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Enhanced ultraviolet-visible light responses of phototransistors 

based on individual and few ZrS3 nanobelts 

You-Rong Tao, Jia-Jing Wu and Xing-Cai Wu
* 

Phototransistors based on individual and three ZrS3 nanobelts were fabricated on SiO2/Si wafers by photolithograph and 

lift-off technique, respectively, and their light-induced electric properties were  investigated in detail. Both the devices 

demonstrate remarkable photoresponse from ultraviolet to near infrared light. Photoswitch current ratio (PCR) of the 

single-nanobelt phototransistor is 13 under 405-nm light illumination with a optical power of 10.5 mW/cm2 at a bias of 5 V, 

while the PCR of the three-nanobelts device is 210 under 405-nm light illumination of 5.57 mW/cm2 at a bias of 1 V. By 

comparison of the photoresponses under the same conditions, the latter is superior to the former, and both the devices are 

much  better photoresponse than the reported flexible ZrS3 -nanobelt-film photodetector.

Introduction 

Over two decades, one-dimensional (1D) nanostructures have 

attracted great attention due to their unique physical properties and 

applications in high-performance nanodevices based on their high 

surface to volume ratios and rationally designed surface.1-12 For 

example, individual semiconducting nanowire can be fabricated into 

field effect transistor (FET), and developed into photodetectors 13 

and gas sensors. 14 So far, a few individual 1D nanostructures, such 

as ZnSe,15 In2Ge2O7,16 β-Ga2O3,
17 and Ta3N5 nanoblet, 18 ZnS/ZnO 

biaxial nanobelt,19 ZnO-SnO2 heterojunction nanofibers,20 

GaAs/AlGaAs core-shell nanowire, 21 WS2 nanotube 22 and so on, 

have been fabricated into photodetectors. On the basis of the design 

idea, Li et al. once constructed an individual ZrS2 nanobelt 

phototransistor and found its excellent visible-light response. 23 ZrS2 

is one of layered transition metal dichalcogenides (TMDs) which 
contains metal layer sandwiched between two chalcogen layers with 

the metal in an octahedral coordination model. 24 The ZrS2 nanobelts 

were synthesized by a vacuum proylysis of ZrS3 nanobelts. 25 

Subsequently, we found the broad visible-light responses of 

transition metal trichalcogenides (TMTs) such as ZrS3, 26 HfS3, 
27 

ZrSe3 and HfSe3. 28 TMTs are another type of layered compounds 

which are composed of MX3 (M: IV−VIB metals; X: S, Se and Te). 

Their crystals process a pseudo 1D structure where there is an 

infinite chain of trigonal prismatic (MX6) units extending parallel to 
the b-axis and sharing upper and lower faces. The chains with strong 

ionic covalent (or metallic) bond are separated by a relatively large 

distance and interchain bond. 29 ZrS3 is a p-type semiconductor 

which room-temperature resistivity is 15 Ωcm, and possesses a 

direct optical band gap of 2.56 eV at room temperature and two 

indirect optical band gaps of 2.055 eV (E∥b) and 2.058 eV (E⊥b) 

at liquid helium temperature.29 We once fabricated ZrS3-nanobelt 
film onto polypropylene substrate as a flexible photodetector, and 

discovered its good photoresponses ranging from 350 to 780 nm. 

The light on/off current ratio was about 3.5 at a bias of 5 V under 

illumination of 405-nm light of 12.1 mW/cm2 with a photoswitch 

period of 50 s. 26 ZrS3 is a broad photoresponse material from 
ultraviolet (UV) to near-infrared (NIR), and low-cost, however so far, 

many photosensitive materials are still limited to separate 

photosensitive region, so it is an important actual meaning to make a 

new broad and high-photosensitive ZrS3-based photodector. Here we 

fabricated individual and three ZrS3 nanobelts onto SiO2/Si 

substrates to form field effect transistors, respectively, and found 

their enhancements of the broad visible-light responses. Specially, 
the photoswitch current ratio (PCR) of the three-nanobelt 

phototransistor is 210 under 405-nm light illumination of 5.57 

mW/cm2 at a bias of 1 V, much greater than that (3.5) of the reported 

ZrS3 flexible photodetector. It is a great progress, so we report the 
results. 

Experimental method 

Synthetic procedures and characterization 

The ZrS3 nanobelts may be synthesized by a chemical vapor 

transportation (CVT) of sulfur and zirconium (Zr) plates, 25 or Zr 

powders.30, 31 Here the latter method was selected. In a typical 

process, Zr powders (100.0 mg; Zr ≥ 99.95%) and sulfur powders 

(105.4 mg; S ≥ 99.5%) with an atomic ratio of 1: 3 were sealed in a 

quartz ampoule under vacuum (Φ6 mm × 12 cm, ca. 10-2 Pa). The 

quartz ampoule was then placed in a conventional horizontal furnace 

with a temperature gradient of ca. 10 Kcm-1 from centre to edge 

along axial direction, and the end with the mixture powders were put 

at the centre of the furnace. In the following, the furnace was heated 

to 650 ℃ and maintained at the temperature for 10 h. Finally, the 

reagents were completely converted into ZrS3 nanobelts. The as-

prepared ZrS3 nanobelts were characterized by X-ray diffraction 

(XRD, Shimadzu XRD-6000 with graphite monochromatized Cu 

Kα1 radiation), a field-emission scanning electron microscope (FE-
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SEM, Hitachi S-4800), and a high-resolution transmission electron 

microscope (HRTEM, JEM-2100). Ultraviolet-visible (UV-vis.) 

absorbance spectrum was recorded by a Shimadzu UV-3600 

spectrophotometer. 

Device measurements  

The current–voltage (I-V) and the current-time (I-t) characteristics 

were measured by Model CRX-4K Cryogenic Probe Station (Lake 

Shore Inc.) and Keithley 2636 source meter (Keithley Instruments 

Inc.) The spectral response was recorded under illumination of 

different wavelength laser. A spectroscopic response ranging from 

350 to 1000 nm was measured using a 300 W Xenon lamp (HSX-

UV300), and a multi-grating monochromator (71SW151) with order 

sorting filters was used. Wavelength was controlled and adjusted by 

applied software. Optical intensity was adjusted by applying currents 

and an aperture. Optical power was measured with FZ-A radiometer 

(made in Beijing Normal University). Ultraviolet (UV) optical 

power was measured with UV light radiometer UV340B (made in 

China). The experiments have been done at room temperature in air 

except specially proposing condition. 

Results and discussion 

An X-ray diffraction (XRD) pattern of the as-prepared nanobelts is 

shown in Fig. 1a. All the diffraction peaks can be readily indexed to 

a monoclinic ZrS3 phase (PCPDFWIN 30–1498; a=0.5124 nm, 

b=0.3624 nm, c=0.898 nm, and β= 97.28o), so they are pure phase. 
Here the XRD pattern is that of ZrS3 nanobelt powders, so it is 

different from that of ZrS3 nanobelt arrays on a Zr substrate in Ref. 

26, which is attributed to the different orientation of the materials in 

the process of measurement, but both can be indexed as the same 

ZrS3 phase. 

The field-emission scanning electron microscopy (SEM) 

recorded their morphologies. Fig. 1b is a SEM image of the 

nanobelts, revealing that the products are a high-yield nanobelt with 

a width of about 30 to 500 nm, a thickness of about 10 to 30 nm, and 

 

 

 

 

 

 

 

 

Fig. 1 (a) XRD pattern and (b) low-magnification SEM image of ZrS3 

nanobelts; inset shows high-magnification image. (c) TEM image of 

a single ZrS3 nanobelt. Inset shows its SAED pattern. (d) HRTEM 

image of individual ZrS3 nanobelt corresponding to (c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 (a) I–V curves of device 1 under different-wavelength light 

illumination, and in dark. (b) Responsivity of device 1 at a bias of 5 V 

to wavelengths from 350 to 1000 nm. Inset: UV-vis absorbance 

spectrum of ZrS3 nanoblets. (c) I–V and (d) photocurrent-optical 

power curves of the device 1 under illumination of 405-nm light 

with different optical powers. (e) Dependence of responsivity and 

Ion/Ioff on Vds under 405 nm-light illumination of 10.5 mW/cm
2
. (f) 

Dependence of responsivity and Ion/Ioff on optical powers. (g) and (h) 

I–t characteristics of the device 1 under illumination of 405-nm light 

with a photoswitch period of  1  and 25 s, respectively. 

 

Fig. 2 (a) Schematic illustration of ZrS3 nanowire field effect 

transistor (FET). (b) Optical micrograph of the FET device of 

individual ZrS3 nanobelt (device 1). (c) Plots of drain current (Ids) vs. 

voltage (Vds) at different gate voltage. (d) Electrical characteristic 

of the device 1 at Vds=5V.  
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a length up to 20 µm. Fig. 1c exhibits a transmission electron 

microscopy (TEM) image of individual ZrS3 nanobelt, and inset 

shows corresponding selected area electron diffraction (SAED) 

pattern on the upper right corner, and confirming that the nanobelt 

grew along [010] direction. Fig. 1d reveals high-resolution TEM 

(HRTEM) image of the individual nanobelt in Fig. 1c. Lattice fringe 

spacing of 0.51 nm coincides with d-values of (100) plane of above 

monoclinic ZrS3 phase.  
Fig. 2a represents a schematic illustration of ZrS3-nanobelt FETs, 

while Fig. 2b shows a micrograph of the FET, namely, the nanobelts 

were put in ethanol and dispersed by ultrasonic for a few minutes, 

and then were transferred onto the surface of SiO2/Si, and then two 

Ti/Au (10 nm/100 nm) electrodes were deposited on both ends of the 

nanobelts by photolithography and lift-off technique. Fig. 2c exhibits 
the transfer characteristic of the FET of the individual nanobelt at a 

bias of 5 V. It can be seen that the conductance of the nanobelts 

decreases as the gate voltages rise, suggesting that the nanobelts are 

p-type semiconductors. A linear-region transconductance gm 

(dIsd/dVg) is -1.1 × 10-12 A/V. Electronic mobility (µ) can be 

calculated from the equation: µ= gmW/(C0VsdL), where W and L are 

channel width and length, respectively. C0 is the gate capacitance 

which is equal to εrε0/d, where ε is the dielectric constant (εr=3.9 for 

SiO2), W and L are 0.3 and 4.8 µm, respectively, and d is the 

thickness (300 nm) of the gate oxide layer. From the above equation, 

the mobility of the nanobelt is about 1.2×10-6 cm2V-1s-1, lower than 

that of the reported ZrS2 nanobelt.23 

To measure photosensitivity of the device, a monochromatic light 

was vertically illuminated and the corresponding current−voltage 

curves were recorded.  Fig. 3a displays the I–V curves of device 1 

(Fig. 2b) at Vg = 0 V under light illumination and in the dark. The 
nonlinearity and asymmetry of the curves indicate non ohmic contact 

between the Ti/Au electrodes and the nanobelts. Compared with the 

dark state, the currents increase under light illumination at the same 

bias voltage, which reveals the photosensitivity of the device from 

ultraviolet light (365 nm) to near infrared (NIR) (850 nm). As 

illustrated in Fig. 3b, responsivity (Rλ) of device 1 to light 

wavelength 20 reveals that the cut-off wavelength is about 900 nm 

and optimal photosensitivity should be the region from ultraviolet to 

visible light, similar to the UV-vis absorbance spectrum of the ZrS3 

nanobelts (inset). Here absorbance edge of ZrS3 nanobelts is not 
equal to cut-off wavelength. The phenomenon can be also observed 

in other literature,32 so absorbance edge is not able to take place of 

cut-off wavelength. Fig. 3c exhibits the I–V curves of the device 1 

illuminated by 405-nm light of various optical powers, showing that 

the device is sensitive to light strength, and the corresponding 
photocurrent–optical power curve is plotted in Fig. 3d at a bias of 5 

V, which can be fitted with a power law of Ip = αPθ, where Ip is 

photocurrent (nA) which is the difference between the currents under 

light illumination and in the dark, where α is coefficient, θ is 

exponent, and P is an optical power (mW/cm2). The fitting gives Ip = 

0.45P0.79. The non-unity exponent is a result of the complex process 
of electron-hole generation, trapping, and recombination in the 

semiconductor. 33 It clearly indicates the high selectivity and 

sensitivity of the photodetector. On the basis of Fig.3c, dependence 

of responsivity and PCR (Ion/Ioff ) on Vds at an optical power of 10.5 

mW/cm2 is plotted in Fig.3e. With the increase of Vds, the 
responsivity linearly increases, and after Ion/off increases to maximum 

at Vds =4 V, it starts to decrease. Fig.3f displays dependence of 

responsivity and Ion/Ioff on optical power at Vds =5 V. As optical 

powers increase, Ion/Ioff increases, and after responsivity reaches a 

maximum at an optical power of 40 mW/cm2, it starts to decrease. 

So responsivity and Ion/off depend on Vds and optical powers. Low Vds 
and optical power, and high Ion/Ioff are important quota of 

photodetector. Fig. 3g shows the time-dependent current of the 

device 1 at a bias of 5 V under 450-nm light illumination of 10.5 

mW/cm2 with a photoswitch period of 1 s. The PCR is 3.4, and the 
responsivity is 1.8 A/W, and the response time (rise time/decay time) 

is 0.4/0.33 s. The time taken for the current to increase from 10% to 

90% of the peak value or vice versa is defined as the rise time and 

decay time, respectively. Fig. 3h reveals the time-dependent current 

of the device 1 under the same condition with a photoswitch period 
of 25 s, showing photosensitive stability of the device. Here PCR is 

13, and response time is below 0.4 s. Because the increase and decay 

of photocurrent need enough time, 34 different photoswitch period 

results in different PCR and response time. Here R405 nm = 3.9 A/W 

for Fig.3h, and the corresponding quantum efficiency (QE) is 

1.1×103%. 

To compare with individual nanobelt device, the phototransistor 

based on three ZrS3 nanobelts was fabricated, as shown in Fig. 4a 

(device 2). I–V curves of device 2 under light illumination and in the 
dark are shown in Fig. 4b, also confirming excellent photosensitivity 

of the device from UV-vis to NIR. Fig. 4c reveals I−V curves of 

device 2 under illumination of 405-nm light with different optical 

power and in the dark, and the corresponding photocurrent−optical 

power characteristic is plotted in Fig. 4d. The curve can be fitted 

with a power law of Ip=0.126 P1.14, where units of Ip and P are nA 

and mW/cm2, respectively. Fig. 4e shows I−t curves of device 2 at 

different bias voltages under the alternative dark and illumination 

conditions with a photoswitch period of 1 s. The Ion/Ioff are 65, 71 

and 64, and the responsivities are 0.13, 1.46, 2.48 A/W at bias of 1, 5 

and 8 V, respectively, and all the response time is below 0.4 s. 

Therefore, as the bias voltages increase, the responsivities increase, 

but the PCR almost does not change. Fig. 4f is a current dependence 

on time under the same light illumination condition with a 

photoswitch period of 50 s at a bias of 1 V, which reveals the 

photoresponse stability of device 2, too. Here the Ion/Ioff is 210, the 

response time is below 0.4 s, R405 nm = 0.36 A/W, and the 
corresponding QE is 99%. On the basis of Fig. 3(g) and Fig. 4(e), the 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) Micrograph of three ZrS3 nanobelt photodetector (device 

2). (b) I–V curves of device 2 under illumination of different 

wavelength light, and under dark condition. (c) I–V and (d) 

photocurrent-optical power curves of the device 2 under 

illumination of 405-nm light with different optical powers. (e) and (f) 

Time-dependent responses of device 2 at a bias of 1 V under 

illumination of 405-nm light with photoswitch period of 1 and 50 s. 
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Ion/Ioff (3.4) of device 1 is lower than that (71) of device 2 at the same 

bias voltage of 5 V, and they have the same response time (~0.4 s), 

furthermore, the light-illuminated power (10.5 mW/cm2) of device 1 

is higher than that (5.57 mW/cm2) of device 2, so device 2 is higher 
photoresponse than device 1 under the same condition. Because the 

Ion/Ioff of the flexible ZrS3-nanobelt-film photodetector is 1.71 at a 

bias voltage of 5 V under 405-nm-light illumination with an optical 

power of 45 mW/cm2, 26 device 1 and 2 are both superior to the 

reported flexible ZrS3-nanobelt-film photodetector.  Responsivities 

and Ion/Ioff of the ZrS3 nanobelt photodetectors and other 
photodetectors are included in table 1. The responsivities of the ZrS3 

nanobelt phototransistors are lower than those of the CdTe, Zn3P2 

and H2-annealng MoO3 nanobelt photodetectors, but are much 

higher than those of the GaS nanobelt and single-layer MoS2 

photodetectors, and both the ZrS3 phototransistors have high Ion/Ioff, 

so they are still excellent photodetectors. Recently, γ-Ga2O3 

nanocrystals in glass are reported to become UV-to-visible solar-

blind converter and UV emitter.40 Specially, γ-Ga2O3 nanoflowers  

have been fabricated to three-electrode-cell-type photodetector and 

obtained UV PCR of 220 at a bias voltage of 0.5 V. 40 So the ZrS3 

nanobelts may find new applications in photoelectorde and optical 

glass. 

To understand effect of ambience on photosensitivity of the 
device, the responses of the device 1 and 2 in air and vacuum (2.0 Pa) 

were investigated. As illustrated in Fig. 5a and b, under dark, the 

currents of the device 1 are 0.58 and 0.72 pA in vacuum and air at a 

bias of 5 V, respectively, whereas the currents of the device 2 are 

1.48 and 1.32 pA, respectively. The change is no law, so the 

deviation could originate from error of the meter. Under the 405 nm 
light illumination, the currents of the device 1 are 82.5 and 104 pA 

in vacuum and air, respectively, and the currents of the device 2 are 

1.29 and 1.48 nA, respectively. Here the current in air is slightly 

greater than that in vacuum. It can be attributed to effect of oxygen 

chemisorption/desorption on conductivity. In air, oxygen molecules 

are adsorbed on the nanobelts surface and capture free electrons 

from the nanobelts (forming O2
-), helpful to increase the hole 

concentration so that conductivity increases because ZrS3 is a p-type 

semiconductor. It is different from the photocurrent-enhanced 

mechanism of the reported ZrS3 nanobelt-film photodetectors,26  

because  both the nanobelts were prepared under different conditions, 

the former  depended on reaction of Zr plates and sulfur powders to 

grow in rich sulfur easily to form n-type semiconductor, whereas the 

latter depended on reaction of Zr powders and sulfur powders easily 

to form p-type semiconductor because of lack of sulfur. Certainly, it 
will be further studied.   

Conclusions 

In summary, we have developed two phototransistors based on 

individual and three ZrS3 nanobelts. An investigation into 
individual nanobelt transistor shows that the ZrS3 nanobelt is a 

p-type semiconductor with a mobility of about 1.2×10-6 cm2V-

1s-1. Both the devices show wide-range and fast-speed 

photoresponse for UV to NIR light. The PCR of the single-
nanobelt-based photodetector is 13 under 405-nm light 

illumination of 10.5 mW/cm2 at a bias of 5 V, much less than 

that (210) of the three-nanobelt-based photodetector under 405-

nm light illumination of 5.57 mW/cm2 at a bias of 1 V. Because 

the PCR almost does not change as bias voltage changes under 

the same work condition, the three-nanobelts-based 
photodetector is higher photoresponse than the single-nanobelt-

based. 
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