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Abstract 

Multi-wavelength emission in wide bandgap semiconductors is commonly achieved through 

ternary alloying or quantum size effects. However, multi-wavelength emission within a single 

microstructure is highly challenging using these approaches. Here, we demonstrate that the 

luminescence wavelength within individual GaZnO microrods can be tailored via defect 

engineering. Fast chemical vapor growth of oxygen-rich ZnO microrods with Ga2O3 as an 

additive in the ZnO vapour leads to formation of a tapered morphology with graded distribution 

of Ga dopants, while the Ga incorporation does not significantly alter their crystal structure. 

With increasing Ga content from 1 to 6 at% from tip to base, the GaZnO microrods increase in 

diameter towards the substrate in accordance with the birth-and-spread mechanism. The local 

near-band-edge emission within single ZnO microrods, analyzed by nanoscale 

cathodoluminescence spectroscopy, exhibits a red shift of ~ 0.6 eV with increasing Ga content 

and exhibits signature characteristics of an excitonic emission. Density Functional Theory 

calculations reveal that the variation in the emission wavelength arises from bandgap 

narrowing due to the merging of the electronic states of Ga defect complexes with ZnO energy 

bands. The experimental and theoretical results demonstrate (i) the utility of using the self-

regulation of defect compensation effects for band gap engineering and (ii) the possibility of 

multi-wavelength light sources within individual microrods.  
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Introduction 

Bandgap engineering is a common approach for tuning the optical and electronic 

properties of oxide and nitride semiconductors [1-3]. In solid state lighting and displays, multi-

color emission with high efficiency is highly desirable but remains challenging because the 

band gaps currently available in elemental and binary compounds do not span the entire visible 

range. A conventional material engineering method to tune the bandgap is to alloy two or more 

semiconductors; however, the range of achievable bandgaps is limited because of the strict 

requirement of lattice matching in crystal growth. Here, we demonstrate that a wide range of 

optical bandgaps can be achieved within individual Ga-doped ZnO (GaZnO) microrods 

through band gap engineering methods that utilize the self-regulation of Ga doping induced 

charge compensation effects. These microrods exhibit intense near-band-edge emission owing 

to the tolerance of lattice mismatch afforded by microstructures. 

 

Among wide bandgap semiconductors, ZnO continues to be of considerable research 

interest for applications in optical emitters due to its unique optoelectronic properties. The 

bandgap of ZnO and its optoelectronic properties can be tailored by incorporating dopants, 

such as Mg [4], Cd [5], and Be [6]. On the other hand, group III donors, such as Ga, are 

recognized as most effective dopants for controlling the n-type conductivity and electrical 

properties of the host material [7-9]. In ZnO, Ga favorably occupies substitutionally the Zn site 

(GaZn), which acts as a shallow donor with a binding energy 55 meV [10]. For ZnO with high 

Ga doping levels, experimental measurements and first principle calculations have shown Ga 

donors could interact with acceptor-like defects, producing an abundance of Ga-related defect 

complexes, especially GaZn-Oi and GaZn-VZn pairs [11-13]. Moreover, these defect complexes, 

in sufficiently high concentrations, form a broad defect band near the valence band that can be 
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used to tailor the band gap of ZnO [13]. The influence of defect complex formation on the 

optical emission of GaZnO microwires was previously investigated in electroluminescence 

studies where the emission wavelength was found to vary between the microwires containing 

different Ga concentrations [14]. In this work, we demonstrate for the first time that multi-

wavelength emission within individual GaZnO (GZO) microrods can be achieved via band gap 

engineering using the self-regulation of doping-induced defect compensation mechanisms. 

Such semiconductor microstructures with widely tunable optical bandgaps can be tailored for 

many new bespoke applications, in particular solid state lighting. 

 

Unlike graded doping concentrations, typically achieved in the growth of 

semiconductor thin films, there have been few reports on bandgap grading within a single 

microstructure. The incorporation of Ga dopants into ZnO has been shown to cause either a 

blueshift or redshift in the near-band-edge (NBE) emission energy. The redshift results from 

the formation of defect complexes or localized band states at the degenerate doping level [8, 

13], while the physical mechanism responsible for the composition-dependent blue shift of the 

ZnO UV luminescence is attributed to the Burstein-Moss effect [15, 16]. In this paper, we 

report the fabrication of GaxZnO1-xO microrods with a varying axial Ga concentration from x 

= 0 to 6 at% under an oxygen rich condition designed to favor the formation of Ga defect 

complexes [11]. Over this Ga concentration gradient, individual microrods exhibit a systematic 

red-shift in the excitonic emission of over 0.6 eV along their length from tip to base. 

Introducing dopants and point defects into the chemical vapor growth medium can also affect 

the morphology of ZnO microrod structures due to competition between lateral growth and 

axial growth [17-19]. Undoped ZnO crystals fabricated by vapor transport methods typically 

lengthen along their c-axis forming rod-like structures to reduce the contribution of the 

energetic polar (0001) facet and minimize the total surface energy. It has been shown that the 
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morphology of ZnO nanowires can be transformed via face-selective ion adsorption or 

modification of surface energies by addition of foreign ions during the growth phase [17, 19]. 

Significantly, the replacement of Zn surface sites with Ga during growth can passivate the ZnO 

(0001) polar surface, enhancing radial growth in the six {1010} prismatic directions [19]. This 

principle is applied in the present work in which the rapid growth of single-crystalline tapered 

GZO microrods in the vapour phase is achieved. Correlative experimental analyses probing the 

local chemical composition, luminescence properties and defect structure along the length of 

the graded GZO alloy microrods, supported by computational defect simulation, are used to 

provide a model to explain the Ga-mediated modification of the excitonic emission. 

Experimental section 

GZO microrods were grown on polished silicon (100) wafers by a self-catalyzed 

chemical vapor deposition (CVD) in oxygen rich environment. Prior to the growth, a thin layer 

of zinc acetate was deposited on the substrate by spinning a layer of 20 mM of high purity 

(99.99%) Zn(CH3COO)2 H2O in methanol. A layer of 15-20 nm thick ZnO film was produced 

after annealing at 400°C in Ar environment for 20 minutes. For CVD growth, a mixture of 

equal weights of oxide powder and graphite was used as the evaporating source. To grow GZO 

microrods, the oxide powder contains Ga2O3 30 wt%. The ZnO-coated substrates were placed 

upside down directly above the evaporation source. The source and substrate were 

mechanically transferred together to the high-temperature zone of a furnace at 1050oC for 5 

minutes under a constant oxygen flow rate of 20 sccm (oxygen pressure ~ 0.1 mbar), which 

facilitated the growth of GZO microrods through the carbothermal reduction of ZnO and 

Ga2O3. For TEM imaging, microrods were removed from the substrate by sonication and drop 

cast onto a 400 mesh Cu grid. Transmission Electron Microscopy (TEM) and Selected Area 

Electron Diffraction (SAED) analysis was carried out on a FEI Tecnai T20 TEM. Scanning 

Electron Microscopy (SEM) imaging and X-ray microanalysis were conducted on a Zeiss 



5 

Supra 55VP SEM equipped with an Energy Dispersive X-ray (EDX) analysis system. 

Cathodoluminescence (CL) was performed using a FEI Quanta 200 SEM equipped with a high-

resolution Hamamatsu S7011-1007 CCD image sensor and a QE65000 Ocean Optics 

spectrometer. All luminescence spectra were corrected for the total response of the optical 

collection system. X-ray photoelectron spectroscopy (XPS) data were collected at a photon 

energy of 1486 eV on the soft x-ray spectroscopy beamline at the Australian Synchrotron.  

 

Results and discussion 

Fig. 1(a) shows a typical SEM image of tapered GZO hexagonal microrods with a 

diameter varying from ~ 0.5 µm in the tip region to ~ 6 µm at the base. The microrod length is 

> 25 µm. The surface of the tapered microrod is decorated with a series of regular facets normal 

to its axis accompanied by a number of steps where a large reduction in the width of the 

microrod occurs. EDX line scans across the width of a microrod at four different points along 

its length, presented in Fig. 1(b), reveal that the distributions of Ga and Zn are uniform across 

the width of the GZO microrod and that the Ga content gradually decreases as the diameter 

decreases from base to tip. A typical EDX spectrum from the microrod base shows 

characteristic X-ray emission peaks corresponding to Zn, Ga and O peaks (Supplementary Fig. 

1S). EDX analysis reveals that the Ga content varies from ~ 6 at% at its base to 1 at% at its 

apex. This graded distribution of Ga is further confirmed by EDX Ga elemental mapping 

analysis that reveals a varying axial Ga content along the microrod (Fig. 1S). Fig. 1(c) shows 

the TEM image and its corresponding indexed SAED patterns in different regions of the GZO 

microrod tip. The diffuse streaks seen superimposed on the Bragg diffraction spots that extend 

in the direction perpendicular to the g〈0001〉 reciprocal lattice vector, shown in the zoomed-in 

image in the inset. The TEM and SAED results reveal that the GZO nanorods are single 

crystalline with a tapered growth direction along the c-axis. This result is entirely consistent 
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with the XRD patterns (Fig. 3S), which show the GZO microrods being predominantly oriented 

in the [0002] direction, and indicates that Ga incorporation up to 6 at% does not affect the c-

axis growth habit of ZnO microrods. The chemical state of Ga dopants in the microrods were 

examined using XPS (Fig. 1d) that shows Ga 2p3/2 and Ga 2p1/2 peaks at 1117.8 and 1144.8 eV, 

respectively. The Ga 2p3/2 binding energy is close to that of Ga3+ ions in Ga2O3 single crystals 

at 1118.0 eV (also shown), indicating that Ga is incorporated into the microrods as Ga3+ ions 

without any other oxidation states. (The small difference in binding energy is due to the local 

environment of Ga in ZnO and Ga2O3.)  
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Figure 1. (a) SEM image of hexagonal GZO microrods showing tapered morphology when Ga 

was added to the growth environment. (b) EDX line scans (at 20 kV) along the dashed lines A, 

B, C and D across a microrod. The Ga content increases from ~ 1 at% at the microrod tip to 

~6 at% at the base. (c) TEM image (taken at 200 kV) of the microrod tip and its corresponding 

indexed SAED patterns for different parts of the microrod. The diffraction streaks that extend 

in the direction perpendicular to the g<0001> reciprocal lattice vector confirms that the GZO 

nanorod is grown along the c-axis orientation. (d) XPS spectra of 2p for GZO microrod 

showing Ga 2p3/2 and Ga 2p1/2 electronic states, indicating that Ga is preferentially incorporated 

into the microrods as Ga3+ ions without any other oxidation states. 

 

Addition of foreign ions during the growth phase of ZnO wires can alter the 

morphology of synthesized structures since their interaction with crystal facets influences the 

preferred growth direction and rates [17, 19]. A vapor-phase growth model for the tapered GZO 

microrods is illustrated in Fig 2(a). Pure ZnO microrods grown without Ga2O3 additive in the 

precursor display uniform diameter from top to base, whereas GZO microrods possess step-

tapering morphology (Fig. 2S). Fig 2(b) shows the side view of GZO microrods revealing that 

they are constituted of faceted vicinal surfaces with several terraces along the sidewalls. The 

terrace size monotonically decreases from base to tip resulting the shrinkage of microrod 

diameter. Tapered ZnO structures have previously been observed with Ga [8], Sb [18], or Ge 

[20] being added to the precursor. Addition of Ga additive in the growth vapour does not 

perturb the growth c-axis orientation of microrods as shown in XRD analysis (Fig. 3S). Indeed, 

the Ga incorporation improves their crystallinity as the XRD (0002) peak in the GZO microrods 

become more dominant compared with their undoped ZnO counterparts. Undoped ZnO 

microrods have relatively small and non-tapered diameters, d ~ 150 – 200 nm. Since the polar 

(0001) face of pure ZnO possesses a much higher surface energy than the 6 prismatic {10-10} 
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faces, undoped microrods grow along the c-axis for the minimization of total surface 

energy.[19] Adding Ga to the growth vapor promotes the obelisk-like nucleation because Ga 

incorporation at Zn sites passivates dangling O bonds on the polar (0001) surface reducing its 

surface energy, so that the growth of GZO microrods is more favorable in the [101̅0] directions 

[19]. The decrease in Ga concentration along to the microrod length correlates with reduction 

in the passivation of the (0001) surface, restoring its polar nature and enhancing a more needle-

like structure to minimize the surface energy. The existence of facets along the tapering 

sidewalls of the GZO microrods suggests the formation of an Ehrlich-Schwoebel barrier as a 

result of dangling bonds at step edges [21]. This radial shell acts as a sink for adatoms, leading 

to the base region of GZO microrods being much larger than the tip. This type of growth can 

be described by the birth-and-spread mechanism controlled by impurity incorporation [22]. 

The tapering degree of the microrod can be characterized by angle , where tan𝜑 =
𝑙

𝐿
 (l is the 

size of a tapering step and 𝐿 is the inter-step distance as illustrated in Fig. 2). The tapering 

degree is measured to be tan𝜑 = 0.09 ± 0.01 in the tip region and 0.27 ± 0.03 at the microrod 

base. Dimensional analysis for > 10 microrods shows tan𝜑 increases with the local Ga 

concentration (Fig. 2c), which is consistent with the Ga-mediated growth model described 

above as the Ehrlich-Schwoebel barrier effect becomes more pronounced with more Ga ions 

incorporated into Zn sites. This result agrees with previous findings that the tapering degree is 

highly sensitive to compositional change in Sn-doped ZnO nanowires grown by vapor-phase 

transport method [18]. 
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Figure 2. (a) Schematic of the growth mechanism for non-tapered ZnO and tapered GZO 

microrods. Adding Ga additive to the growth vapour promotes lateral growth and leads to the 

formation of an Ehrlich-Schwoebel barrier at the tapering steps. The tapering degree of the 

microrod is described by   𝑡𝑎𝑛𝜑 =
𝑙

𝐿
 , where l is the size of a tapering step and 𝐿 is the inter-

step distance. (b) Side-view SEM image of tapered GZO microrods showing several steps 

along the sidewalls to accommodate the shrinking diameter from base to tip. (c) Variation of 

the tapering degree 𝑡𝑎𝑛𝜑 with local Ga concentration in the GZO microrods. The error bars 

represent one standard error calculated from 10 microrods with similar dimensions. 
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Fig. 3(a) shows the CL spectra acquired at eight different points along the length of a 

single GZO microrod, which possesses a graded distribution of Ga from 1 at% at the tip to 

6 at% at the base. These spectra, acquired at 80 K with a stationary e-beam, reveal that with 

increasing Ga content the NBE emission shifts to lower energy, broadens and becomes more 

intense. The CL peak energy and integrated intensity versus Ga content along the microrod are 

shown in Fig. 3(b). The NBE peak exhibits a monotonic redshift from 3.33 eV at the apex to 

2.75 eV at the base, suggesting bandgap narrowing upon increasing Ga content along the 

microrod. Theoretical and experimental results have previously shown that the formation of 

GaZn − VZn and GaZn − Oi acceptor complexes is possible under oxygen rich conditions [11, 

23]. For the GZO microrods, it is anticipated that the GaZn − VZn complex is formed in high 

concentrations since its formation energy is lower than that of GaZn donors [11]. With high 

concentrations of Ga incorporated into the GZO microrods, the wavefunctions of the acceptor 

complex states will overlap, resulting in formation of an impurity band above the valence band 

maximum. This impurity band broadens with further increase in Ga concentration and 

eventually merges with the valence band maximum, forming a band tail state [24]. The direct 

transition between the conduction band and the valence band tail states leads to the redshift and 

broadening of CL emission peak. Fig. 4S shows the deep-level CL spectra of the ZnO and GZO 

microrods; the symmetrical, unstructured green luminescence band at 2.42 eV in ZnO is 

attributable to radiative recombination at VZn acceptors in earlier work [25]. This green 

emission is negligibly weak in the GZO microrods compared with the ZnO counterparts (Fig. 

4S), which supports the passivation of isolated VZn defects when Ga is introduced into the 

growth vapor. Monte Carlo modelling using the CASINO simulation package [26] indicates 

the depth of maximum CL generation is ~ 450 nm at 10 kV and thus the CL generation volume 

is entirely contained within the GZO microrod. The NBE emission enhancement with 
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increasing Ga concentration from the tip to base of the microrod can thus be attributed to an 

increase in the densities of the GaZn complexes. 
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Figure 3. (a) CL spectra acquired at eight locations marked A to H along an individual GZO 

microrod from base to tip. (b) NBE peak energy and integrated intensity as functions of local 

Ga concentration in the microrod. As the Ga concentration increases from 1 to 6 at%, the NBE 

emission red shifts by ~ 0.6 eV and intensifies. (c) Excitation power-dependent NBE spectra 
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acquired at point B in the base and point H in the tip region of the microrod. Inset: log-log plots 

of NBE integrated intensities based on the power-law model yielding the power index m = 

1.1 ± 0.04 and 1.0 ± 0.02 for locations B and H, respectively. These m values indicate that these 

emissions are of excitonic nature and not related to a lattice coupled defect.  

 

To establish the physical mechanism responsible for the optical emission in the GZO 

microrods, excitation power density-dependent CL analysis was conducted. In this analysis the 

electron beam current (i.e. excitation power) was increased from 0.4 to 24 nA, while the beam 

energy was kept constant (EB = 10 keV). Fig. 3(c) shows the excitation power-dependent CL 

spectra collected from the base (point B) and tip (point H) of the GZO microrod. Varying the 

excitation power in this range does not induce changes in NBE peak position or line shape. As 

shown in the inset of Fig. 3(c), the integrated NBE intensities follow the power law (I𝐶𝐿 𝛼 P𝑚), 

where I𝐶𝐿 and P are the integrated emission intensity and CL excitation power, respectively 

[27]. Fitting the data to the power law yields m = 1.0  0.02 and 1.1  0.04 for the tip ([Ga]  

1 at%) and base region ([Ga]  6 at%) of the graded GZO microrod, respectively. These almost 

linear behaviors with the exponent close to unity indicate that these emissions are of excitonic 

nature and not related to a lattice coupled defect [25]. Accordingly, the variation in the optical 

emission from the GZO microrods is attributed to a decrease in the optical bandgap mediated 

by the Ga dopant concentration.  

 

To explain further the origin of the red-shift of NBE emission in the GZO microrod, 

Density Functional Theory (DFT) calculations were performed to model the variation of band 

gap with Ga content. All the calculations were undertaken using the Siesta [28] implementation 

of spin-unrestricted DFT with the Perdew Burke Ernzerhof approximation [29] to the 

exchange-correlation energy functional.  The nucleus-electron interaction is represented by 

norm-conserving pseudopotentials calculated according to the method described by Troullier 

and Martins [30]. The electronic charge is represented by numerical pseudo-atomic orbitals 
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equivalent to a double-zeta plus polarization basis set. In Siesta, these orbitals are strictly 

confined to a cut-off radius determined by a single energy value representing the shift in orbital 

energy due to confinement. Here, a confinement energy value of 5mRy is used, which ensures 

sufficient convergence without excessive computational time. Pristine ZnO is first 

geometrically optimized using a 21 × 21 × 21 Monkhurst-Pack reciprocal space grids to a 

tolerance of 0.01 eV/Å. A large 3 × 3 × 2 supercell containing 36 ZnO units with a varying Ga 

concentration is used to realize defect-containing structures GaxZn1−xO−VZn  and 

GaxZn1−xO−Oi (Oi is assumed to be at the octahedral site.) Fig. 4(a) shows the defect structure 

at x = 0.3 (See supplementary Fig. 5S for all defect structures with x ranging from 0 to 0.9.) 

For a supercell of this size, a reciprocal space grid of 7 × 7 × 10 is sufficient to ensure 

convergence of the total energy. The atoms in the defect structures are allowed to fully relax 

below a force tolerance of 0.03 eV/Å. These optimized structures are used to calculate the 

optical properties in random phase approximation using an optical mesh of 14 × 14 × 14 and 

an optical broadening of 0.02 eV.  
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Figure 4. (a) A representative 2 × 2 × 1 supercell of GaxZn1−xO − VZn (left) and 

GaxZn1−xO − Oi (right) defect structures with the value of x = 0.3. (See supplementary material 

for the defect structures with all other x values.) For clarity these structures are cut from the 

larger 3 × 3 × 2 supercells used in the calculations. (b) Bandgap shift as a function of Ga 

concentration for GaxZn1−xO with and without defect complexes. The calculated GaxZn1−xO 

bandgap (black dotted line) increases with increasing Ga concentration due to the Burstein-

Moss effect. In contrast, bandgap narrowing is found with the formation GaxZn1−x−VZn  and 

GaxZn1−x−Oi acceptor complexes (red and blue dotted lines), in agreement with the measured 

NBE shift for the graded GZO microrod (purple solid circles).  
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The total density of states (DOS) of GaxZn1-xO with increasing concentration of Ga 

from x = 0 to 0.9 and for the GaxZn1−x−VZn and GaxZn1−x −Oi defect structures were 

calculated within the framework of DFT with Perdew–Burke Ernzerhof (PBE) functionals (see 

supplementary Fig. 5S). As shown in Fig. 5S (b, c), the valence band maximum (VBM) and 

conduction band minimum (CBM) of undoped GaxZn1-xO (x = 0) are contributed mostly by O 

p and Zn s states respectively, as expected. Using these DOS profiles, we analyze the bandgap 

shifts for the GaxZn1-xO-VZn and GaxZn1-x-Oi defect structures as a function of Ga 

concentration. The calculated bandgap shifts are displayed in Fig. 4(b), together with the 

observed shift in the excitonic emission of the GZO microrods. It is well known that DOS 

calculations based on PBE functionals generally underestimate the fundamental band gap.[31] 

However, since the aim of the calculations is to show the trend of bandgap with increasing Ga 

concentration rather than producing the absolute values, the DFT approach is adequate in 

describing the bandgap behaviour of the structures. Due to Coulomb interactions between the 

GaZn donor and the acceptor-like VZn and Oi defects, the GaxZn1−x−VZn and GaxZn1−x − Oi 

structures are highly likely to form and act as bound complexes [11]. The DFT calculated 

increase of the GaxZn1-xO bandgap is found without these defect complexes, in agreement with 

previous studies.[32, 33] This increase in the bandgap is attributed to the Burstein-Moss band 

filling effect caused by the increase of carrier concentration at high Ga donor doping levels. 

On the other hand, bandgap narrowing is found with the formation of GaZn − VZn  and GaZn −

Oi  complexes in GaxZn1-xO.  

For undoped GaxZn1-xO (x = 0) the valence band is composed mainly of O p states, 

while the hybridization of Zn s, p and O p states makes up the conduction band. In 

GaxZn1−xO − VZn and GaxZn1−xO − Oi complexes, the charge compensating Ga donor states 

and VZn and Oi acceptor states co-exist resulting in the narrowing of the bandgap as the 

conduction band minimum formed by hybridization of Ga-p and O-p states is pulled down in 
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energy [23, 31]. The VBM for GaxZn1−xO − Oi moves up in energy for all Ga x concentrations. 

Conversely, for GaxZn1−xO − VZn the VBM moves down in energy for Ga concentrations up 

to x =  0.09, where an upward shift of the VBM occurs due to complete compensation of Ga 

donors by VZn acceptors. The formation of GaZn-Oi and GaZn-VZn pairs generates an additional 

fully occupied impurity band above the VBM without changing the fundamental electronic 

properties of GaxZn1-xO. With increasing Ga doping, the wavefunctions of the acceptor-like 

GaZn-Oi and GaZn-VZn pairs form a defect band that overlaps and ultimately merges with the 

valence band, resulting in a band tail state. Consequently, the carrier recombination in the 

GaxZn1-xO now occurs between the conduction band and the occupied impurity band rather 

than between the ZnO valence band and the GaZn donor states in the conduction band. 

Additionally, since the width of the impurity defect band is dependent on the Ga x-fraction, 

increasing Ga concentration leads to narrowing of the band gap and the experimentally 

observed red shift of the excitonic emission. 

 

Conclusions 

Bandgap engineering in individual ZnO microrods with a graded distribution of Ga was 

studied. The optical emission from the microrod was found to intensify, broaden and red shift 

by 0.6 eV as the local Ga concentration increases from 1 to 6 at% along its length from tip to 

base. This emission from the microrod was confirmed to exhibit characteristics of a near band 

edge (NBE) excitonic emission. Theoretical DFT calculations indicate that the decrease of 

bandgap arises from the merging of the electronic states of Ga defect complexes with ZnO 

energy band edges. These results demonstrate the possibility of multi-wavelength light sources 

within a single GZO microstructure through band gap engineering that ultilizes the self-

regulation of doping-induced defect compensation effects. Adding Ga additive to the growth 

precursor promotes the obelisk-like nucleation, increasing rod diameters and inducing the 
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tapering in GZO microrods. The mechanism for the tapering of microrod sidewalls in the 

<0001> growth direction is attributed to diminishing radial growth due to growth kinetics 

influenced by the reduction of Ga incorporation along the microrod length. The degree of 

tapering is found to directly correlate with the local Ga concentration within a microrod.  
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