for monitoring growth in situ

We designed a compact high-temperature heating stage according to the design of E. 

Strelcov.1 The heating stage allows heating temperature exceeding 1000 °C under a 

microscope with telephoto lens (up to 1000× and working distance around 1 cm) for in-

situ investigation, as shown in Figure S1. The home-built heating stage is based on 

direct current heating of a tungsten sheet connected between two copper electrodes. The 

sample is placed on the tungsten sheet for heating. A thermocouple is attached to the 

sample that allowed local temperature measurement. A PID temperature controller is 

used to tune the sample temperature during heating. The heating unit is sealed in the 

small vacuum chamber. The chamber is water-cooling through the cooling inlet during 

the heating. 

Figure S1. Home-built heating stage for in-situ investigation: (a) Picture of the heating 

stage under an optical microscope for real-time observation. (b) Top view and section 

view of the heating stage.

Morphology and structural characterization of V6O13

The phases of the precursor and the product were analyzed by Raman spectroscopy, 

and the results are shown in Figure S2. The precursor film prepared by drop casting 

method was a uniform orange film composed of V2O5 powders (Figure S2a). 

Compared with spin coating, doctor coating and spraying method, the above drop 

casting method was more convenient and simpler to operate that allows the preparation 



of large-scale precursor film. After annealing at 700 °C for 180 minutes, a large number 

of millimeter-sized single crystals were grown on the substrate as shown in Figure S2b. 

The Raman spectrum in Figure S2c indicated that the products were pure V6O13.2 Here, 

we have found that by controlling the concentration of the precursor solution, the crystal 

size of the grown V6O13 can be well modulated, as shown in Figure S2d.

Figure S2. Morphology and Raman spectra before and after annealing of V2O5 

precursor film. (a) The optical picture of as-prepared V2O5 precursor film. The sample 

substrate was a 10 × 10 mm sapphire. The inset shows the corresponding SEM 

morphology. (b) The optical picture of annealed product using sample in (a). (c) Raman 

spectra of samples before and after annealing. (d) Optical microscopic images of V6O13 

crystals grown by precursor solutions at concentrations of 0.18 mol/L, 0.09 mol/L, 0.06 

mol/L, and 0.045 mol/L, respectively. The magnification is 5×.

XPS analysis of V6O13

The XPS spectrum of the grown single crystal (Figure S3a-c) shows that the binding 

energies of V 2p1/2 and V 2p3/2 are located at 523.9 eV and 516.6 eV, respectively, 

corresponding to the binding energy of the V6O13 V2p orbital; and the peak fitting 

analysis of the V2p peak showed that the ratio of the area of V5+ and V4+ was 0.49, 

close to the valence ratio of 0.5 in V6O13. As shows in Figure S3c, the valence band of 



the V6O13 mainly comes from the contribution of V3d and O2p state.3, 4 The tail of the 

valence band crosses the Fermi level. Our XPS results are consistent with the XPS result 

of V6O13 crystal in literatures. 4 

Figure S3d shows that after several days of storage in air, significant increase of the 

contamination band of O1s (indicated by red arrows) was observed. However, the ratio 

of V5+/V4+ slightly increases to 0.51. (Figure S3e). A slightly shifting of VB band away 

from the Fermi level was observed (Figure S3f). This indicates that first, oxidation may 

appear, but it is still weak. Second, the surface absorption leads to a slight depletion on 

the surface. Caution should be taken to minimize the surface effect during storage and 

measurement. 

Figure S3. XPS spectra of V6O13. (a)-(c) O1s, V2p with fitting and valanced band 

spectrum of as-prepared V6O13, respectively. (d-f) O1s, V2p with fitting, and valanced 

band spectrum of V6O13 after a long-term storage, respectively. 

Temperature-resistance characteristics

In order to test the temperature resistance characteristics of the grown V6O13 and 

determine its metal-insulation phase transition (MIT) temperature, we tested the 

resistance of V6O13 crystal sheet with temperature at low temperature and room 

temperature, respectively, and calculated the TCR as shown in Figure S4.

Figure S4a, shows that at low temperature, the resistance of V6O13 decreases sharply 



with temperature by more than 3 order of magnitude. It can be clearly seen that near 

150 K, there is an abrupt resistance change. This is consistent with the MIT temperature 

of V6O13 in previous reports.5 However, a wide temperature range for a large resistance 

change of 3 order of magnitude may imply that there are some effects, for example 

defect due to the slipping between adjacent layer, have affect the MIT behavior. It 

requires further investigation. The temperature-dependent resistance behavior has been 

utilized in room temperature infrared bolometric photodetectors. Such detectors utilize 

the change of resistance induced by infrared heating radiation. The main parameter to 

achieve high sensitivity of infrared bolometer is the temperature coefficient of 

resistance TCR, which is defined as:6

𝑇𝐶𝑅 =
1
𝑅

𝑑𝑅
𝑑𝑇

           (1)

where R is the resistance and T is the temperature.

The TCR value of V6O13 near room temperature was shown in Figure S4b. The TCR 

value at 300 K is only 0.6% K-1, which is much lower than commercialized VOx.

Figure S4. Temperature-resistance characteristic of V6O13 crystal. (a) Low 

temperature, (b) above room temperature. 

Characterization of mesophase structure

To identify the phase transition during the growth, we terminated the growth when the 

system was under typical transition processes in the in-situ experiments in Figure 3. 

The sample was quickly cooled down to room temperature and was subjected to SEM 

and Raman characterization. It’s assumed that the chemical composition remained 

unchanged after cooling. The results are shown in Figure S5. The panels a-d in Figure 

S5 correspond to the topographical maps of the critical phase transition in the panels 1, 



2, 4, 6 in Figure 3, respectively. During the heating process, the orange precursor film 

gradually darkened, and the blackened precursor film remains black after cooling 

(Figure S5a-b & panel 2 of Figure 3), Raman spectroscopy proves that the phase is 

still V2O5. The SEM illustration in Figure S5a&b shows that the particle size is 

substantially identical to the unannealed precursor, indicating that the chemical reaction 

is gradual .7 Figure S5c shows the corresponding topographical view after cooling in 

the state of panel 4 of Figure 3, the corresponding SEM image in Figure S5c shows 

the formation of nanorods after cooling of the solid-liquid blend phase; Raman 

spectroscopy identified mainly V2O5 with a small signal of V6O13, this indicates that 

when the precursor begins to melt, part of V2O5 began to decompose into V6O13. Figure 

S5d shows the P2’ corresponds to the melt, and P1’ corresponds to the newly appearing 

single crystal in the melt in panel 6 of Figure 3, the morphology of the two does not 

seem to match, this is because the melt will crystallize under too cold,8 Raman 

spectroscopy identified the melt as V2O5 and the newly emerging single crystal was 

V6O13. 

Figure S5. Morphology and Raman spectroscopy of the key phase transition stages in 

Figure 3 during in-situ growth. (a-d) are the optical microscope image corresponding 

to the process the panels 1, 2, 4, 6 in Figure 3, respectively. Each inset shows the 

corresponding SEM image. (e) Corresponding Raman spectra in (a-b).



A quasi-situ growth experiment was carried out in a tube furnace to further illustrate 

the evolution process from V2O5 precursor to V6O13 crystal sheet. The V2O5 precursor 

films were placed in a tube furnace. The samples were heated to 600, 675, and 700 ℃ 

at a heating rate of 15 ℃/min in a vacuum of 5 Pa , respectively, at each temperature, 

the sample was annealed for 5 minutes, the sample was then naturally cooled down and 

taken out for XRD characterization. Figure S6 shows that when the temperature is not 

higher than 600 ℃, the film is composed of pure V2O5 phase; when the temperature 

reached 675 ℃, small (00l) peaks of V6O13 was observed, it implied that the reduction 

of V2O5 started; The XRD intensity of V6O13 gradually increases with the increase of 

temperature and time, which is consistent with the results of the above in-situ 

investigation. With prolong annealing at 700 ℃ for 180 min, V2O5 was completely 

removed, and a pure V6O13 phase remained. From a chemical point of view, the growth 

can be described as the thermal reduction of V2O5 along the following route:

3𝑉2𝑂5(𝑙)→𝑉6𝑂13(𝑠) + 𝑂2(𝑔)

where the s, l and g indicators represent the solid phase, the liquid phase and the gas 

phase, respectively.9

Figure S6. The quasi-situ XRD spectra evolution during the growth of V6O13 crystal.



Photoresponse test and calculation of V6O13 

Figure S7a shows the I–V curves of the photodetector at room temperature in the dark 

(black curve) and under laser illumination with the intensity of 23.66 μW (red curve), 

respectively. The I-V curve shows non-linear behavior in bias range of -0.5V to 0.5V, 

which implies the formation of a Schottky contact between the Au electrode and the 

V6O13 crystal. From the KPFM test in Figure S7b, we can clearly see that a 38.9mW 

surface contact potential difference exists.

Responsivity (R), External quantum efficiency (EQE), and Detectability (D*) 

important parameters for evaluating the performance of photodetectors. Responsivity 

is the efficiency with which the device converts light into photocurrent and can be 

calculated as10:

𝑅𝜆 =
Δ𝐼
𝑃

            (2)

where ΔI is the photocurrent, and P is the effective optical power of the laser injection. 

When the R value is calculated, the corresponding EQE value can be calculated as11:

𝐸𝑄𝐸 =
𝑅𝜆ℎ𝑐

𝜆𝑒
          (3)

where h is Planck’s constant, c represents the velocity of light, λ denotes the light 

wavelength, and e is the electron charge. The device has a high responsivity of 100 

A/W and high EQE of 5.4×104 % at 0.02 µW with a small bias voltage of 0.1 V under 

405 nm illumination are shown in Figures 5d. 



Figure S7. (a) The I-V curves of the device in darkness and illumination (Laser with a 

wavelength of 405 nm). Insert shows the microscope picture of the device. (b) KPFM 

surface potential image at the Au/V6O13 contact illustrated as a dotted box in (a). 

At the contact, the photocurrent can generate due to the photoelectric effect from 

the contact potential difference (VCPD) of 38.9 meV from the KPFM result. It can also 

generate due to the photothermoelectric effect, and the voltage generated is given by

As the Seebeck coefficient of V6O13 is around -20 μV/K12 and gold is < 1 μV/K. It 

can be seemed that even with the local temperature of 720 oC (melting point of V6O13), 

∆VPTE is still much smaller than the VCPD. As no structural and electrical change were 

observed after photoresponse measurement, the local temperature should not be so high 

and photothermalelectric effect should not dominate the photoresponse behavior at the 

contact.  

Figure S8. Power dependent photoresponse characteristics under illumination of (a) 

660 nm, (b) 1550 nm, (c) 3.4 μm and (d) 8.8 μm.



Figure S10. The photocurrent line profiles without the contact effect in b, that is, all 

lines are deducted from the spatial photocurrent line profile under zero bias. The 

calculated Gph was given in Figure 6c.

Support Material Video 1： In-situ monitoring of growth

Support Material Video 2：Melt-driven pyrolysis growth mechanism

Support Material Video 3：Modification of the wetting layer
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