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ZnO based nanostructures have attracted tremendous attention in the field of short-

wavelength optoelectronics in the ultraviolet and blue including nano-lasers, blue light-

emitting diodes (LED) and photodetectors.
[1, 2]

 Besides the possibility of room-temperature 

excitonic lasing facilitated by the large exciton binding energy (~60 meV),
[3]

 another 

promising property of ZnO nanostructures, especially nanorods (NRs) array, lies in the 

integration of optical gain media with high quality resonators.
[4]

 However, the high surface-to-

volume ratio, one of the most prominent characteristics of nanorods, seriously deteriorates the 

optical property. On one hand, the material-ambient interface tends to adsorb gas or ion 

species (such as 𝑂2
− and 𝐶𝑂3

2−), resulting in the lateral build-in potential and depletion region 

near the surface.
[5]

 Under such conditions, excitons are dissociated into electrons and holes, 

which respectively reside in the core and surface, reducing the possibility of radiative 

recombination. On the other hand, the density of defects is much higher near the surface than 

in the bulk-like core, resulting in the rise of visible deep-level emission (DLE). To suppress 

the nonradiative recombination and DLE, various schemes including dielectric and polymer 

coating,
[6]

 excitons localization
[7]

 as well as plasma immersion ion implantation (PIII)
[8]

 have 

been applied to modify the surface composition. 

Aside from the surface modification, deliberately incorporating dopants to manipulate the 

electrical property of the ZnO NRs is of great significance as well, which is a corner stone for 

high-performance optoelectronic devices.
[9]

 However, there exists a trade-off between the 

electrical and optical properties of semiconductor nanostructures in this approach. Specifically, 

although dopants are eligible to modulate carrier concentration, high-level of doping would 

typically introduce extra structural defects in the near defect-free nanorods.
 [10]

 Being easily 

overlooked, doping is also capable of modulating the band alignment, which can be 

demonstrated by the band diagram of a homojunction.
[2, 11]

 Through modulating the carrier 
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concentration by doping, electronic band structure tailoring can be achieved without coating 

lattice-mismatched material , in which the coated dielectric material (usually MgO) has a 

lower refractive index and inferior electronic property,
[12]

 impairing the light extraction and 

electrode contact. Nevertheless, to the best of our knowledge, band engineering via doping 

has been rarely reported. 

 In this study, we adopted a novel strategy for growing surface doped core-shell ZnO 

nanorods array aiming at simultaneously enhancing the optical and electrical properties as 

well as improving the product yield of growth. The growth method involves two steps 

consisting of (i) hydrothermal growth of ZnO nanorods on p-GaN substrate as templates and 

(ii) subsequent coating of Ga-doped ZnO (around 2 at% of gallium) via pulsed laser 

deposition onto the NRs template after annealing in 3.5 Pa O2 at 700 ºC for 40 min to form 

core-shell hetrostructure. The schematic illustration and details of the growth are enclosed in 

Figure 1a. Herein, the details of the growth and annealing are enclosed in supporting 

information. The key point in this strategy lies in the incorporation of gallium during the 

coating process, which could offer two benefits: 1) the outer shell increases the carrier 

concentration and conductivity without degrading the core crystal quality; 2) the n
+
 shell 

modifies the spatial band alignment and blocks the diffusion of holes from the core to the 

surface, which enhances optical properties by suppressing the non-radiative recombination of 

the holes with the trapped electrons. The resulting advantages would reveal themselves in the 

following photoluminescence (PL) measurements, and the underlying mechanisms are 

consistently studied and discussed on the basis of temperature-dependent PL and X-ray 

photon electron spectroscopy (XPS).  

The scanning elecetron microscopy (SEM) images display the morphology changes of 

samples during the annealing and shell growth processes. Figure 1 (b-c) show that high-

density nanorod arrays are grown perpendicular to the p-GaN substrate via the hydrothermal 
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growth. The classical haxagonl morphology of ZnO reveals that NRs grow along the c-axis 

and are highly crystallized, providing ideal templates for the succesive shell growth. 

Regarding the samples shown here (synthesized using 35 mM precursor), the average 

diameter of NRs is around 180 nm and the aspect ratio is in the range of 5-20. In order to 

gurantee the credability of the following measurements and to refrain from overdue carrier 

depletion, nanorods with various diameters were grown by simply modulating the precursor 

concentration (Figure. S1). After annealing in the PLD chamber, as shown in Figure 1d, 

small dimples emerge at the surface of the control sample (without shell), which may be 

caused by the surface atoms rearrangement and accumulation of oxygen vaccancies.
[13]

 When 

Ga-doped ZnO shell (around 10 nm) was coated, the density of dimples are reduced and 

nanorod surface become smooth (Figure 1e). Moreover, the diameter of most core-shell rods 

was found to be uniform from the top to the base along the axial direction, indicating the 

coating is free of shadow effect.
[13]

 To better understand the crystalline quality and 

composition of the shells, high resolution transmission electron microscopy (HRTEM) is 

conducted. As shown in Figure 1 (f-h), the thickness of the doped ZnO shell is uniform along 

the nanorods and the boundary between the core and the shell is clearly resolved. For the 

straightforwardness of unambiguous observation, here we studied the sample with the thickest 

shell (which experienced 200 laser pulses) and the thickness was measured to be 16 nm, fairly 

close to the calculated 20 nm value via pre-calibration. In the selected area electron diffraction 

(SAED) image, there is only one single set of spots in the reciprocal space, further confirming 

that the NR grows along the c-axis and the shell grows epitaxially on the core.
[14]

 Lattice 

fringe of the shell is shown in Figure. S2.  

After the core-shell hetrostructure is formed, the optical property of the NRs is enhanced, 

especially the near-band-edge emission (around 380 nm at room temperature), which is shown 

in Figure 2a. The spectra of the core-shell samples did not show systematically shift in peak 
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energy, indicating this new scheme is able to improve the luminescence without drastically 

deteriorating the intrinsic emission. The intensity of the 20 nm thick shell sample experiences 

2-fold enhancement and it is clear that the enhancement is not proportional to the shell 

thickness; ruling out the possibility that enhancement is simply caused by the increasing 

effective luminescence volume. It should be mentioned that all the samples in the optical 

property comparison are grown and processed in the same batch, which guarantees that the 

samples are comparable with each other. Figure 2b displays the normalized room-temperature 

PL covering the luminescence region of ZnO (350-700 nm) and unravels that that not only the 

near band-edge emission (NBE), but also the NBE/DLE ratio is increased by at least one fold 

for the core-shell samples, which indicates less localization and recombination of excitons at 

the defect sites (such as oxygen vacancies and Zn interstitials). Through careful comparison 

of the DLE spectra shape, it is found that luminescence peak position has shifted to lower 

energy for the core-shell sample, implying the existence of n
+
 shell modulates the 

recombination probability at different defect centers. The underlying mechanism of the NBE 

enhancement and modulation of DLE will be elucidated and discussed in association with the 

following temperature-dependent photoluminescence (TDPL) and XPS data. 

TDPL is measured using a 325 nm continuous-wave laser as the excitation source and 

results are presented in Figure 3. Figure 3a highlights 10 K spectra of the core-shell nanorods 

and as-annealed nanorods, in which the spectra are shifted in intensity for clear comparison. 

The NBE regions of both spectra are dominated by a broad, asymmetric peak. Regarding the 

as-annealed nanorods (control sample), the highest peak at 3.356 eV is assigned to the exciton 

bound to neutral donor, accompanied by longitudinal optical replicas at 3.290 and 3.217 

eV.
[15]

 This designation of D
0
X is further confirmed via fitting the peak position data with the 

empirical Varshini equation (Figure. S3), which quantitatively describes the dependence of 

peak position on temperature.
[16]

 Moreover, the existence of high-order phonon replica 
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implies that crystal quality is improved during the annealing process. The obvious shoulder at 

3.331 eV (Y-line) appears due to the localization of excitons at the structural defects, usually 

referring to defects near interface or crystal boundaries.
[17]

 In the case of nanorods, which are 

primarily assumed to be single crystal in nature, the peak around 3.331 eV may be further 

verified as an indicator of the exciton bound to surface defects. We now turn our attention to 

the spectrum of NRs with gallium doped shell, where it behaved differently in two aspects. 

Firstly, the shoulder at 3.33 eV is largely suppressed (noticing the log scale of intensity), 

implying that the excitons detach from the surface structural defects. Secondly, two small 

peaks at 3.312 and 3.236 eV emerge at the higher energy side of D
0
X phonon replicas, which 

can be assigned to the two-electron-satellite (TES) of the incorporated gallium on the basis of 

peak position as well as the calculated ionization energy.
[15]

 According to the effective mass 

theory (EMT), the ionization energy of the donor can be calculated from the following 

Equation 1. 
 

𝐸𝐷 = 𝐸1𝑠→2𝑝 +
1

4
𝐸𝐷,𝐸𝑀𝑇 

Herein, 𝐸𝐷,𝐸𝑀𝑇 refers to the theoretical EMT donor Rydberg energy (56 meV for gallium) 

and the 𝐸1𝑠→2𝑝 represents the energy spacing between 𝐷0𝑋 and TES line, which is measured 

to be 42 meV in the spectrum. The donor binding energy is calculated to be 56 meV, which 

matches well with the measured value of gallium dopant, confirming the existence of the 

gallium dopant.
[18]

   

The DLE region of TDPL spectra of both the as-anneal and core-shell nanorods from 10-

300 K are shown in Figure 3e and 3h. Unlike the red-shift of the NBE, the dominating peaks 

of the two DLE spectra shift from 2.1 eV (10 K) to 2.45 eV (300 K) with the increasing 

temperature, which cannot be explained by the band gap shrinkage. If we take a closer look at 

the wide DLE peak, it is obvious the blue shift of the peaks results from a wane and wax 
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relationship of the two luminescence centers, namely the yellow center around 2.1 eV, 

corresponding to the transition from the conduction band to 𝑉𝑂
++ defect center, and the green 

center around 2.5 eV, correlated to recombination of electrons from 𝑉𝑂
+  to the valence 

band.
[19]

 So it is intuitive to decompose the wide peak into two Gaussian peaks and Figure 3f 

and 3i show the fitted peak position and relative peak intensity of the constitutional peaks, 

respectively. The fitted peak position is in good agreement with the reported value and the 

adjusted R-square which indicates the quality of fitting is all above 99.9%.  

Herein, as shown in Figure. 3b and 3c, we propose a novel spatial band diagram model 

aiming to explain the NBE enhancement as well as the changing trend of DLE components 

for the core-shell nanorods. Now, let us turn back to Figure. 3f and 3i. At the low temperature 

range (10-170 K), green and yellow components of both control and core-shell samples 

experience an increment in intensity, which is caused by the increased probability of excitons 

captured at the defects. When temperature reaches 200 K, Yellow component wanes while the 

green component waxes. Here, the build-up of surface potential caused by the increased 

concentration of thermally ionized electrons played a key role. It has been demonstrated by 

Simpkins et al.
[20]

 that the energy barrier height would increase with elevated electron 

concentration. As a result, the built-in potential would deprive one hole from the 𝑉𝑂
++defect 

center and turn them into 𝑉𝑂
+, leading to the competition in luminescence intensity of the two 

components.  

In addition, it is clear that the orange component of the core-shell NRs starts decreasing at a 

higher temperature than the as-annealed ones, which implies the existence of potential barrier 

introduced by carrier concentration difference between the core and the shell would block 

holes from diffusing to the surface. At a temperature higher than 250 K, intrinsic and more 

extrinsic carriers activated by thermal energy would elevate the Fermi level and quench the 

𝑉𝑂
+ defect center, which is responsible for the intensity dropping of the green component. In 
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this regard, the Fermi level should be close to the 𝑉𝑂
+ level in the core at 300 K. In other 

words, EF is 0.8 eV higher than the middle of the energy band gap, which coincides with 

slightly n-type nature of the undoped core.
[21]

 Also, we should note that the green component 

of the core-shell NRs is quenched at a lower temperature than the as-annealed sample. This 

phenomenon can be explained by the fact that electron in the n
+
 shell would diffuse towards 

the core and the EF would be higher and closer to 𝑉𝑂
+ than the as-annealed sample. 

It should be further emphasized that the dip in the band introduced by surface doping is also 

responsible for the enhancement of the NBE. It has been demonstrated that the built-in 

potential induced by surface adsorption would provide a powerful but unwanted non radiative 

recombination channel, as shown by the red arrow in the Figure 3b.
[22]

 The energy dip 

introduced by our novel design partially blocks the hole from diffusing to the surface and 

suppresses the non radiative recombination, meanwhile it enhances the NBE.  

Moreover, our model is further supported by the XPS measurements. It is demonstrated by 

Park et al. that the oxygen peak of ZnO NRs can be decomposed into three components with 

different binding energy, namely, lattice oxygen OI (approximately 529 eV), oxygen around 

defects OII (approximately 531 eV) and surface adsorbed oxygen OIII (around 533 eV).
[23] 

Regarding the core-shell NRs, the adsorbed oxygen is reduced by 50% compared to the 

control sample as displayed in Figure. 4a-b and Figure. S5. This phenomenon could be well 

explained considering that the energy dip retains both hole and electron away from surface 

and reducing the probability of the chemical adsorption
 
(𝑂2

−) formation.  

In summary, we have proposed and demonstrated a generic strategy of surface-doped core-

shell nanorods grown via simple two-step method for effectively enhancing optical and 

electronic properties of ZnO-based nanorods. The hydrothermal process guarantees a high 

product yield and successive PLD coating is also mature and scalable, which makes this 

methodology viable for other semiconductor nanostructures. By correlating the conjugating 
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factors like carrier concentration, optical property and surface depletion, this study provides a 

significant physical insight for designing high-performance optoelectronic nano devices. 

 

 

Experimental Section  

Core-shell ZnO Nanorods growth: Growth of the surfaced doped core-shell ZnO nanorods 

array involves two steps. First, undoped ZnO nanorods are grown epitaxially on a p-GaN 

substrate via hydrothermal method. The precursors, namely Zn(CH3COO)2 and 

hexamethylenetetramine (HMT), are dissolved in DI water to form solutions with controlled 

concentration, namely 25 mM, 35 mM and 50 mM, facilitating nanorods with different aspect 

ratios. The solution is heated in constant-temperature oven, which is kept at 95 ºC, for 150 

min. Second, doped shell is coated around the NRs templates obtained in the first step. The 

sample is annealed under conditions of 3.5 Pa, 50 SCCM (standard cubic centimeter per 

minute) O2 flow for 40min to improve the crystal quality and activate surface for coating. 

Successively, a thin film of Ga-doped ZnO is deposited onto the NRs template at 800 ºC via 

pulsed laser ablation (248 nm KrF laser, 300 mJ, 20 ns) in the same oxygen atmosphere as in 

the annealing process. The sample is then first cooled down to 500 ºC with a rate of 10 ºC/min 

descending rate, followed by natural cooling to the room temperature.  

 

 

Supporting Information  
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Growth methodology and morphology evolution at different stages of the growth. a) 

Schematic of the two-step growth of core-shell nanorods. b) SEM image of the 

hydrothermally grown undoped ZnO nanorods and central region enlarged in (c). d) SEM 

image of the as-annealed samples and then coated with approximately 10nm thick Ga-doped 

ZnO, displayed in (e). f) TEM images of a nanorod and the boundary between the core and 
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the shell is displayed in (g). i) SAED image of the central region of the resulting core-shell 

nanorod (h). 

 

 
 

Figure 2. Optical properties of the core-shell and control samples. a) NBE region of PL and b) 

normalized PL of core-shell samples with different shell thicknesses along with the that of the 

control. c) DLE/NBE ratio of core-shell samples with various core diameters in comparison of 

the control group 
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Figure 3 a) 10 K PL spectra of the core-shell and control samples. Energy band diagram of b) 

the control and c) the core-shell samples. Temperature dependant NBE and DLE spectra of 

the control (d,g) and core-shell NRs (e,h) array. Constiutional components of (e) and (h) are 

decomposed into two components and their intensity and peak position are given in (f) and (i), 

in which blue curves denote the component intensity. 
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Figure 4. Element O 1s XPS spectra of a) the control sample and b) the core-shell nanorods 

with 10 nm thick shell. 
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Growth protocol:  

Growth of surfaced doped core-shell ZnO nanorods arrays (NRAs) involves two-step. 

Firstly, undoped ZnO nanorods are synthesized epitaxially on p-GaN substrate via 

hydrothermal method. The precursors, namely Zn(CH3COO)2 and Hexamethylenetetramine 

(HMT), are dissolved in deionized water to form solution with various concentration, namely 

25mM, 35mM and 50mM, facilitating nanorods with different aspect ratio. The solution is 

heated at 95 ºC for 150 minutes. Secondly, doped shell is coated onto the NRAs templates 

gained in first step. Target we utilized here is sintered ceramic composed of 95% of ZnO (5N) 

and 5 % of Ga2O3. The sample is annealed in 3.5 Pa, 50 SCCM (standard cubic centimeter per 

minute at STM) O2 flow for 40mins to improve the crystal quality and activate surface for 

epitaxial growth. Successively, a thin film of Ga doped ZnO is deposited onto the NRs 

template at 800 ºC via pulsed laser ablation (248nm KrF laser, 300mJ, 25ns) in the same 

oxygen atmosphere as in annealing process. The sample is then firstly cooled down to 500 

degree with 10 degree /min descending rate, followed by natural cooling to room temperature.  
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Figure S1. Average diameter of the undoped ZnO nanorods vs. the precursor concentration. 

The error bar denotes the standard deviation from the center value. Over 150 randomly picked 

nanorods are counted to generate each data point displayed in this figure to guarantee the 

measurement is statistically significant.  
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Figure S2. Lattice fringes at the surface of the core-shell nanorods sample. The shell 

thickness is pre-calibrated to be 20 nm (scale bar here is 5 nm). And clearly shown here, the 

shell is highly crystallized as amorphous. The inset is the fast-Fourier-transfer of the image 

and d-spacing is measured to 0.271 nm, corresponding to the (002) planes of ZnO. (The bar in 

the inset denotes 5 1/nm).  
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Figure S3. Varshini fitting of the dominant peak position from 10 to 140 K and the curve is 

extended to 300 K, which shows that the nature of dominating peak is the donor-bound 

exciton in the low temperature range. Considering the obvious thermal broadening effect, it is 

difficult to define the optical transition process from 200 K onwards. 
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Figure S4. O 1s XPS component comparison of a) the as-annealed and the core-shell samples 

with the shell thickness of b) 5 nm, c) 10 nm and d) 20 nm. 
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Figure S5, Normalized O 1s components plot of the lattice oxygen, defect oxygen and surface 

oxygen. With the increasing shell thickness, the surface adsorbed oxygen decreases by 50%. 

 

 


