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molecular beam epitaxy 
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A-plane-oriented ZnO epilayers grown by plasma-assisted molecular beam epitaxy were studied with 
respect to their optical properties. 10K-photoluminescence (PL) and reflectivity were used to analyze 
various 2 µm-thick ZnO films etched at different etching profile. The PL spectra show the band emission 
of the structures become narrower when the etching profile increase. At 0.75 µm etching profile, two 
structures at 3.38 eV corresponding to the A-free exciton transition and at 3.41 eV corresponding to the 
B-free exciton transition and the Y line were observed in the 10K PL spectrum providing that the optical 
properties of the ZnO sample are preserved and enhanced. 
 
Key words: Excitonic, photolumescence, wet-chemical etching, a-plane ZnO. 

 
 
INTRODUCTION 

 
As a wide bandgap (Eg=3.37 eV) semiconductor, ZnO 

has attracted considerable attention due to its potential 
applications, such as ultraviolet light-emitting devices and 
laser devices (Zhang et al., 2002). Compared with other 
wide bandgap materials, ZnO has a larger exciton 
binding energy (60 meV) (Zhang et al., 2002; Look, 
2001), which paves the way for an intense near band 
edge excitonic emission at room (Bagnall et al., 1997) 
and even higher temperatures. A notable discovery in 
ZnO thin film materials is the observation of the ultraviolet 
(UV)-stimulated emission induced by the exciton–exciton 
scattering at moderate pumping intensity (Yu et al., 1997; 

Cao, 1998). These results show that ZnO is a suitable 
candidate for optoelectronic device applications in the 
ultraviolet region. To obtain an efficient and stable UV 
exciton emission from ZnO films, it is necessary to know 
the energy band structure of ZnO. The development of 
thin-film etching processes is critical for device 
fabrication. It has been reported that ZnO thin films can 
be etched with both acidic and alkaline solutions 
including mixtures, such as HNO3, HCl, HBr, BOE, BHF, 
and ammonia (Ito et al., 1995; Maki et al., 2002; 
Jingchang et al., 2007). Lou et al. (1997) reported that for 
radio-frequency magnetron-sputtered ZnO films,  a  30  to  
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Table 1. Etching rate of different etchants and concentration. 
 

Etching solution Solution concentration Etching rate (µm/min) 

HCl : H2O 1: 60 1.9 

HCl : H2O 1:200 0.9 

HCl : H2O 1:500 0.4 

HCl : H2O 1:900 0.2 

HNO3 : H2O 1:100 0.9 

BOE* 1:7 0.06 

H3PO4 : C6H8O7: H2O 1:1:30 2.2 

H3PO4 : C6H8O7: H2O 1:5:60 1.8 

H3PO4 : C6H8O7: H2O 1:1:80 1.4 

H3PO4 : C6H8O7: H2O 1:1:150 1.0 

H3PO4 : C6H8O7: H2O 1:1:200 0.8 

H3PO4 : C6H8O7: H2O 1:1:300 0.6 

 
 
 

45° etching slope downward with respect to the wafer 
plane was generated by acid-based, wet-chemical 
etching. Chang et al. (1992) indicated that strong acid 
(HCl) etching of sputtered ZnO films is uncontrollable, 
and ammonium chloride (NH4Cl) may be a suitable 
etchant with prior oxygen plasma treatment. Effects of the 
etching on the optical properties of ZnO have been 
studied by some authors. Zheng et al. (2002) studied 
ZnO nanowire by means of transmission electron 
microscopy, Raman spectrum, scanning electron 
microscopy and photoluminescence. Ipa et al. (2003) 
reported on the evolution of surface morphology, surface 
composition and PL intensity as a function of energy 
during etching of ZnO film. Zhu et al. (2004) have studied 
the optimized process of wet-chemical etching of a ZnO 
film grown on an r-plane sapphire substrate. Jong-Chang 
Woo et al. (2011) reported on the damage on the surface 
of zinc oxide thin films etched in Cl-based gas chemistry 
and Fernandez et al. (2011) have studied the high quality 
textured ZnO. Recently, Sun et al. (2014) reported on the 
pH-controlled selective etching of Al2O3 over ZnO; 
Brenner et al. (2014) tested etch-resistant Zn1–xMgxO 
alloys as an alternative to ZnO for carboxylic acid surface 
modification. Prasad et al. (2013) reported on ZnO 
etching and micro tunnel fabrication for high-reliability 
MEMS acoustic sensor and Ching et al. (2013) have 
studied the fabrication of porous zinc oxide by wet 
chemical etching and examined the structural and optical 
properties. However, detailed information regarding the 
optical properties of a-plane ZnO etched films has not 
been reported yet. Furthermore, the available results are 
mainly from polycrystalline or epitaxial (0001) ZnO films. 
It is necessary to investigate after etching the optical 
properties of the ZnO films. For these reasons, in the 
paper, we report on the optical properties of wet etching 
a-plane ZnO films. As the c-axis of the film lies in the 
surface,   there   exists   unique   in-plane   anisotropy   in 

electrical and optical properties which can be used for 
novel device applications. The selection rules for optical 
transitions impose that A and B excitons have large 
oscillator strength for E⊥c (c represents a crystal axis) 
and the C exciton for E//c polarization. The optical 
spectroscopy of a grown a-plane ZnO film was studied in 
detail elsewhere (Ding et al., 2012; Liang, 2010;  Han, 
2011). 
 
 
MATERIALS AND METHODS 
 

Zinc oxide films with different thicknesses were epitaxially grown on 
an r-plane sapphire substrate by MBE at temperature Tg<500°C. 
The growth was performed using solid-source Zn and a RF-
activated plasma as the oxygen source. The growth rate was 0.2 
μm/h; slightly lower than the optimal growth rate in a c-direction 
growth. Prior to growth, the r-plane (01–12) sapphire substrates 
were thermally cleaned and subsequently exposed to oxygen 
plasma during 5 to 10 min. The growth process was in situ  
monitored by reflection high energy electron diffraction (RHEED) 
and a streaky RHEED pattern was maintained throughout the 
growth, albeit with a slight modulation in the [1–100] azimuth. Ex 
situ surface morphology was investigated by means of atomic force 
microscopy (AFM). The structural properties were investigated by 
high-resolution X-ray diffraction (HRXRD) experiments in high-
resolution mode. Transmission electron microscopy (TEM) 
investigations were carried out in a JEOL 2010F field emission gun 
microscope. The results of these investigations are shown in a 
previous paper (Chauveau et al., 2007). Different etching solutions 
have been tested to etch the a-plane ZnO films as shown in Table 
1. 

It has been found that phosphoric acid, with suitable 
concentration, generates sharp pattern-edge slopes based on its 
relatively weak acidity and the diffusion-controlled etching 
mechanism. So we carry out optical measurement on samples 
etched 0.25, 0.5 and 0.75 µm with a phosphoric acid solution. 
The optical properties of the structures were studied using non-
resonant photoluminescence excited with the 325 nm line from a 
He–Cd laser. The emitted light was dispersed using a 0.6 m focal 
length monochromator equipped with a 1200 lines/mm grating and 
detected  by   using   a   silicon   photomultiplier   tube   (PMT)   with  

http://pubs.acs.org/action/doSearch?ContribStored=Sun%2C+K+G
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Prasad,%20M..QT.&newsearch=true
http://www.sciencedirect.com/science/article/pii/S0167577X11014558
http://www.sciencedirect.com/science/article/pii/S0040609011009096
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Figure 1. (a) Photoluminescence spectrum at 10K of as grown a-plane ZnO films and (b) Reflectivity 
spectrum at 10K of as grown a-plane ZnO film. 

 
 
 
conventional lock-in techniques. The chopping frequency was set at 
220 Hz. The sample was mounted in an optical cryostat where the 
temperature could be varied from 10 to 300 K. Reflectivity 
measurements were obtained by exciting using a standard mercury 
bulb. PL and reflectivity studies were performed on the samples at 

10K. 
 
 
RESULTS AND DISCUSSION 
 

Non-selective PL spectra and reflectivity of the as-grown 
ZnO film are both displayed in Figure 1. In this 
unpolarized measurements, PL emissions are seen in the 
energy ranges 3.35 to 3.41 eV, 3.28 to 3.35 eV. 

It is difficult in the photoluminescence spectrum to 
distinguish the free excitons peaks in ZnO films because 
these excitons have approximate energies and large non-
radiative damping constants. For these reasons, it is 
necessary to study the excitonic emissions of ZnO films 
in detail by using reflectivity for the determination of the 
peak position. The reflectivity spectrum allows 
distinguishing the free exciton peak positions and we 
found in the reflectivity spectrum the free excitons at 
energy positions higher than 3.38 eV. These free 
excitons are not resolved in the PL spectrum measured 
at 10K. This is due to the preeminence of the bound 
excitons. 

Based on the assignment of  the  free  excitons  energy 

peak, the bound excitons are the lines on the lower side 
energy range 3.35 to 3.395 eV. An emission was also 
identified lying in the first longitudinal optical phonon (LO) 
region, as defect resulting from the formation of basal 
stacking faults (Chauveau et al., 2007; Lim and Shindo, 
2002). The bound excitons are labeled D1X, D2X, D3X 
and D4X. 

In order to study the influence of the chemical etching, 
we studied the evolution of these peaks as the etching 
profile is increasing. The profile etching dependent PL 
(0.25 to 0.75 µm) was measured at 10K as shown in 
Figure 2. It is observed that the intensity of the peak 
attributed to the bound excitons exhibit similar 
dependence on the etching profile. The intensities of the 
peaks in the PL spectra from the samples etched were 
increased compared with the as-grown ZnO layer. 
However, as the etching profile increases, the intensity of 
the PL spectra started to decrease. This behavior is 
attributed to the decrease in the surface-to-volume ratio 
of the ZnO layers that resulted in the decrease of the PL 
band-edge intensity. 

The intensity of the bound excitons decreases up to 
0.75 µm etching profile. The bound excitons D2X, D4X 
disappear at 0.25 µm etching profile whereas the first 
longitudinal optical phonon (LO) replica appears clearly 
as shown in Figure 3. The concomitant disappearing of 
the bound exciton D4X and appearing of the  (LO)  replica  



 
Bassirou           587 

 
 
 

 
 

Figure 2. Photoluminescence spectra at 10K of as-grown and etched a-plane 
ZnO films from to 0.25 to 0.75 µm etching profile.  

 
 

 

 
 

Figure 3. (a) Photoluminescence spectrumat10K of as grown a-plane ZnO 
film and (b) Photoluminescence spectrum at 10K of a-plane ZnO films after 
0.25 µm etching profile. 

 
 
 

means that the free excitons peaks emission are 
overlapped by those of the bound exciton in the PL 
spectrum. We note that the defect line emission remains 
at  the  region  of  first  longitudinal  optical  phonon   (LO) 

replica but its intensity is drastically decreased. 
The intensity of the bound exciton D1X and D3X 

decreases further at 0.5 µm etching profile, whereas the 
intensity of the bound exciton D2X become detectable.  
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Figure 4. Photoluminescence spectrum at 10K of a-plane ZnO films after 0.75 µm etching 
showing the free excitons FX1 and FX2 with more resolution. 

 
 
 
This effect is attributed to the change in the chemical 
behavior of the ZnO sample. The etching influences the 
oxygen and Zn content in the sample. Furthermore an 
emission line appears at 3.33 eV, identified as the Y line, 
a characteristic of high quality ZnO samples. Also, the 
resolution of the free exciton peak emission is enhanced. 
Above 0.75 µm etching profile, the D2X bound exciton 
reappears clearly whereas the intensity of the bound 
excitons D1X and D3X increase a little bit and the free 
exciton emission FX1 has less resolution. These 
observations support the assignment that the donors D1 
and D3 are related respectively to In and Al atoms 
(Morhain et al., 2002). When the etching profile 
increases, Al atoms can diffuse out easily from the 
sapphire substrate (Al2O3) leading to increase in the 
intensity of the D3X bound exciton. Also the lack of Zinc 
atom and oxygen atom can explain the enhancement of 
the bound exciton emission D1X and D2X. So these 
bound excitons are expected to be related interstitial 
defect or vacancies (Özgür et al., 2005). 

At 0.75 µm etching profile, we observe the 
enhancement of the excitons emission. So the free 
exciton emission the FX2 appears and providing that the 
optical properties of the ZnO sample are preserved and 
enhanced. The PL spectrum ZnO film at 0.75 µm etching 
profile is displayed in Figure 4. 

Conclusion 
 
In summary, we have investigated the etching dependent 
photoluminescence of undoped a-plane ZnO. Our results 
indicate that the optical properties of the ZnO sample are 
preserved and enhanced. At 0.75 µm etching profile, we 
have identified two free excitons transitions FX1 and FX2, 
so called respectively A-free exciton and B-free exciton. 
These excitons are not observable in the PL spectrum of 
the as-grown sample. Our results also demonstrate that 
the free excitons in a-plane ZnO conserve the blue shift 
in comparison to those of conventional c-plane material. 
Finally, the strong emission observed in the region of the  
1LO phonon related to defects, as already confirmed, 
disappears above 0.5 µm etching profile. 
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