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Abstract  

            We demonstrate an efficient possibility to synthesize vertically aligned pure zinc oxide 

(ZnO) and Co-doped ZnO nanorods (NRs) using the low-temperature aqueous chemical synthesis 

(90 ºC). Two different mixing methods of the synthesis solutions were investigated for the Co-

doped samples. The synthesized samples were compared to pure ZnO NRs regarding the Co 

incorporation and crystal quality. Electron paramagnetic resonance (EPR) measurements 

confirmed the substitution of Co2+ inside the ZnO NRs giving a highly anisotropic magnetic Co2+ 

signal. The substitution of Zn2+ by Co2+ was observed to be combined with a drastic reduction in 

the core-defect (CD) signal (g ~ 1.956) which is seen in pure ZnO NRs. As revealed by the 

cathodoluminescence (CL) the incorporation of Co causes a slight red-shift of the UV peak position 

combined with an enhancement in the intensity of the defect-related yellow-orange emission 

compared to pure ZnO NRs. Furthermore, the EPR and the CL measurements allow a possible 

model of the defect configuration in the samples. It is proposed that the as-synthesized pure ZnO 

NRs likely contain Zn interstitial (Zni
+) as CDs and oxygen vacancy (VO) or oxygen interstitial 

(Oi) as surface defects. As a result, Co was found to likely occupy the Zni
+ leading to the observed 

CDs reduction, and hence enhancing the crystal quality. These results open the possibility of 

synthesis of highly crystalline quality ZnO NRs-based diluted magnetic semiconductors (DMSs) 

using the low-temperature aqueous chemical method.  

Keywords: Low-temperature aqueous chemical synthesis, ZnO NRs, Co-doping, EPR, intrinsic 

point defects.  
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1- Introduction 

           Zinc Oxide (ZnO) is a direct wide band gap (3.4 eV at room temperature) semiconductor 

with a relatively large exciton binding energy of 60 meV and possesses a significant luminescence 

covering the whole visible region.1-4 Moreover, ZnO can be easily synthesized in a diversity of 

one-dimensional (1D) nanostructure morphologies on any substrate being crystalline or 

amorphous. 1-7  In particular, 1D ZnO nanostructures such as nanowires (NWs) and nanorods (NRs)  

have recently attracted considerable research due to their potential for the development of many 

optoelectronic devices, such as light-emitting diodes (LEDs), ultraviolet (UV) photodetectors and 

solar cells.2-4,8-10 Also, ZnO NRs-based diluted magnetic semiconductors (DMSs), where a low 

concentration of magnetic elements (such as manganese (Mn) and cobalt (Co)) is diluted in the 

ZnO crystal lattice, show great promise for the development of spintronics and magneto-optical 

devices.11-14 Among the different synthesis techniques utilized for ZnO NRs, the low-temperature 

solution-based methods are promising due to many advantages, i.e., low-cost, large-scale 

production possibility and the properties of the final product can be varied by tuning the synthesis 

parameters.5-7 However, synthesizing ZnO NRs with optimized morphology, orientation, electronic 

and optical properties by low-temperature solution-based methods remains a challenge. The 

potential of ZnO NRs in all above-mentioned applications would require synthesis of high crystal 

quality ZnO NRs with controlled optical and electronic properties.2-4,15 It is known that the optical 

and electronic properties of ZnO NRs are mostly affected by the presence of the native (intrinsic) 

and impurities (extrinsic) defects.1-4 Therefore, understanding the nature of these intrinsic and 

extrinsic defects and their spatial distribution is critical for optimizing the optical and electronic 

properties of  ZnO NRs.1-4,16-18 However, identifying the origin of such defects is a complex matter, 

especially in nanostructures, where the information on anisotropy is usually lost due to the lack of 

coherent orientation. Recently, we have shown that by optimizing the synthesis parameters such as 

stirring times and the seed layer properties, the concentration of intrinsic point defects ( i.e. 

vacancies and interstitial defects ) along the NRs and at the interface between the NRs and substrate 

can significantly be tuned.8,19,20 Thus, the ability to tune such point defects along the NRs could 

further enable the incorporation of Co ions where these ions could occupy such vacancies through 

substitutional or interstitial doping, e.g. a Co ion can replace a Zn atom or be incorporated into 

interstitial sites in the lattice.21 Here, by developing theses synthesis methods, we obtained well-

oriented ZnO NRs, and by studying them at low temperature, we can access the magnetic 
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anisotropy of such defects. Furthermore, by incorporating a relatively low amount of diluted Co 

into ZnO NRs the crystal structure of the as-synthesized well-oriented ZnO NRs can significantly 

be improved. The well-oriented pure ZnO and Co-doped ZnO NRs were synthesized by the low-

temperature aqueous chemical synthesis (90 ºC). The structural, optical, electronic, and magnetic 

properties of the as-synthesized well-oriented  NRs have been systematically investigated by mean 

of field-emission scanning electron microscopy (SEM), X-ray powder diffraction (XRD), electron 

paramagnetic resonance (EPR), cathodoluminescence (CL) and X-ray photoelectron spectroscopy 

(XPS). 

2- Experimental 

           The pure ZnO and Co-doped ZnO NRs were synthesized by the low-temperature aqueous 

chemical synthesis at 90 ºC on sapphire substrates. For pure ZnO NRs, a 0.075 M synthesis solution 

was prepared by dissolving hexamethylenetetramine (HMTA) and zinc nitrate hexahydrate in a 

deionized (DI) water and then stirred for three hours at room temperature (later denoted as M0 

sample). After that, a sapphire substrate precoated with ZnO seed layer,8,19,20 were submerged 

horizontally inside the above-mixed solutions and kept in a preheated oven at 90 °C for 5 hours. 

Afterward, the samples were rinsed with DI-water to remove any residuals and finally, dried using 

blowing nitrogen. The synthesis process of the pure ZnO NRs is described in more details in 

Ref.8,19,20 

           The Co-doped ZnO NRs were grown under similar conditions where two different 

approaches were used to prepare the synthesis solution. The first synthesis solution was prepared 

by mixing a 0 .075 M concentration of  HMTA and zinc nitrate and stirred for 15 hours. Then a 

diluted solutions of Cobalt(II) nitrate hexahydrate with an atomic concentration of 7% was added 

dropwise to the above solution and stirred for extra 3 hours (later denoted as M1). The second 

synthesis solution was prepared by mixing a 7% diluted solution of  Cobalt(II) nitrate hexahydrate 

with 0.075 M HMTA and stirred for 15 hours, and then a 0.075 M solution of zinc nitrate 

hexahydrate was added dropwise to the above-mentioned solution and stirred for extra 3 hours 

(later denoted as M2).  

           The morphology of the as-synthesized pure ZnO and Co-doped ZnO NRs was characterized 

using field-emission scanning electron microscopy (FE-SEM, Gemini LEO 1550). The crystalline 

and electronic structure were investigated by XRD using a Philips PW1729 diffractometer 
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equipped with Cu-Kα radiation (λ = 1.5418 Å) and EPR, respectively. The EPR measurements 

were performed using a conventional Bruker ELEXSYS continuous wave spectrometer operating 

at X-band (ν = 9.38 GHz) equipped with a standard TE102 mode cavity. The angle between the 

static magnetic field and the NRs axis, denoted by θ, was monitored by a manual goniometer. The 

optical properties were examined by cathodoluminescence (CL) using Gatan MonoCL4 system 

combined with Gemini LEO 1550 FE-SEM. The CL measurements were performed on aggregated 

nanorods using an acceleration voltage of 5 kV. The chemical composition was analyzed by XPS 

measurements recorded by Scienta ESCA-200 spectrometer using monochromator Al Kα X-ray 

source (1486.6 eV). All the measurements were carried out at room temperature (RT) except the 

EPR measurements which were performed at 6 K. 

3- Results and discussion 

           Fig. 1 shows the top-view FE-SEM images of the as-synthesized pure ZnO (M0) and Co-

doped ZnO NRs (M1) and (M2), respectively. The SEM images reveal that all the as-synthesized 

NRs were vertically-aligned with a hexagonal shape. The average diameter of the NRs was found 

to be ~160, ~400 and ~200 nm, for the M0, M1, and M2, respectively. The significant and slight 

increase in NRs average diameter in the case of M1 and M2 compared to M0 is likely due Co 

doping.22,23 

 

Fig. 1: SEM images of pure ZnO (M0) and Co-doped ZnO NRs as-synthesized using approaches 

M1 and M2, respectively. 

              The structural quality of the as-synthesized pure ZnO and Co-doped ZnO NRs have been 

confirmed by the XRD measurements as illustrated in Fig. 2. The XRD patterns showed that all the 

as-synthesized samples have a wurtzite structure and possess a good crystal quality with preferred 

growth orientation along the c-axis, as demonstrated by the intensity of the (002) peak.15,23-25 Also, 

it should be noted that no secondary phase related to Co was observed in the XRD patterns of all 
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three NRs samples.  As shown in the inset of  Fig. 2 the position of the (002) peak is slightly shifted 

toward lower 2θ angle in M1, and toward higher 2θ angle in M2 as compared to M0. The peak 

position shift toward lower and higher 2θ angle are reported to be a confirmation of the successful 

incorporation of  Co into the ZnO crystal lattice.15,23,26 Also, the peak position shift is reported to 

be due to the variation of oxygen vacancies (Vo) and zinc interstitials (Zni) caused by Co-

doping.27,28 In this study, the Co concentration in the synthesis solution is the same (7 %) for both 

M1 and M2. Thus, the observed shifts in the peak position could be attributed to either Co 

incorporation or to the variation of the defects concentration, e.g. such as vacancies and interstitials 

induced by Co doping. These results show that the way of preparing the synthesis solution have a 

significant influence on the Co incorporation in the synthesized ZnO NRs.  

 

Fig. 2: XRD patterns of the as-synthesized pure ZnO (M0) and Co-doped ZnO NRs (M1 and M2). 

The inset shows the normalized  XRD data for the (002) peaks, indicating peak shifts.  

           Further, to confirm the crystal quality and the incorporation of Co into the ZnO crystal lattice 

as suggested by the XRD results, EPR spectra were recorded at 6 K, and the results are shown in 

Fig. 3 (a)-(b). The EPR spectra of pure ZnO NRs (M0) is characterized by the well-known defect 

signal from ZnO apparent at 350 mT (g ~1.956) 29-34 as shown in Fig. 3 (a), and commonly attributed 

to core-defects (CDs) arising from ZnO nanostructures rather than shell defects.32,33 However, the 

identification of the exact nature of this CDs (1.956) signal is controversial,35 and up to date, no 

experiment can give a concerete answer. Previously, many defect signals close to this value (1.956) 

have been reported and Zn interstitials (Zni
+) and the so-called D* center were proposed.31,34  

Indeed, the angle-dependent spectra of the CD signal shown in Fig. 3(a) display a slight easy-axis 
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magnetic anisotropy and are composed of two overlapped lines. This observed anisotropy is 

compatible with a Zni
+ defect (easy-axis) but not with D* defect (easy plane), so that Zni+ appears 

to be the most probable defect.31,34 In our previous study, these CDs were characterized by three 

lines, which supports our hypothesis that these lines are likely a variation of the same defect, i.e. 

the same defects with slightly different parameters.36 The successful substitution of Co2+ was 

confirmed by the observed Co-related signal characterized by an eight-lines structure at g ~ 2.239 

(θ = 0º ) and a broad asymmetric signal at g ~ 4.517 (θ = 90º ),21,36,37 as shown in Fig. 3 (b). The 

observed magnetic anisotropy of the Co2+ signal is a clear indication that the as-synthesized NRs 

are single crystalline,well-aligned and that Co is highly diluted along the NRs.36  Interestingly, the 

substitution of Co2+ caused a drastic reduction of the CD signal (g ~1.956)  as indicated by dashed 

line (Fig. 3(b)) compared to that in the pure ZnO NRs (M0) (as shown Fig. 3 (a)), as previously 

observed in similar samples.36  In fact, this could suggest that a certain amount of the incorporated 

Co is involved in the CDs neutralization. This neutralization could be due to substitutional doping, 

where a Zn atom is replaced by a Co atom (Cozn), or to interstitial doping, where a Co atom is 

incorporated into interstitial sites in the lattice (Coi).21 As shown in Fig. 3(b) the intensity of the 

Co2+ signal of M2 at θ = 90º and θ = 0º is significantly higher as compared to that of M1. Moreover, 

the line width of the Co2+ signal at θ = 0º for M2 is found to be a slightly smaller (4 G)  than that 

of M1(5 G). As the Co concentration in the synthesis solution is the same (7 %) for both M1 and 

M2, and by assuming a uniform doping and same coverage of the NRs, these results clearly show 

that the way of preparing the synthesis solution have a significant influence on the Co incorporation 

in the synthesized ZnO NRs in agreement with the XRD results shown in Fig. 2. It should be noted 

that the hyperfine constant (the spacing between two hyperfine line) is ~15.3 G in both samples, 

that is the same value for the bulk Co-doped ZnO.36 Thus, we can deduce that the observed EPR 

signal comes from the substitutional Co2+ inside the NRs, and not from ions on the surface. 

However, such an observation did not make exclusive evidence that the presences of Co is on the 

surface of the as-synthsized Co-doped ZnO NRs. In the solution-based synthesis method, it is 

possible that Co2+ can be incorporated in the core of ZnO nanostructures or can be adsorbed at their 

surface.21 

            Furthermore, in order to get more information on the defects in the as-synthesized pure ZnO 

and Co-doped ZnO NRs, room-temperature CL spectra were carried out, and the results are shown 

in Fig. 4. The emission spectra of all samples were dominated by UV emission peak centered at 
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~382 nm (3.24 eV) due to near-band-edge (NBE) emission and a strong broad yellow-orange 

emission centered at ~ 610 nm (2.03 eV) associated with deep-level defects related emission in 

ZnO.1-4,38-40 

 

Fig. 3: (a) EPR spectra show anisotropy of the CD signal in the pure ZnO sample (M0). (b) EPR 

spectra of Co-doped ZnO NRs ( M1 and M2 ) for parallel (θ = 0º) and perpendicular (θ = 90º) 

orientation of magnetic field, recorded at T = 5 K. The upper axis gives corresponding g factor 

values.  

           Apparently, the  CL spectra of  Co-doped NRs exhibited a small red-shift of the UV peak 

position from 382 nm to 384 nm (as shown in the inset of  Fig. 4) as compared to pure ZnO NRs, 

which is likely due to the change in the energy of the band structure as a result of doping.22,41 It is 

important to note that the CL defect-related yellow-orange emission intensity decreases from M1 

to M2 (Fig. 4) and the Co EPR signal increases from M1 to M2 (Fig. 3 (b)). This observation 

suggests that the way of preparing the synthesis solution have a significant influence on the Co 

incorporation and defect formation in the as-synthesized ZnO NRs in agreement with the XRD 

results shown in Fig. 2.   

           The physical origin of intrinsic defects-related yellow-orange emission is controversial, and 

it is proposed to be associated to the Vo, Oi and Zni.23,38-40 Recently, it was proposed that the 

defects-related orange emission is to be likely from the Zni  in the core of ZnO NRs.39 In this study, 

we believe that the defect-related yellow-orange emission is likely to originate from the Zni  in the 
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core  of ZnO NRs or the Vo and Oi on the surface of  ZnO NRs. As a consequence, the intensity 

of the defects-related yellow-orange emission is significantly enhanced by the Co doping (Fig. 4), 

which probably due to the increase in Vo and Oi in the NRs or to the Co-related defect.15,23,41 

Moreover, this suggests the above-observed red-shift of the UV peak could be attributed to the 

variation of the Zni+ concentration in the Co-doped samples (M1 and M2) compared with the pure 

ZnO NRs (M0). In fact, these results indicate that the bulk quality of the ZnO NRs is improved by 

the substitution of Co, while the doping has the adverse effect on the surface defects related 

emission, in agreement with previous results.15,41 

 

Fig. 4: CL spectra of the as-synthesized pure ZnO and Co-doped ZnO NRs synthesized using 

different synthesis preparation approaches as indicated. The inset shows the red-shift in the UV 

peak. For clarity, the spectra are normalized to the near band edge intensity. 

           In view of the EPR and the CL results, a defect distribution model for ZnO NRs is shown in 

Fig. 5,32 which propose that the incorporation of Co during the synthesis process could probably 

result in occupying Zni
+ through substitutional or interstitial doping and, subsequently, enhance 

the crystal quality. The other possibility is that a substitutional Co2+ very close to a Zni
+ interstitial 

may form a non-magnetic complex, which is then not anymore EPR detectable. Also, the 

incorporation of Co was found to lead to the increase concentration of surface defects such as VO 

and  Oi. Further experimental study combined with detailed theoretical calculations are necessary 

to fully understand the observed phenomena.  
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           To elaborate more on surface related defect concentration, XPS spectra of all samples have 

been investigated. Figure 6 (a) shows the Zn 2p core level spectra of all samples, which is composed 

of two peaks centered at ~ 1022.2 and 1045.0 eV corresponding to binding energy lines of the Zn 

2p3/2 and Zn 2p1/2, respectively, with a spin-orbital splitting of 23.1 eV suggesting that Zn is present 

as Zn2+.22 Co signal in the ZnO NRs was not detected by the XPS; this could be attributed to the 

surface sensitive XPS technique with the Co2+ at the inner core of ZnO NRs, as indicated in Fig. 5, 

and also due to the low Co concentration, as suggested by the EPR measurements in Fig. 3 (b). The 

O1s core level peak for all samples exhibits an asymmetric profile, which can be decomposed into 

three Gaussian peaks, donated to OI, OII, and OIII, respectively, as shown in Fig. 6 (b). The OI peak 

at low binding energy at ~530.9 eV is attributed to the Zn-O bond within the ZnO crystal lattice.  

Whereas the OII peak centered at ~532.2eV is commonly assigned to oxygen-deficiency in the ZnO 

crystal lattice.16,42 Finally, the OIII peak centered at ~ 533.1 eV is related to the absorbed oxygen 

on the ZnO surface, e.g. H2O, O2.16,42  

 

Fig. 5: Schematic illustration of the cross-sectional view of the as-synthesized pure ZnO and Co-

doped ZnO NRs containing Zni
+ as core-defect and oxygen vacancies/interstitials as surface 

defects, respectively. 

           The relative concentration of oxygen vacancies is estimated from the intensity ratios of 

OII/OI using the integrated XPS peak areas and the element sensitivity of the O and Zn.42 The ratios 

of OII/OI were found to be 0.54, 0.52 and 0.49 for M0, M1, and M2, respectively, suggesting that 

M2 has a lower concentration of oxygen vacancies compared to M1 and M0, respectively. 

However, there is no obvious relationship between the samples defect composition estimated from 

the CL and XPS measurements. For instance, M0 shows lower CL defect emission intensity and 

higher OII/OI ratio.  
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Fig. : XPS core level spectra of the (a) Zn 2p peak and (b) O 1s peak of the as-synthesized pure 

and Co-doped ZnO NRs as indicated.   

4- Conclusions  

          The optical properties of ZnO NRs are commonly dominated by the presence of native 

intrinsic point defects, and identifying these defects is a difficult matter, especially in the 

nanostructure, where the information on anisotropy is usually lost due to the lack of coherent 

orientation. Here, by studying well-oriented ZnO NRs at low temperature, we were able to access 

the magnetic anisotropy of theses defects. Furthermore, by incorporating a relatively low amount 

of diluted Co inside ZnO NRs the crystal structure of the as-synthesized well-oriented ZnO NRs is 

significantly improved. Pure ZnO and Co-doped ZnO NRs were synthesized by the low-

temperature aqueous chemical method, where the crystal structure, orientation, and incorporation 

of the Co ion is tuned by the preparation procedure of the synthesis solution. The SEM and XRD 

measurements showed that the as-synthesized pure ZnO and Co-doped ZnO NRs are vertically 

aligned along c-axis and have a wurtzite crystal structure of high quality, as demonstrated by the 

intensity of the (002) diffraction peak. Moreover, the (002) peak position was observed to be shifted 

to lower or higher 2θ angle depending on the synthesis solution mixing procedure used. This is 

probably attributed to either Co incorporation or to the variation of the defect concentration in the 

samples, e.g. such vacancies and interstitials induced by Co doping. EPR measurements have 

confirmed the substitution of Co2+ inside ZnO NRs giving a highly anisotropic magnetic Co2+ signal 

characterized by eight lines indicating that the as-synthesized NRs are single crystalline, well-
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aligned and the Co is homogeneously distributed along the NRs. Also, the substitution of the Co2+ 

was observed to be accompanied by a drastic reduction in the CD signal (g ~ 1.956) found in pure 

ZnO NRs. As revealed by CL, the incorporation of Co causes a red shift in the UV peak position 

with an observed enhancement in the intensity of defect-related emission as compared to pure ZnO 

NRs. In view of the different results from these complementary measurements, we proposed that 

the as-synthesized pure ZnO NRs likely contain Zn interstitial (Zni
+)  as CDs and oxygen vacancy 

(VO) or interstitial (Oi) as surface defects. These results open for the possibility of synthesis of 

highly crystalline quality ZnO-based DMSs using the low-temperature aqueous chemical method.  
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