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Abstract We report on a semiconductor nanostructures/

metal Schottky junction for optoelectronic device applica-

tion. The n-type ZnS nanoribbons (NRs) with an electron

mobility of 64.9 cm V-1 s-1 and electron concentration of

5.7 9 1017 cm-3 were synthesized by using Cl as dopant via

a thermal co-evaporation method. Electrical analysis reveals

that the Schottky barrier diodes (SBD) based on the ZnS:Cl

NRs/Au junctions exhibited typical rectifying behavior

(rectification ratio [103) with Schottky barrier height of

.64 eV and a small ideality factor of *1.05 at 320 K. In-

terestingly, n-ZnS:Cl NR/Au nano-SBD device exhibited

pronounced negative photoresponse at forward bias, but

positive photoresponse at reverse bias under 365 nm UV

light irradiation. Finally, the detailed reason for this phe-

nomenon was explained by the energy band diagram.

1 Introduction

One-dimensional (1-D) II–VI group semiconductor mate-

rials (e.g. CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe, etc.) have

been attracting extensive research attention lately due to

their promising potential in future nano-electronic and

nano-optoelectronic systems. [1–4] Among the various II–

VI group semiconductors, zinc sulfide (ZnS) with a direct

band-gap of 3.70 eV and a large exaction binding energy of

40 meV at room temperature is of particular interest. [5, 6]

Up to now, various 1-D ZnS nanostructures including

nanowire (NWs), nanoribbons (NRs), nanobelts (NBs)

have been successfully synthesized by various methods [7,

8] Like other semiconductors, when the size and dimen-

sional shrink to the nanoscale level, 1-D ZnS nanostruc-

tures are expected to exhibit a quantum-size effect which

might bring out improved physical, catalytical and optical

properties and therefore induce new applications in pho-

tonic devices.

Due to the distinct characteristics such as wide band gap

in the UV regime, high crystallinity, as well as high

quantum efficiency, ZnS nanostructures have demonstrated

marvelous versatility and have been regarded as one of the

most promising materials for optoelectronic devices ap-

plication, [9, 10], including light-emitting diodes (LEDs),

[11], solar cell [12], injection lasers, [13], field effect

transistors (FETs), [14, 15], and so on. Another important

application of ZnS nanostructures is for efficient ultraviolet

photodetectors (UVPDs), [16, 17], which are vitally im-

portant for flame sensing, space communication, ozone-

layer monitoring, and so on. Owing to the distinct ab-

sorption characteristics and appropriate band gap (3.77 eV

for the hexagonal wurtzite phase and 3.72 eV for the cubic

phase), 1-D ZnS nanostructures are suitable for UV sensing

against a background with infrared and visible irradiation.

To date, while several photoconductive-type ultraviolet

photodetectors solely based on ZnS nanostructures have

been reported, relatively little attention has been paid to

UV photodetector based on metal/ZnS nanostructures

Schottky junction, which have obvious advantages in high
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sensitivity, fast response speed and low energy consump-

tion over traditional photoconductive type UVPDs [18–20].

Intrinsic II–VI group nanostructures are usually not

suitable for device applications as it is virtually electrically

insulative without doping. Thus doping is vitally important

for II–VI semiconductor nanostructrues for the feasibility

to tune the electronic as well as optoelectronic properties in

a wide range [21, 22]. Chloride (Cl) has proven to be an

efficient dopant to achieve high quality n-type ZnS material

[9, 23]. And our previous study showed that the ZnS

nanoribbons doped with Cl element exhibit excellent op-

toelectronic properties [24]. In this work, we present a

simple UV light nano-photodetector based on Au/chlorine

doped ZnS NR Schottky junction. The n-type ZnS:Cl NRs

with carrier mobility and concentration were 64.9 cm2

V-1 S-1 and 5.7 9 1017 cm-3, respectively were synthe-

sized by using ZnCl2 as dopant via a thermal co-evapora-

tion method. Electrical analysis reveals that the ZnS:Cl

NRs/Au Schottky junction diode exhibited obvious recti-

fying behaviors (rectification ratio [103) with Schottky

barrier height of .64 eV and a ideality factor of *1.05 at

320 K. In addition, under UV light irradiation, the nano-

SBD device exhibit obvious negative photoresponse at

forward bias, but positive photoresponse at negative bias.

Detailed reason for this phenomenon was clarified by the

energy band diagram at last.

2 Experimental section

2.1 Synthesis and characterization of ZnS:Cl NRs

The ZnS:Cl NRs were synthesized in a horizontal quartz

tube furnace (inner diameter 30 mm, length 120 cm) via a

thermal co-evaporation method. Briefly, ZnS power

(99.99 %, Aldrich) was first loaded into an alumina boat

which was placed to the center region of the furnace.

Another boat containing ZnCl2 powder was used as the Cl

dopant source and placed at downstream, about distance of

12 cm upstream from ZnS source. Si substrates coated with

5 nm gold were placed at the downstream direction,

*10 cm from the ZnS source. The molar ratio of

ZnCl2:ZnS was kept at 1:2 [24]. The system was then

evacuated to a base pressure of 4 9 10-5 Torr, and then

backfilled with a mixture gas of 40 standard-state cubic

centimeter per minute (sccm) Ar and H2 (5 % in volume).

The ZnS source was heated up to 1060 �C and maintained

at this temperature for 90 min. The morphologies and

structures of the as-synthesized ZnS:Cl NRs were charac-

terized by X-ray diffraction (D-500 using Cu Ka radiation),

field-emission scanning electron microscopy (FE-SEM,

SIRION 200 FEG) and high-resolution transmission elec-

tron microscopy (HRTEM, Philips CM200 FEG). The

chemical compositions of the ZnS:Cl NRs were analyzed

by X-ray photoelectron spectroscopy (XPS, Thermo

ESCALAB 250).

2.2 Construction and characterization of FETs

and SBDs based on individual Cl doped ZnS

NRs

To study the electrical property of the ZnS:Cl NRs, FETs

based on individual ZnS NR were constructed. Briefly, ZnS

NRs were first dispersed on the SiO2 (300 nm)/p?-Si

substrate with desired density. Afterwards, ITO source and

drain electrodes were defined by shadow mask and pulsed

laser deposition (PLD) system with KrFexcimer laser

(Lambda PhysikCOMPexPro102, 248 nm, 120 mJ, 5 Hz).

In this method, the shadow mask was made by etching

25 lm thick copper foils. To assemble a nano-SBD device,

additional photolithography and lift-off process were per-

formed to define the Au (80 nm) electrode. All the elec-

trical measurements were carried on a semiconductor

I-V characterization system (Keithley 4200-SCS). The

temperature-dependent electrical measurements were per-

formed using a low-temperature system (Janis/CCS-350S).

To detect the photoconductive properties of ZnS:Cl NR,

monochromatic light from a 100 W monochromator

(Omni-k365) was focused and guided perpendicularly onto

the NRs. The light was turned on and off manually to study

the time response of the ZnS:Cl NR/Au SBDs UV PD.

3 Results and discussions

Figure 1a shows a typical SEM image of the as-obtained

nanostructures, from which one can see that the product is

mainly composed of fiber-like geometry. Further image at

large magnification shows that the nanostructures are

1–2 lm in width, 20–100 lm in length, and 30–50 nm in

thickness. Figure 1d shows a typical HRTEM image and

corresponding selected area electron diffraction (SAED)

pattern, revealing that the NRs have a single-crystal zinc

blende structure with a growth orientation of [002]. The

XRD diffraction peaks can be assigned to wurtzite ZnS

(JCPDS no.80-0007) with no impurity phases (Fig. 1b),

[25, 26] suggesting the high phase purity of the product.

Figure 1f depicts the energy-dispersive X-ray (EDX)

spectroscopy profile of the NR, according to which, the

atomic ratio of Zn/S is estimated to be 50:49, in agreement

with the stoichiometric ratio of ZnS NRs. Due to low

doping concentration, the doped Cl atoms cannot be de-

tected by the EDX analysis. However, its presence can be

easily confirmed by XPS investigation. Figure 2a display

the XPS survey spectrum of the Cl doped ZnS NRs, it can

be seen that, in addition to the signal due to Zn and S, there
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are two peaks locating at 284 and 199 eV, ascribable to the

binding energy of Cl s and Cl 2p, respectively.

FETs based on individual ZnS:Cl NRs were constructed

to investigate the electrical properties of ZnS:Cl NRs. In

this study, we used indium doped tin dioxide (ITO) as

electrode material, and we found that the deposition

method is the key to form good contact to the NR. Fig-

ure 3a compares the I-V curves of the ZnS:Cl NR with ITO

electrode shape defined by lithography and shadow mask

respectively. Obviously, when the shape of ITO electrode

Fig. 1 a A typical SEM image of ZnS:Cl NRs. b SEM image of ZnS:Cl NRs at large magnification. c TEM image of a typical ZnS NR.

d HRTEM image of the ZnS:Cl NR, the inset shows the corresponding SAED pattern. e XRD pattern of Cl-doped ZnS NRs. f The EDX spectrum

Fig. 2 a XPS survey spectrum

of the ZnS:Cl NRs. b, c Shows

the enlarged Cls and Cl2p

peaks, respectively

4292 J Mater Sci: Mater Electron (2015) 26:4290–4297

123



was defined by photolithography, followed ITO deposition

through PLD, the current of ZnS:Cl NR is virtually insu-

lating (the value is on the order of 10-12 A). Nonetheless,

the current is as high as*10-6 A, if the ITO electrode was

directly deposited by a copper mask shadow assisted PLD.

According to previous study, a highly conductive interface

is probably between ZnS and ITO during PLD process. In

this process, the surface of ZnS was oxidized and some

indium atoms would diffuse into the oxidation layer, pro-

moting the injection of electrons into the ZnS nanoribbons

via direct tunneling [24]. The formation of high-conduc-

tivity interfacial oxide layer can be easily realized when the

Fig. 3 a The I-V curve of the

ZnS:Cl NR/ITO electrode,

which was defined by either

lithography or shadow mask.

b Representative SEM image of

a single NR device fabricated by

shadow mask, the inset shows

the photograph of the device.

c Ids–VdS curves at varied Vg.

d Ids–Vg curves at Vds = 2 V

Fig. 4 a Schematic illustration

of the nano-SBD device.

b Room-temperature rectifying

characteristics of the nano-SBD,

the inset shows the semi-

logarithmic plot of the

rectifying curve. c Rectifying

characteristics of the nano-SBD

measured at varied temperatures

from 200 to 320 K, the inset

shows a typical SEM image of

the nano-SBD fabricated from a

single ZnS:Cl NR.

d Temperature dependence of

the ideality factor and the

barrier height of the nano-SBD
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ITO electrode is directly deposited by mask shadow as-

sisted PLD. Unfortunately, once the ITO electrode was

defined by photolithography, followed by PLD deposition.

The aqueous solution as well as residual photoresist will

destroy the formation of highly conductive interface. In

light of the above, the ITO electrodes were fabricated by

PLD system with the aid of Cu shadow mask. Figure 3b

shows a representative SEM image of a single NR device,

in which the ITO was deposited by PLD with the assistance

of shadow mask (the inset shows a typical photograph). It

was clear that accurate contact shape can be obtained with

copper mask, which is very important for further device

construction. Figure 3c plots the typical gate-dependent

source-drain current (Ids) versus source-drain voltage (Vds)

curves of ZnS:Cl NR at varied Vg from -20 to 20 V at a

step of 10 V. Obviously, the Ids decreases with decreasing

gate voltage, suggesting n-type conducting channel of the

ZnS:Cl NR FET. The electron mobility ln can be further

determined to be 64.9 cm V-2 s-1, according to the fol-

lowing equations: gm = qIDS/qVG = Zln C0 VDs/L, where

Z/L (1/15 lm) is the width-to-length ratio of the NR

channel [27, 28], C0 the oxide capacitance per unit area, gm
the transconductance of the nano-FET, which can be de-

duced to *59.7 nS in the linear regime of Ids–Vg curve by

the relationship of gm = dIds/dVg (Fig. 3d). What is more,

the electron concentration ne can be estimated to be

5.7 9 1017 cm-3 by the formula of ne = 1/qqle, where q
is the resistivity of the NR, q is the elementary charge

(1.6 9 10-19 C).

Next, n-ZnS NR/Au nano-SBDs were constructed to

explore the potential applications of the n-type ZnS NRs in

nanoelectronic devices. Figure 4a, c show the schematic

Fig. 5 a I–V curve of the n-ZnS NR/Au Schottky diode in dark and under UV light. The photoresponse of the n-ZnS NR/Au Schottky diode and

forward bias of 2 V (b), at reverse bias of 2 V (c). The wavelength of the light is 365 nm, what is more, the light intensity is 100 l W cm-2

Table 1 Summary of device performance of similar semiconductors nanostructures based photodetectors

Structures Device R (AW-1) G Ilight/Idark References

Au/ZnS:Cl NR (Reverse bias) Schottky junction 9.1 33 180 This work

Graphene/ZnONR array Schottky junction 113 385 *85 [35]

Au/SiO2/ZnONR array Schottky junction 100–1000 337 / [36]

ZnONW/Si-MgO/n-Si n-i-n junction / / *8000 [37]

GaN/Ag Schottky junction 4.2 14.2 *100 [38]

Graphene oxide and carbon nanotube film/n-ZnO NRs p-n junction 2.4 8.1 *1.2 [39]
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illustration and a typical SEM image of the device, re-

spectively. From the room-temperature I–V characteristics

in Fig. 4b, one can see that the device show typical recti-

fication behavior, with a high rectification ratio of[103 and

a turn-on voltage of *2.0 V. What is more, no obvious

reverse-bias breakdown is observed up to -5 V, suggesting

the good quality of the n-ZnS NR/Au Schottky junction.

Figure 4c depicts the temperature dependent rectifying

characteristics of the nanoSBD, as the temperature in-

creases from 200 to 320 K, the turn-on voltage shifts from

8.40 to 2.0 V, along with an increase of forward current.

According to previous study, the conduction current

of SBD is usually composed of thermionic emission

current and tunneling current. Assuming that the

thermionic emission is the most predominant

mechanism [29, 30], the rectifying characteristics of the

nano-SBD can be described by the following equations [31,

32]: I ¼ I0 ½expðqV=nkTÞ � 1� � I0 expðqV=nkTÞ and I0 ¼
AA� T2 expð�qUb=kTÞ, where I0 is the reverse saturation

current, n is the ideality factor, A is the area of Schottky

contact, Ub is the Schottky barrier height, and A* is the

effective Richardson constant (80.0 Acm-2 K-2 for ZnS).

Figure 4d plots the relationship of n and Ub with tem-

perature. It is found that when the temperature increases

from 200 to 320 K, n will decrease from 2.19 to 1.05,

meanwhile, the Ub will increase from .39 to 0.64 eV.

Although this temperature-dependent Schottky barrier

height is different from the conventional Schottky theory

(Ub normally decreases with increasing temperature),

similar phenomena have been observed on Au/n-Si

Schottky barrier diode, [33] in which electrons possessing a

weak kinetic energy at low temperatures prefer to pass

through a low barrier, thus leading to a lower barrier height

and larger ideality factor at low temperatures.

Interestingly, the n-ZnS:Cl NR/Au nano-SBD device

exhibited pronounced negative photoresponse at forward

bias, but positive photoresponse at reverse bias under UV

light irradiation (the wavelength is 365 nm). As observed

in Fig. 5c, the electrical current at reverse bias increased

dramatically and stabilized at a high-conduction ‘‘on’’ state

upon light radiation, but it decreased quickly to a low-

conductivity ‘‘off’’ state after the UV light was turned off,

in contrast to the case at forward bias (Fig. 5b). To evaluate

the device performance of such n-ZnS NR/Au nano-SBD

device in a quantitative way, we then calculated the key

parameters including responsivity (R), photoconductive

gain (G). The R can be expressed by the formula of

R AW�1ð Þ ¼ Ip=Popt ¼ g qk=hcð ÞG, [34] where Ip, Popt, g, k,
h, c and G are the photocurrent, the incident light power,

the quantum efficiency, the light wavelength, the Planck’s

constant, the light speed and the photoconductive gain,

respectively. Based on the above equation, by assuming

g = 1 for simplification, R is estimated to be 9.1AW-1 for

the nano-SBDs. Meanwhile, G is calculated to be 33, in

comparison with other UV PDs with similar device con-

figuration (Table 1).

To interpret the different photoresponse characteristics

of the Au/ZnS:Cl NR Schottky junction at both forward

and negative bias voltage, the energy band diagram of the

diode at different biases were illustrated in Fig. 6. It is

obvious that when no bias is applied (Fig. 6a), the band of

the n-ZnS NR near the metal/semiconductor interface bent

upwards with barrier height qVD, forming a space-charge

region. At the forward bias (Fig. 6b), the barrier height

(qVD) was reduced and the diodes is turned on, allowing

the electrons in the n-ZnS NR pass through the Schottky

barrier and reach the Au electrode, forming a current called

Iforward. Upon light illumination, electron–hole pairs will be

generated in ZnS NR near the junction, and separated due

to the built-in electric field, leading to a photocurrent

(Iphoto-induced) with an opposite direction compared to that

of the Schottky diode at the forward bias, as demonstrated

in Fig. 6b. Thereby, the photocurrent (Ilight) is believed to

the sum of such two currents with opposite direction as

mentioned above, resulting in a reduction in photocurrent

and interesting negative photoresponse at forward bias.

Fig. 6 Energy band diagram of the n-ZnS NR/Au SBD UVPDs upon light illumination without bias voltage (a), with forward bias voltage (b),
with reverse bias voltage (c)
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Similar negative photoconductivity phenomena can be

found in previous studies on semiconducting nano-Schot-

tky barrier diode photodetectors and other devices based on

surface dominated materials. [40–43] As for the positive

photoresponse at reverse bias, it should be associated with

two overlapping current with the same direction, as

demonstrated in Fig. 6c [44].

4 Conclusions

In summary, a simple UV light nano-photodetector was

fabricated by using n-type chlorine doped ZnS NRs as

building blocks, which were synthesized by using Cl as

dopant. Electrical analysis reveals that the electron mo-

bility and concentration were 64.9 cm2 V-1 S-1 and

5.7 9 1017 cm-3, respectively. It is also found that the

ZnS:Cl NRs/Au Schottky junction diode exhibited re-

markable rectifying behaviors (rectification ratio [103)

with Schottky barrier height of .64 eV and a small ideality

factor of *1.05 at 320 K. What is more, when irradiated

by UV light illumination, the nano-SBDs show negative

photoresponse at forward bias, but positive photoresponse

at reverse bias, with good reproducibility. The detailed

reason for this phenomenon was explained by the energy

band diagram at last.
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