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Uniformly distributed and defect-free vertically aligned ZnO nanorods (NRs) with high aspect ratio

are deposited on Si by sputtering technique. X-ray diffraction along with transmission electron mi-

croscopy studies confirmed the single crystalline wurtzite structure of ZnO. Absence of wide band

emission in photoluminescence spectra showed defect-free growth of ZnO NRs which was further

conformed by diamagnetic behavior of the NRs. H2 sensing mechanism based on the change in

physical dimension of channel is proposed to explain the fast response (�21.6 s) and recovery times

(�27 s) of ZnO NRs/Si/ZnO NRs sensors. Proposed H2 sensor operates at low temperature

(�70 �C) unlike the existing high temperature (>150 �C) sensors.VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4902520]

Metal oxide semiconductor materials are commonly used

for various sensing applications.1 ZnO is a most versatile

among all metal oxide semiconductors, due to its wide direct

band gap (�3.24 eV), high excitation binding energy

(�60meV), high thermal and chemical stability, and unique

electrical and optical properties.2 Gas sensors based on low-

dimension structures3–5 are more suitable than thin film based

gas sensors6 because of large aspect ratio and small dimension

helps in quantum confinement of charge. Nanostructures pro-

vide the large surface area for chemical reactions than thin

films which enhance recovery and response times at low oper-

ating temperature.7 ZnO thin films or nanostructures based

gas sensors sensitivity mainly depends on crystallinity, grain

size, operating temperature, and aspect ratio.8 ZnO nanostruc-

tures are used in various sensing applications such as humidity

sensor,9 SAW devices,10 chemical sensor,11 and bio sensor.12

Hydrogen (H2) is most widely used as clean energy source in

fuel cells and hydrogen engines. At present, available H2 sen-

sors are operating at higher temperature that is above 150 �C.
Due to highly explosive nature of H2 at high temperature, low

ignition energy, and its non-adorable nature demands to de-

velop H2 sensors with low operating temperature. Schottky

barrier height is highly influenced by adsorption/desorption of

oxygen, which enhance the sensitivity of the devices.13 Wei

et al.14 explain that schottky barrier height amplifies surface

chemisorbed gases and increases sensitivity four times higher

than ohmic junction. ZnO nanowires exhibited higher H2 sen-

sitivity than conventional ZnO thin film at elevated tempera-

ture (200 �C).15 Wang et al.16 fabricated Zn doped NiO

dendritic crystal with nano-tree and reported fast response and

self-recovery for ammonia detection at room temperature.

ZnO nanowires fabricated using ultra-fast microwave synthe-

sis process showed high sensitivity with fast response time

(65 s) on exposure to H2 gas having concentration about

500 ppm in air.17 Hassan et al.18 reported flexible metal/ZnO

NRs/metal devices having maximum sensitivity up to 150%

for 2% H2 in N2 at operating temperature 200 �C. In the pres-

ent work, the hydrogen sensing characteristic of the ZnO

NRs/Si/ZnO NRs double Schottky junctions is reported.

Vertically aligned, uniformly distributed ZnO nanorods

(NRs) were deposited on n-Si(100) wafer using RF-

sputtering technique. Silicon wafer was chemically cleaned

followed by HF dip (5%) which removed native oxide from

the substrate. ZnO target (99.999% purity) was used for NRs

deposition in presence of pure argon (99.999% purity).

During deposition, chamber pressure and substrate tempera-

ture were maintained at 2� 10�2mbar and 500 �C, respec-
tively, with a constant Ar gas flow of 60 sccm. RF power was

maintained at 150W and target to substrate distance around

�14 cm. Deposition time was kept 2 h. Structural characteriza-

tions were carried out using XRD and TEM. Surface morphol-

ogies and optical characterization were studied using field

emission scanning electron microscope (FESEM) and photolu-

minescence (PL) spectra. Magnetic properties were studied at

room temperature using Vibrating Sample Magnetometer

(VSM). Au (200 nm)/Ti (20 nm) metal contact on ZnO NRs

and Al (200 nm) on Si of 500 nm diameters were deposited by

thermal evaporation using physical mask. ZnO NRs/n-Si/ZnO

NRs devices were fabricated by selective wet chemical etch-

ing. For H2 gas, sensing measurements were performed in vac-

uum chamber with 2� 10�3mbar chamber pressure. ZnO

nanorods/n-Si/ZnO NRs device was heated up at a constant

temperature of 70 �C and gas flow was controlled using mass

flow controller. Resistivity with respect to time was measured

using Aglient (B2911A) source meter.

FESEM images [Figs. 1(a) and 1(b)] show top view and

cross-section view of ZnO NRs, respectively. From the fig-

ure, it can be seen that NRs are self-aligned with circular di-

ameter spread over the entire substrate. The calculated value

of height, diameter, density, and aspect ratio of ZnO NRs are

�750 nm, 48 nm, 1.26� 1010cm�2, and 15.62, respectively.

The ZnO NRs were removed from substrate by sonication in

acetone and placed on TEM grids. TEM image and selected
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area electron diffraction (SEAD) pattern are shown in

Figs. 1(c) and 1(d). The diameter and heights of NRs in

TEM images are very close to FESEM results. In SEAD pat-

tern, the presence of only bright spots conform the single

crystalline nature of ZnO.19 The 2h-x scan of XRD patterns

[Fig. 2(a)] showing a strong peak at peak position of

2h¼ 34.64� with FWHM �12 arc min corresponding to

(0002) diffraction of wurtzite ZnO. X-ray results clearly

indicate that the NRs are grown along vertical [0002] direc-

tion.20 Room temperature PL spectra are shown in Fig. 2(b),

and it shows a sharp peak around �3.26 eV with FWHM

130meV indexed near band emissions (NBEs) transitions.

Normally, a broad band emission peak in PL spectra at

room temperature is observed due to the presence of structural

defects.21 Absence of broad band emission region in the PL

spectra clearly indicates that the ZnO NRs are grown with

defect-free. Further, this is verified by VSM study. Fig. 2(c)

shows magnetization versus magnetic field (M-H) curve for

ZnO NRs/n-Si and bare n-Si. After subtracting substrate

contribution, ZnO NRs show diamagnetic behavior and is

shown in Fig. 2(d). Ferromagnetism is observed in ZnO nano-

structures due to presence of oxygen vacancy defects.22 The

high temperature annealing performed on ZnO NRs in pres-

ence of oxygen showed ferromagnetic to diamagnetic behav-

ior due to removal of oxygen vacancy defects.23 Thus, the

absence of ferromagnetism confirm the growth of defect free

NRs, which is also supported by PL results.

The schematic diagram of ZnO NRs/n-Si single hetero-

junction (SHJ) and ZnO NRs/n-Si/ZnO NRs double hetero-

junctions (DHJs) are shown in the inset of Fig. 3(a). Fig. 3(a)

shows current density versus voltage (J-V) characteristics of

SHJ and DHJs at room temperature. The observance of recti-

fying behavior in J-V curve of SHJ indicates the presence of

schottky barrier at junction and the calculated value of recti-

fication ratio was �5.7 at 3V with leakage current density

2.53A/cm2. DHJs give symmetric characteristic of J-V in

forward and reverse bias due to symmetry in the device

structure. Ideality factor (g) and barrier height (/B) of the

FIG. 1. (a) Top view, (b) cross-sectional

view of FESEM images of ZnO NRs,

(c) TEM image, and (d) SEAD pattern

of ZnO NR.

FIG. 2. (a) X-Ray diffraction 2h-x

scan, (b) room temperature PL spectra,

and magnetization versus magnetic

field (M-H) curve for (c) ZnO NRs/Si

and bare Si, and (d) for ZnO NRs.
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SHJ and DHJs were calculated by using thermionic emission

model by fitting for linear region of current density in for-

ward bias. Current density of these two heterojunction is

given by24

J ¼ Jo exp
qV

gkT

� �

� 1

� �

; (1)

where Jo is reverse saturation current density given by

Jo ¼ A�T2 exp
�q/B

kT

� �

: (2)

Here T, /B, k, A
*, and g are operating temperature, barrier

height, Boltzmann constant, Richardson constant

(112A cm�2K�2 for n-Si), and Ideality factor, respectively.

Figs. 3(b) and 3(c) show linear region fitting in forward bias.

Barrier height and ideality factor are calculated by thermi-

onic emission model and found to be /B¼ 0.59 eV and

g¼ 3.4 for SHJ and /B¼ 0.60 eV and g¼ 3.5 for DHJs.

Schottky barrier height of reverse bias of SHJ is also calcu-

lated using Bardeen model25 and shown in Fig. 3(d).

Rakhshani et al.26 explained the Bardeen model as linearly

decay of barrier height when electric field increases. This

model gives relation between reverse saturation current den-

sity at SHJ with respect to square root of applied reverse bi-

ased voltage as below

J ¼ Jr exp
b

ffiffiffiffiffi

Vr

p

kT

� �

; (3)

where b is interface related parameter and Jr is given as

reverse saturation current density calculated as

Jr ¼ A�T2 exp
�q/r

kT

� �

: (4)

Exponential fitting were used to calculate reverse barrier

height (/r) as given in Eq. (3)

J ¼ a exp ðb
ffiffiffiffi

V
p

Þ; (5)

where a is defined as Jr which used to calculate reverse

schottky barrier height. Reverse barrier height of SHJ was

found to be �/r¼ 0.62 eV. Schottky barrier height is highly

influenced by adsorbed/desorption of oxygen which enhan-

ces the sensitivity of the device.13,14 The DHJs would play

an important role to enhance H2 sensitivity and similarly,

ZnO NRs/Si/ZnO NRs double schottky junctions are

fabricated.

Hydrogen gas sensing properties of ZnO NRs were

measured at a pressure of about 2� 10�3mbar. Hydrogen

sensing for ZnO depends on adsorption and desorption of

environmental oxygen to form depletion region on NRs.

When ZnO nanorods reacts with environmental oxygen and

gases, its sensitivity towards gases changes and it depends

upon adsorbed oxygen (O�, O2�, O�
2 ) ions and defects.

Initially, when ZnO NRs are exposed to air, oxygen is

adsorbed on surface of nanorods which lead to extraction of

electron from the conducting region of NRs and forms deple-

tion region. Due to depletion region formation in NRs, its

conduction channel area decreases which result in decrease

in the conduction of the device. Electrical conduction (G) of

ZnO NRs strongly dependent on number of conducting elec-

trons as given by the following equation:27

G ¼ 1

R
¼ njejlpr2

l
; (6)

where n, e, r, l, and l are charge carrier concentration, elec-

tron charge, radius of NR, electron mobility, and length of

NR, respectively. Since gas sensitivity is directly propor-

tional to conduction cross-section channel area of NRs.

FIG. 3. (a) Room temperature J-V

characterization for ZnO NRs/Si SHJ

and ZnO NRs/Si/ZnO NRs DHJs, (b)

and (c) show linear fitting of forward

bias region for SHJs and DHJs, respec-

tively, and (d) shows schottky barrier

height of reverse bias of SHJs.

Schematic diagram of devices con-

tacts, ZnO NRs/Si SHJ and ZnO NRs/

Si/ZnO NRs DHJs are shown in inset.
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Therefore, channel area changes as depletion channel width

changes. At the time of hydrogen loading, negative oxygen

ion react with H2 and forms H2O as well as release electron

in to the layer. Thus, desorption of oxygen transfer the elec-

trons into NRs, which leads to increases in the channel cross-

section area and decrease in resistance. Sensitivity of gas

sensor is defined as ratio of change in resistance in air with

respect to H2 gas.28 In this study, ZnO NRs/n-Si/ZnO NRs

double schottky junction were used for hydrogen detection at

relatively low operating temperature. Resistive response of

ZnO NRs/n-Si/ZnO NRs were measured at 70 �C in H2 envi-

ronment and shown in Fig. 4(a). The variation in the mini-

mum value of resistance in case of first and second cycle is

�2.5%, whereas for other cycles is �60.5%. The charges

(O2� ions) on the surface of ZnO NRs are not completely

released in the first cycle, while in second cycle it removes

most of the O2� ions and changes the minimum value of re-

sistance. Also there is possibility that some hydrogen atoms

are trapped in the NRs in first cycle and dimension of the NR

itself might be changed due to swelling in the NR.29 As a

consequence, the dimension of NRs also increases which

decreases the resistance in second cycle. Response time, re-

covery time, and sensitivity are three key parameters for any

gas sensor. The response time or decay time (sd) which rep-

resented as change in 90% of saturation resistance with load-

ing of hydrogen, while deloading of hydrogen gas through

chamber shows exponentially increase in resistance response

gives recovery or rise time (sr). Figs. 4(b) and 4(c) show the

decay and rise time exponential fitting of following

equations:30

R ¼ R0 þ A exp
t

sr

� �

; (7)

R ¼ R1 þ B exp � t

sd

� �

; (8)

where A and B are scaling constant. From these fitting, rise

and decay time constant were calculated as 27 s and 21.6 s,

respectively, which shows fast response and recovery time at

relatively low operating temperature.17,18,31 Tien et al.32

reported three times higher response time for ZnO NRs in

comparison to ZnO thin film. Sensitivity (relative change in

resistance) of ZnO NRs/n-Si/ZnO NRs sensor was found to

be �10.05% in the presence of pure hydrogen. There are

many reports on ZnO nanostructure based hydrogen sensor

with high sensitivity but operating temperature was kept

above 150 �C.15,17 Al-Salman and Abdullah33 reported ZnO

nanostructure based H2 sensor having high defect density

and operated at 200 �C which shows high sensitivity. In this

study, ZnO NRs are defect free and showed high sensitivity

for H2 gas at low operating temperature.

Based on experimental observation a gas sensing mech-

anism is proposed and shown in Fig. 5. Chemisorbed oxygen

ions totally depend on temperature of operation. At lower

temperature, O2� ions are dominantly adsorbed by NRs but

at higher temperature (>150 �C) these ion are negligible and

O� ions are dominantly adsorbed. When NRs interact with

oxygen, form a depletion region and decreases resultant

FIG. 4. (a) Resistivity response of ZnO

NRs/Si/ZnO NRs device at 70 �C and

(b) and (c) show exponential fitting of

resistivity response curve for recovery

and response time, respectively.

FIG. 5. (a)–(c) Show schematic diagram of gas sensing mechanism of defect

free ZnO NRs, defect contained ZnO NRs at low and high (>150 �C) operat-
ing temperatures, respectively.
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channel diameter of conduction. During the loading of H2

reacts with oxygen ion and increase channel diameter and as

a result the channel resistance decreases.34 Figs. 5(a)–5(c)

show schematic diagram of gas sensing mechanism of defect

free ZnO NRs, defect contained ZnO NRs at low and high

(>150 �C) operating temperatures, respectively. Due to pres-

ence of defects at low temperature, hydrogen reaction on

NRs increases channel diameter but its lesser compared to

high temperature operation as shown in Fig. 5. Since higher

energy or temperature is required to completely remove the

adsorbed oxygen from defect points.35 Thus, we can say that

gas sensitivity could be higher in the presence of defects at

high operating temperature (>150 �C) due to larger conduc-

tion region. However, at low operating temperature sensitiv-

ity could be lower in the presence of defects in NRs. In this

study, ZnO NRs are grown with defects-free which show

high sensitivity at low temperature. Hence, defect free low

dimensional structures can be used at low temperature for

hydrogen gas sensor.

In conclusion, vertically aligned defect free ZnO NRs

were grown on Si substrate. The hexagonal wurtzite structure

of ZnO nanorods was confirmed using XRD and TEM.

FESEM image shows that NRs are uniformly grown on the

substrate. PL gives a strong peak around �380 nm indicates

optical band gap around 3.26 eV. Absence of wide band

emission bands indicate defects free growth of ZnO NRs.

Room temperature VSM also gives diamagnetic behavior

due to absent of oxygen defects in ZNO NRs. ZnO NRs/n-

Si/ZnO NRs double schottky junction were used as sensor

for hydrogen gas. Double Schottky junction enhances sensi-

tivity of the device. The device is found to have fast response

(�21.6 s) and recovery time (�27 s) during loading/deload-

ing of pure hydrogen at 100mbar gas pressure because of

high aspect ratio and uniformity of nanorods. This sensor

setup gives sensitivity S� 10.05% at the operating tempera-

ture of 70 �C. This presents a mechanism to fabricate hydro-

gen sensors, which can operate at low temperature unlike the

existing hydrogen sensors, which operate at high tempera-

ture. By changing NRs aspect ratio and with transition met-

als or rare earth element doping gas sensitivity can be

enhanced in future. Based on experimental results, a H2 gas

sensing mechanism is proposed for defect-free NRs.
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