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Vertically well aligned ZnO nanorods (NRs) were grown on Si(100) substrate using RF

magnetron sputtering technique. Scanning electron microscopy images confirms uniform

distribution of NRs on 2 in. wafer with average diameter, height and density being �75 nm,

�850 nm, and �1.5� 1010 cm�2, respectively. X-ray diffraction reveals that the ZnO NRs are

grown along c-axis direction with wurtzite crystal structure. Cathodoluminescence spectroscopy,

which shows a single strong peak around 3.24 eV with full width half maxima 130meV, indicates

the high crystalline and optical quality of ZnO and very low defect density. Vertically aligned

nanosensors were fabricated by depositing gold circular Schottky contacts on ZnO NRs.

Resistance responses of nanosensors were observed in the range from 50 to 150 �C in 1% and 5%

hydrogen in argon environment, which is below and above the explosive limit (4%) of hydrogen

in air. The nanosensor’s sensitivity increases from 11% to 67% with temperature from 50 to

150 �C and also shows fast response time (9–16 s) and moderate recovery time (100–200 s). A

sensing mechanism is proposed based on Schottky barrier changes at heterojunctions and change

in depletion region of NRs.VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926953]

I. INTRODUCTION

Gas sensor is one of the emerging applications in nano

fabrication since last decade because of its essential require-

ment in automotive and space application, environment mon-

itoring, domestic sector such as fire alarm and defense

organization to detect explosive and hazards gases.1–3

Among all other hazards gases, hydrogen is most desirable

gas for detection because of its highly flammable nature at

high temperature, low flash point and not easy-handling na-

ture.4 Hydrogen is widely used in fuel cells, hydrogen

engines and biological applications, which provides strong

motivations to develop high selectively, compact, and energy

efficient hydrogen gas sensor operating at low tempera-

ture.5,6 ZnO is widely used semiconductor material because

of its high electron mobility, intrinsically n type behavior,

high chemical and thermal stability under sensor operating

conditions.7 Gas sensing key parameters like selectivity, sen-

sitivity, response time, recovery time, and stability mainly

depend on metal oxide crystallinity, surface to volume ratio,

catalyst doping, and operating temperature.8,9 1D nanostruc-

ture (nanorods, nanotubes, nanowires, etc.) based gas sensor

is most promising technology over thin film based gas sensor

technology because of its high surface to volume ratio and

miniaturization capability that helps in achieving low tem-

perature gas sensing, enhanced sensitivity and stability.10–12

Large surface to volume ratio of nanorods enhances surface

adsorption/desorption of hydrogen molecules, which results

in massive change in electronic properties and enables lower

limit of detection possible at low operating temperature.13

Lupan et al.14 used flexible substrate with focused ion beam

approach to fabricate single nanorod based hydrogen sensor.

Single nanorod based sensor gives �4% sensitivity in pres-

ence of 200 ppm hydrogen at room temperature (RT). Wang

et al.15 studied ZnO nanorods based hydrogen sensor with

cluster of Pd, demonstrating enhanced 5 times higher sensi-

tivity than ZnO nanorods for different hydrogen concentra-

tion levels at room temperature. Sathananthan et al.16 also

reported the effect of Pd doped ZnO 2D nanostructure

enhanced sensitivity when compared to undoped ZnO.

Operating temperature and hydrogen concentration level

also affects gas sensitivity, response time, and recovery

time.17,18 Park et al.19 fabricated ZnO nanorods (NRs) based

chemical sensor on Pt/Si substrate and reported increase in

sensitivity when oxygen concentration is increased within

the range of 1.4–500 ppm. Al-Salman and Abdullah20 stud-

ied the changes of the sensor response for hydrogen concen-

tration varying from 100 ppm to 1000 ppm and temperature

varying from RT to 200 �C. These hydrogen sensors shows

24.8% and 99.53% sensitivity when operating temperature is

altered from RT to 200 �C. Gas sensor sensitivity and

response/recovery time can also be enhanced by Schottky

barrier height.21 Schottky barrier height can be highly modi-

fied by adsorption/desorption of oxygen which in return will

radically increase sensor’s sensitivity.22 Due to barrier height

changes, electron concentration varies at junction which is

responsible for the change in resistivity of nano sensors.23,24

At low temperature, relative change in resistivity is lesser in

comparison to high operating temperature because surface

adsorption/desorption reaction of gases enhances with
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temperature. Currently, low operating temperature with low

level of gas detection using ZnO based nanostructure is

prime goal for many researchers. Ranwa et al.25 fabricated

ZnO NRs/Si Schottky heterojunction based hydrogen sensor

which showed fast response time �21.6 s at low operating

temperature (�70 �C) in pure hydrogen gas. Das et al.26 fab-

ricated Pt/ZnO single nanowire Schottky diode by using

e-beam lithography. This device gives 90% sensitivity at

room temperature with fast response time of about �55 s.

Pandis et al.27 reported that Au nanocrystal with ZnO

improves the sensing response and reduces operating tempera-

ture down to 150 �C. Wei et al.28 also described that the pres-

ence of Schottky barrier in addition with ohmic contact

enhanced surface chemisorbed reactions and showed 4 times

higher sensitivity than ohmic junction. Yu et al.29 also

reported Pt/nanograined ZnO/SiC Schottky diode based hydro-

gen nanosensor which gives huge lateral voltage shift (about

173.3mV and 191.8mV) in reverse bias for 1% hydrogen and

1% propene at 260 �C. In this research work, Au/ZnO NRs

based nanosensors are fabricated for hydrogen gas detections.

II. EXPERIMENTAL DETAILS

ZnO nanorods were deposited on n- type Si (100) sub-

strate using RF magnetron sputtering system. For eliminating

native oxide layer and other contaminations from silicon

substrate, chemical cleaning process was performed fol-

lowed by 5% hydrofluoric acid: 95% deionized water dip.

Base pressure was created around 1 � 10�6 mbar and ZnO

target was used with �99.999%. Pure argon (99.999% pu-

rity) was used as sputtering gas with constant flow of 60

sccm to create plasma. During deposition RF power, cham-

ber pressure and substrate temperature were maintained at

150W, 2� 10�2mbar and 600 �C, respectively. Target to

substrate distance was fixed around �14 cm and deposition

time was kept 2 h and 15min. Surface morphology and struc-

tural characterizations of the NRs were studied using field

emission scanning electron microscopy (FESEM, JSM

7100F, Jeol) and X-ray diffraction (XRD, Bruker D8

Advance). Near-band and visible-range emission spectra

were acquired using cathodoluminescence (CL) spectros-

copy apparatus (MONO CL4, Gatan) coupled with the

FESEM, and operated with 7 nm bandwidth (�0.06 eV at

3.24 eV). Circular dots of 500 lm diameter and 200 nm thick

Au Schottky contacts were deposited by thermal evaporation

with the help of physical mask. Spacing between two circu-

lar dots is around �500 lm. Nanosensor devices were char-

acterized in vacuum chamber with 2� 10�3mbar base

chamber pressure and external heater was used to vary the

temperature from RT to 150 �C. The measurements were

performed with 1% and 5% hydrogen in argon concentra-

tions, which is below and above the explosive limit (4%) of

hydrogen in air. The chamber pressure changes approxi-

mately 5 mbar while loading/deloading hydrogen in vacuum

chamber. Resistivity with respect to time was measured at

operating temperature (50–150 �C) with two hydrogen con-

centrations (1% and 5%) using Keithley semiconductor char-

acterization system (4200).

III. RESULTS AND DISCUSSION

Surface morphologies of ZnO NRs were investigated by

FESEM and AFM. Figs. 1(a)–1(c) show top view, tilted view,

and cross sectional view of NRs, and from the FESEM images,

it can be observed that the NRs are well-aligned and uniformly

distributed throughout the Si substrate. Height, average diame-

ter, and distribution density of NRs were determined to be

�850 nm, �76 nm, and �1.5� 1010 cm�2, respectively.

Average size, density, and distribution of ZnO NRs are also

verified by AFM and shown in Fig. 1(d). Fig. 2(a) shows 2h-x

FIG. 1. (a)–(c) Top view, tilted view

(17� off normal), and cross sectional

view (87� off normal) of FESEM

images and (d) AFM 2D image.
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scan of XRD which shows only one strong peak at 34.64� cor-

responding to wurtzite ZnO with full width half maxima

(FWHM) �0.21�. XRD and FESEM clearly show that ZnO

NRs are grown along (0002) direction.30 In CL spectra, shown

in Fig. 2(b), a strong peak is observed at 3.24 eV with FWHM

�0.13 eV corresponding to near band-edge emission (NBE)

peak, which is attributed to recombination of free exciton.31

The presence of a strong and sharp NBE peak and the almost

complete absence of broad peak in visible range indicate high

optical properties of ZnO NRs and absence or very low density

of traps/defects centres.32

Hydrogen gas sensing properties of nanosensor were

measured at two Au Schottky contacts as shown as sche-

matic diagram in Fig. 3(a). The nanosensor has four

Schottky contacts, two between Au and ZnO NRs and two

between NRs and Si substrate. Schottky barrier height

between Au/ZnO NRs and ZnO NRs/n-Si can be deter-

mined using electron affinity model (EAM). The Schottky

barrier height at Au/ZnO is /B¼/M� vZnO and conduc-

tion band and valance band offsets at ZnO/Si are

DEC¼ vZnO� vSi and DEV¼Eg,ZnO�Eg,SiþDEC. For Au

/M¼ 5.1 eV, vZnO¼ 4.35, vSi¼ 4.05, Eg,ZnO¼ 3.24 eV, and

Eg,Si¼ 1.12 eV.33 The resulting value for Schottky barrier

height is /B� 0.78 eV and conduction band offset is

DEC� 0.3 eV.

Fig. 3(b) depicts I-V characteristics of Au/ZnO NRs/Si/

ZnO NRs/Au Schottky junction at 75 �C without hydrogen

and with 1% and 5% hydrogen concentration. I-V plot shows

rectifying behavior due to the presence of Schottky junction

at ZnO/Si as well as Au/ZnO heterojunction. With exposure

of 1% and 5% hydrogen concentration in argon, Schottky

barrier height decreases which enhances current as well as

lateral voltage shift observe in comparison to air. Figs. 3(c)

and 3(d) show the resistivity response curve with time of Au/

ZnO NRs/Si/ZnO NRs/Au heterojunction based nanosensor

device at 100 �C operating temperature for 1% hydrogen and

5% hydrogen in pure Argon concentration, respectively. The

flammability limit of hydrogen is around 4% in air and the

testing concentration was chosen below and above this limit.

The curve clearly shows that resistance changes can be

affected by hydrogen concentration at particular operating

temperature. It can also be observed that change in resistance

is dominating up to certain level of hydrogen concentration,

beyond which it increases slowly and becomes saturated for

constant operating temperature. Temperature dependent

resistive response of the nanosensor in 1% and 5% hydrogen

in pure argon concentration is shown in Figs. 4(a) and 4(b).

As operating temperature increases from 50 �C to 150 �C,

rate of adsorption/desorption reaction of reactive gases

increases with temperature. From the figure, it can be seen

that the base resistance decreases with increasing operating

temperature. This is due to the following two reasons: (i) the

resistance decreases with increasing temperature in the semi-

conductors and (ii) Schottky barrier height also decreases

with temperature which also reduces the resistance. It can

also be observed that the changes in resistance are relatively

smaller for 5% in comparison to 1% hydrogen at particular

operating temperature due to the saturation of response.

Schottky metal junctions such as Pt, Pd, and Au can enhance

the gas sensitivity of ZnO NR based gas sensors.22–24,34 In

FIG. 2. (a) 2h-x scan of X-ray diffrac-

tion pattern and (b) CL spectra of NRs.

FIG. 3. (a) Schematic diagram of

nanosensor. (b) I-V characteristics of

nanosensor at 75 �C without hydrogen

and with 1% and 5% hydrogen con-

centration. (c) and (d) Resistance

response curve with time at 100 �C for

1% and 5% hydrogen concentration,

respectively.
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the present work, ZnO NR as well as Au/ZnO NRs and ZnO

NRs/Si Schottky junctions plays an important role in hydro-

gen sensing. Adsorption/desorption of reactive gases takes

place at ZnO NRs as well as at Schottky junction. Upon ex-

position to of hydrogen gas, adsorption/desorption process

takes places at Au/ZnO Schottky junction and Au acts as a

catalyst for hydrogen adsorption similar to Pt and Pd met-

als.27 In gas sensing, hydrogen molecule diffused in Au elec-

trodes, which causes variation of barrier height at Au/ZnO

junctions and increases the sensitivity.

Gas sensor performance is based on its characteristics

like response time, recovery times and sensitivity.

Exponential increase in resistance allows evaluation of re-

covery or rise time (sr), and exponential decrease in resist-

ance allows evaluation of response or decay time (sd), as

given by the equations,35

R ¼ R0 þ A exp
t

sr

� �

; (1)

R ¼ R1 þ B exp �
t

sd

� �

; (2)

where A and B are scaling constants. The rise and decay

times are extracted from experimental data by fitting with

Eqs. (1) and (2), as shown in Figs. 5(a) and 5(b) for 1% and

5% hydrogen concentration at 100 �C operating tempera-

ture. Figs. 6(a) and 6(b) show response time and recovery

time vs temperature for 1% and 5% hydrogen concentra-

tion. Response time increases from 9.4 s to 12 s for 1%

hydrogen with temperature for low temperature range

(up to 100 �C) and then almost remains constant in temper-

ature range from 100 to 150 �C. For 5% hydrogen, due to

relatively higher concentration, response time decreases

with increasing temperature (up to 100 �C) from 16 to 12 s

then for higher operating temperature becomes almost con-

stant. Recovery time is highly influenced by operating tem-

perature. Recovery time varies from approximately 200 s

to 120 s for 1% hydrogen concentration as operating tem-

perature varies in the range of 50–150 �C. At higher hydro-

gen concentration (5%) the dependence on temperature

variation is more pronounced. For increasing working tem-

perature, more oxygen ions are adsorbed at ZnO NRs

which creates depletion region. During hydrogen loading

process, these hydrogen molecules react with oxygen

FIG. 4. Temperature dependent resis-

tive response curve for (a) 1% hydro-

gen and (b) 5% hydrogen in argon.

FIG. 5. (a)–(d)The rise and decay time

exponential fitting of 1% hydrogen and

5% hydrogen concentration resistive

response curve at 100 �C, respectively.
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species and decrease depletion region. The resulting fast

recovery is due to large number of available free electrons.

At operating temperature 100 �C, nanosensor shows recov-

ery time around �150 s for 1% hydrogen and around

�100 s 5% hydrogen concentration. Large change in recov-

ery time with hydrogen concentration depicts more ions of

hydrogen react with oxygen ions and decreases depletion

region.

Gas sensitivity is defined as relative change in resistance

with respect to resistance in presence of air. It is given as36

S ¼
Ra–Rg

Ra

� �

� 100%:

Fig. 7 shows sensitivity vs temperature curve at different

hydrogen concentrations, which clearly indicates that sensi-

tivity increases linearly with operating temperature.

Sensitivity increases from 11% to 676 2% with increasing

operating temperature from 50 �C to 150 �C. The variation

in sensitivity behavior is very low between 1% and 5%

hydrogen concentration because of saturation of NRs as

well as Schottky contact. Beyond 1% hydrogen concentra-

tion, sensitivity increases with temperature but not drasti-

cally. Relative change in resistance is 416 2% and 346 2%

for 1% and 5% hydrogen concentration at 100 �C,

respectively. The above results suggest that nanosensor

shows fast response time (9–12 s) and moderate sensitivity

(11–676 2%) at operating temperature below 150 �C. Au/

ZnO nanorods based Schottky junction based nanosensor is

showing fast response time as compared to recently reported

undoped/doped ZnO nanostructures at low operating tem-

perature.37,38 Hassan et al.37 reported that Pt/ZnO nanorods

based sensor shows 200 s response time with high sensitivity

at 100 �C. Alam et al.38 also reported Pd nanocubes deco-

rated ZnO nanorods based hydrogen sensor which gives

high response time 1.98min at 100 �C for 1% hydrogen

concentration.

Figs. 8(a) and 8(b) show the schematic diagram of pro-

posed gas sensing mechanism and Figs. 8(c) and 8(d) depict

energy level diagram of Au/ZnO NRs interface in the pres-

ence of hydrogen at forward and reverse bias, respectively.

When ZnO NRs come in contact with atmospheric oxygen

and gases, oxygen molecules adsorb on ZnO NRs surface

and extract electron from conduction band. This creates

adsorbed oxygen (O�, O2
�, O2�) ions on nanorods surface

and creates depletion region in nanorods.36 Adsorption of

oxygen decreases electron concentration in ZnO NRs and re-

sistance of device increases. When ZnO nanorods are

exposed to hydrogen, H2 molecules react with adsorbed oxy-

gen, electron concentration in conduction band increases,

and resistance of ZnO nanorods decreases. These chemi-

sorbed reactions are highly temperature dependent and also

influenced by hydrogen concentration. For low temperature

and for low hydrogen concentration, Schottky junctions play

an important role, and due to the adsorption of hydrogen

molecules at Schottky junction, barrier height changes.39

When hydrogen molecules react with Au contact, they disso-

ciated into hydrogen atoms.27 Dissociated hydrogen atoms

form dipole layer at Au/ZnO NR interface layer and create

electric field at junction. Effective barrier height as well as

metal work function reduces because of hydrogen atom dif-

fusion. In forward bias at Au/ZnO NRs junction, electrons

use dipoles as tunneling junctions, and it increases current as

well as reduces resistance at junction. In reverse bias—also

due to presence of these dipoles—low reverse bias voltage is

required to cross the barrier height by tunneling. This barrier

height variations support an increased conductivity of Au/

ZnO NR heterojunction in comparison to ohmic contact. In

summary, gas sensitivity and recovery time are highly

FIG. 6. (a) and (b)Response time, re-

covery time in the presence of 1% and

5% hydrogen with temperature range

varies from 50 �C to 150 �C.

FIG. 7. Sensitivity versus temperature curve for varying hydrogen

concentration.
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influenced by what is occurring both at ZnO NRs surface

and at Schottky junctions, since the nanosensor performan-

ces are highly influenced by hydrogen loading/deloading

induced variation of depletion width in ZnO NRs and of

Schottky barrier height.

IV. CONCLUSION

Vertically aligned ZnO NRs with high aspect ratio

were deposited on n-Si using RF sputtering technique.

Wurtzite crystalline structure of ZnO NRs was confirmed

by XRD. FESEM images show uniform distribution of ZnO

NRs on entire silicon substrate. CL spectra show strong

NBE emission at approximately 3.24 eV without emission

in the green-yellow region, indicating good optical and

crystalline properties with low defect density. Au/ZnO

NRs/Si/ZnO NRs/Au Schottky junction based nanosensor

was fabricated and tested at different temperatures with 1%

and 5% hydrogen environment. Proposed device gives fast

response �14 s for 1% hydrogen and 12.8 s for 5% hydro-

gen at operating temperature 100 �C. The recovery times

were determined �100 and 150 s for 1% and 5% hydrogen

concentrations, respectively. Sensitivity of gas sensor is

highly dependent on temperature and varies from �11 to

676 2% for both hydrogen concentrations, as operating

temperature increases from 50 �C to 150 �C. For best

response and recovery time, sensitivity is approximately

34%–41% for both hydrogen concentrations at operating

temperature 100 �C. The presence of Schottky metal contact

and the high aspect ratio of ZnO NRs both play an impor-

tant role in achieving an enhanced sensor response at low

operating temperature and in the low hydrogen concentra-

tion regime (up to 5%).
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