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A facile float zone method to grow ZnO microrods with hexagonal crystal structure is described. It was found that the 

crystal-growth mechanism was different from the well-known vapor-liquid-solid (VLS) growth mechanism. However, the 

one-dimensional growth morphologies occurring in the vapor phase is similar to ZnO grown using conventional VLS 

processes. The free-exciton, bound-exciton, acceptor-exciton, two-electron satellite emission, and its phonon replica, 

obtained from the 15 K photoluminescence (PL) spectra of ZnO microrods were recorded. The PL spectra of ZnO microrods 

at temperatures between 15 and 150 K show that the bound-exciton peak dissociates into a free-exciton peak and that the 

free-exciton emission and its phonon replicas dominate at temperatures above 120 K. Following the approach of Viswnanth  

for measuring the intensity ratio of PL peaks, we found that the strongest bound exciton peak at 3.3615 eV had a thermal 

activation energy of 15.9 meV, consistent with the value expected for the exciton-defect binding energy. This bound-exciton 

peak was not observed at temperatures above 120 K. 

1. Introduction 

Zinc oxide is an attractive semiconductive material because it has a 

direct wide band gap of 3.37 eV and a strong excitonic binding 

energy of 60 meV at room temperature. These properties are of 

particular importance when developing UV light-emitting diodes and 

laser diodes with high emitting efficiency.1 In particular, 

microstructured ZnO possessing a hexagonal crystal structure has 

drawn considerable interest for use in optical resonators due to their 

unique, well-defined geometry and excellent optical properties.2, 3 It is 

expected that the low lasing threshold and the high quality factor Q 

are a result of a highly efficient exciton emission, due to the carrier 

confinement inside the microcavity and total internal reflections at the 

interface of the resonator boundaries. These properties have, for 

example, led to Fabry-Perot mode lasing and whispering gallery 

mode lasing.4-6 However, despite efforts to optimize or control the 

growth of ZnO microrods, there are few examples of single-

crystalline microstructures with longer than tens of μm reported.6-8 In 

addition, few studies have addressed the low temperature and 

temperature dependent PL of ZnO microrods.9-11  

In this work, we report the synthesis of ZnO microrods with a 

hexagonal crystal structure using a float zone (FZ) method. The 

evolution of the variable temperature PL of free-exciton (FX), 

neutral-donor-bound-exciton (D0X) emission and its phonon-replica 

over the temperature range of 15-150 K was also measured. There are 

similarities between the ZnO microrods grown using the FZ methods 

and those described by a vapor-liquid solid (VLS) growth 

mechanism,12 in that we obtain one-dimensional growth 

morphologies, and that growth occurs through a reaction with a vapor 

precursor. However, it is noted that the FZ method is suitable for 

growing high melting point single crystal materials that do not require 

reaction with a vapor precursor, such as is found with the preparation 

of TiO2, BaTi2O5.
13, 14 In the case of the ZnO microrods produced 

with the FZ method, the vapor reaction introduces experimental 

difficulties associated with the deposition of materials on components 

within the furnace.  

2. Experimental procedure 

ZnO powders (99.8% purity) were packed into a rubber cylindrical 

tube sealed at one end. The tube was 1 cm in diameter and 10 cm in 

length. The filled tube was evacuated for 10 min using a mechanic 

pump attached to the open end of the tube. The tube was then 

compressed for 5 minutes under a hydrostatic pressure of 60 MPa to 

form ZnO rods that were 5 mm in diameter and 60 mm in length. The 

outer rubber tube was removed and the feed rods were sintered at 

1200 C for 2 h in a vertical tube furnace. After sintering, the rods 

were seeded in a FZ growth apparatus (FZ-T-10000-H-VI-VP) (see 

ESI S1) that was equipped with an infrared convergence heater using 

four halogen lamps and four ellipsoidal mirrors. The ZnO rod was 

moved upward into the furnace region at a speed of 10 mm/h while 

rotating at 20 rpm. The atmosphere was oxygen at 3 GPa and the total 

reaction time was approximately 50 minutes.  
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The crystal structures of the products were determined using a 

Rigaku D/Max-rA X-ray powder diffractometer (XRD), using a 

nickel-filtered Cu Kα radiation (λ=1.5418 Å). The size and 

morphology of the ZnO microrods were measured by SEM (JSM-

5200 JOEL Japan). Energy dispersive X-ray (EDX) scan profiles 

were obtained on a JSM-5200 FESEM microscope coupled with an 

EDX spectrometer (Genesis Apollo XL). Raman spectra were 

recorded using a Horiba JY-HR-800 Raman spectrometer with an 

excitation wavelength of 632.8 nm. The PL spectra, at different 

temperatures, were recorded on a JY-U-1000 spectrometer using a 

LN2 cooled CCD camera. The PL properties, at various excitations, 

were optically pumped by a Nd:YAG FHG ( = 266 nm, 10 Hz 

repetition rate, 7 ns pulse width). The pump beam was focused onto a 

~20 μm diameter spot on the sample. 

3. Result and discussion 

3.1 Structure and morphology of ZnO microrods. 

Figure 1 shows the XRD spectrum of the ZnO microrods. All 

diffraction peaks are matched to the single crystalline wurtzite 

hexagonal phase of bulk ZnO (JCPDS No.79-2205). It was found that 

the intensity of the (100) diffraction peak at 2θ values of 31.8˚ is 

much stronger than other diffraction peaks, which indicates that the 

ZnO microrods are grown with a high orientation of their c-axis.15 

This is because the ZnO microrods in our work lie horizontally on the 

sample substrate used to record the XRD. In contrast, in the work of 

Park et al.,16 the microrods were orientated perpendicular to the 

sample substrate and in this case, the intensity of the (002) peak was 

stronger than that of the other peaks. In addition, the EDX spectrum 

in the inset of Figure 1 shows only peaks due to zinc and oxygen. 

Confirmation of the formation of ZnO is provided by Raman 

spectroscopy. The Raman spectrum is shown in Figure S4 of the ESI 

section. The Raman spectrum of the ZnO microrods is consistent 

with spectra reported for bulk ZnO.17, 18 (See ESI S4 for details of 

band assignments.) 

 
Figure 1. The XRD pattern for the ZnO microrods and the standard ZnO 

XRD (JCPDS No. 79-2205) .The insets are the EDX spectrum of ZnO 

microrods and a picture that depicts the area of the sample in which the EDX 

was obtained. 

   

Figure 2. (a) Image of ZnO microrods (b) SEM images of one of the ZnO 

microrods  

The size and morphology of the ZnO microrods were analyzed 

using digital image processing of the SEM micrograph. As shown in 

Figure 2(a), the ZnO microrods grown on the top of the rod have a 

similar appearance to the seed head of a dandelion. SEM images (see 

Figure 2(b)) show that one of the ZnO microrods has a hexagonal 

structure with a smooth surface and an aspect ratio of 9 with 

diameters of 50 m and lengths of about 450 m. The morphology 

of the ZnO microrods during their growth cycle was also monitored 

by observation through a window into the furnace region. (see ESI 

S2). It was found that the growth of the microrods was uniform and 

occurred by extending outward from the underlying rod in all 

directions, producing a final structure, as shown in Figure 2(a).  

3.2 Growth mechanism 

Although a VLS mechanism has been widely accepted to explain 

ZnO growth,1, 18-20 in our case, a different mechanism occurs because 

the temperature profile in the furnace region differs from the 

temperature profiles common to VLS-based methods. It is noted that 

despite the difference in mechanism, we obtain similar one-

dimensional growth morphologies occurring in the vapor phase to 

that of ZnO grown using conventional VLS processes. VLS requires 

temperature instabilities in the furnace region in order to obtain 

growth of the crystals.21 Typically, a solid source material is 

vaporized at an elevated temperature and the vapor then condenses on 

the top of the growing microrod that has a temperature profile 

extending from the surface, which leads to growth in the desired 

products.1 In the FZ furnace used in our work, there is a temperature 

distribution (see ESI S3) that differs from conventional VLS furnaces 

in that it has a larger temperature gradient extending around the 

substrate. When the liquid droplets of ZnO form on the surface of the 

ZnO rod in the region illuminated by the 4 beams they are in 

equilibria with the vapor and solid phase material. The ZnO liquid 

droplets cool upon rotation of the rod outside of the illuminated area. 

At the same time, liquid droplets provide a seed for microrod growth 

by way of ZnO vapor deposition. The result is the growth of the ZnO 

microrods from the top of the liquid droplet. The light irradiation 

profiles from the surface of the rod to the lamp position lead to a 

temperature drop with distance away from the surface.22 Thus, the 

growth of the microrod continues from the bottom of the rod, where 

the liquid droplet occurs. Vapor from the surrounding rod is 

converted to the liquid phase in the drop, providing a constant 

replenishment of ZnO for microrod growth to occur. Thus, this 

temperature profile, in combination with the rotation and movement 
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of the ZnO rod, results in fluctuations in temperature, which in turn, 

leads to the production of ZnO microrods extending outward from the 

surface of the underlying rod. In addition, under thermodynamic 

equilibrium conditions, the ZnO microrods grow preferably along the 

c-axis direction. 23, 24 This growth direction is similar for both VLS 

and FZ processes and hence, both lead to ZnO microrods with similar 

growth habit and direction.  

3.3 Optical properties 

3.3.1 Excitation intensity dependent PL spectra at room 

temperature 

The excitation intensity dependence on the PL of ZnO microrods 

recorded at room temperature is shown in Figure S5 of the ESI 

section. In general, the PL spectrum of ZnO consists of two major 

characteristic luminescence bands that depend on stoichiometry of the 

material. One is a sharp UV emission peak at ~ 3.145 eV (394 nm), 

while the other band is relatively broader and weaker, occurring in the 

visible region at ~ 2.350 eV (527 nm). The UV emission peak is 

assigned to the recombination of the free excitons of ZnO, and a peak 

in the visible spectral range is attributed to defect emissions.25 In our 

case, a defect emission peak at 2.350 eV (527 nm) was observed at an 

excitation power density of 1-2 kW/cm2. Above the 20 kW/cm2 

excitation power density, a free exciton peak at 3.145 eV (394 nm) 

appeared, (see ESI S5(a)) and this peak dominated the PL spectrum 

and increased in intensity with excitation power density. (see ESI 

S5(b)) 

3.3.2 PL spectra of ZnO microrods at 15 K 

Figure 3 shows the PL spectrum of the ZnO microrods measured at 

15 K. The most intense bands are the exciton peaks at 3.3578 eV 

(369.3 nm), 3.3615 eV (368.9 nm) and 3.3669 eV (368.4 nm). In a 

study of bulk ZnO, Reynolds et al.,26 attributed these three emission 

peaks to excitons bound to neutral donors (D0X). However, the  peak 

intensities of the particular donor-related exciton line showed 

differences from sample to sample. 
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Figure 3. PL spectra of ZnO microrods at 15 K; inset shows the ordinate, 

amplified by a factor of 15. 

For example, the most intense line was observed at 3.3628 eV by 

Thonke et al.,27, 28 at 3.3624 eV by Reynolds et al., 26 at 3.364 eV by 

Hamby et al.,9 and at 3.3605 eV by Teke et al., 29 whereas, we 

observed the most intense D0X at 3.3615 eV. This variation in peak 

position is because the concentration and capture cross section of the 

particular donor varies from sample to sample.29 In addition, a peak 

of 3.3774 eV (367.2 nm) which lies on the shoulder of the D0X peak 

is attributed to the A-free exciton (FXA) transition.9, 30 Another peak 

at 3.3227 eV (373 nm) is associated with acceptor-exciton (A0X) 

complexes and the band intensity is higher than those of excitons 

bound to the neutral-donor-exciton.30, 31 Between the D0X and A0X 

peaks, lies a peak at 3.3333 eV which is lower in intensity to the 

main D0X peak (3.3615 eV) and lower by about 28.2 meV in 

energy.27 This peak has been ascribed to a two-electron satellite 

(TES), which provides additional proof of a neutral-donor-bound 

exciton transition.32-34 

It is noted that LO-phonon replicas occur with a separation of 

ћωLO = 72 meV, which corresponds to the LO-phonon energy in 

ZnO.35 As a result, peaks at 3.310 eV (375 nm) and 3.235 eV (383 

nm) were ascribed to a FXA-1LO and FXA-2LO transition, 

respectively.29 The peak at 3.290 eV (377 nm), 3.217 eV (385 nm) 

and 3.254 eV (381 nm) are ascribed to the D0X-1LO, D0X-2LO and 

A0X-1LO phonon replicas, respectively.29 The peak at 3.252 eV 

ascribed to the TES-1LO, could not be resolved due to line 

broadening. 29 The peak at 3.252 eV was ascribed to the A0X LO 

phonon replicas. 

3.3.3 Temperature-dependent PL 

Since some peaks are either very weak in intensity or overlap with 

nearby peaks, the temperature evolution of these peaks was 

monitored to verify peak assignments. Figure 4 shows the near band-

edge PL spectra of ZnO microrods recorded at temperatures ranging 

from 15 to 150 K (see ESI S6). The most intense D0X peak at 3.3615 

eV (368.9 nm) quenches gradually with increasing temperature as 

well as the other two acceptor-related peaks at 3.3578 eV (369.3 nm) 

and 3.3669 eV (368.4 nm). All three peaks disappear above 120 K. 

The peaks, due to the D0X phonon replica at 3.2903 eV and 3.2176 

eV, were present at temperatures under 60 K. When the temperature 

was increased above 60 K， there was a decrease in the D0X 

emission intensity, which was mainly due to efficient thermal 

quenching.9 Evidence to support a quenching effect is provided by 

the increase in intensity of FXA and LO phonon-assisted FX peaks. 

The increase in intensity of the FXA and LO bands are due to an 

increase in the number of free excitons that are liberated by the 

thermal quenching of the D0X emission peak. When the temperature 

was raised above 30K, the TES emission peak disappeared, which 

was consistent with the thermal dissociation of the D0X excitons.34 

Another peak at 3.383 eV (366.5 nm) appears at a temperature of 60 

K. Based on reported energy separation of the FXA and FXB,36, 37 

we assign this weak emission, that is about 9 meV higher from the 

FXA (for 3.374 eV (367.5 nm) at 60 K), to an FXB transition. This 

assignment is supported by Hamby et al. 9 which reported an energy 

spacing between FXA and FXB of 9 meV for bulk ZnO. The FXB 
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continues to increase until 120 K, above which line broadening 

merges the two peaks into one broad band.29 Finally, above 120 K, 

the first, second order LO phonon replicas of the FXA line at.3.294 

eV (376 nm) and 3.222 eV (385 nm) dominate the PL spectra. 

A plot of the PL peak energies as a function of temperatures from 

15 K to 150 K are shown in Figure 5. It is noted that the temperature 

variation of the FXA peak energy follows Varshni’s 35 formula. 

From a fit of the curves in Figure 5 to Varshni’s formula, we 

extrapolate the position of 3.31 eV for the FXA peak at 300 K. This 

is 60 meV lower than the room temperature value for the band gap 

of ZnO (3.37 eV), and this 60 meV is the same value reported for 

temperature - independent exciton binding energy.38 Furthermore, 

the measured energy peak positions of the 1LO- 2LO phonon 

assisted FXA are the same values as reported in the literature for 

ZnO.9, 29  

Viswnanth et al.39 measured the intensity ratio of the FXA peak to 

the D0X peak, (i.e., I (FXA)/I (D0X) as a function of temperature) 

and used this to calculate the thermal activation energy in GaN. The 

temperature dependence of the I(FXA)/I(D0X)  ratio as a function of 

temperature is shown in Figure 6. Recall from Figure 4, that the 

intensity of the FXA peak increases at the expense of the D0X peak. 
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Figure 4. The PL spectra of ZnO microrods recorded at temperatures between 

15 K and 150 K. Zero-, one-, and two-LO phonon-assisted FXA transitions 

are indicated by arrows for the 150 K spectrum and labeled as FXA, FXA-

1LO, and FXA-2LO, respectively.
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The FXA were fit with a Varshni equation and its 1LO- and 2LO phonon 

replicas were fit with the equation shown in the figure. Also shown are A0X, 

D0X and their LO phonon replica. 

Furthermore, it has been shown that the intensity of the FXA peak 

decreases with increasing temperature.39 In Figure 6(a), the ratio 

increases with an increase in temperature. This behavior is similar to 

those reported by Hamby et al.9 and Reynolds et al.26 for bulk ZnO 

and was attributed to a dissociation of the donor bound exciton into a 

free exciton and a neutral donor.  
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Figure 6. (a) Intensity ratio of the FXA peak to the donor bound exciton peak 

I(FXA)/I(D0X) as a function of temperature. (b) PL intensities of the donor 

bound exciton as a function of 1/T. The thermal activation energy of the 

donor bound exciton is obtained from the slope of the straight line. 
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Figure 6(b) is a plot of the natural logarithm of the PL intensities for 

the 3.3615 eV peak as a function of 1/T, following the approach used 

by Viswnanth et al.39 for GaN and applied to bulk ZnO by Hamby et 

al..9 From a fit to the linear portion of the data (first five data points), 

the slope gives a thermal activation energy of about 16.6 meV. This 

is similar to the value of 14 meV, calculated using the same 

procedure by Hamby et al. for bulk ZnO. 

4. Conclusions 

We report the growth of ZnO microrods using a FZ method. The 

formation mechanism of ZnO microrods is different to the VLS 

mechanism because the temperature distribution is different for the 

two processes. The FZ method provides an approach to fabricate 

ZnO microrods with a diameter of micrometers and a length of the 

order of millimeters. At a temperature of 15 K, the PL of ZnO 

microrods has emission peaks assigned to the FXA, TES, D0X 

transitions and its' phonon replica. The spectrum is dominated by the 

D0X peak. The PL spectra for a selected temperature between 15 K 

and 150 K shows that the reduction in the D0X peak intensity with 

increasing temperature is attributed to thermal dissociation of D0X to 

FX. The PL spectrum of ZnO microrods was dominated by FX and 

its phonon replica with the temperature increasing above 120 K. The 

temperature dependent FXA energy peak was fitted to the Varshni 

equation and shows that the band gap of the ZnO microrods is 3.31 

eV at room temperature. Following the approach of Viswnanth et 

al.,39 the strongest of the D0X peaks exhibit a thermal activation 

energy of 16 meV, which is close to the value of 14 meV reported by 

Hamby et al.9 for bulk ZnO. Such ZnO microrods can be used as test 

materials for studying UV lasing behavior and aid in the 

development of novel optical devices. 
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The ZnO microrods are grown with a high orientation of their c-axis. The PL spectra of ZnO 
microrods at temperatures between 15 and 150 K were was monitored to verify peak assignments. 

 

 

Page 6 of 6CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


