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Abstract In this paper we present the effect of dimen-

sionality of ZnS nanostructures on hydrogen gas sensing

characteristics. Vapor Liquid Solid growth mode was

employed to synthesize ZnS nanostructures with different

dimensions by controlling the growth parameters, i.e.,

variation in the substrate temperature and the carrier gas

flow rate. The growth was explained by using the chemical

tension model and the saturation conditions were deter-

mined for each growth. X-ray diffraction and scanning

electron microscopy were used to determine the phase,

shape, size and density of the nanostructures. Optical

properties of nanostructures also confirmed the presence of

different phases of ZnS. A variety of these nanostructures

were tested for hydrogen gas sensing. The rapid response

time was obtained for nanowires in few hundred millisec-

ond’s range with a sensitivity of 8, which was due to its

high aspect ratio as compared to the other nanostructures.

1 Introduction

The rapid developments in the synthesis and assembly of

nanoscale materials will not replace immense efforts being

pursued in nanofabrication. In fact, much of our under-

standing of the nanoscale materials is improved by the

synergistic efforts of both bottom-up and top-down meth-

ods of building nanostructures. Quantum dots and quantum

wires can now be produced in large quantities, and their

band structures can precisely be engineered for the desired

properties. The high surface to volume ratio and high

surface energies of nanostructures can be used for sensing,

e.g., gas sensing, chemical sensing, etc. Hydrogen (H2) is

probably to displace hydrocarbons and to become a com-

mon fuel in the future. It is an invisible, odorless, and

highly inflammable gas, which makes the detection of

hydrogen leakage in the environment very vital. There is a

strong need to develop novel hydrogen sensors. Different

materials are being used as hydrogen gas sensors with

different morphology like ZnS nanobelts, ZnO nanorods,

SnO2 nanowires etc. [1–3].

ZnS is a promising wide band gap semiconductor with

zinc blend structure at room temperature. It undergoes a

transformation from zinc blend to Wurtzite (hexagonal)

crystal structure at about 1,020 �C [4, 5]. The zinc blend

and Wurtzite phases have energy band gaps of 3.6 and

3.91 eV, respectively [6]. ZnS is a good photoluminescent

material and has a wide range of applications in lasers, and

flat-panel displays [7–10]. It also exhibits a strong piezo-

electric characteristic, which has potential applications in

sensors, actuators, etc. [11].

ZnS has excellent optical properties at the nanoscale and

the doped ZnS nanostructures have been used in photonic

devices due to emission in the visible range [12, 13]. ZnS

nanobelts have shown high-speed sensing response to sense

UV light and the photoconductivity response of an indi-

vidual ZnS nanobelt UV sensor is found completely

reversible and periodic [14]. ZnS nanobelts based hydrogen

gas sensor has also shown faster response than ZnO

nanobelts [1]. ZnS has three fast growing directions,

[0001], 01�10½ � and 21�10½ � which determine the length,

width and the height of the nanostructures, respectively.

Among these, [0001] is the fastest growing direction along

c-axis with low activation temperature [5]. Thus, the final

morphology of ZnS nanostructures depends on the growth
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temperature due to variation in the activation energies of

the different growth directions [15], which could lead to

rapid or slow growth.

Vapor Liquid Solid (VLS) mechanism is the most sim-

ple technique to synthesize highly crystalline and ultra long

one dimensional (1-D) nanostructures in relatively large

quantities [16]. The growth kinetics of VLS suggests that

the growth is highly dependent on the substrate tempera-

ture, carrier gas flow rates and the radius of the catalyst

droplet. The driving force for the growth of nanowires is

the supersaturation in the surrounding of the catalyst

droplet, which is high outside the droplet. The best catalyst

has an ideal rough surface where sticking coefficient is

close to 1 [17]. Different kinds of metals have been used as

catalysts but Au is the most widely used due to its inter-

esting chemical properties, high accommodation coeffi-

cient, surface tension and wetting ability [18]. Sn and some

organic materials have also been used for the growth of

well aligned 1-D nanostructures [19, 20].

The chemical tension model has successfully been used

to explain the growth of nanowires [21], which is based

on the concept of minimization of the Gibbs free energy.

The chemical tension rc is given by

rc ¼ �lo
KBT

X
In gþ lorvs

r
ð1Þ

here g ¼ PZnS

PZnS
eq

represents the supersaturation, PZnS is the

vapor pressure of ZnS and PZnS
eq is the equilibrium vapor

pressure of ZnS, lo is the thickness, rvs is the surface ten-

sion of the vapor–solid interface, X is the volume of the

unit cell, r is the radius of the droplet and T is the substrate

temperature.

The nanowires will grow if rc \ 0, and if rc [ 0,

nanohillock growth will be more favorable. Equation 1

shows the nanowire growth dependence on temperature,

supersaturation and the diameter of the droplet which leads

to the growth rate determination [22].

V
1
n ¼ Dlo

KBT
b

1
n � 4XrVS

KBT
b

1
n
1

d
ð2Þ

where Dl is the effective difference between the chemical

potential of ZnS in the vapor phase and in whisker, b and

n are the fitting parameters.

In this paper, ZnS nanostructures with different mor-

phologies are synthesized by varying the growth conditions,

i.e., substrate temperature and the carrier gas flow rate.

X-ray diffraction and scanning electron microscopy is

employed to determine the structure of the grown nano-

structures. The growth conditions are used to determine the

supersaturation conditions for the growth of different mor-

phologies. The optical properties of the as-grown nano-

structures are presented and analyzed with respect to the

growth conditions. Finally the response of nanostructures to

hydrogen gas was determined and related to the morphology

of nanostructures.

2 Experiment

Si (100) substrates having a very thin native oxide layer

(2–3 nm) were used for the growth of nanostructures. 5 Å

Au was deposited as catalyst at 10-7 Torr at 300 K. The

Au coated substrates were then placed in a horizontal tube

furnace along with 4 N pure ZnS powder (0.3 g) in an

alumina boat, which was placed at the center of the tube.

For each growth, the measured substrate temperatures were

850 ± 2, 675 ± 2 and 460 ± 2 �C. ZnS powder was then

heated at 1,020 �C in the presence of flowing carrier gas

(N2 ? 5%H2) for 3 h. During the experiment, flow rate

was controlled from 2 to 60 Sccm. After the growth, the

left over quantities of raw material were found to be 0.286,

0.213 and 0 gm for 2, 20 and 60 Sccm flow rates,

respectively.

Figure 1 shows the plot of the calculated growth rate

using the Eq. (2), where rvs = 0.57 Jm-2, and

X = 39.5 9 10-30 m-3 [23]. Horizontal lines show the

length of a wire of diameter 120 nm at different values of

supersaturation. It can be seen that higher the supersatu-

ration, the greater is the length of the wire. In the present

case the supersaturation condition is expected to be

between 15 and 20 as ZnS nanowires grown were 50 lm or

longer on average, For dots, the supersaturation condition

determined from the size of the dots was found less than 5.

The synthesized nanostructures were characterized by

using the Hitachi S4800 scanning electron microscope

(SEM) and PANanalytical X-Pert XRD for the imaging and
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phase identification, respectively. Absorption measure-

ments were done with Cary5000 UV–VIS-IR spectropho-

tometer.

Hydrogen gas sensitivity of the grown nanostructures

was determined in a standard way by measuring the iso-

thermal response of the resistance at a working temperature

of 230 �C with a flux of hydrogen gas. Two Al contact pads

separated by 0.5 mm were sputter coated on glass slides.

Nanostructures mixed in acetone using ultrasonic bath

were sprayed in the gap of contacts and then heated at

300 �C for 30 min in air. The thermal treatment improved

the nanostructure contact with Al contact pads and helped

oxygen adsorb on the ZnS nanostructures. The sensors

were then placed in a quartz tube for the sensing tests,

which was first evacuated, and then 5% H2 and 95% N2

gases mixture was introduced through a mass flow con-

troller for sensing measurements.

3 Results and discussions

Figure 2a–d shows the SEM micrographs of ZnS nano-

structures synthesized at different substrate temperatures

and gas flow rates. Figure 2a–c shows various kinds of

nanostructures grown at 850 �C but at different carrier gas

flow rates. In the first experiment with the 20 Sccm flow

rate, very high density tens of microns long nanowires with

average diameter in the range of 120 ± 30 nm were

obtained as shown in Fig. 2a. This shows that high super-

saturation condition was achieved since the growth rate of

nanowires depends on the supersaturation condition, which

is controlled by the gas flow rate (which actually affects the

flux of the ZnS vapors).

In the second experiment performed at a low flow rate

(*2 Sccm), zero dimension (0-D) nanostructures were

obtained, rather than 1D as shown in Fig. 2b. The average

diameters of the 0-D nanostructures were 275 ± 33 nm

with the particles average number density was

8 9 108 cm-2. At this low flow rate, the supersaturation

condition was not obtained and the effect of line tension

dominated to limit the growth of 1-D nanostructures. As a

result 0-D structures were synthesized. With decrease in

substrate temperature, the average size of the 0-D struc-

tures dropped and density increased, which is due to

decrease in the diffusion of particles on the surface. At

675 �C, the average diameters and densities of the 0-D

nanostructures were 140 ± 46 nm and 4.4 9 109 cm-2,

respectively. The average diameter of 0-D structures grown

at 460 �C was found to be 13 ± 2 nm with average par-

ticles number density was 5 9 1010 cm-2. The large size

and low density of 0-D structures at high temperature is

evidence of high surface diffusion. XRD patterns revealed

that at low flow rate, a blend of 0-D ZnS and ZnO struc-

tures were grown. This is discussed later.

In the third experiment performed at a higher flow rate

(*60 Sccm), nanostructures were grown with different

morphologies at different substrate temperatures. At

850 �C, the high density nanoleaves, many microns long

were obtained as shown in Fig. 2c. The average width of

nanoleaves was 3.5 ± 0.5 lm with a thickness of

100 ± 20 nm as determined from SEM images. Nano-

leaves were synthesized due to extremely high supersatu-

ration condition and the availability of polar surfaces of

ZnS. ZnS in the Wurtzite structure has Zn as a reactive

agent and S as an inert agent. Thus at a high supersatura-

tion state when atoms were readily available to the polar

surfaces, growth in other directions was also possible but at

a slower growth rate.

At low substrate temperature of 675 �C with a flow rate

of 20 Sccm, high density of ultra thin nanorods with

average diameters of 60 ± 15 nm and length in hundreds

of nanometers were grown as shown in Fig. 2d. In addition

to this, belts or platelet like 2-D structures were also

observed. It is believed that this is due to change in flux of

source during heating up and cooling down of the furnace.

The platelets like structures were observed only at 675 �C,

thus the variation in the supersaturation conditions led to

the growth of 2D structures as well. In addition to this,

when ZnS is evaporated, Zn and S disassociates and reach

catalyst at a different rate, which causes formation of either

Zn terminated or S terminated surfaces and the growth is

affected due to this. In conclusion, it is worth mentioning

that these experimental observations can be explained with

the theory with reasonable accuracy as plotted in Fig. 1.

Figure 3a–c shows the X-ray diffraction (XRD) patterns

of three distinct nanostructures, nanodots (Fig. 3a), nano-

wires (Fig. 3b), and nanoleaves (Fig. 3c) synthesized at

850 �C. The XRD pattern from nanodots grown with a low

flow rate of 2 Sccm also show presence of low ordered

crystalline structures of ZnO as shown and marked in the

Fig. 3a. Oxides of Zn are formed as the carrier gas flow

rate is too low to obtain sufficient supersaturation condition

at the substrate surface for the nanowire growth. This

inhibits the growth of crystal at the L-S interface. Oxida-

tion took place due to the presence of oxygen in the native

oxide of Si, which could not be flushed out due to very low

flow rate. Peaks at around 45 and 69 degrees are due to

disordered Si surface. At 850 �C, the desorption of oxygen

from the Si surface modified the surface morphology. On

the other hand, nanowires and nanoleaves growth is at high

supersaturation conditions and this is responsible for the

crystallization at the L-S interface. ZnS nanowires grown

under these conditions have shown formation of Zinc blend

and Wurtzite-2H highly crystalline structures as marked in

the Fig. 3b. The percentages of Zinc blend and Wurtzite
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phases were 53 and 47%, respectively. The c/a value of the

Wurtzite 2-H structure obtained was 1.63. The XRD pat-

tern from nanoleaves also demonstrated that ZnS nano-

structures are Zinc blend (69%) and Wurtzite-2H (31%) in

nature as marked in Fig. 3c. The calculated c/a ratio was

1.625, which is lower than observed for nanowires. This is

possibly due to the stress produced at high flow rate as

XRD peaks are broader in the case of nanoleaves.

The absorption spectroscopy is a simple technique to

determine the absorption band edge of semiconductors and

to distinguish between different phases in a material, in

general. The absorption spectra obtained from the nanod-

ots, nanowires and nanoleaves are shown in the Fig. 4a–c.

The absorption spectrum from nanodots (Fig. 4a) shows

the presence of mixed phases of the ZnS and ZnO. The

peak centered at 3.12 eV is due to ZnO and at 3.60 eV is

due to Zinc blend ZnS. From the intensities, it is quite

evident that ZnO phase is a minority phase and the width of

the peak reflects that it is a disordered phase. The

absorption edge for ZnS is not sharp, which shows that ZnS

has low order of crystalline structure and existence of

defects. This is consistent with the XRD patterns, where

peaks emerging from ZnO and ZnS were observed on a

background decaying intensity. The absorption spectra of

nanowires (Fig. 4b) and nanoleaves (Fig. 4c) show both

phases of ZnS crystal, i.e., Zinc blend and Wurtzite. The

sharpness of the band edges in both Figures also confirmed

that these phases are pure. The determined band gaps from

the absorption measurements in the case of Zinc blend ZnS

are 3.56 and 3.60 eV for the nanowires and nanoleaves

while in the case of Wurtzite ZnS these are 3.89 and

3.91 eV, respectively. No absorption was observed at

around 3.12 eV confirming the absence of ZnO phase in

these samples. This is consistent with the observation in the

Fig. 2 SEM images of growth

at 850 �C. a Nanowires, grown

with 20 Sccm flow rate.

b Nanodots, grown with 2 Sccm

flow rate. c Nanoleaves, grown

with 60 Sccm flow rate. d SEM

image of growth of nanorods at

675 �C with 20 Sccm flow rate
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XRD diffraction patterns from nanowires and nanoleaves,

where no diffraction was observed from ZnO.

The fundamental sensing mechanism of ZnS based gas

sensors is based on a change in the electrical conductivity

due to the interaction between gas molecules to be detected

and the surface complexes such as O-, O2-, and/or reac-

tive chemical species (S2-) [1]. After the growth, the ZnS

nanostructures were exposed to air and it is anticipated that

oxygen adsorbed on the surface of the nanostructures act as

negatively charged ions by capturing free electrons from

the semiconductor ZnS. This causes the variation in con-

ductance of nanostructures in the presence of H2 either due

to the reaction on the material surface or by removal of

chemisorbed oxygen from the surface by H2, as shown in

the following reaction:

H2 gð Þ þ O2�
sð Þ ! H2O gð Þ þ 2e�

H2 gð Þ þ S2�
sð Þ ! H2S gð Þ þ e�

The H2 gas sensitivity was observed to depend on the

morphology of the nanostructure, which increased rapidly

from nanodots to nanoleaves to nanorods to nanowires. The

sensitivity was calculated by using the relation S ¼ Ro�Rgas

Rgas
,

here Ro is the resistance before the gas exposure and Rgas is

the resistance after the gas exposure. Figure 5a–c shows

normalized response from (1) nanowires (2) nanodots, and

(3) nanoleaves, under identical conditions. It is worth

mentioning that response actually depends on adsorption

of hydrogen and the conductivity of the structures. Nano-

wires showed a very quick response towards sensing the

hydrogen as shown in Fig. 5a. For nanowires,

Ro = 1.05 9 108 X and Rgas = 1.2 9 107 X so the mea-

sured sensitivity was 8. Under the same sensing environ-

ment, nanodots showed a less sensitive behavior towards

the hydrogen gas as shown in Fig. 5b. For nanodots

Ro = 2.16 9 107 X and Rgas = 2.07 9 107 X, so the

measured sensitivity was 0.04 while response time was also

high about 40 Seconds. Nanoleaves were even found less

sensitive towards the hydrogen gas with Ro = 5.5 9 106 X
and Rgas = 5.4 9 106 X, so measured sensitivity was 0.02

with a response time was 50 s, as shown in Fig. 5c.

It is also well known that nanostructures grown by VLS

mechanism are single crystal in nature. One of the possible

reasons for faster response time is the longer lengths of

these nanostructures, allowing better conduction due to

small number of contacts/grain boundaries between the

wires/particles. The observed response time (time required

to reach the 90% of the total response) for the nanowires

and nanorods is less than 1 s. Surface cohesive energies

play a key role in the sensing characteristics of nano-

structures. Nanowires have higher cohesive energy than

nanoleaves, thus showing faster response. Although, the

exact reason for the higher sensitivity and response time of

ZnS nanowires is not obvious, but it is believed to be

associated to the adsorption configuration of the gases at

the sulphur sites on the surface. Finally, it is deduced from

the sensitivity measurements that nanowires sensor is

advantageous over nanoleaves sensor for three distinct

reasons. First, nanowire structure has large surface-to-

volume ratio which means that a significant fraction of the

atoms can participate in surface reactions. Second, the

Debye length for nanowire is comparable to their radius

over a wide temperature and doping range, which makes

them more sensitive than nanoleaves. Third, the nanowire

is usually stoichiometrically controlled better than nano-

leaves, and has a greater order of crystallinity than the

nanoleaves.

4 Conclusions

ZnS nanostructures of different morphologies and sizes

were successfully synthesized by carefully controlling the

substrate temperatures and carrier gas flow rates. By con-

trolling these parameters, supersaturation was controlled in

different regions of the tube for the growth of different

morphologies. It was observed that the experimental find-

ings are in good agreement with the theoretical calculations.

Highly crystalline and highly sensitive 1D nanostructures

were obtained at the flow rate of 20 Sccm at high temper-

atures. These showed excellent phase purity with sharp

band edge and excellent response to hydrogen gas sensing

characteristics with a response time is less than 1 s for the
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1D ZnS nanostructures and response sensitivity of 8, much

higher than dots and leaves.
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Fig. 5 Isothermal response of a nanowires b nanodots and c nanoleaves, towards 50,000 ppm H2 gas at the working temperature of 230 �C
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