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a b s t r a c t

Magnesium doped zinc oxide nanorod arrays on zinc oxide seed layers were grown by
hydrothermal method. X-ray diffraction (XRD) patterns revealed the growth orientation
along the preferential (002) direction. The hexagonal morphology was revealed from the
field emission scanning electron microscope (FESEM) images. The elemental composition
of the samples was confirmed by energy dispersive x-ray analysis spectra (EDS) and
mapping dots. Carrier concentration, resistivity and mobility of the samples were obtained
by Hall measurements. I-V characteristic curve confirmed the increase in resistivity upon
doping. Photoluminescence (PL) spectra exposed the characteristic of UV emission along
with defect mediated visible emission in the samples. Electrochemical impedance spec-
troscopy and cyclic voltammetry were undertaken to study the charge transport property.
Owing to the change in the structural parameters and defect concentration the electrical
properties of the doped samples were altered.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

One of the nifty materials in the family of semiconductors is the Zinc oxide (ZnO) which has a direct bandgap (3.37 eV) and
large exciton binding energy (60 meV). Owing to its versatility, ZnO is finding its application in the fields of electronics [1],
optoelectronics [2], sensing materials [3], and being used as gas sensors [4], photo diodes [5], light emitting diodes [6],
photonic crystals [7], photo detectors [8] etc. As a result of its significant fundamental physical properties and applications to
several nanostructured devices, ZnO has a multitude of interest in its low dimensional structures like thin film, nanorod, nano
wire, nanoparticle, nanotube etc. [9e13]. To fabricate the above said structures various methods such as thermal evaporation,
chemical vapour deposition, metal organic chemical vapour deposition, hydrothermal technique were used [14e17]. One
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dimensional ZnO are the reliable building blocks to manufacture nanoscale optoelectronic, photonic devices and circuits
[18e20].

The structural, optical and electrical properties of ZnO can be tuned by doping with various elements in order to make use
of ZnO in the above said device applications. Some of the doping elements investigated were Al, Ag, La, Na, Li, In, Ca, Y etc.
[21e28]. One of the frequently doped materials in ZnO is Mg. Its structural, optical, magnetic, dielectric [29e34] properties
were already undertaken. Sanghyun Ju et al. [35] discussed the application ofMgZnOmultiple nanorods as n-type FET. MgZnO
nanorods were also used as deep UV photodetectors [36e39]. Mg doped ZnO grown by spray [40] and sol-gel [41] method
reveal the decrease in electrical properties while increasing theMg dopant concentration. But none of them gave a conclusive
evidence of its electrical properties. It is important to uncover the cause for this variation so as to tailor them efficiently for a
specific application.

In our present study, we emphasize on how the electrical properties are varying upon changes in structure and defect
concentration in MgZnO nanorods grown by the mild mean hydrothermal technique.

2. Materials and methods

Soda lime glasses were used as substrates. At first ZnO seed layers were grown on the glass substrates by sol-gel spin
coating method. The fabrication of ZnO seed layers was given elsewhere [42,43]. ZnO nanorods were grown on these seed
layers by hydrothermal method. The precursors for preparing nanorod were zinc nitrate hexahydrate (Zn(NO3)2$6H2O),
hexamethylene tetramine (HMT, C6H12N4) and Magnesium nitrate hexahdrate (Mg(NO3)2$6H2O). All precursors were bought
from Sigma Aldrich and used without further purification. Magnesium was doped at different percentages such as 0 mol%,
5 mol%, 10 mol% and 15 mol% in the milieu of ZnO. The procedure to prepare the nanorod was elaborately given in our
previous work [44]. The samples were characterized by PANalytical X’Pert-PRO x-ray diffractometer with CuKa1 (1.5406 Å)
monochromatic radiation to get the structural insights. Using field emission scanning electron microscope (Zeiss Auriga 39-
16) the surface morphology and the elemental analyses from the Energy Dispersive X-ray Spectra and mapping dots were
obtained. Hall measurements were done using Ecopia HMS �5000 instrument. I-V characteristics were studied at room
temperature using Keithley 2450 sourcemeter. The photoluminescence measurements were performed at room temperature
using JobineYvon LabRAM HR 800UV micro-Raman system with 325 nm line of a HeeCd laser as excitation source.
Impedance spectroscopy and cyclic voltammetry have been performed using CHI660C electrochemical workstation.

3. Results and discussion

The XRD patterns of undoped, 5mol%,10mol% and 15mol%Mg doped ZnO nanorods were shown in Fig.1. The threemajor
peaks appeared in the XRD patterns which belong to the (100), (002) and (101) directions of ZnO hexagonal wurtzite structure
Fig. 1. XRD patterns with (100), (002) and (101) peaks taken within the range 30�e40� Inset indicates the (002) peak shift.



Table 1
Structural parameters calculated from XRD patterns.

Magnesium doping conc. in ZnO (mol%) FWHM of (002) peak (deg.) Crystallite size D (nm) a (Å) c (Å) c/a Volume V (Å)3

0 0.121 71.91 3.1838 5.1176 1.6074 44.9250
5 0.127 68.52 3.1842 5.1124 1.6056 44.8907
10 0.139 62.60 3.1845 5.1109 1.6049 44.8860
15 0.144 60.43 3.1847 5.1102 1.6046 44.8855
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and were associated with the JCPDS card no. 36-1451. The (002) peak was having the maximum intensity due to the lower
surface energy of (002) plane in ZnO [45]. Therefore the preferential growth orientation was developed into (002) crystal-
lographic direction and hence the formation of c-axis orientation [46]. It was found that as the Mg concentration was
increased from 0% to 15%, the position of XRD peaks were shifted towards higher angle side from 35.040� to 35.092� [inset of
Fig. 1] due to the smaller ionic radius of the dopant with the host parent atom (ionic radius of Mg2þ ¼ 66 p.m. and Zn2þ ¼ 74
p.m.) [47]. This small difference in ionic radii and the similarity in charge states (Mg2þ and Zn2þ) caused the Mg dopant to be
present in the substitution position.When the Zn2þ ionswere replaced byMg2þ ions the lattice parameters were affected. The
calculated structural parameters were scheduled in Table 1. There was an upsurge in the lattice parameter a and shrinkage in
c. The c/a axial ratio decreased from 1.6074, 1.6056, 1.6049 and to 1.6046 upon Mg doping. Moreover there was a change in
volume between undoped and Mg doped ZnO. This kind of crystal geometry modifications may lead to ionic character [48].
The mean crystallite sizes were calculated using Scherrer’s formula D ¼ 0:9l=b cos q [49], where l ¼ 1.5406 Å for CuKa1
radiation, b is the FWHM and q is the Bragg angle. Themean crystallite sizewas found to decrease from 71.91, 68.52, 62.60 and
to 60.43 nm by incorporating Mg dopants into the ZnO nanorods. Fig. 2 shows a relationship between crystallite size, FWHM
and doping percentage. The dopant Mg atoms accumulated near the boundary of ZnO during growth. When the concen-
tration of dopant was increased, the diffusion rate was reduced and it led to the suppression of the growth of the crystallite
and a possible reduction in the size of the particle [50]. The accumulation of Mg atoms and the corresponding size reduction
of the particle at the grain boundary increased the scattering which suppressed the intensity of XRD patterns. This may
conclude the reduction of crystallinity in the doped samples.

The FESEM images of the as-grown nanorods were shown in Fig. 3. They were hexagonal in shape with c-axis perpen-
dicular to the surface of the substrate, consistent with the XRD data. The mean diameters of the nanorods were about 80, 84,
110, and 114 nm for 0 mol%, 5 mol%, 10 mol% and 15 mol% MgZnO respectively. The atomic % of the as-grown nanorods
corresponding to different mole concentration of Mg was obtained through EDX and has been given in the inset of Fig. 3. It is
indicated that the prepared samples were composed of Zn, Mg and O atoms. It was found that the atomic percentage
increased with increasing Mg concentration during the growth of nanorods. EDX images of O, Mg, and Zn elemental mapping
dots for sample 5 mol% Mg doping were depicted in Fig. 4. The subdivisions of elements were clearly seen.

Hall measurements were made at room temperature. We have adopted the technique used by R. Thangavel et al. [51].
Since the work function of ZnO (5.3 eV) and Au (5.2 eV) is more or less same the samples were placed directly in the sample
holder and the four gold coated Hall probes were placed at the corners in Vander Pauw configuration. The resistance linearity
is checked for ohmic nature of the contacts by setting proper current limit. The parameters determined were listed in Table 2.
All the samples were n-type in character. The room temperature resistivity of the samples increased as a result of increasing
donor ionization energy [52]. The activation energy of the donors increased because Mg doping shifted the conduction band
away from the intrinsic shallow donor state [53]. Formation of smaller crystallites steered to increase the scattering
Fig. 2. Variation of crystallite size and FWHM with doping percentage.
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Fig. 3. FESEM images of (a) Undoped (b) 5 mol% (c) 10 mol% and (d) 15 mol% Mg doped ZnO nanorods Inset shows the respective EDX spectra with atomic %.
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Fig. 4. Elemental mapping dots of 5 mol% Mg doped ZnO nanorod with (a) all elements (b) Zn e L series (c) O e K series and (d) Mg e K series.

Table 2
Electrical parameters calculated from Hall measurements.

Magnesium doping conc. in ZnO (mol%) Carrier Concentration (cm�3) Mobility (cm2 V�1 s�1) Resistivity (ohm-cm) Type of Carrier

0 9.63 � 1015 10.62 1365 n-type
5 3.80 � 1015 4.904 1368 n-type
10 9.30 � 1014 0.7475 2195 n-type
15 4.31 � 1014 0.2944 2203 n-type
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probability of the charge carriers. This increase in grain boundary scattering for charge transport reduced the conductivity
and mobility. Carrier concentration of the samples is lessened due to Mg doping.

IeV characteristics were carried out on all the samples from �5 V to þ5 V at room temperature with current limit set at
1 mA in the Keithley 2450 sourcemeter. We used a very small gold coated electrode clip which is in contact with the thin film
for I-Vmeasurements by standard four probemethod. I-V is verified for its ohmic nature during both the cycles for its linearity
and symmetry. I-V curve [Fig. 5] revealed the ohmic nature of the samples upon increasing the doping percentage. The current
was found to decrease with an increase in Mgmole concentration. The number of injected carriers upon doping was very less
when compared to the number of free carriers available in the ohmic region [41]. The reason behind this behaviour might be
due to the creation of more number of defect states upon Mg doping. These defect states act as traps for the charge carriers
during recombination and caused lesser number of injected carriers leading to decreasing current.

Fig. 6 shows the photoluminescence (PL) spectra of the nanorods. It depicted a sharp UV peak due to the recombination of
free-exciton across the band gap which was called the near band edge emission (NBE). A minor broad visible emission, which
is called deep level emission (DLE), was observed in the spectra. It was mainly due to the transition between defect levels.
Because of the creation of too many non-radiative centres (or other loss mechanisms) after the diffusion of large number of
Mg dopants, the cross section of the excitons and the exciton-exciton scattering probability were greatly reduced. Owing to
this, the UV intensity in the PL spectra was diminished upon Mg doping [54]. Moreover, the UV intensity in PL was directly
proportional to the crystallite size and the volume of the sample. Upon doping, the size (crystallite size D, c/a ratio and volume
V) of the sample was decreased and so was the UV intensity [55]. The NBE emission was blue shifted from 3.18 eV to 3.26 eV
upon doping leading to widening of bandgap. This could be attributed to the increase in Mg composition in the samples. The
origin of this blue shift was not due to quantum confinement effect since the diameter of all the nanorod samples (mean
diameter is from 80 to 114 nm) were far larger than the exciton Bohr radius (1.8 nm) of bulk ZnO [56]. Thus Mg doping should



Fig. 5. Current-Voltage (I-V) curve of pure and Mg doped ZnO nanorods.

Fig. 6. Photoluminescence spectra of pure and MgZnO NRs.
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be responsible for such a blue shift. PL spectra showed an increase in DLE upon doping whichwas due to the increase in defect
states [57]. The deep level defects were responsible for this visible emission in ZnO [58]. The plausible candidate might be
oxygen interstitial (Oi) which might exist in a doubly negative charge state especially in an n-type material [59]. The defect
green emission occurred around 2.28 eV which was due to the presence of Oi according to the previous reports by H.Q. Wang
et al. [60]. The electron mobility may get decreased in the presence of Oi, due to the ionized impurity scattering [61]. Hall
measurements also revealed and confirmed the lowmobility upon doping. Decrease in charge carrier concentration might be
due to charge compensation at the acceptor states provided if there was any acceptor like defect such as Oi [62]. This was
consistent with our observed results [Table 2].

To get further understanding of the recombination and transport of charges in terms of electrochemical processes, the
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry were used. 0.1 M NaOH aqueous solution was used as
electrolyte in three electrode electrochemical cell inwhich the undoped, 5mol%,10mol%, and 15mol%MgZnO nanorodswere
used as working electrodes by keeping platinum electrode as counter electrode and Ag/AgCl as a reference electrode.



Fig. 7. Nyquist plot of undoped, 5 mol%, 10 mol%, and 15 mol% Mg doped ZnO nanorods in 0.1 M NaOH aqueous electrolyte solution. Inset shows the Nyquist plot
in high frequency region along with the equivalent circuit.
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EIS was done at the open circuit potential in the frequency ranging from 10mHz to 100 KHz [Fig. 7]. The Nyquist plots were
identical in shape and almost linear in the low frequency region. The semicircle part [inset of Fig. 7] in the high frequency
region is associated with the charge transfer resistance. The arc radius is low in undoped ZnO and increases upon Mg doping.
The total resistance (TR) is calculated from the equivalent circuit by fitting the experimental data of Nyquist plots using
ZSimpWin 3.22d software. The equivalent circuit [inset of Fig. 7] contains resistive (R), capacitive (C) and constant phase
element (Q) in the combination of R((CR)[QR][QR]). From Table 3 it was clear that the undoped ZnO was having a minimum
total resistance (TR) of 998.21 U at the surface of the sample which facilitated faster interfacial charge transfer. Higher value of
TR in MgZnO NRs could stretch the pathway for charge transfer due to the effect of oxygen interstitial defect states. This
increase in resistance might also be partly due to smaller pores of the MgZnO NRs resulting in pseudo capacitive behaviour.
The smaller pores were expected to be more resistive in terms of ionic current flow through them. The transport mechanism
explained in Hall measurements and I-V characterization studies agrees well with the observed results in EIS fitted param-
eters. Upon doping, the grain boundaries and the corresponding scattering might increase leading to decrease in electron
conduction [63], which is consistent with our XRD and Hall measurement results.

The cyclic voltammetry measurements were performed at room temperature covering the potential range from �1.5 V to
0.6 V with a scan rate of 5, 25, 50 and 100 mV�1 [Fig. 8]. All the CV curves were having anodic and cathodic potentials (AP &
CP), so the capacitive behaviour of these electrodes arouse due to redox mechanism. The area under the curve increased upon
increasing the scan rate and redox peaks appeared at maximum current density. The redox reaction occurred due to the
presence of depletion layer in the electrode/solution interface and external biasing. At a scan rate of 5 mV�1 more peaks were
observed for undoped ZnO sample. So the dominance of redox mechanism observed mainly at lower scan rates. However in
the doped samples the current density has been decreased even in lower scan rates compared to the undoped ZnO. This could
be due tomechanism explained earlier like the increase in grain boundary scattering, smaller pore size of the samples etc. The
larger surface area under the curve of undoped ZnO revealed higher current density with increased oxidation reaction
compared to the doped samples. The availability of high electrochemically active sites caused by the surface hydroxylation of
Table 3
Total Resistance calculated from the equivalent circuit drawn from the fitted experimental parameters.

Magnesium doping conc. in ZnO (mol%) R1 (U) R2 (U) R3 (U) R4 (U) Total Resistance (U)
TR ¼ R1 þ R2 þ R3 þ R4

0 4.52 777.8 15.49 200.4 998.21
5 4.72 1385 18.56 115.4 1523.68
10 6.47 6419 25.48 139.6 6590.55
15 6.65 8562 28.06 161.4 8758.11



Fig. 8. Cyclic voltammograms of pure and MgZnO NRs recorded in 0.1 M NaOH at a scan rate of (a) 5 mV�1 (b) 25 mV�1 (c) 50 mV�1 and (d) 100 mV�1.
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pure ZnO enabled the active participation of all the nanorods in the entire surface. In the doped samples, there is a reduction
of active sites. Undoped ZnO nanorod acting as electrode in an alkaline solution relied on the tunnelling of electron supplied
from the electrode and OH� ion diffusion in the host material. The decrease in pseudo capacitive performance of MgZnO
samples could be attributed to (i) decreasing conductivity which affected the electron flow, (ii) reduced specific surface area
of the electrode material and (iii) diminished interfacial charge transfer in between MgZnO nanorods and oxide-electrolyte
interface.

4. Conclusion

The structural, optical and electrical properties were measured for undoped, 5 mol%, 10 mol%, and 15 mol% Mg doped ZnO
nanorods grown by hydrothermal method. Due to amalgamation of Mg, replacing at the Zn matrix, resulted in the reduction
of crystallite size and a shift in (002) peak. Accumulation of Mg at the boundary increases the grain boundary scattering. From
FESEM images the diameters of the as-grown samples were found to be 80e114 nm. From the PL spectra we got the char-
acteristic UV emission alongwith a defect emission around 2.28 eV. The spectrawere blue shifted due to Mg doping. Since the
diameters werewell below the Bohr exciton radius (1.8 nm) this blue shift might be due to Mg doping. Oxygen interstitial (Oi)
defect exists in the samples in doubly negative charge state. In the vicinity of Oi, the mobility gets decreased. The charge
carrier concentration was decreased at the Oi state due to the occurrence of electron compensation. These results were
confirmed by Hall and I-V measurements. Moreover from Hall measurements, the carrier type was found to be n-type in all
the samples. The charge transfer resistance was measured from EIS for all the samples and found to increase uponMg doping.
This is due to smaller pores in the doped samples so that the charge carriers are finding themselves difficult to pass through.
In cyclic voltammetry the redox mechanism has been observed and it was reduced when Mg was being incorporated. The
reason for this behaviour might be smaller pore structure and decrease in specific surface area of the sample. Hence the
structural modification and variation in the defect luminescence altered the electrical properties of the as-grown Mg doped
ZnO nanorods. By suitably controlling the microstructure and defects we can improve the electrical properties of the mag-
nesium doped zinc oxide nanorods for a specific application.
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