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 Annexure - I 
Objectives   
 

1. Fabrication and optimization of growth conditions for vertical standing 
homogeneous ZnO nanowires on p-type GaN epitaxial layer grown on Al2O3 
(0001) substrates. 

 
2. Fabrication of NW LEDs structure using p and n – electrode by filling air gaps 

using insulator like spin on glass / polystyrene. 
 
3. I-V-L characteristics of NW LEDs including extraction efficiency, colour 

rendering and chromaticity.  
 

 
Annexure - II 

 
Achievements 
 

ZnO nanowire arrays have been grown on various substrates such as p-type Si 

(111), p-type GaN (0001) epitaxial film grown on Al2O3 substrates and ITO coated glass 

substrates by radio frequency (RF) magnetron sputtering. The homogeneity of the vertical 

standing ZnO nanowires have been improved by varying the growth parameters such as 

Ar/O2 pressure, RF powder and substrate temperature. The optical, structural and 

electrical properties of the NWs have also 

been investigated in detail. The overview of 

hybrid NW LED device structure 

accomplished is shown below. N-type ZnO 

NWs were grown on p-GaN epitaxial 

template and the heterojunction LED was 

formed by placing ITO/glass electrode on 

top of the ZnO nanowire arrays. As shown 

in the figure, the tips of the nanowires in 

direct contact with the electrode form a p-n 

heterojunction structure of NW LEDs. LED 

structure have been extensively 

characterized by means of optical and electrical properties.  

 
 
 
 
 



 
 

Annexure – III 
 

1. Fabrication and characterization of one-dimensional zinc oxide  
     nanostructures  

 
Introduction 
 

Zinc Oxide (ZnO) with stable wurtzite crystal structure, wide and direct band gap 

of 3.37 eV at room temperature as well as large exciton binding energy of 60 meV, have 

attracted extensive research interest for their electronic and optoelectronic devices, such 

as light emitting and laser diodes in the ultraviolet spectral region. Because of its unique 

properties, it has lot of potential applications such as piezoelectricity, spintronics, 

electronics and biosensors. The advantage of ZnO is low price and easy availability, 

placing it as a potential candidate for industrial applications. In recent years, the 

fabrication  of one-dimensional (1-D) ZnO nanostructures (such as nanowires, nanorods 

and nanotubes) have attracted a considerable attention as it is expected to be a building 

blocks for future nanoscale devices.  

 

 
Fig. 1 Wurtzite crystal structure of ZnO 

 

Important parameters related to the physical properties of ZnO are tabulated in 

Table 1. It should be noted that still there exists uncertainty in some of these values like 

hole mobility, thermal conductivity etc. 

 

 



Table 1 Physical properties of Zinc Oxide  

 

Property           Value  

 

Lattice parameters at 300 K  

a         0.32495 nm  

 c         0.52069 nm  

Density        5.606 g/cm3  

Stable phase       Wurtzite  

Melting point       1975 C  

Thermal conductivity      1-1.2 (W/(mK)) 

Linear expansion coefficient (/C)    a: 6.5x10-6 K-1 

c: 3.0x10-6 K-1 

Static dielectric constant     8.656  

Refractive index      2.008 - 2.029  

Energy band gap      3.37 eV, direct  

Exciton binding Energy     60 meV  

Electron effective mass     0.23 m0  

Electron Hall mobility      200 cm2/Vs  

Hole effective mass      0.59 m0  

Hole Hall Mobility      5-50 cm2/Vs  

 

Experimental method 

Depositions of 1D nanostructures were carried out by radio frequency (RF) 

magnetron sputtering using a pure 2 inch ZnO target on the commercially available n-

type silicon (111) substrates. 2 inch ZnO target was prepared by the simple solid state 

reaction technique. Prior to deposition, the substrates were cleaned by the standard 

procedure. Initially, the sputtering chamber was evacuated to the base pressure of 5 x 10-6 

mbar. The oxide target was pre-sputtered about 10 minutes in pure argon ambient at the 

pressure of 0.01mbar in order to remove the surface impurities present on the target. The 

distance between the target and substrate was kept constant at 50 mm and RF power. The 

substrate temperature, deposition time and deposition pressure are varied in order to 

understand the evaluation of the 1-D nanostructures. According to the deposition 

conditions, the deposition rate and the thickness of the deposited materials will vary and 



are monitored by the digital thickness monitor (Model DTM - 101). The substrate was 

heated by the ceramic heater through PID (EMKO ESM-4430) controller. The 

temperature on the surface of the substrate was measured by the standard thermocouple.  

The surface morphology and composition of the 1-D nanostructures were 

examined by a field emission scanning electron microscope (FESEM, Carl Zeiss-Sigma) 

equipped with an energy dispersive X-ray spectrometer (EDX, Oxford instruments-

INCAx).The crystal structure of the nanostructures were characterized by a Rigaku X-ray 

diffractometer with Cu-Kα radiation at λ = 1.5406 Å. The diffraction patterns were 

recorded using θ-2θ geometry between 10 and 80 with step size of 0.05 for the 

structural identification. Micro-Raman scattering of nanostructures were recorded in the 

back scattering geometry using LabRam HR800 Raman spectrometer at an excitation 

wavelength of 632.8 nm with a spot size of ~ 1m. The temperature dependent 

photoluminescence (PL) measurements were recorded using a HORIBA JOBIN YVON 

monochromator (0.55 m) over the temperature range of 10-330 K by the closed cycle 

helium cryostat. He–Cd laser (325 nm) with a power of 30 mW was used as an excitation 

source and the dispersed luminescence signal from the sample was collected by a charge 

coupled device through an appropriate optical arrangement. 

 

Results and discussion 

 

 The FESEM images shown in Fig. 2 depict the top and 45° tilted views of ZnO 

nanowires grown under different growth durations of 15, 30, 60 and 120 min respectively. 

The FESEM images clearly show that the nanowires are vertically aligned on the 

substrates having hexagonal cross section. However, the density, length and diameter 

distributions of the ZnO nanowires exhibit a strong dependence of growth duration. Fig. 

3 represents the variations of average diameter, density and length of the nanowires for 

different growth durations. The average diameter of the nanowires increases gradually up 

to the growth duration of 60 min, after that the diameter leads to decrease by the increase 

of the growth duration to 120 min which is attributed to the tapering of the nanowires. 

The reason for tapering is clearly described below. Further, the average length of the 

nanowires found to increase linearly from 150 to 1394 nm with the increase of the growth 

duration from 15 to 120 min. 

 The density of the nanowires increases up to 30 min growth duration (0.57 x 1010 

cm-2) as due to the formation of new nuclei on the substrate. Nevertheless, the density 



decreases to 0.36 x 1010 cm-2 with the increase of the growth duration to 60 min and this 

trend can be attributed to the coalescence of nanowires at the boundaries. In contrast, the 

density of nanowires found to monotonously increase to 1.44 x 1010 cm-2 with the 

increase of growth duration to 120 min. This  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

unexpected behavior can be explained by the multiple tapering on the edges of nanowires 

which obviously result the high density nanowires in extended growth duration of 120 

min. Furthermore, the structural and optical properties of the well oriented and vertically 

aligned nanowires are very important for the fabrication of efficient optoelectronic 

devices. Consequently, a detailed investigation has been extended to the nanowires 

grown under pure Ar atmosphere for 120 min at 550 °C. 

Fig. 2 FESEM top and 45° tilted views of ZnO nanowires grown at 
different growth durations (a) 15 min, (b) 30 min, (c) 60 min and 
(d) 120 min. 



A tilt view (45°) of the vertically aligned ZnO nanowires grown on n-type silicon 

(111) substrate using rf magnetron sputtering technique is shown in Fig. 4 (a). One can 

easily observe that the nanowires have tapered tips and are well aligned vertically with an 

average diameter of 80 nm and length of about ~1.4 m. Generally, the growth of the 

nanowires is promoted by the direct impingement of adatoms on the tip of the nanowires 

in addition to the migration of adatoms through the side walls of the nanowires. In the 

case of adatoms migration through the side walls of the nanowires, the growth is 

enhanced only if the migration length of the adatoms is  greater than the length of the 

nanowires, otherwise it will be desorbed from the surface of the nanowires and hence 

direct impingement of adatoms are only responsible for the subsequent growth of 

nanowires. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) 45 tilted view of the vertically aligned ZnO 
nanowires grown on the silicon (111) substrate for the 
growth duration of 120 min. (b) EDX spectrum of the 
array of ZnO nanowires. 

Fig. 3 Diameter, Length and Density distributions of 
ZnO nanowires as a function of different growth 
durations.  

Fig. 5 XRD pattern of vertically aligned ZnO 
nanowires (The silicon and silicon dioxide peaks 
arise from the substrate). 



Therefore, the migration length of the adatoms is an important parameter and depends on 

the many growth parameters such as substrate temperature, sputtering pressure, target - 

substrate distance and furthermore the position of nanowires on the substrate surface. If 

the energy of the adatoms is small, consequently the migration length becomes small. 

Hence, it could not reach the growth front of the nanowires. Therefore, the number of 

adatoms on the tip of the nanowires will be reduced which may induce the tapering in the 

nanowires. In our case, the tip of the nanowires is not tapered up to the growth duration 

of 60 min and its length is about 625 nm. Further increasing the growth duration to 120 

min, the length of the nanowires is approximately doubled (~1394 nm). On the other 

hand, the ZnO nanowires have tapered tips as shown in Fig. 4 (a). It could be ascribed 

that the migration length of the adatoms is expected to be ~ 1 m as the tapering occur at 

above this length for the given growth conditions. Due to the smaller migration length of 

adatoms, the tapering is observed in the nanowires grown for 120 min. EDX spectrum of 

the vertically aligned ZnO nanowires is recorded using the electron beam of 10 kV 

accelerating voltage as shown in Fig. 4 (b). The vertically aligned ZnO nanowires consist 

of purely zinc and oxygen.  The presence of silicon in the EDX spectrum is associated to 

the substrate, which is attributed to the interaction of electron with the silicon substrate 

through the air gap between the vertical standing nanowires. With the detection of limit 

of EDX, there are no impurities found in the array of nanowires. 

Fig. 5 depicts the X-ray diffraction pattern of undoped ZnO nanowires grown on 

silicon (111) substrate for 120 min by rf magnetron sputtering technique. The dominant 

and weak peaks at 34.43 and 72.63 correspond to (002) and (004) reflections of ZnO 

respectively, which confirm the hexagonal wurtzite structure of the nanowires with the 

preferential orientation along c-axis. The narrow full width at half maximum (FWHM, 

618 arc. sec) of the dominant (002) peak reveals the high crystalline nature of the 

nanowires. The observed peak at 28.55 corresponds to the (111) reflection of silicon 

(JCPDS - 78-2500) which is attributed from the substrate. Further, the additional peaks at 

44.54° and 64.56 correspond to the silicon dioxide (JCPDS - 89-3606). The appearance 

of the silicon dioxide peak confirms the existence of silicon dioxide layer on the surface 

of the substrate, which may be formed during the earlier stage of growth at elevated 

temperature by the process of oxidation from the reactive oxygen radicals. In addition to 

this, a very small peak at 62.87 belongs to the (103) reflection of ZnO. The observation 

of this weak peak indicates the quasi-alignment of nanowires. The calculated in-plane 



and out-plane lattice parameters (a = 3.251 Å and c = 5.204 Å) are in good agreement 

with the standard bulk values which demonstrates that the nanowires are completely 

relaxed with high crystalline quality despite large mismatch between ZnO and silicon 

substrate. 

Fig. 6 (a) shows a typical micro-Raman spectrum of the vertically aligned ZnO 

nanowires grown on the silicon substrate. The sharp and dominant peaks at 99.4 cm-1 and 

437.1 cm-1 correspond to the non-polar E2 phonon modes. The dominant peak at 99.4 cm-

1 is attributed to the lattice vibrations of zinc atoms and assigned as E2
low phonon mode. 

The peak at 437.1 cm-1 corresponds to E2
high phonon mode and attributed to the lattice 

vibrations of oxygen atoms, which is very sensitive to crystalline nature and defects of 

the nanostructures. The appearance of E2
high phonon mode confirms the wurtzite structure 

of the ZnO nanowires. The peak positions of the E2
 phonon modes are in good agreement 

with the standard bulk values of ZnO. The narrow FWHM (1.4 and 9.1 cm-1) of the non-

polar phonon modes (E2
low and E2

high) substantiates the high optical and crystalline 

qualities of the nanowires which corroborates with the XRD results. The peak at 276 cm-1 

is assigned as B1(low) and the appearance of this peak evidences the breakdown of 

translation symmetry in the nanostructures. The observed peak at 582   cm-1 could not be 

attributed to the E1(LO) phonon mode, because it is one of the forbidden modes of 

vibration in the back scattering geometry. Hence, it may be attributed to either B1(high) 

or A1(LO). It is well known that B1(low) and B1(high)  modes are silent. However, the 

earlier reports show that the silent modes are observable in the case of nanostructures due 

to the breakdown of the translational symmetry.  These modes should be comparable in 

intensities and the line width of B1(low) mode must be very small as compared to 

B1(high)  mode. But, in our case, the intensities of the silent mode are not comparable. 

Consequently, the peak at 582  cm-1 could not be attributed to B1(high) mode. Therefore, 

the observed peak is assigned to be A1(LO) and it is generally observed at the wave 

number of 574 cm-1. It is blue shifted from its original position owing to the increase of 

free carrier concentration. A strong correlation have already been established between 

position of the A1(LO) mode and free carrier concentrations. The A1(LO) phonon mode 

shifts to the higher wave numbers with broadening of peak owing to the coupling 

between phonons and plasmons, can be associated to the increase of free carrier 

concentration in ZnO nanowires. The peaks at 233, 302, 520, 620 and 670 cm-1 are 

attributed from the silicon substrate. The micro-Raman spectrum of the bare silicon 



substrate is shown in Fig. 6 (b) for the comparison and the enlarged view shown in the 

inset of Fig. 6 (b) clearly depicts the weak peaks. 

Fig. 7 (a) shows the temperature dependent PL spectra of the undoped ZnO 

nanowires measured in the temperature range of 10–330 K. The observed emission peak 

at 3.343 eV is typical donor to bound exciton (D0X) emission. By increasing the 

temperature from the low temperature (10 K) to room temperature, D0X peak shifts 

monotonically towards the low energy side. A 166 meV red shift of the band edge 

emission over this temperature range is caused by the thermal expansion of the lattice and 

electron-phonon interactions. The intensity of the peak decreases with increasing the 

temperature as a result of the refreezing of phonons and stimulation of non-radiative 

recombination processes. It is reported that the longitudinal optical (LO) phonon energy 

of bulk ZnO is ~ 72 meV. The observed emission peaks at 3.26 and 3.18 eV are  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 (a) Micro-Raman spectrum of vertically 
aligned ZnO nanowires recorded in back 
scattering geometry with an excitation 
wavelength of 632.8 nm. (b) Micro-Raman 
spectrum of the bare silicon substrate. The 
inset shows the enlarged view of the Raman 
spectrum of silicon. 

Fig. 7 (a) Temperature dependent PL spectra of ZnO 
nanowires grown on silicon (111) substrate. (b) 
Variations of D0X peak energy (eV) and FWHM (eV) 
as a function of temperature (K).  



 

associated to the first and second LO phonon replicas of two electron satellite lines. The 

dominant and broad emission at 2.28 eV is associated to the singly ionized oxygen 

vacancies and this green luminescence is attributed to the electron transition from the 

shallow donor level (Vo) to a shallow acceptor level (VZn). As the ZnO nanowires were 

grown under pure Ar atmosphere, the oxygen vacancy is expected and further the growth 

temperature of 550 °C is more responsible for reducing the oxygen radicals available for 

the crystallization at the growth front. The green emission intensity drastically increases 

and overshoots the D0X emission as the decrease of temperature. Fig. 7 (b) shows the 

variation of D0X peak energy of the ZnO nanowires as a function of temperature. 

Varshni’s empirical equation can be fitted with the experimental data to find the 

temperature dependence of D0X peak and can be written as  

 

 

 

where E(T) and E(0) are the band gap at an absolute temperature T and 0 K respectively. 

 and  are the Varshni thermal coefficients. From the fitted curve, the Varshni 

parameters E(0),  and  were found to be 3.3434 eV, 1.01 X 10-3 eV/K and 1006 K 

respectively. The obtained values are comparable to the earlier reported values. The PL 

line width of D0X emission increases with the temperature as shown in Fig. 7 (b). Earlier 

reports show that there is a strong correlation between the broadening of band edge 

emission and carrier concentration. At 10 K, if the broadening of band edge emission is 

solely attributed by the thermal broadening, then its value should be ~ 1.3 meV (3KBT/2). 

However, the additional broadening also occurs due to the point defects induced by either 

non-stoichiometry or lattice/thermal mismatch between the deposited materials and 

substrates. In our case, the PL line width at 10 K is around 44 meV which depicts that the 

additional broadening of the peak has been occurred due to the point defects. This 

indicates that the growth conditions and selection of substrate play an important role in 

the growth of high quality materials since they can create point defects in oxide 

semiconductors which are similar to carrier doping. The observed broad band edge 

emission indicates the high concentration of point defects which is further substantiated 

by the dominant green emission. Thus, the broadening of the peak is attributed to the 

enhancement of the free carrier concentration induced by the point defects in the 

nanowires as substantiated by the blue shift of A1(LO) phonon mode.  

2αTE(T) = E(0) -
(T +β)

 
 
 



 

2. One dimensional Mo doped n-type ZnO nanowires on p-type Si  
The size, shape and density of ZnO NWs were characterized by using field 

emission scanning electron microscopy (FESEM, Carl Zeiss -Sigma). The chemical 

composition of the obtained NWs was identified by Energy-dispersive x-ray spectroscopy 

(EDS). The optical characteristics of the NWs were investigated using 

photoluminescence (PL) and absorption measurements. The PL measurements were 

performed at room temperature with the 325 nm line of a He-Cd laser.  

For electrical measurements, the space between the ZnO NWs is filled with an 

insulating layer of poly vinyl alcohol (PVA) by spin coating followed by baking the 

substrate at 120 oC for 40 min under Ar ambient. A 200 nm thick gold film was deposited 

on the top of ZnO as cathode by thermal evaporation with a shadow mask and a layer of 

gold film was deposited on the back side of the p+-Si substrate to form Ohmic contact. 

Finally an n-ZnO NWs/p+-Si heterostructure was obtained. The current–voltage (I-V) 

characteristic of the device was measured by a source meter (Keithley 2400, Keithley 

Instruments, Inc., OH, USA). 

          The general morphology of ZnO nanowires was obtained using field emission 

scanning electron microscopy. As shown in Fig. 8, ZnO nanowires were vertically well 

aligned with uniform length, diameter and distribution density. The average diameters of 

the undoped ZnO and ZnO: 2 wt% Mo NWs are 58.6 nm and 82.4 nm respectively. It 

was observed that the diameter increases with doping when Mo ion replaces Zn in the 

substitutional sites. Fig. 9 shows the size distributions of ZnO NWs for undoped and 

doped samples. Their average length for 1 hour growth and density on p+-Si substrate 

were found to be 1.5 m and 3.74  109 cm2. Further, about two-third of the Si substrate 

surface is devoid of NWs. The hexagon shaped morphology of the NWs could be clearly 

observed as shown in FESEM images (see inset). 

 

 

 

 

 

 

 

Fig. 8. FESEM image of the 
(a) Undoped ZnO (b) ZnO:Mo 
2 wt% grown on p+-Si 
substrate 



 

 

 

 

 

 

 

 

 

Fig. 9. Size distribution of (a) Undoped (b) Doped with 2 Wt% Mo ZnO NWs 

        EDS of ZnO:Mo 2 Wt% nanowires grown on p+-Si was performed, and the 

resulting spectrographic data is shown in Fig 10. The Mo concentration (in weight%) in 

the nanowires was found to be 0.68 depending on the amount of Mo precursor used. EDS 

determines the composition of the synthesized ZnO nanostructures, and the results 

confirm the doping in ZnO NWs. Quantitative EDS analysis showed that the atom 

percent ratio of Zn to O was about 1:1 with the presence of Mo in ZnO. The presence of 

the Si peak in the EDS pattern can be assigned to the Si substrate. Further, no indication 

of oxide impurities in our final product was observed.   

 

 

 

 

 

 

Fig. 10 EDS spectrum of Mo-doped ZnO nanowires 

 

 

 

 

 



 
Fig. 11. Room temperature (a) near band edge emissions of undoped ZnO and 

ZnO:Mo (b) PL spectrum of Zn:Mo NWs (ex = 325 nm) 
 

The PL measurements were performed to evaluate the optical quality of the obtained ZnO 

NWs. Fig.11 shows typical room temperature photoluminescence (PL) spectra of ZnO 

NWs with an excitation wavelength of 325 nm at room temperature. It could be seen that 

the PL spectrum of the undoped ZnO NWs exhibits a dominant UV emission at 370.7 nm 

(3.34 eV) while Mo doped NWs show strong UV emission at 374.8 nm (3.31 eV).  The 

UV emission can be ascribed to the near band edge emission of the wide band gap of 

ZnO. It was observed that the doping ZnO with MoO3 decreases the optical band gap of 

the resulting material. Figure 11 (b) shows PL spectrum of Mo doped ZnO NWs which 

include the intense band to band emission corresponding to MoO3 at 416.8 nm (2.97 eV) 

along with the band edge emission at around 373.9 nm (3.31 eV).  

Fig. 12 shows the I-V characteristics of the n-ZnO NWs/p+-Si substrate 

heterostructure of ZnO without and with Mo doping. The I–V relationship for a 

heterojunction is given by: 


















 1exp

Tk
qVII

B
S                                         

where I is the current; SI  the saturation current; V, the applied voltage across the 

heterojunction from p-side to n-side; kB, the Boltzmann constant; and T is the absolute 

temperature. The typical rectifying behavior of device could clearly be observed. The 

forward current increases more rapidly for doped device than that of the undoped one. 

There was no emission in the visible region because the diode currents were of the order 

of tenths of A for large material resistance (~ 106 ). 

 

 

 

 

 

 

 

 



 
Fig. 12. I-V characteristics of the n-ZnO nanowires/p+-Si substrate  

heterostructure of ZnO without and with Mo doping 
 

The low threshold for undoped device under reverse bias could be ascribed to the band 

alignment of the p-Si/n-ZnO heterojunction at the interface. Further, the series resistance 

( SR ) for the undoped and doped samples were found to be 38.9 M and 11.8 M  

respectively. The SR  can be obtained by calculating the slope in an I/(dI/dV) versus I 

graphs in the high voltage region (V > Eg/q, where Eg is energy band gap) of the I-V 

characteristic curves. 

3. Fabrication of n-ZnO/p-GaN on heterojunction Light Emitting Diode 

We grew p-GaN epitaxial graphene layer on commercially available c-plane 

Al2O3 substrates. Van der Pauw measurements were performed at 300 K to confirm the 

free hole carrier concentration. Following this, the ZnO seed layer was prepared by using 

either simple chemical route or by RF sputtering. In simple chemical method, a 10 mM 

seed layer solution of zinc acetate dehydrate and 2-propanol was first prepared and then 

spin coated on p-GaN/Al2O3 substrates at 2000 rpm for 30 s. The substrates were then 

annealed at 100ºC for 1 min after each spin coating to enhance adhesion. A uniform seed 

layer was obtained after five layers of spin coating.  

1D Nanowire arrays were fabricated by radio frequency (RF) magnetron 

sputtering on p-GaN, following an insulating polystyrene/spin of glass film was deposited 

by spin coating to fill the space between the nanowires homogeneously in order to 

insulate the uncovered p-GaN areas and to overcome multiple scattering losses of 

photons which can improve the extraction efficiency of device structure. Then, indium tin 

oxide (100nm) and Ni/Au (30/30nm) are deposited on n-ZnO and p-GaN as n- and p-

electrodes, respectively, to form LED structure. The current voltage characteristic of the 

fabricated LED structure is shown in Figure 13, which ensure the formation of p-n 

junction between n-ZnO and p-GaN. The LED structure exhibits a strong rectification 

behavior with turn ON voltage of 2.9V, which offers the possibility of light emission. 

However, the light emission was very poor and detected by EL measurements with weak 

intensity. We suspect that the presence of non-passivated surface defects in the nanowalls 

might alter the electron injection and therefore recombination mechanism could be 

strongly suppressed. However, we employ a novel approach by passivating the surface 



defects by depositing PMMA polymer to enhance the recombination rate of the electron-

hole pair at the heterojunction and this research is extensively going on in our laboratory.  

 

 
Fig.13: Room temperature I-
V     
characteristics of the LED  
structure.  

 

 

 

 

 

 

 

 

Summary 

In summary, vertically aligned ZnO nanowires have been grown successfully on silicon 

(111) and p-type GaN epitaxial layers by rf-sputtering under optimized growth 

parameters. The diameter, length and density distributions of the nanowires under 

different growth durations indicate that the growth of the nanowires governed by the 

migration length of adatoms which strongly influenced by pressure and temperature. The 

structural study of the nanowires illustrates the highly crystalline nature and hexagonal 

wurtzite structure of the nanowires with preferential orientation along the c-axis. The 

characteristics of E2
high phonon mode corroborates with the XRD results of high 

crystalline quality with strain free nature of ZnO nanowires. A blue shift of A1(LO) 

phonon mode along with broad band edge PL emission confirm the enhancement of the 

free carrier concentration in the nanowires due to the point defects. The pre-dominant 

green emission at 2.28 eV is attributed to the electron transitions between shallow donor 

(VO) and shallow acceptor (VZn) energy levels. The I-V curves of the resulting n-ZnO 

NWs /p+-Si heterostructure exhibit p-n junction diode characteristics. Further, n-ZnO/p-

GaN hybrid LED device structure shows strong rectification behavior confirming p-n 

junction with low turn on voltage (2.9 V). However, the emission intensity and peak 

wavelength from CL need to be improved. In future, the diode characteristics will be 

improved to realize visible emission from the hybrid LED. 
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Annexure-IV 

Contribution to the Society 
 
LEDs are an emerging technology in today’s electronic display and lighting applications. 

The use of LEDs in lighting technology is described as Solid State Lighting, which is a 

new emerging concept in light technology as LED lamps are intense, energy efficient, 

environment friendly and no toxic chemicals involved in this process. The development 

of Nanowire based LEDs will be great breakthrough for domestic display and lighting 

applications. We have achieved NWs based LEDs in intense white light like emission. 

Further, our current activity is focused onto enhance the characteristics of the emission 

with low turn on voltage suitable for lighting applications.  
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The growth of ZnO nanostructures under various combinations of argon and oxygen
pressures by radio frequency magnetron sputtering has been reported. The anisotropic
transformation of nanostructures from the vertical standing nanorods to self branched
lateral nanowires has been observed due to the change in the migration length of the
adatoms owing to the deposition pressure and temperature. A dominant (002) re-
flection having narrow full width at half maximum of the vertical standing nanorods
depicts the preferential orientation along c-axis of wurtzite ZnO with high crystalline
nature. It is further substantiated by a sharp E2

high phonon mode of ZnO nanorods at
437.2 cm−1. A broad green emission at 2.28 eV pertaining to oxygen vacancies that
quenches with increasing the oxygen pressure due to the compensation of oxygen
vacancies while zinc vacancy mediated emission at 3.01 eV is enhanced. C© 2013 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4820386]

I. INTRODUCTION

Zinc oxide (ZnO) is one of the most fascinatingly studied metal oxide semiconductors due to
its unique physical and chemical properties. ZnO has attracted the research community to consider
it as a most promising material for the fabrication of various optoelectronic devices due to its wide
band gap of 3.37 eV with large exciton binding energy (60 meV).1–3 Manifold ZnO nanostructures
such as nanowires,4 nanoribbons,5 nanoflowers,6 nanosheets,7 nanofibres8 and nanobelts9 have been
fabricated by various deposition techniques with different growth approaches such as vapor liquid
solid (VLS) and vapor solid (VS) transformation in which the former approach utilizes the external
catalyst to manipulate the anisotropic growth of nanostructures. In VLS approach, the catalyst
remain on the apex of the nanostructures and likely to incorporate as a foreign atoms into the
growing lattice. This catalytic droplet is an undesirable external impurity for the fabrication of
devices and the incorporated foreign atoms into the host material also reduce the efficiency of the
devices.10, 11 Hence, an alternative approach is essential for the fabrication of nanostructures without
any external catalyst which is possible by VS approach. Therefore, the VS approach has received a
great attention for the fabrication of high quality nanostructures.

Among the various dimensional ZnO nanostructures, the fabrication of one dimensional (1D)
ZnO nanostructures have received a tremendous attention due to its increased surface area and
fundamental building blocks for future nanoscale devices. It is well known that the evolution of
1D nanostructures depends on the growth parameters. Recently, it is observed that the surface
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morphologies of the nanostructures are also affected by the variations in the miscut angle of
substrates.12 Various deposition techniques have employed for the fabrication of different mor-
phological nanostructures by tuning the growth parameters, but the radio frequency (rf) magnetron
sputtering is one of the least investigated techniques for the growth of nanostructures where as it is
widely employed for the deposition of thin films. Further, it is one of the controlled deposition tech-
niques in terms of scale-up and mass production13 which makes it an effective economic approach
for the industrial applications. Hence, many research groups have paid their attention on the growth
of 1D nanostructures using the rf-magnetron sputtering due to its excellent properties of materials
since the growth was carried out under vacuum condition.14–18

In recent years, ZnO nanowires were grown on the interlayer (Cu/Ti) coated substrates and
reported that the surface morphologies of the nanostructures depends on the interlayer.19–21 Further,
it was observed that the crystalline nature of the nanowires was enhanced from polycrystalline
to single crystalline by the introduction of oxygen into the chamber, but there are no noticeable
changes in the surface morphology of the nanowires.19 In addition, it is reported that the evolution
of nanostructures such as nanowires and nanobelts depends on the deposition rate of the materials.22

It is obvious that the deposition rate depends on many growth parameters such as deposition
pressure, substrate temperature, rf-power and target–substrate distance. Moreover, it is inversely
proportional to the deposition pressure due to the increased number of collisions between the
sputtered molecules/atoms and gas molecules. The deposition pressure is expected to affect the
growth of the nanostructures through the variations in the migration length of the adatoms. Further,
there are no reports on the evolution of ZnO nanostructures with respect to deposition pressure
and substrate temperature by rf-magnetron sputtering. Therefore, it is motivated to investigate the
evolution of ZnO nanostructures according to the growth parameters such as deposition pressure
and substrate temperature.

The present work exemplifies the fabrication of manifold 1D nanostructure by means of ma-
nipulating the migration length of the adatoms by varying the growth parameters such as substrate
temperature and rf-power with the combinations of argon and oxygen pressures using rf-magnetron
sputtering. The anisotropic transformation of nanostructures from the vertical standing nanorods to
self branched lateral nanowires has been observed and its growth mechanism based on the atomistic
transport is briefly discussed. The optical transitions in manifold morphologies have been inves-
tigated by the low temperature photoluminescence (LTPL) studies and further the various energy
levels of emission are analyzed and correlated with the point defects.

II. EXPERIMENTAL SECTION

ZnO nanostructures were grown on n-type silicon (111) substrates with a vicinal off-angle of
∼±0.5◦ under various combinations of argon and oxygen pressures by the rf-magnetron sputtering.
The details of the growth conditions are described elsewhere.23 The deposition of ZnO nanostructures
was carried out under various substrate temperatures of 350, 450 and 550 ◦C and pressures of 0.01,
0.05 and 0.1 mbar respectively. The target-substrate distance (∼50 mm) and rf-power (60 W) were
kept as constant. The deposition rate and thickness of the deposited ZnO on the substrates were
monitored by in-situ quartz crystal oscillator located near to the substrate holder during the deposition
processes. The sputtering rate of the materials at the substrate temperature of 550 ◦C was reduced
from 2.1 (at 0.01 mbar) to 0.3 Å/sec (at 0.1 mbar) with the increase of deposition pressure owing to
the large number of collisions.

The surface morphology of the samples was examined using a field emission scanning electron
microscope (FESEM, Carl Zeiss - �igma) with a maximum resolution of 1.2 nm. The crystalline
nature and phase orientation of the ZnO nanostructures were analyzed by a Rigaku X-ray diffrac-
tometer with CuKα radiation of wavelength λ = 1.5406 Å. Room temperature micro-Raman spectra
of ZnO nanostructures were recorded in the back scattering geometry using a LabRam HR800
Raman spectrometer. The wavelength of 632.8 nm He–Ne laser was used as an excitation source
and the laser beam was focused through a microscope (100X) with a spot size of ∼1 μm. LTPL
measurements were performed using a HORIBA JOBIN YVON monochromator (0.55 m) with the
samples placed inside a closed cycle helium cryostat and 325 nm He–Cd laser was used as an
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FIG. 1. FESEM images of the ZnO nanostructures grown under various substrate temperatures (350, 450 and 550 ◦C) and
deposition pressures (0.01, 0.05 and 0.1 mbar). The inset of Fig. 1(a) shows 45◦ tilted view of the vertically aligned ZnO
nanorods.

excitation light source. The luminescence signal from the sample was collected by a charge coupled
device through an appropriate optical arrangement.

III. RESULTS AND DISCUSSION

Fig. 1 shows the FESEM images of ZnO nanostructures grown under various substrate tem-
peratures and pressures by the rf-magnetron sputtering. The substrate temperature and pressure are
varied from 350 to 550 ◦C and 0.01 to 0.1 mbar respectively, while the rest of the growth parameters
are kept constant including the growth duration (60 min). The morphological evolution of ZnO
nanostructures under various substrate temperatures and deposition pressures are analyzed.

Under pure argon pressure of 0.01 mbar, the deposition is carried out under various substrate
temperatures from 350 to 550 ◦C. Up to the substrate temperature of 450 ◦C, thin film like structures
are formed with rough surfaces as shown in Fig. 1(a). The thickness of the films deposited under
various substrate temperatures of 350 and 450 ◦C are 459 and 447 nm respectively. Further increasing
the substrate temperature to 550 ◦C, the vertical standing ZnO nanorods with perfect hexagonal cross
section have been observed as shown in Fig. 1(a). The inset clearly depicts the cross sectional view
of the vertically aligned ZnO nanorods on the silicon substrate. The average diameter and length of
the nanorods are ∼164 and 750 nm respectively and their density is ∼3 × 109 nanorods/cm2. In
order to understand the influence of oxygen pressure on the morphological evolution, the oxygen
gas is introduced into the chamber through a needle valve while the argon pressure is kept constant
at 0.01 mbar. In the (argon + oxygen) deposition pressure of 0.05 mbar, thin film like morphology
with smooth surfaces is observed under various substrate temperatures from 350 to 550 ◦C due to
the stoichiometric growth condition as shown Fig. 1(b). The thickness of the films is reduced to
∼240 nm for the deposition pressure of 0.05 mbar at 550 ◦C. It is observed that the thickness
of the film is decreased as compared to the film deposited under the pressure of 0.01 mbar due
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FIG. 2. Schematic representation of 1D ZnO nanostructures growth without any external catalyst.

to the increased number of collisions by increasing the deposition pressure. This evidences that
the deposition rate of the materials decreases with the pressure. Further increasing the oxygen
pressure to 0.1 mbar, the nanowires grew laterally along the surface of the substrates under various
substrate temperatures from 350 to 550 ◦C as shown Fig. 1(c). The variation in the aspect ratio of the
nanowires with the substrate temperature indicates that the surface mobility as well as condensation
of the adatoms has strong impact on the growth rate of the nanowires with respect to the growth
temperature. This clearly depicts that there is a strong correlation between the substrate temperature
and aspect ratio of the nanowires. The length of the nanowires grown under the substrate temperatures
of 350 and 550 ◦C are ∼4.8 and 7.5 μm with the corresponding diameters of ∼385 and 290 nm
respectively. The length of the nanowires is inversely proportional to its diameter (L ∝ 1/D) and this
relation is consistent with earlier report.24

It is observed that the anisotropic growth transformations have occurred from vertical standing
nanorods to lateral nanowires with increase in the deposition pressure (0.01 to 0.1 mbar) for the
substrate temperature of 550 ◦C owing to the changes in the adatom mobility which strongly depends
on the deposition pressures. Hence, a detailed investigation is extended to the ZnO nanostructures
grown at 550 ◦C under the deposition pressures of 0.01, 0.05 and 0.1 mbar to understand the growth
mechanism, structural and optical properties of the nanostructures.

The schematic representation of the growth mechanism for the vertical standing nanorods and
self branched lateral nanowires is shown in Fig. 2. The observed nanostructures illustrate that
the deposition pressures could provocate the anisotropic manifold structures under vapor solid
mechanism via the variations in migration length of the adatoms.

In the vapor deposition techniques, the adatoms can contribute the growth by the direct impinge-
ment and migration through the sidewalls of the nanostructures.25 In the case of direct impingement
of adatoms on a tip of the nanorods; the growth rate is reduced for the smaller diameter nanorods and
vice versa due to the Gibbs–Thomson effect. But, in the case of surface migration of the adatoms
through the side walls of the nanorods along with direct impingement, the growth rate is higher for
the thinner nanorods and vice versa.24 Further, the growth of the nanostructures will be enhanced
only if the length of the nanostructures is smaller than the migration length, otherwise it will be
desorbed from the surface of the nanostructures. This suggests that the migration length of adatoms
vary with the deposition pressure and it is high for the low deposition pressure (0.01 mbar). Further,
the number of adatoms reaching the growth fronts under low deposition pressure is also high due to
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the reduced number of collisions. Hence, this elevated number of adatoms with high migration length
promotes the axial growth by the process of sidewall diffusion along with the direct impingements
as shown in Fig. 2(a). But, in the oxygen rich condition with 0.1 mbar of deposition pressure, the
adatom mobility of zinc is drastically reduced which increases the reactivity of zinc adatoms with
oxygen that facilitates the formation of localized ZnO nuclei by reducing the surface energy. The
incoming radicals on the growth front are confined on the nucleated dots which decide the diameters
and the resultant 1D nanostructures. At the high deposition pressure, the migration length of adatoms
and the number of adatoms reaching the growth fronts are also reduced due to the increased number
of collisions. This reduced number of adatoms with small migration length leads to the lateral growth
of the nanostructures which is schematically shown in Fig. 2(b). Further, the secondary nucleation
is initiated on the surface of the nanowires and the self branched lateral nanowires have grown due
to the reduced migration length of zinc adatoms under oxygen rich deposition pressure.

The migration length of the adatoms generally depends on many factors such as pressure and
nature of the gases present in the chamber. In order to substantiate this, we compare the growth of
1D ZnO nanostructures under various argon sputtering pressures with the similar conditions. The
diameter of the nanostructures increases with the argon sputtering pressure due to the decrease in
migration length of adatoms which is expected to enhance the lateral growth by the increased number
of collisions.26 Further, the vertical standing nanorods are slightly deviated from its orientation with
increasing the argon pressure. In this case, the argon sputtering pressure reduces the migration length
of the sputtered molecules only by the collisions because it is an inert gas, does not participate in the
chemical reaction. But, in the oxygen deposition pressure, the migration length of adatoms will be
reduced in two ways i) by the collisions with the sputtered molecules/atoms and ii) by the reaction
with the sputtered molecules/atoms. Consequently, the number of adatoms reaching the growth
fronts and its migration length are considerably reduced as compared to the deposition carried out
under argon pressure of 0.1 mbar. Hence, the migration length and the number of adatoms reaching
the growth front play a crucial role on the anisotropic transformation of nanostructures with respect
to the deposition pressure.

Fig. 3 shows the XRD patterns of ZnO nanostructures grown on silicon (111) substrates under
pure argon and various combinations of argon and oxygen pressures. The dominant (002) reflection
of the nanostructures grown under the pressures of 0.01 and 0.05 mbar indicates the preferential
orientation along c–axis with hexagonal wurtzite crystal structure. The (002) peak position (34.398◦)
of the vertical standing nanorods is slightly shifted to the lower angle side from its standard bulk
counterpart (JCPDS–36-1451). It represents that the nanorods are compressively strained. The higher
angle side shift of the (002) peak about 0.102◦ for the thin films grown under the deposition pressure
of 0.05 mbar confirms the presence of the tensile strain. The observed results corroborate with the
earlier reports that the deposition pressure has a strong influence on the strain.27, 28 It is obvious
that the lattice mismatch between ZnO and the silicon substrate is about 40% and it will affect
the crystalline nature of the nanostructures by the introduction of strain according to its footprints.
In the case of thin films grown under the deposition pressure of 0.05 mbar, it is fully spread over
the substrate whereas the nanorods grown under the deposition pressure of 0.01 mbar have smaller
footprints on the substrate. Hence, the nanorods have high crystalline nature as compared to the thin
films due to its smaller foot prints. The narrow full width at half maximum (FWHM) of the vertical
standing nanorods (0.180◦) as compared to the thin films (0.214◦) substantiates the high crystalline
quality of the nanorods. In the deposition pressure of 0.1 mbar, the density of the self branched
laterally aligned ZnO nanowires on the silicon substrate is low as shown in Fig. 1(c). Consequently,
the diffraction signal is expected to be very weak and results no diffraction peaks to the detection
limit of a XRD detector as shown in Fig. 3(c).

Micro-Raman spectra of ZnO nanostructures are recorded in the back scattering geometry and
depicted in Fig. 4. The observed peaks at 99 and 437 cm−1 are attributed to the E2 (low) and E2

(high) phonon modes respectively. The dominant E2 (low) phonon mode at ∼99.76 cm−1 with narrow
FWHM (1.6 cm−1) indicates the high optical properties and is attributed to the lattice vibrations of
the zinc atoms. E2 (high) phonon mode around at 437 cm−1 is a characteristic peak of wurtzite ZnO
and attributed to the lattice vibration of oxygen atoms.29 Hence, the investigation of E2 (high) mode
should yield useful information about the crystalline nature of the nanostructures.
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FIG. 3. XRD pattern of the ZnO nanostructures grown under various pressures (a) 0.01 mbar, (b) 0.05 mbar and (c) 0.1 mbar
at 550 ◦C

E2 (high) phonon mode of the vertically aligned ZnO nanorods is observed at 437.2 cm−1

which is in good agreement with the bulk ZnO crystal.30 It reveals the high crystalline nature of
the nanorods with hexagonal wurtzite crystal structure which is further confirmed by the narrow
FWHM of E2 (high) phonon mode (∼8 cm−1). However, it experiences a small compressive strain
since it is blue shifted about 0.2 cm−1 from its standard value (437 cm−1) and consistent with the
XRD results. E2 (high) peak positions of the thin films and nanowires grown under the deposition
pressures of 0.05 and 0.1 mbar at 550◦C are 434.57 and 436.3 cm−1 respectively. It represents
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FIG. 4. Micro-Raman spectra of the ZnO nanostructures recorded in the back scattering geometry using He–Ne laser
(632.8 nm) as an excitation source. (a) 0.01 mbar, (b) 0.05 mbar and (c) 0.1 mbar

that E2 (high) phonon mode of the thin films and nanowires grown under various combinations
of argon and oxygen pressures shifts towards the red side from its standard value. This red shift
of the E2 (high) phonon mode reveals the presence of tensile strain in the nanostructures and
indicates the poor crystalline nature which is further substantiated by the broad FWHM as ∼12.3 and
∼11.5 cm−1 for the thin films and nanowires respectively. The E2 (high) peak position and FWHM of
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TABLE I. E2
high peak position and FWHM of ZnO nanostructures grown under various pressures (0.01, 0.05 and 0.1 mbar)

at 550 ◦C by the rf-magnetron sputtering.

Pressure (mbar) Peak position (cm−1) FWHM (cm−1)

0.01 (Pure Ar) 437.2 ∼8.0
0.05 (Ar + O2) 434.6 ∼12.3
0.1 (Ar + O2) 436.3 ∼11.5

the ZnO nanowires grown under the deposition pressure of 0.1 mbar depict better crystalline nature
as compared to the thin films due to the smaller footprints of lateral nanowires on the substrate. It
well corroborates with the XRD results. It is obvious that the quality of the nanostructures depends
on the foot prints of ZnO on the silicon substrates due to the large lattice mismatch between them.
The variation of E2 (high) peak position and FWHM of the nanostructures grown under pure argon
and various combinations of argon & oxygen pressures are shown in Table I. The additional Raman
peaks at ∼228, 301, 520, 620 and 670 cm−1 are associated to the silicon substrate.31

LTPL measurements of undoped ZnO nanostructures are carried out over the temperature range
of 10–300 K as shown in Fig. 5. LTPL spectra of undoped ZnO nanostructures show a UV emission
located at ∼3.36 eV which is assigned to the transition of neutral donor bound exciton (D0X)
emission.32 D0X peak shifts monotonically towards the low energy side as the temperature increased
from 10–300 K. This red shift of the UV emission over this temperature range is due to the thermal
expansion of the lattice and electron-phonon interactions. Further, the intensity of D0X emission
quenches with increasing the temperature as a result of the refreezing of phonons and stimulation
of non-radiative recombination processes. It was reported that the longitudinal optical (LO) phonon
modes are separated by 71–73 meV.33 Hence, the observed peaks at ∼3.283 and 3.193 eV are
assigned to 1LO and 2LO phonon replicas of D0X emission respectively.32 Further, the peaks at
∼3.310, 3.237 and 3.157 eV correspond to the donor acceptor pair (DAP), 1LO and 2LO phonon
replicas of DAP respectively.34 The above observed peaks are similar for the nanostructures grown
under various deposition pressures such as 0.01, 0.05 and 0.1 mbar. However, we have observed that
there are changes in the visible emissions of the nanostructures according to the argon & oxygen
deposition pressures. Generally, in the undoped ZnO, the visible emissions are attributed to the
consequence of intrinsic point defects such as oxygen vacancy (VO), zinc vacancy (VZn), oxygen
interstitials (Oi), zinc interstitials (Zni), antisites of oxygen (OZn) and antisites of zinc (ZnO) which
are depending on the growth conditions. In the intrinsic point defects, VO, Zni and ZnO are the donor
type defects and VZn, Oi and OZn are the acceptor type defects. Further, the formation energies of
intrinsic point defects are different from one another and also depend on the growth parameters.

Various defect mediated visible emissions are observed at 3.01, 2.86, 2.66, 2.28, 1.81 and
1.60 eV for the samples grown under various deposition pressures such as 0.01, 0.05 and 0.1 mbar.
The peaks at 3.01 and 2.28 eV are quite similar for all the samples, but the intensity differs with
respect to the deposition pressures. It is recognized that VZn will act as an acceptor and creates
an acceptor level above the valence band. Further, it was accounted that the energy difference
between the conduction band minimum and the zinc vacancy level (VZn) is about 3.06 eV.35 This
illustrates that the acceptor level is well above the valence band about 0.3 eV. We believe that the
observed peak around at 3.01 eV is attributed to the electron transitions from the conduction band
minimum to the VZn level and this transition provides a clear evidence for the presence of zinc
vacancies in the nanostructures. Furthermore, the oxygen vacancies create an energy level around
at 0.3–0.5 eV below the conduction band minimum and act as a donor level. A broad peak around
at 2.28 eV corresponds to the green emission and indicates the presence of oxygen vacancies. This
green luminescence is attributed to the electron transitions from the shallow donor level (Vo) to a
shallow acceptor level (VZn).23, 36, 37 Further, the intensity quenching of green luminescence with
increasing the oxygen deposition pressure from 0.01 to 0.1 mbar evidences the compensation of
oxygen vacancies in the nanostructures. The intensity ratio of D0X/VE and D0X/GE is plotted in
Fig. 6 as a function of deposition pressure. The intensity of zinc vacancy mediated emission observed



082133-9 Venkatesh, Ramakrishnan, and Jeganathan AIP Advances 3, 082133 (2013)

FIG. 5. Low temperature photoluminescence spectra of ZnO nanostructures grown under various pressures (a) 0.01 mbar,
(b) 0.05 mbar, (c) 0.1 mbar at 550 ◦C and the inset depicts the corresponding enlarged view of photoluminescence spectrum
at 10 K.

at 3.01 eV increases as shown in Fig. 6 which indicates the increase of zinc vacancies with the oxygen
deposition pressure.38

The blue emission at 2.86 and 2.67 eV are also observed for the vertical standing nanorods and
thin films grown under the deposition pressures of 0.01 and 0.05 mbar respectively. Zni produces the
shallow and deep level donors at 0.5 and 1.3 eV below the conduction band minimum. In the observed
emission spectra, the peak at 2.86 eV is assigned to the transition of electrons from the shallow donor
level formed by Zni to the valence band maximum.39 Further, the additional blue emission at 2.67 eV
corresponds to the transition of electrons from the conduction band to the singly ionized zinc vacancy
(VZn

−).40
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FIG. 6. Intensity variations of D0X/VE and D0X/GE as a function of deposition pressure.

Despite blue and green emissions, the red and near infrared emissions are also observed at 1.81
and 1.60 eV respectively in the thin films grown under the deposition pressure of 0.05 mbar. The
intense red emission at ∼1.81 eV can be attributed to the oxygen interstitials as corroborates with the
earlier report.41 Further, this red emission is not observed in the vertically and self branched lateral
ZnO nanowires grown under the pressures of 0.01 and 0.1 mbar respectively. The similar behavior
is also observed in ZnO thin films deposited under O2/Ar+O2 ratio of 0.338 which is not observed
for pure argon and higher oxygen ratio of O2/Ar+O2 = 1 as due to the formation of point defects
not only depends on the growth temperatures, but also depends on the deposition pressures.38 The
additional infrared emission located at 1.60 eV, twice of D0X, can be attributed to the second order
grating diffraction of a monochromator.42

IV. CONCLUSION

ZnO nanostructures have been successfully grown on silicon (111) substrates by the rf-
magnetron sputtering without any external catalyst. The anisotropic transformation of vertical to
lateral nanowires takes place due to the change in the migration length of adatoms with respect to the
deposition pressure. The structural and optical characterizations reveal the high crystalline nature of
the vertically aligned ZnO nanorods that extremely depends on the footprints of the nanostructures
on the substrates. The violet and green emissions at 3.01 and 2.28 eV confirm the presence of zinc and
oxygen vacancies in the nanostructures and the oxygen vacancy mediated emission quenches with
increasing the oxygen deposition pressure whereas the zinc vacancy mediated emission intensity is
slightly increased.
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33 Ü. Özgür, Ya. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Doğan, V. Avrutin, S. J. Cho, and H. A. Morkoç, J. Appl.
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A B S T R A C T

We report the fabrication of one dimensional ZnO nanostructures under various argon sputtering

pressures by radio frequency magnetron sputter deposition technique. The transition of the

nanostructures from vertical to inclined is monotonously increased with the argon sputtering pressure

owing to the decrease in migration length of the adatoms by the increased number of collisions. The blue

shift, intensity quenching and peak broadening of A1(LO) phonon mode in the Raman spectra indicates

the increase of free carrier concentration with the argon sputtering pressure due to the enhancement of

point defects such as zinc and oxygen vacancies. The dominant neutral donor to bound exciton emission

with narrow full width at half maximum implies the high optical quality of the nanostructures

irrespective of argon sputtering pressure. The characteristic of visible emission at 3.01 and 2.28 eV

provides a strong evidence for the existence of zinc and oxygen vacancies in ZnO nanostructures.
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1. Introduction

Various deposition techniques [1–7] have been employed for the
fabrication of one dimensional (1D) zinc oxide (ZnO) nanostructures.
Among the various physical vapor deposition techniques, the
magnetron sputter deposition has received a great attention due
to its high throughput and high quality of deposition at low cost. It is
widely used, because of the large area deposition of thin films/
nanostructures under various sputtering conditions such as
substrate temperature, sputtering pressure and sputtering power.

ZnO is a well known compound semiconductor with a wide
band gap of 3.37 eV and a large exciton binding energy (60 meV) at
room temperature which attracted considerable attention as a
promising material for the fabrication of optoelectronic devices
such as light emitting diodes and laser diodes with high operating
temperature. The main advantage of ZnO in the field of
optoelectronic applications is its large exciton binding energy as
compared to other materials such as GaN and ZnSe [8]. This value is
approximately equal to 2.4 times the room temperature thermal
energy. Hence, it is a very suitable material for the fabrication of
optoelectronic devices with high optical efficiency. Nevertheless,
* Corresponding author. Fax: +91 431 2497 045/2407 020.

E-mail addresses: kjeganathan@yahoo.com, jagan@physics.bdu.ac.in
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the understanding of exciton recombination and point defects in
1D ZnO nanostructures are very important for the applications
perspective.

Low temperature photoluminescence (LTPL) studies are essen-
tial to analyze the point defects, because the room temperature
photoluminescence (PL) spectra may exhibit dominant ultraviolet
(UV) and no defect mediated emissions in the visible region even in
presence of considerable point defects in the nanostructures [9].
The point defects will affect the electrical and optical properties of
the materials which will reduce the efficiency of the devices.
Hence, many research groups have paid more attention on the
analysis of point defects and correlate them with the visible
emissions to divulge the origin of transitions [10]. Therefore, a
careful analysis of point defects and their correlation with the
emissions are very essential.

In the sputter deposition technique, the composition of argon
and oxygen plays a major role in the quality and morphology of
the nanostructures. It was observed that the crystalline nature of
the nanowires was enhanced from polycrystalline to single
crystalline by the introduction of oxygen into the chamber, but
there is no noticeable change in the surface morphology of the
nanowires [6]. Furthermore, the argon sputtering pressure plays an
important role in the microstructure formation of the thin films
and the high crystallinity of the films with larger grains are
ascribed to the decrease in the collisions under low argon
sputtering pressure [11].

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.materresbull.2013.05.089&domain=pdf
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Fig. 1. FESEM images of ZnO nanostructures grown by the rf magnetron sputter

deposition technique under various argon pressures (a) 0.01 mbar, (b) 0.035 mbar

and (c) 0.1 mbar.
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In the present work, the argon sputtering pressure dependent
surface morphology, structural and optical properties of 1D ZnO
nanostructures grown by radio frequency magnetron sputter
deposition technique on n-type silicon (1 1 1) substrates have been
investigated in detail. The quasi alignment of nanostructures found
to transit from vertical to lateral having inclined self-assembled
like structure with the argon sputtering pressure. The activation
energy, carrier concentration and the nature of strain found to
strongly depend on the sputtering pressure. Further, the green
emission at 2.28 eV is identified to be the transition between the
oxygen vacancy (VO) and zinc vacancy (VZn) levels.

2. Experimental

Self assembled 1D ZnO nanostructures were grown on n-type
silicon (1 1 1) substrates under various argon sputtering pressures
by the rf magnetron sputter deposition technique. Pure ZnO
powder (99.999%, Alfa Aesar) was used as a source material to
prepare a 2 in. target which was used as resource for the
fabrication of 1D nanostructures. The silicon substrates were
cleaned by the standard RCA cleaning procedures in order to
remove the native oxide layers from the surface of the substrates.
Initially, the chamber was evacuated to the base pressure of
5 � 10�6 mbar and then the undoped ZnO target was presputtered
for 10 min under pure argon atmosphere of �0.01 mbar with
the intension of removing the surface impurities of the target. The
details of the growth conditions can be found elsewhere [12].
The deposition was carried out under various pure argon
sputtering pressures (0.01, 0.035 and 0.1 mbar) for 60 min with
the rf power of 60 W and the substrate temperature is kept at
650 8C.

The surface morphologies of undoped 1D ZnO nanostructures
were examined by a field emission scanning electron microscope
(FESEM, Carl Zeiss – Sigma) with the maximum resolution of
1.2 nm. The crystalline nature and phase orientation of the
nanostructures were analyzed by a Rigaku X-ray diffractometer
with Cu Ka radiation of wavelength l = 1.5406 Å. Room tempera-
ture micro Raman spectra of 1D ZnO nanostructures were
recorded in the back scattering geometry using a LabRam
HR800 Raman spectrometer. The wavelength of 632.8 nm He–
Ne laser was used as an excitation source and the laser beam was
focused through a microscope (100�) with a spot size of �1 mm.
The temperature dependent PL spectra were recorded using a
HORIBA JOBIN YVON monochromator (0.55 m) over the temper-
ature range of 10–300 K with a 325 nm He–Cd laser as an
excitation source. The luminescence signal from the nanostruc-
tures was collected by a charge coupled device through an
appropriate optical arrangement.

3. Results and discussion

Fig. 1(a)–(c) represents the FESEM images of 1D ZnO
nanostructures grown under various argon sputtering pressures
of 0.01, 0.035 and 0.1 mbar by the rf magnetron sputter deposition
technique. The average diameter of the nanostructures increases
with the increasing argon sputtering pressure where the average
length of the nanostructures decreases. The average diameter of
the nanostructures grown under the argon sputtering pressures of
0.01, 0.035 and 0.1 mbar are �124, 137 and 154 nm respectively
and its corresponding lengths are �960, 810 and 640 nm. Further,
the growth direction of the nanostructures also clearly shifts from
vertical to inclined with the argon sputtering pressure. At high
argon sputtering pressure, the structure completely inclined and
partly self assembles to form a flower like pattern as described in
Fig. 1(c).
In general, the reagent species motivate the growth of the
nanostructures both in axial and radial directions [13]. Hence,
the growth morphology and physical axis of the 1D nanostructures
are expected to be strongly depend on the growth conditions such
as pressure and substrate temperature. The vertically aligned
nanostructures at low argon sputtering pressure of 0.01 and
0.035 mbar can be linked to the large mean free path of the
adatoms which posses high migration length and promote the
axial growth of the nanostructures by the process of side wall
surface diffusion along the direct impingement. But, in the case of
small mean free path, the adatoms will have small migration
length and the adatoms may likely be absorbed on the side walls of
the nanostructures and promote the radial growth as seen in
Fig. 1(c) [14,15]. It represents that the migration length of the
adatoms is inversely proportional to the pressure. Further, the
mean free path decreases with the increase of sputtering pressure
owing to the high density of collisions. Hence, the surface
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migration of the adatoms enhances the vertical growth of the
nanostructures if the length of the nanostructures is smaller than
the migration length, otherwise it will be desorbed from the
surface or accumulates on the surface to promote the radial growth
of the nanostructures. Consequently, the increase of diameter and
decrease of length of the nanostructures with the sputtering
pressure is in line of our expectation due to its smaller mean free
path. Further, the above discussion reiterates that the migration
length of adatoms directs the axial as well as radial growth of
nanostructures depending upon the sputtering pressure.

Fig. 2(a) depicts the XRD pattern of 1D ZnO nanostructures
grown under various argon sputtering pressures. All the observed
peaks are indexed according to the standard bulk ZnO. In addition
to this, a weak and broad peak around at 43.078 corresponds to
the SiO2 which well agrees with the standard result (JCPDS No. 89-
6335). It provides an evidence for the presence of SiO2 layer on the
top surface of the silicon substrate, which may be formed due to
the oxidation of the silicon substrate during the early stage of
Fig. 2. (a) Typical X-ray diffraction pattern of 1D ZnO nanostructures grown under

various argon pressures (i) 0.01 mbar, (ii) 0.035 mbar and (iii) 0.1 mbar and (b)

Variation of lattice parameters ‘a’ and ‘c’ as a function of argon sputtering pressure.
the growth from the sputtered reactive species of oxygen. Further,
the peak around at 59.158 corresponds to (2 2 2) reflection of
silicon substrate. The dominant (0 0 2) peak indicates a preferen-
tial orientation of the nanostructures along the c-axis which is
perpendicular to the substrate surface with wurtzite structure of
ZnO. The intensity of the (0 0 2) and (0 0 4) peaks decreases and the
(1 0 1) peak intensity increases with increasing the argon
sputtering pressure, which indicates that the orientation of the
nanostructures slightly off-oriented from its c-direction. This
corroborates with the surface morphological changes as shown in
Fig. 1(a)–(c). The position of the (0 0 2) peak is observed at 34.4128
for the nanostructures grown under the argon pressure of
0.01 mbar which is near to the standard bulk ZnO (JCPDS No.
79-2205) and however the nanostructures are slightly com-
pressed. When the argon sputtering pressure is increased to
0.1 mbar, the (0 0 2) peak shifts towards the lower angles as
compared to the standard bulk ZnO as well as the vertical standing
nanostructures grown under the argon sputtering pressure of
0.01 mbar, indicative of compressive strain. Further, the full width
at half maximum (FWHM) (0.14788, 0.16128 and 0.16638)
increases with the argon sputtering pressure (0.01, 0.035 and
0.1 mbar) and also confirms the deterioration of crystalline quality
of nanostructures. The variation of in-plane and out-plane lattice
parameters ‘a’ and ‘c’ with the argon sputtering pressure is shown
in Fig. 2(b) and provides a conclusive evidence for the presence of
compressive strain in the nanostructures and increases with the
pressure.

Fig. 3(a) shows the micro-Raman spectra of 1D ZnO nanos-
tructures grown under various argon sputtering pressures of 0.01,
0.035 and 0.1 mbar. The spectra have similar patterns irrespective
of sputtering pressure. The dominant peak at 99.3 cm�1 corre-
sponds to the E2

low phonon mode of ZnO, which is attributed to the
lattice vibrations of zinc atoms. The narrow FWHM of E2

low phonon
mode (1.8 cm�1) indicates the high optical quality of the
nanostructures and the intensity of the E2

low phonon mode
decreases with the increasing argon sputtering pressure due to
the degradation of optical quality of the nanostructures. The
observed peak at around 437 cm�1 is attributed to the lattice
vibrations of the oxygen atoms and assigned as E2

high phonon
mode [16]. It is very sensitive to the strain and presence of E2

high

phonon mode confirms the wurtzite crystal structure of ZnO. The
peak positions of the E2

high phonon mode are 437.8, 438.3 and
438.4 cm�1 for the nanostructures grown under various argon
sputtering pressures of 0.01, 0.035 and 0.1 mbar respectively. The
linear blue shift of the E2

high phonon mode from its standard bulk
value (437 cm�1) indicates the presence of compressive strain [17].
The crystalline nature of the nanostructures decreases with the
increase of argon sputtering pressure as evidenced by the widening
of E2

high phonon mode as shown in Fig. 3(b). The observed
crystalline behaviour corroborates with the XRD results. Further,
the FWHMs of E2

high phonon mode are �6.7, 9.9 and 11 cm�1 for
the nanostructures grown under the argon sputtering pressures of
0.01, 0.035 and 0.1 mbar respectively. The appearance of a peak at
276 cm�1 could be attributed to the relaxation of the Raman
selection rules by the breakdown of the translation symmetry of
the crystal lattice. It is assigned as B1(low) which is silent mode in
the Raman spectrum of ZnO. The additionally observed peak at
380 cm�1 corresponds to A1(TO) phonon mode and it is forbidden
in the back scattering geometry of measurements. However, the
observation of this quasi phonon mode may be attributed to a
small deviation from the back scatting geometry due to break in
wave vector.

Earlier report shows that both the B1(low) and B1(high) modes
exhibit similar intensities and the width of B1(low) mode is smaller
than the width of B1(high) [18]. But, in our case, the intensity of
the observed peak near at 583 cm�1 is small as compared to the



Fig. 3. (a) Micro-Raman spectra of 1D ZnO nanostructures recorded in the back

scattering geometry (i) 0.01 mbar, (ii) 0.035 mbar, (iii) 0.1 mbar and the inset shows

the blue shift of A1(LO) phonon mode. (b) Variation of peak position and FWHM of

E2(high) phonon mode as a function of sputtering pressure.

Fig. 4. Temperature dependent PL spectra of ZnO nanostructures grown under

various argon sputtering pressures of (i) 0.01 mbar, (ii) 0.035 mbar, (iii) 0.1 mbar

and the inset shows the corresponding integrated PL intensity variation of D0X

emission vs. the inverse of temperature.
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B1(low). Hence, it could not be assigned as B1(high). Therefore, it
can be attributed to either E1(LO) or A1(LO) phonon mode.
According to the selection rule of back scattering geometry,
the polar phonon mode E1(LO) is forbidden [19]. Further, the
appearance of E1(LO) is attributed to the deficiency of oxygen [20].
The oxygen deficiency is expected to increase with the increase of
argon sputtering pressure as described in PL. If the observed
phonon mode is corresponding to the E1(LO), then the intensity of
this phonon mode should have increased with the increase of
argon sputtering pressure. But, it is decreasing with the increasing
argon pressure. Hence, it could not attributed to the E1(LO) phonon
mode. Thus, the observed peak is assigned to be A1(LO) and it is
generally observed at the wave number of 574 cm�1. In our case, it
is blue shifted (583 cm�1) from its original position (574 cm�1)
owing to the increase in the free carrier concentration and depicted
in the inset of Fig. 3(a). A strong correlation have already been
established between the position of A1(LO) mode and free carrier
concentrations [21]. Furthermore, the A1(LO) phonon mode
experiences a shift in higher wave numbers, broadening of peak
and decrease in intensity with increasing free carrier concentration
due to the strong coupling of phonons with plasmons [4,22,23].
The FWHM of A1(LO) phonon mode for the nanostructures grown
under the argon sputtering pressures of 0.01, 0.035 and 0.1 mbar
are �13.3, 13.6 and 15.4 cm�1 respectively.

Fig. 4 shows the LTPL spectra of 1D ZnO nanostructures grown
under various argon sputtering pressures. At 10 K, PL spectra
exhibit similar peaks at 3.363, 3.258 and 3.183 eV irrespective of
argon sputtering pressure. The dominant emission peak at
�3.363 eV is denoted as D0X and it is attributed to the neutral
donor to bound excitons [24]. Further, the intensity of D0X
emission quenches with increasing the measurement temperature
as a result of the refreezing of phonons and stimulation of non-
radiative recombination processes. The longitudinal optical (LO)
phonon energy of bulk ZnO is reported to be �72 meV [25]. The
observed emission peaks at 3.258, and 3.183 eV are associated to
the first and second LO phonon replicas of two electron satellite
(TES) lines. It is in good agreement with the earlier reports [10,24].
It is well known that zinc vacancies (VZn) will act as an acceptor and
create an acceptor level above the valence band. It was reported
that the energy difference between the conduction band minimum
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and the zinc vacancy level (VZn) is about 3.06 eV [26]. This shows
that the acceptor level is well above the valence band about 0.3 eV.
We believe that the observed violet emission (VE) around at
3.01 eV is attributed to the electron transitions from the
conduction band minimum to VZn level and this transition provides
a clear evidence for the presence of zinc vacancies in the
nanostructures. Further, a broad and weak peak around 2.28 eV
corresponds to green emission (GE) of the visible spectrum and this
green luminescence is attributed to the electron transition from
the shallow donor level (Vo) to a shallow acceptor level (VZn)
[12,27]. This transition indicates the presence of oxygen and zinc
vacancies in the nanostructures which are all the common point
defects observed in ZnO owing to its small formation energy [28].
The observed green emission quenches with the increasing
temperature due to the phonon scattering process and the similar
behaviours are observed in all 1D ZnO nanostructures grown under
various argon sputtering pressures. Further, the intensity of the
violet and green emissions consistently increases with the argon
sputtering pressure and indicates that the zinc and oxygen
vacancies increase with the pressure. The above discussion
evidences that the quality of the nanostructures deteriorates with
the argon sputtering pressure which well corroborates with the
XRD and Raman results. The high emission intensity ratio (IUV/IDL)
of the nanostructures grown under the argon sputtering pressure
of 0.01 mbar confirms the high crystalline and optical qualities
which deteriorate with the argon sputtering pressure (not shown).

D0X peak energy decreases with increasing the ambient
temperature due to the electron phonon interactions and the
expansion of the lattice (not shown). The experimental variation of
band gap is fitted by an empirical Varshni formula [29].

EðTÞ ¼ Eð0Þ � aT2

ðT þ bÞ

  !
(1)

where E(T) and E(0) are the band gap at an absolute temperature T

and 0 K respectively. a and b are the Varshni thermal coefficients.
The above coefficients are extracted from the best fitted results of
neutral donor to bound exciton emission using Eq. (1). The
obtained values of E(0) for the 1D nanostructures grown under
various argon sputtering pressures of 0.01, 0.035 and 0.1 mbar are
3.3651, 3.3612 and 3.3628 eV respectively. The fitting parameters
(a and b) significantly varies with the argon sputtering pressure
and can be related to the dilation of the ZnO lattice. The obtained
values are in good agreement with the reported values [30].

The inset of Fig. 4 shows the corresponding integrated PL
intensity variation of D0X emission as a function of inverse of
temperature for the 1D ZnO nanostructures grown under various
argon sputtering pressures. The PL intensity decreases with the
increasing temperature due to the thermal quenching and
described by the following equation [31].

IðTÞ ¼ Ið0Þ
ð1 þ A � expð�Ea=KTÞÞ (2)

where I(T) is the PL intensity at temperature T (K), I(0) is the PL
intensity at 0 K, A is a proportionality constant, Ea is the activation
energy of the thermal quenching process, K is a Boltzmann
constant and T is a thermodynamic temperature. The activation
energies of the 1D ZnO nanostructures grown under various argon
sputtering pressures of 0.01, 0.035 and 0.1 mbar are 6.48, 11.95
and 11.26 meV respectively. The activation energy of ZnO
nanostructure increases with the argon sputtering pressure. In
general, the increase of activation energy is expected to quench the
luminescence signal [32] as due to the deterioration of the optical
quality of the ZnO nanostructures with the argon sputtering
pressure. This quenching of dominant bound exciton emission is in
good agreement with the reported values of the 1D ZnO
nanostructures [33–36]. At 10 K, the D0X line widths of the 1D
nanostructures grown under various argon sputtering pressures of
0.01, 0.035 and 0.1 mbar are 0.0226, 0.0265 and 0.0301 eV
respectively. It linearly increases with the argon sputtering
pressure and provides a conclusive evidence for the deterioration
of the optical quality of nanostructures which is consistence with
the activation energy. Further, the line width of the peak increases
gradually up to �150 K and then it increases almost exponentially
to the ambient temperature in all 1D nanostructures grown under
various argon sputtering pressures (not shown).

4. Conclusion

Quasi-aligned 1D ZnO nanostructures have been successfully
grown on silicon (1 1 1) substrates by the rf magnetron sputter
deposition technique under various argon pressures. The transi-
tion of structural morphology of the 1D ZnO nanostructures with
the sputtering pressure is driven by the change in migration
length of the adatoms which promotes the radial growth due to
the increased number of collisions between the sputtered and
argon gas molecules. The structural studies suggest that the
increase in argon pressure introduces the compressive strain in
the nanostructures which also depends on the foot prints of the
nanostructures on the substrate. A blue shift of A1(LO) phonon
mode ascertains the enhancement of the free carrier concentra-
tion in nanostructures with the sputtering pressure. The
predominant D0X emission with narrow FWHM is a sign of good
optical quality of the ZnO nanostructures and quenches with the
increasing argon pressure as well as measurement temperature.
The observed violet and green emissions at 3.01 and 2.28 eV
confirm the existence of zinc and oxygen vacancies in the
nanostructures.
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Undoped vertically aligned ZnO nanowires have been grown on silicon (111) substrates by the rf

magnetron sputtering technique without metal catalyst. The diameter, length and density distributions

of the nanowires have been analyzed with respect to the different growth durations. The tapering of the

nanowires is observed for the growth duration of 120 min owing to the insufficient adatoms on the

growth front. In the X-ray diffraction pattern, the dominant (002) peak with narrow full width at half

maximum (FWHM) of ZnO nanowires indicates the c-axis orientation and high crystalline nature with

hexagonal wurtzite crystal structure. The narrow FWHM of E2
low and E2

high phonon modes (1.4 and

9.1 cm�1) provide an additional evidence for the high crystalline and optical properties of the

nanowires. The low temperature photoluminescence spectra are dominated by the green emission

at�2.28 eV induced by the electron transitions between shallow donor and acceptor energy levels.

& 2013 Elsevier Inc. All rights reserved.
1. Introduction

Among the various forms of one dimensional (1D) nanostructures,
the nanowires and nanorods have received a great deal of interest
due to its unique physical and chemical properties with increased
surface area and building blocks for functional nanodevices.
For practical applications, the vertically aligned nanowires or nanor-
ods have received a significant attention due to the effective relaxa-
tion of stress at the lateral surface, which makes it possible to grow
defects free nanowires or nanorods on highly mismatched substrates
that is impossible for two dimensional films. Among the various
semiconducting nanowires, zinc oxide (ZnO) is a suitable material for
various potential applications such as light emitting diodes [1,2], solar
cells [3], varistors [4], laser diodes [5], spintronics [6] and sensors [7]
due to its wide band gap of 3.37 eV with large exciton binding energy
(60 meV) at room temperature, which is much higher than the III–V
and II–VI semiconductors [8,9].

The vapor liquid solid (VLS) technique, described by Wagner and
Ellis in 1964, is emerged as one of the widely employed growth
mechanisms to fabricate the nanowires [10]. In this growth techni-
que, one of the noble metals such as gold or nickel is used as catalyst
in the form of thin films or nanoparticles to initiate the growth of
nanowires. The diameter and density of the nanowires depend on the
thickness of the catalyst layer on the substrate and the method of
heat treatment [11]. Despite the advantage of controlled density,
ll rights reserved.

407 020.
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diameter and the enhancement of growth rate along the confined
crystallographic direction, there are some apparent drawbacks in this
growth technique. It requires a very high temperature to form an
alloy droplet for initiating the growth. After the growth, the tip of the
nanowires contains the catalytic droplet which is an undesirable
external impurity for the device fabrication. Hence, an alternative
approach is essential for the growth of nanowires without any
external catalyst which is possible by the vapor solid (VS) growth
mechanism. Nanowires fabricated by VS approach relies on the direct
crystallization from the vapors govern by the direct impingement and
diffusion of adatoms on the side walls of nanowires. In the VS growth
mechanism, the initial nucleation is induced by the defects such as
screw dislocation and it does not contain any droplet at the tip of the
nanowires [12], consequently, it is very suitable for the growth of the
nanowires in the applications perspective.

In the present work, we have grown vertically aligned ZnO
nanowires without any external catalyst under different growth
durations by radio frequency (rf) magnetron sputtering technique
on n-type silicon (111) substrates. The nanowires grown for 120 min
were extensively investigated in order to understand the structural
and optical properties of the nanowires for the applications of
optoelectronic device fabrication. The photoluminescence spectrum
exhibits an intense and broad green emission at low temperature
owing to the vacancy mediated transitions.

2. Material and methods

Vertically aligned undoped ZnO nanowires were grown on
n-type silicon (111) substrates under different growth durations
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by the rf magnetron sputtering technique. A pure 2 in. ZnO target
was used as a source material for the growth of nanowires and it
was prepared by a simple solid state reaction technique. In order
to remove the native oxide layer from the surface of the silicon
substrate, the standard RCA cleaning procedure was followed
prior to loading the substrate into the chamber. Initially, the
chamber was evacuated to the base pressure of 5�10�6 mbar
and the oxide target was pre-sputtered about 10 min under pure
argon (Ar) atmosphere in order to remove the impurities present
on the surface of the target. The growth of nanowires was carried
out under the partial pressure of 0.01 mbar in pure Ar atmosphere
with the fixed rf power of 60 W. The details of the growth
conditions can be found elsewhere [13]. The deposition rate
(�3.6 Å/sec) of the sputtered materials was monitored by the
in-situ digital thickness monitor (Model DTM-101).

The surface morphology and composition of the nanowires
were examined by a field emission scanning electron microscope
(FESEM, Carl Zeiss-Sigma) equipped with the energy dispersive
X-ray spectrometer (EDX, Oxford instruments-INCAx). The phase
orientation of the nanowires was investigated by a Rigaku X-ray
diffractometer with CuKa radiation (l¼1.5406 Å). The vibrational
phonon studies of the nanowires were performed by a Lab Ram
HR800 micro-Raman spectrometer with an excitation wavelength
of 632.8 nm. The temperature dependent photoluminescence
(PL) measurements were recorded using a HORIBA JOBIN YVON
monochromator (0.55 m) over the temperature range of 10–330 K
by the closed cycle helium cryostat. He–Cd laser (325 nm) with a
power of 30 mW was used as an excitation source and
the dispersed luminescence signal from the sample was collected
by a charge coupled device through an appropriate optical
arrangement.
3. Results and discussion

The FESEM images shown in Fig. 1 depict the top and 451 tilted
views of ZnO nanowires grown under different growth durations
of 15, 30, 60 and 120 min respectively. The FESEM images clearly
show that the nanowires are vertically aligned on the substrates
having hexagonal cross section. Further, the density, length and
diameter distributions of the ZnO nanowires exhibit a strong
dependence of growth duration. Fig. 2 represents the variations of
average diameter, density and length of the nanowires for
different growth durations. The average diameter of the nano-
wires increases gradually up to the growth duration of 60 min,
after that the diameter leads to decrease by the increase of the
growth duration to 120 min which is attributed to the tapering of
the nanowires. The reason for tapering is clearly described below.
Furthermore, the average length of the nanowires found to
increase linearly from 150 to 1394 nm with the increase of the
growth duration from 15 to 120 min.

The density of the nanowires increases up to 30 min growth
duration (0.57�1010 cm�2) as due to the formation of new nuclei
on the substrate. Nevertheless, the density decreases to 0.36�
1010 cm�2 with the increase of the growth duration to 60 min and
this trend can be attributed to the coalescence of closely spaced
nanowires at the boundaries due to the lateral growth [14]. Further
increasing the growth duration to 120 min, the perfect hexagonal
cross section of the vertical standing nanowires grown for 60 min
is transformed into the needle like structure. This transformation is
attributed to the insufficient adatoms on the growth front. In
contrast, the density of nanowires found to monotonously increase
(1.44�1010 cm�2) with the increase of growth duration to
120 min. This unusual behavior can be explained by the multiple
tapering on the edges of nanowires which obviously result the high
density nanowires in extended growth duration of 120 min.
Further, it is reported that the polarity of the nanostructures do
not vary by thinning of NWs with the result of extended growth
duration [15]. Hence, it is expected that there will be no change in
the polarity as well as surface chemistry of the nanowires grown
under the growth durations of 60 and 120 min, as long as the
growth direction remains along c-axis of ZnO. Furthermore, the
structural and optical properties of the well oriented and vertically
aligned nanowires are very important for the fabrication of
efficient optoelectronic devices [16,17]. Consequently, a detailed
investigation has been extended to the nanowires grown under
pure Ar atmosphere for 120 min at 550 1C.

A tilt view (451) of the vertically aligned ZnO nanowires grown
on n-type silicon (111) substrate using the rf magnetron sputter-
ing technique is shown in Fig. 3(a). One can easily observe that
the nanowires have tapered tips and are well aligned vertically
with an average diameter of 80 nm and length of about �1.4 mm.
Generally, the growth of the nanowires is promoted by the direct
impingement of adatoms on the tip of the nanowires in addition
to the migration of adatoms through the side walls of the
nanowires [18,19]. In the case of adatoms migration through
the side walls of the nanowires, the growth is enhanced only if
the migration length of the adatoms is greater than the length of
the nanowires, otherwise it will be desorbed from the surface of
the nanowires and hence direct impingement of adatoms are only
responsible for the subsequent growth of nanowires. Therefore,
the migration lengths of the adatoms is an important parameter
and depends on the many growth parameters such as substrate
temperature, sputtering pressure, target—substrate distance and
further the position of nanowires on the substrate surface. If the
energy of the adatoms is small, consequently the migration length
becomes small. Hence, it could not reach the growth front of
the nanowires. Therefore, the number of adatoms on the tip of the
nanowires will be reduced which may induce the tapering in the
nanowires. In our case, the tip of the nanowires is not tapered up
to the growth duration of 60 min and its length is about 625 nm.
Further increasing the growth duration to 120 min, the length of
the nanowires is approximately doubled (�1394 nm). On the
other hand, the ZnO nanowires have tapered tips as shown in
Fig. 3(a). It could be ascribed that the migration length of the
adatoms is expected to be�1 mm as the tapering occur at above
this length for the given growth conditions. Due to the smaller
migration length of adatoms, the tapering is observed in the
nanowires grown for 120 min. EDX spectrum of the vertically
aligned ZnO nanowires is recorded using the electron beam of
10 kV accelerating voltage as shown in Fig. 3(b). The vertically
aligned ZnO nanowires consist of purely zinc and oxygen. The
presence of silicon in the EDX spectrum is associated to the
substrate, which is attributed to the interaction of electron with
the silicon substrate through the air gap between the vertical
standing nanowires. With the detection limit of EDX, there are no
impurities found in the array of nanowires.

Fig. 4 depicts the X-ray diffraction pattern of undoped ZnO
nanowires grown on silicon (111) substrate for 120 min by the rf
magnetron sputtering technique. The dominant and weak peaks at
34.431 and 72.631 correspond to (002) and (004) reflections of ZnO
respectively, which confirm the hexagonal wurtzite structure of the
nanowires with the preferential orientation along c-axis. The narrow
full width at half maximum (FWHM, 618 arcsec) of the dominant
(002) peak reveals the high crystalline nature of the nanowires.
The observed peak at 28.551 corresponds to the (111) reflection of
silicon (JCPDS-78-2500) which is attributed from the substrate.
Further, the additional peaks at 44.541 and 64.561 correspond to
the silicon dioxide (JCPDS-89-3606). The appearance of the silicon
dioxide peak confirms the existence of silicon dioxide layer on the
surface of the substrate, which may be formed during the earlier
stage of growth at elevated temperature by the process of oxidation



Fig. 1. FESEM top and 451 tilted views of ZnO nanowires grown at different growth durations. (a) 15 min, (b) 30 min, (c) 60 min and (d) 120 min.
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from the reactive oxygen radicals. In addition to this, a very small
peak at 62.871 belongs to the (103) reflection of ZnO. The observa-
tion of this weak peak indicates the quasi-alignment of nanowires.
The calculated in-plane and out-plane lattice parameters
(a¼3.251 Å and c¼5.204 Å) are in good agreement with the
standard bulk values which demonstrates that the nanowires are
completely relaxed with high crystalline quality despite large
mismatch between ZnO and silicon substrate.

Fig. 5(a) shows a typical micro-Raman spectrum of the vertically
aligned ZnO nanowires grown on the silicon substrate. The sharp
and dominant peaks at 99.4 and 437.1 cm�1 correspond to the non-
polar E2 phonon modes. The dominant peak at 99.4 cm�1 is
attributed to the lattice vibrations of zinc atoms and assigned as
E2

low phonon mode. The peak at 437.1 cm�1 corresponds to E2
high

phonon mode and attributed to the lattice vibrations of oxygen
atoms, which is very sensitive to crystalline nature and defects of
the nanostructures. The appearance of E2

high phonon mode confirms
the wurtzite structure of the ZnO nanowires. The peak positions of
the E2 phonon modes are in good agreement with the standard bulk
values of ZnO [20]. The narrow FWHM (1.4 and 9.1 cm�1) of the
non-polar phonon modes (E2
low and E2

high) substantiates the high
optical and crystalline qualities of the nanowires which corroborates
with the XRD results. The peak at 276 cm�1 is assigned as B1(low)
and the appearance of this peak evidences the breakdown of
translational symmetry in the nanostructures [21]. The observed
peak at 582 cm�1 could not be attributed to the E1(LO) phonon
mode, because it is one of the forbidden modes of vibration in the
back scattering geometry. Hence, it may be attributed to either
B1(high) or A1(LO). It is well known that B1(low) and B1(high) modes
are silent. However, the earlier reports show that the silent modes
are observable in the case of nanostructures due to the breakdown
of the translational symmetry. These modes should be comparable
in intensities and the line width of B1(low) mode must be very small
as compared to B1(high) mode [22]. But, in our case, the intensities
of the silent mode are not comparable. Consequently, the peak at
582 cm�1 could not be attributed to B1(high) mode. Therefore, the
observed peak is assigned to be A1(LO) and it is generally observed
at the wave number of 574 cm�1. It is blue shifted from its original
position owing to the increase of free carrier concentration. A strong
correlation have already been established between position of the



Fig. 2. Diameter, length and density distributions of ZnO nanowires as a function of different growth durations.

Fig. 3. (a) 451 tilted view of the vertically aligned ZnO nanowires grown on the

silicon (111) substrate for the growth duration of 120 min. (b) EDX spectrum of

the array of ZnO nanowires.

Fig. 4. XRD pattern of vertically aligned ZnO nanowires (The silicon and silicon

dioxide peaks arise from the substrate).
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A1(LO) mode and free carrier concentrations [23]. The A1(LO)
phonon mode shifts to the higher wave numbers with broadening
of peak owing to the coupling between phonons and plasmons
[24–26], can be associated to the increase of free carrier concentra-
tion in ZnO nanowires. The peaks at 233, 302, 520, 620 and
670 cm�1 are attributed from the silicon substrate. The micro-
Raman spectrum of the bare silicon substrate is shown in
Fig. 5(b) for the comparison and the enlarged view shown in the
inset of Fig. 5(b) clearly depicts the weak peaks.

Fig. 6(a) shows the temperature dependent PL spectra of the
undoped ZnO nanowires measured in the temperature range of
10–330 K. The observed emission peak at 3.343 eV is typical
donor to bound exciton (D0X) emission [27]. By increasing the
temperature from the low temperature (10 K) to room tempera-
ture, D0X peak shifts monotonically towards the low energy side.
A 166 meV red shift of the band edge emission over this
temperature range is caused by the thermal expansion of the
lattice and electron–phonon interactions. The intensity of the
peak decreases with increasing the temperature as a result of
the refreezing of phonons and stimulation of non-radiative
recombination processes. It is reported that the longitudinal
optical (LO) phonon energy of bulk ZnO is�72 meV [28]. The
observed emission peaks at 3.26 and 3.18 eV are associated to the
first and second LO phonon replicas of two electron satellite lines
[29]. The dominant and broad emission at 2.28 eV is associated to



Fig. 5. (a) Micro-Raman spectrum of vertically aligned ZnO nanowires recorded in

back scattering geometry with an excitation wavelength of 632.8 nm. (b) Micro-

Raman spectrum of the bare silicon substrate. The inset shows the enlarged view

of the Raman spectrum of silicon.
Fig. 6. (a) Temperature dependent PL spectra of ZnO nanowires grown on silicon

(111) substrate. (b) Variations of D0X peak energy (eV) and FWHM (eV) as a

function of temperature (K).
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the singly ionized oxygen vacancies and this green luminescence
is attributed to the electron transition from the shallow donor
level (Vo) to a shallow acceptor level (VZn) [13,30]. As the ZnO
nanowires were grown under pure Ar atmosphere, the oxygen
vacancy is expected and further the growth temperature of 550 1C
is more responsible for reducing the oxygen radicals available for
the crystallization at the growth front. The green emission
intensity drastically increases and overshoots the D0X emission
as the decrease of temperature. Fig. 6(b) shows the variation of
D0X peak energy of the ZnO nanowires as a function of tempera-
ture. Varshni’s empirical equation can be fitted with the experi-
mental data to find the temperature dependence of D0X peak and
can be written as [31].

E Tð Þ ¼ E 0ð Þ�
aT2

ðTþbÞ

 !

where E(T) and E(0) are the band gap at an absolute temperature
T and 0 K respectively. a and b are the Varshni thermal coeffi-
cients. From the fitted curve, the Varshni parameters E(0), a and b
were found to be 3.3434 eV, 1.01�10�3 eV/K and 1006 K respec-
tively. The obtained values are comparable to the earlier reported
values [32]. The PL line width of D0X emission increases with the
temperature as shown in Fig. 6(b). Earlier reports show that there
is a strong correlation between the broadening of band edge
emission and carrier concentration [33–35]. At 10 K, if the broad-
ening of band edge emission is solely attributed by the thermal
broadening, then its value should be�1.3 meV (3 KBT/2). How-
ever, the additional broadening also occurs due to the point
defects induced by either non-stoichiometry or lattice/thermal
mismatch between the deposited materials and substrates. In our
case, the PL line width at 10 K is around 44 meV which depicts
that the additional broadening of the peak has been occurred due
to the point defects. This indicates that the growth conditions and
selection of substrate play an important role in the growth of high
quality materials since they can create point defects in oxide
semiconductors which are similar to carrier doping. The observed
broad band edge emission indicates the high concentration of
point defects which is further substantiated by the dominant
green emission. Thus, the broadening of the band edge emission is
attributed to the enhancement of the free carrier concentration
induced by the point defects in the nanowires [35] as substan-
tiated by the blue shift of A1(LO) phonon mode.
4. Conclusion

Vertically aligned ZnO nanowires have been grown success-
fully on silicon (111) substrate under pure Ar atmosphere of
0.01 mbar at 550 1C by the rf magnetron sputtering technique.
The diameter, length and density distributions of the nanowires
under different growth durations indicate that the growth of the
nanowires governed by the migration length of adatoms which
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strongly influenced by pressure and temperature. The structural
study of the nanowires illustrates the highly crystalline nature
and hexagonal wurtzite structure of the nanowires with preferential
orientation along the c-axis. The characteristics of E2

high phonon
mode corroborates with the XRD results of high crystalline quality
with strain free nature of ZnO nanowires. A blue shift of A1(LO)
phonon mode along with the broad band edge PL emission confirms
the enhancement of the free carrier concentration in the nanowires
due to the point defects. The pre-dominant green emission at
2.28 eV is attributed to the electron transitions between shallow
donor (Vo) and shallow acceptor (VZn) energy levels.
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ABSTRACT

The low temperature hydrothermal synthesis of undoped and doped n-type ZnO nanowires on p+ silicon
substrate with seed layer was studied. The products were characterized by field emission scanning electron
microscopy (FESEM) integrated with energy-dispersive X-ray spectroscopy (EDS) facility, photoluminescence
spectroscopy (PL) and electrical source measurement techniques. The FESEM and EDS studies revealed ver-
tical aligned ZnO nanowires with hexagonal morphology having equimolar concentration of Zn and O with Mo
Dopant. The band edge emission of Mo doped ZnO exhibited red-shift as compared to undoped ZnO NWs.
The I–V curves of resulting n-ZnO NWs/p+-Si heterostructure exhibit p–n junction diode characteristics. The
present study may be projected as useful in developing enhanced electrical characteristics by optimizing the
density and quality of ZnO NWs.

KEYWORDS: Hydrothermal, Nanowires, Seed Layer, Heterostructure.

1. INTRODUCTION
In the next two decades, the nanowire/nanorod based quasi
one-dimensional materials will expect to have spectac-
ular developments in nonmaterial research.1 Particularly
functional oxide nanowires have been emerged as signif-
icant building blocks for future electronic and photonic
devices,1–3 and for biomedical applications.4 Exhaustive
research has been carried out on the potential applica-
tions of nanowires as interconnects and functional units
in fabricating electronic, optoelectronic, electrochemical
and electromechanical nanodevices.5 Compared to other
low dimensional systems in which tunneling transport
is required for charge carrier transfer, nanowires pro-
vide an unconfined direction for electrical conduction in
device applications.6 In addition, there is unique density
of electronic states in nanowires due to the constraint in
diameters. This unique property of nanowires causes a
significant difference in optical, electrical and magnetic
performances compared to their bulk counterpart. More-
over, radiative recombination of charges can be improved
in these physical structures, supporting the fabrication of
nano-optoelectronic devices. Fine-tuning the properties of

∗Author to whom correspondence should be addressed.
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Received: 29 June 2015
Accepted: 30 June 2015

nanowires through rational design and intelligent synthesis
methods enables scientists to fabricate novel devices.6

Recently, ZnO nanowires have drawn the attention of
the researchers due to their remarkable chemical and
physical properties which make them indispensable for
technological applications. They find their wide use in
optoelectronics, light-emitting diodes, electromechanical
devices, solar cells and sensor based applications.7–11

There are a number of physical and chemical meth-
ods available for film deposition on substrates viz. ther-
mal evaporation technique,12 radio frequency sputtering,13

chemical vapour deposition14 and low temperature solu-
tion route15 (hydrothermal synthesis). Among these tech-
niques, hydrothermal method is of particular interest as it
is simple, cost-effective, low temperature and suitable for
large scale production.16–18 Moreover, ZnO nanostructures
can be tuned effectively simply by varying hydrothermal
growth parameters such as concentration of seed layer
solution, reaction temperature etc.19 Further, the character-
istics of nanowires tend to change on doping with transi-
tion metals. For example, Mo doped ZnO thin films have
been found to have good electrical conductivity.20

Although a lot of work on synthesis and characteriza-
tion of ZnO nanowires using various methods have been
done,7–19 literature survey reveals that there is hardly any
report on molybdenum (Mo) doped ZnO nanowires on
p+-Si substrate through hydrothermal method.20–22 This
deficiency in literature motivated us to synthesize undoped
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Fig. 1. FESEM image of the (a) undoped ZnO (b) ZnO:Mo 2 wt%
grown on p+−Si substrate.

and Mo doped ZnO nanowire samples on both glass and
p+-Si substrate using hydrothermal synthesis technique.

2. EXPERIMENTAL DETAILS
2.1. Zno Nanowires Fabrication
Both undoped ZnO and ZnO:Mo nanowires were grown
hydrothermally on p+−Si and glass substrates. This
method is a two step process:

2.1.1. Seed Layer Preparation
The key idea to promote the growth of nanowires during
synthesis was to initially prepare the seed layer. The seed
layer plays an essential role in promoting nucleation and
guiding oriented growth. Before it the substrates were thor-
oughly cleaned by sonication in acetone, isopropanol and
de-ionized water for 10 min and then dried. A 10 mM seed
layer solution of zinc acetate dehydrate and 2-propanol
was prepared. The solution was then spin coated on p-type
silicon [(100), boron doped, � = 6− 8�-cm] and glass
substrates at 2000 rpm for 30 s. The substrates were then
annealed at 100 �C for 1 min after each spin coating to
enhance adhesion. A uniform seed layer was obtained after
five layers of spin coating.

2.1.2. Hydrothermal Growth of ZnO Nanowires
To grow ZnO nanowires, the substrates coated with ZnO
seed layers were fixed upside down into the reaction
vessel. The vessel contained zinc nitrate hexahydrate

Fig. 2. Size distribution of (a) Undoped (b) Doped with 2 Wt% Mo ZnO NWs.

[Zn(NO3�2.6H2O, 0.29748 g, 10 mM] and 0 and 2 wt%
MoO3 separately dissolved into 100 ml of de-ionized
water. The reaction vessel sealed with circulating water
condenser was kept at constant temperature of 90 �C for
1 hour. Finally, the samples were taken out, rinsed in de-
ionized water and then dried in air and preserved for char-
acterization.

3. CHARACTERIZATION
The size, shape and density of ZnO NWs were character-
ized by using field emission scanning electron microscopy
(FESEM, Carl Zeiss—Sigma). The chemical composition
of the obtained NWs was identified by Energy-dispersive
X-ray spectroscopy (EDS) feature of FESEM. The optical
characteristics of the NWs were investigated using photo-
luminescence (PL) and absorption measurements. The PL
measurements were performed at room temperature with
the 325 nm line of a He-Cd laser.
For electrical measurements, the space between the ZnO

NWs is filled with an insulating layer of poly vinyl alcohol
(PVA) by spin coating followed by baking the substrate at
120 �C for 40 min in a furnace. After this 1 �m thick gold
film was deposited on the top of ZnO as cathode by ther-
mal evaporation with a shadow mask and a layer of gold
film was deposited on the back side of the p+-Si substrate
to form ohmic contact. Finally an n-ZnO NWs/p+-Si het-
erostructure was obtained. The current–voltage (I–V ) char-
acteristic of the device was measured by a source meter
(Keithley 2400, Keithley Instruments, Inc., OH, USA).

4. RESULTS AND DISCUSSION
The general morphology of ZnO nanowires was obtained
using field emission scanning electron microscopy. As
shown in Figure 1, ZnO nanowires were vertically well
aligned with uniform length, diameter and distribution
density. The average diameters of the undoped ZnO and
ZnO: 2 wt% Mo NWs are 58.6 nm and 82.4 nm respec-
tively. It was observed that the diameter increase with

Mater. Focus, 4, 366–369, 2015 367
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Fig. 3. EDS data of the as-grown sample of ZnO nanowires. Zn, O, Si
and Mo peaks are present.

doping when Mo ion replaces Zn in the substitutional
sites. Figure 2 shows the size distributions of ZnO NWs
for undoped and doped samples. Their average length for
1 hour growth and density on p+-Si substrate were found
to be 1.5 �m and 3�74× 109 cm−2. Further, about two-
third of the Si substrate surface is devoid of NWs. The
hexagon shaped morphology of the NWs could be clearly
observed in the top view FESEM images (see inset).
EDS of ZnO:Mo 2 Wt% nanowires grown on p+-Si was

performed, and the resulting spectrographic data is shown
in Figure 3. The Mo concentration (in weight%) in the
nanowires was found to be 0.68 depending on the amount
of Mo precursor used. It was expected to be higher but
obtained lesser because MoO3 dissolve sparingly in cold
water.23 EDS determines the composition of the synthe-
sized ZnO nanostructures, and the results reveal that the
NWs were composed of Zn, O, Mo, and Si. Quantitative
EDS analysis showed that the atom percent ratio of Zn
to O was about 1:1. The presence of the Si peak in the
EDS pattern can be assigned to the Si substrate. Further,
no indication of oxide impurities in our final product was
observed.
The PL measurements were performed to evaluate the

optical quality of the obtained ZnO NWs. Figure 4 shows
typical room temperature photoluminescence (PL) spectra
of ZnO NWs with an excitation wavelength of 325 nm at

Fig. 4. Room temperature (a) near band edge emissions of undoped ZnO and ZnO:Mo (b) PL spectrum of Zn:Mo NWs (�ex = 325 nm).

room temperature. It could be seen that the PL spectrum
of the undoped ZnO NWs exhibits a dominant UV emis-
sion at 370.7 nm (3.34 eV) while Mo doped NWs show
strong UV emission at 374.8 nm (3.31 eV). These UV
emissions were ascribed to the near band edge emission of
the wide band gap of ZnO. It was observed that the dop-
ing ZnO with MoO3 decreases the optical band gap of the
resulting material. Figure 9(b) shows PL spectrum of Mo
doped ZnO NWs which include the intense band to band
emission corresponding to MoO3 at 416.8 nm (2.97 eV)23

along with the band edge emission at around 373.9 nm
(3.31 eV).
Figure 5 shows the I–V characteristics of the n-ZnO

NWs/p+−Si substrate heterostructure of ZnO without and
with Mo doping. The I–V relationship for a heterojunction
is given by: Ref. [24].

I = IS

[
exp

(
qV

kBT

)
−1

]

where I is the current; IS the saturation current; V , the
applied voltage across the heterojunction from p-side to
n-side; kB, the Boltzmann constant; and T is the abso-
lute temperature. The typical rectifying behavior of device
could clearly be observed. The forward current increases
more rapidly for doped device than that of the undoped
one. There was no emission in the visible region because
the diode currents were of the order of tenths of � A for
large material resistance (∼106�).
The low threshold for undoped device under reverse bias

could be ascribed to the band alignment of the p-Si/n-ZnO
heterojunction at the interface. Further, the series resis-
tance (RS) for the undoped and doped samples were found
to be 38.9 M� and 11.8 M� respectively. The RS can
be obtained by calculating the slope in an I/�dI/dV �
versus I graphs in the high voltage region (V > Eg/q,
where Eg is energy band gap) of the I–V characteristic
curves.25
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Fig. 5. I–V characteristics of the n-ZnO nanowires/p+ -Si substrate het-
erostructure of ZnO without and with Mo doping.

5. CONCLUSIONS
To summarize, the doped and undoped n-ZnO NWs/p+-Si
heterostructure with ZnO seed layer by low temperature
hydrothermal technique have successfully been fabricated.
FESEM and EDS demonstrate vertical aligned ZnO NWs
with hexagonal morphology having equimolar concentra-
tion of Zn and O including Mo as dopant. The PL spectra
show a decrease in optical band gap of NWs due to Mo
doping into ZnO lattice. The I–V curves of the result-
ing n-ZnO NWs/p+-Si heterostructure exhibit p–n junc-
tion diode characteristics. In future, the work is expected
to be carried out to optimize the density and quality of
ZnO NWs to enhance the characteristics to realize visible
emission from the diode.
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We report the observation of Raman silent modes of B1
low (276 cm�1) and B1

high (582 cm�1) in vertically
aligned ZnO nanorods due to the breakdown of translational symmetry. The structural studies reveal the
high crystalline nature of the ZnO nanorods on the lattice mismatched silicon substrates. The dominant
donor bound exciton emission and the phonon replicas signify the good quality of the nanorods which
substantiate that the anomalous Raman modes could not be attributed to the intrinsic point defects.
Further, our results show that the observed silent modes of wurtzite-ZnO become Raman active due to
the breakdown of the wave-vector selection rule by loss of translational symmetry induced by nanorods
geometry.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide (ZnO) nanostructures have received a tremendous
attention due to its unique properties and they are considered as
fundamental building blocks for future nanoscale devices parti-
cularly in the field of optoelectronics such as light emitting and
laser diodes [1–5]. Due to the large exciton binding energy of
60 meV, ZnO is one of the most promising materials for ultraviolet
(UV) light emitting applications as compared to GaN since it re-
duces the UV lasing threshold and yields a better optical efficiency
at room temperature [6]. In optoelectronic applications perspec-
tive, the optical quality of the nanostructures is a very important.
In general, the optical properties of materials are mostly in-
vestigated by the temperature dependent photoluminescence
measurements since it is one of the promising and powerful tools
to analyze the point defects and exciton recombinations. It is
found that the presence of phonon replicas in the photo-
luminescence spectra of nanostructures and bulk materials wit-
ness the good quality of materials [7]. In addition to this, micro-
Raman spectroscopy is a versatile tool to analyze the crystalline
and optical properties of materials especially nanostructures. Ac-
cording to the backscattering geometry of Raman selection rules,
2E2 and A1(LO) phonon modes are only allowed phonon modes of
vibration since the other modes are forbidden including the 2B1
symmetry phonon modes.

Recently, we have reported the growth and characterization of
vertically aligned ZnO nanowires on silicon substrates by radio
athan).
frequency magnetron sputtering without metal catalyst [8]. In the
Raman spectrum of grown ZnO nanowires, one of the forbidden
modes ( B1

low) is observed in the back scattering geometry. It en-
courages finding a unique reason behind the observation of for-
bidden modes in the Raman spectrum of ZnO nanowires. Further,
there is a lot of controversies occurred on the observation of
anomalous Raman modes, especially B1

low and B1
high in the Raman

spectra of ZnO. Tzolov et al. found the anomalous Raman modes at
276 cm�1 both in the undoped and Al doped ZnO thin films which
correspond to the silent mode, B1

low and it is attributed to the
electric field induced Raman scattering [9]. Recently, Fe, Sb, Al, Ga
and Li doped ZnO thin films grown by multistep pulsed laser de-
position exhibit the anomalous Raman modes at 277, 511, 584 and
644 cm�1 due to the intrinsic defects and doping [10]. Further, in
the case of N doped ZnO, the anomalous Raman modes at �275,
510, 582 and 643 cm�1 correspond to the B1

low, B2 1
low, B1

high and
TAþB1

high respectively which are attributed to the local vibrational
modes of N since the above vibrations are not observed on the
undoped ZnO [10–12]. Hence, a detailed investigation is essential
to understand the observation of anomalous Raman modes in ZnO.

In the present work, we have focussed our attention on the
comparison of micro-Raman spectra of undoped ZnO nanorods
and thin film grown on silicon substrates by radio frequency (rf)
magnetron sputtering to understand the origin of observed
anomalous Raman silent modes in ZnO nanorods.
2. Experimental section

Vertically aligned undoped ZnO nanorods and thin film were
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Fig. 1. FESEM images of ZnO deposited by the rf-magnetron sputtering under pure
argon sputtering pressure (a) Thin film and (b) Nanorods. The inset of Fig. 1
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grown on silicon (111) substrates with a vicinal off-angle of 70.5°
under pure argon sputtering pressure of 6�10�3 mbar by rf-
magnetron sputtering. The deposition parameters and processes
were already described elsewhere [8,13] and that were adopted
for the fabrication of ZnO thin film and nanorods. Briefly, ZnO
nanorods and thin film were deposited on silicon substrates at
550 °C and 350 °C respectively. The target to substrate distance,
growth duration and rf-power were kept constant as 50 mm,
60 min and 140 W respectively.

The morphology of the samples was examined using a field
emission scanning electron microscope (FESEM, Carl Zeiss-Σigma)
with the maximum resolution of 1.2 nm. The structural properties
of the undoped ZnO nanorods and thin film were investigated by
Rigaku X-ray diffractometer with Cu Kα radiation of wavelength
λ¼1.5406 Å. The X-ray diffraction patterns were recorded using
Bragg–Brentano (θ–2θ) geometry between 30° and 80°with a step
size of 0.05° for the structural identification. The exciton re-
combinations and point defects in the ZnO nanorods and thin film
were analyzed by the temperature dependent photoluminescence
measurements using a high resolution HORIBA JOBIN YVON
monochromator (0.55 m) with 325 nm He–Cd laser as an excita-
tion source. For the temperature dependent photoluminescence
measurements (10–300 K), the samples were placed inside a
closed cycle helium cryostat (Janis Research Company Inc., USA)
and the luminescence signal from the samples was collected by a
charge coupled device through appropriate optical arrangements.
The resolution of photoluminescence measurement set-up is
0.025 nm and the data was collected with the step size of
0.002 nm. Room temperature micro-Raman scattering measure-
ments of the ZnO nanorods and thin film were carried out using a
LabRam HR800 Raman spectrometer in the backscattering geo-
metry. He–Ne laser of 632.8 nm wavelength with the power of
17 mW was used as an excitation source and the laser beam was
focused through an optical microscope (100x) with a spot size of
�1 μm. The thickness of the ZnO thin films grown under the
substrate temperature of 350 °C was measured by the Filmetrics
“F20” thickness measurement instrument.
(b) shows the diameter distribution of ZnO nanorods.
3. Results and discussion

Fig. 1(a) and (b) shows the FESEM images of undoped ZnO thin
film and nanorods respectively grown on silicon substrates by rf-
magnetron sputtering technique. Fig. 1(a) clearly depicts the thin
film like morphology with rough surfaces and its average thick-
ness is 470 nm. Fig. 1(b) confirms the vertical alignment of ZnO
nanorods with smooth surfaces and a high degree of size uni-
formity along the axial direction. Further, the nanorods also ex-
hibit the hexagonal cross section along the c-axis. The average
length and the diameter of the ZnO nanorods are 1.5 μm and
350 nm respectively. The inset of Fig. 1(b) shows the diameter
distribution of ZnO nanorods. In the deposition of ZnO thin film
and nanorods, all the growth parameters are kept identical except
the substrate temperature. It is well known that the migration
length of the adatoms depends on the various growth parameters
such as substrate temperature and deposition pressure. In general,
the growth of vertically aligned one-dimensional (1-D) nanos-
tructures is enhanced by the adatoms in two ways either direct
impingement or migration through the sidewalls of the nanos-
tructures [14]. In the case of direct impingement of adatoms on a
tip of the nanostructures, the growth rate is small for the smaller
diameter nanostructures and vice versa due to the Gibbs–Thom-
son effect. But, in the case of surface migration of the adatoms
through the sidewalls of the nanostructures along with direct
impingement, the growth rate is higher for the thinner nanorods
and vice versa [15]. Further, the growth of the nanostructures will
be enhanced along the axial direction only if the length of the
nanostructures is smaller than the migration length, otherwise it
will be desorbed from the surface of the nanostructures or en-
hances the lateral growth of nanostructures. Furthermore, it is
found that the adatoms have high degree of migration length
under elevated substrate temperatures and vice versa [16,17]. This
suggests that the migration length of adatoms vary with the de-
position pressure and substrate temperature. Hence, we believe
that the observed vertically aligned ZnO nanorods at elevated
temperature are attributed to the adatoms with higher migration
length since it promotes the axial growth of the nanostructures by
the process of sidewall diffusion along with the direct impinge-
ments. On the other hand, low growth temperature promotes ZnO
thin film.

Fig. 2(a) depicts the X-ray diffraction (XRD) pattern of the un-
doped ZnO thin film and nanorods grown under pure argon
sputtering pressure. All the observed peaks correspond to stan-
dard bulk counterparts of ZnO indicate the hexagonal wurtzite
crystal structure. The dominant and weak peaks at�34.4° and
72.6° correspond to the (002) and (004) reflections of wurtzite
ZnO respectively. The appearance of a weak peak at 62.8° is at-
tributed to the (103) reflection which represents the off-orienta-
tion of ZnO nanorods and thin film prefer (002) crystallographic
direction. The (002) peak position of ZnO nanorods and thin film is
34.39° and 34.35° respectively which are less than the standard
bulk value (34.45°) representing that the nanorods and thin film
are in the state of uniform compressive stress as shown in Fig. 2



Fig. 2. (a) A typical XRD pattern of ZnO nanorods and thin film grown on the si-
licon (111) substrates. (b) Enlarged (002) peak position of ZnO nanorods and thin
film.

Fig. 3. Temperature dependent photoluminescence spectra of ZnO using He–Cd
laser as an excitation source (a) Thin films and (b) Nanorods. The inset of Fig. 3
(b) shows the Lorentz peak fitted photoluminescence spectrum recorded at 10 K.
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(b). The thin films are extremely compressed as compared to the
nanorods due to large foot prints on the lattice mismatched silicon
substrate as shown in Fig. 1(a). The structural quality also reflected
by the full width at half maximum (FWHM) of nanorods and thin
film as�558 and 723 arc-s respectively. Further, the FWHM of ZnO
nanorods agree well with the bulk ZnO single crystal grown by
chemical vapor transport [18] which reflects that the crystalline
nature of the nanorods is comparable to that of bulk samples. The
observed results are further substantiated by the intensity ratio of
I(002)/I(103) reflections as 163 and 104 for the ZnO nanorods and
thin films respectively, which also confirms the preferential or-
ientation of nanorods with better crystalline quality.

Fig. 3 shows temperature dependent photoluminescence
spectra of the ZnO thin film and nanorods grown under the sub-
strate temperatures of 350 and 550 °C respectively. The dominant
emission peak at �3.35 and 3.33 eV for the thin film and nanorods
respectively is attributed to the neutral donor bound exciton (D°X)
emission [19]. The intensity of D°X emission quenches for both
nanorods and thin film with increasing the temperature as a result
of the refreezing of phonons. It is accounted that the longitudinal
optical (LO) phonon replicas of ZnO are separated with one an-
other by 72 meV [20]. The observation of phonon replicas in ZnO
nanorods signifies the good optical quality as compared to thin
film [7]. In order to depict the phonon replicas clearly, the pho-
toluminescence spectrum recorded at 10 K is deconvoluted by
Lorentz peak fitting and shown in the inset of Fig. 3(b). The peaks
at �3.29, 3.25, 3.18 and 3.13 eV correspond to the D°X-1LO, two
electron satellite (TES)-1LO, TES-2LO and donor acceptor pair
(DAP)-1LO emissions respectively [19]. Further, the dominant D°X
emission as compared to defect mediated visible emissions and its
phonon replicas in the ZnO nanorods also substantiate the good
optical quality. The energy difference between the conduction
band minimum and the zinc vacancy level (VZn) is about 3.06 eV



Fig. 4. (a) Micro-Raman spectra of ZnO nanorods and thin film recorded in the
backscattering geometry using He–Ne laser as an excitation source. (b) Expanded
E2

high peak position of ZnO nanorods and thin film.
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[21]. This clearly depicts that the acceptor level formed by VZn is
well above the valence band maximum at�0.3 eV. Hence, the
peak at �3.01 eV can be attributed to the transition of electrons
from the conduction band minimum to the VZn level and this
transition provides a clear evidence for the presence of zinc va-
cancies both in the ZnO thin film and nanorods. The intense peak
at �3.01 eV evidences the presence of more number of zinc va-
cancies in thin film samples. A broad peak around at 2.28 eV in the
ZnO nanorods corresponds to oxygen vacancies and this green
luminescence is attributed to the transition of electrons from the
singly charged oxygen vacancy to a photo-excited hole [22,23].
This transition confirms the presence of oxygen related vacancies
in the ZnO nanorods. However, the oxygen vacancy mediated
emission is not observed in thin film grown under similar condi-
tions except the substrate temperature. This suggests that the
variation in the deposition temperature also affects the formation
energy of the point defects. A peak at �2.03 eV corresponds to the
orange emission which is attributed to the oxygen interstitial re-
lated point defects in thin film [24,25]. The observed results are
good agreement with our recent reports [26–28].

Micro-Raman scattering is an effective tool to analyze the
material quality, phase orientation, transport properties and the
interaction of phonons. Further, it is one of the non-destructive
and contactless studies and subsequently it does not require any
special sample preparation for the measurements. Wurtzite ZnO
belongs to the space group of C6v

4 which predicts that the eight sets
of phonon modes are observable at wave vector kE0 (Γ point). In
the eight phonon modes of ZnO, six of them are optical phonon
modes and remaining two phonon modes are acoustic. According
to group theory, the optical mode at the Γ point of the Brillouin
zone can be expressed by [29,30]

Γ = + + + ( )A B E E1 2 1 2 1opt 1 1 1 2

2B1 symmetry phonon modes are always both Raman and IR
inactive. The 2E2 modes { E2

high, E2
low} are non-polar and active in

Raman scattering. E2
high and E2

low phonon modes are associated
with the vibration of the oxygen and heavy zinc sub-lattices re-
spectively. Both A1 and E1 modes are polar and hence which split
into TO and LO phonons. These phonon modes are both Raman
and IR active [31]. These observable phonon modes depend on the
scattering geometry. In the case of backscattering geometry, the
incident and scattered light has exactly parallel to its c-axis or-
ientation of ZnO and hence E2 and A1(LO) phonon modes are ex-
pected to emerge in the Raman scattering since the other modes
are forbidden according to the Raman selection rules. Further, the
E1 phonon mode is observable only in the crossed polarization.

Fig. 4(a) shows the room temperature micro-Raman spectra of
the undoped ZnO nanorods and thin film recorded in the back-
scattering geometry. A sharp peak at �101 cm�1 corresponds to
the E2low phonon mode of ZnO and it is attributed to the lattice
vibrations of zinc atoms. The another non-polar phonon mode
(E2high) at �437 cm�1 is related to the lattice vibration of the
oxygen atoms and is used to characterize the wurtzite phase of
ZnO and its strain. E2high phonon modes for the ZnO nanorods and
thin film are �438.9 and 440.4 cm�1 respectively. This blue shift
of the E2

high phonon mode from its standard value (437 cm�1) in-
dicates the presence of compressive strain in the ZnO nanorods
and thin film as shown in Fig. 4(b). FWHM of ZnO nanorods and
thin film is 7.3 and 9.2 cm�1, respectively. These results well cor-
roborate with XRD studies. Further, A1(LO) phonon mode is absent
for both thin films and nanorods and it is expected to be over-
lapped with the broad Silicon optical phonon mode at
�520 cm�1. In contrast, it can be seen in Table 1 that all Raman
active polar and non-polar modes can be observed in the back-
scattering geometry except forbidden silent modes for ZnO (0001)
single crystalline substrate.
Table 1 shows the typical phonon frequencies and symmetries

observed by Raman scattering for wurtzite ZnO nanorods and thin
films. As compared to ZnO thin film, three additional peaks are
observed at �276, 582 and 646 cm�1 for the ZnO nanorods. In
general, the peak at 582 cm�1 is assigned to be E1(LO) mode and
arises due to the oxygen deficiencies. In the backscattering



Table 1
Typical phonon frequencies and symmetries observed by Raman scattering for
wurtzite ZnO nanorods and thin films.

Raman
symmetry

Observed modes (cm�1) Allowed modes in back-
scattering geometry (cm�1)
Z(-, -)Z aThin film Nanorods Bulkb

E2
low 102.9 100.5 101 101

E2 2
low – – 208 –

B1
low – 276 – –

−E E2
high

2
low – – 332 –

A1(TO) – – 380 382

E2
high 440.4 438.9 437 437

A1(LO) – – 574 574

B1
high – 582 – –

TAþ B1
high – 646 – –

a See Ref. [35].
b See Ref. [34].
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geometry, it is one of the forbidden modes according to the Raman
selection rules. In addition, there is no noticeable change in the
intensity of this peak with respect to post annealing under various
ambient such as oxygen and vacuum atmospheres [13]. Therefore,
the peak at 582 cm�1 could not be assigned as E1(LO) mode which
is also absent in thin films. In addition, the observed peak could
not be related to the A1(LO) phonon mode since in general, the
A1(LO) phonon mode will be observed at �574 cm�1. In some
exceptional cases, this phonon mode will be shifted to higher wave
number side due to the higher carrier concentration and also the
intensity of that peak will be quenched with the broadening of the
peak. But, in the present case, the observed peak is too intense.
Hence, the observed peak at 582 cm�1 cannot be attributed to
either A1(LO) phonon mode or the overlapping of A1(LO) and
E1(LO) phonon modes. Besides, the peak at 582 cm�1 can not as-
cribed to the surface optical modes because that usually lies be-
tween the polar phonon modes of A1(TO) and A1(LO). These
anomalous Raman modes are normally attributed to the intrinsic
host-lattice defects induced by doping as well as low structural
quality of the materials [10,11]. However, the present study clearly
reveals that the ZnO nanorods have high crystalline and optical
properties as compared to thin film. Hence, the observed anom-
alous Raman modes in the vertically aligned ZnO nanorods could
be neither attributed to poor structural and optical qualities nor
doping as corroborated by photoluminescence studies. Further, the
role of point defects in the ZnO nanorods on the observation of the
anomalous Raman modes can be ignored. In the recent reports, it
is found that, due to the small dispersion along the Brillouin zone,
the observed peaks at 276 and 582 cm�1 can be attributed to the
silent modes [ B1

low and B1
high] of ZnO. Further, the B1

low mode is
located near to the region of low two phonon density of states
(DOS) while the B1

high mode is near to the region of high two

phonon DOS. Hence, both B1
low and B1

high modes exhibit compar-

able intensities and the line width of B1
low mode (6.41 cm�1) is one

third of the width of B1
high (18.37 cm�1). Therefore, the observed

peaks at �276, 582 and 646 cm�1 are assigned as B1
low, B1

high and

TAþ B1
high which agree well with the earlier report [13,32]. These

anomalous Raman silent modes can be ascribed to the quasi-
backscattering geometry in Raman spectra as the incident and
scattered wave vector is appeared to be non-zero (k≠0) due to the
breakdown of translational symmetry in ZnO nanorods. The ad-
ditional Raman peaks at�228, 301, 520, 620, 670 cm�1 are asso-
ciated to the silicon substrate, and that are in good agreement with
the earlier reports [8,33].
4. Conclusion

Vertically aligned undoped ZnO nanorods and thin film have
been successfully grown on silicon substrates under various
growth temperatures. The observation of Raman silent modes in
the ZnO nanorods confirms the breakdown of translational sym-
metry in 1-D nanostructures. The structural study of ZnO nanorods
reveals the wurtzite crystal structure with high crystalline nature
which is further substantiated by micro-Raman studies. The
dominant donor bound exciton emission and the phonon replicas
indicate that the Raman silent modes could not be ascribed to the
poor structural or optical quality of the ZnO nanorods rather dif-
ference in incident and scattered wave vectors (k≠0) due to the
breakdown of translational symmetry induced by nanorods
geometry.
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