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A B S T R A C T   

In this communication, we identify the role of defects in modulating the optical properties of ZnO sub-micron rod 
and tube structures by measuring and comparing their temperature dependent (18 K–260 K) photoluminescence 
(PL) behavior. From statistical fitting of the near band edge (NBE) emission region of the spectra, it is observed 
that the acceptor exciton (A, X) emissions decrease with an increase in temperature for ZnO rod structures, 
whereas comparatively less variation is recorded for ZnO tubular structures. Employing various mathematical 
analyses, the emission patterns observed for tubular structures are concluded to arise from their lattice dilation 
and the electron-phonon interactions. For the rod structures, however, it is concluded that the emission spectra 
are primarily due to the defects (i.e. oxygen and/or Zn vacancies) present at their polar faces. The defects present 
at the ZnO basal plane affecting (A, X) emissions will influence the use of ZnO in optoelectronic applications.   

1. Introduction 

The study of growth and characterization of ZnO crystals has gained 
popularity due to their exclusive properties such as large exciton binding 
energy (60 meV at room temperature) when compared to GaN (26 meV) 
and ZnSe (20 meV) [1]. Zinc oxide also has a high degree of trans-
parency (>90%) to visible light, easily achievable n-type conductivity 
[2], non-toxicity, and bio-compatible behavior [3]. These properties, in 
addition to the abundance of its constituent elements, have made ZnO a 
potential candidate for optical and optoelectronic applications such as 
light emitting diodes, optical emitters, surface coatings, transparent 
conducting coatings (TCO) and quantum mechanical systems. Various 
forms of ZnO have been already reported which include bulk crystals, 
thin films and various 1D-2D nanostructures [4]. Sub-micron ZnO 
crystals have generated a significant interest due to their advantages 
over thin films or bulk crystals such as a) high aspect ratio and large 
surface area to volume ratio that reduces the dislocation densities, b) 
small footprint and large free surfaces that help relieve the stresses 
induced by thermal mismatch, and c) quantum confinement which may 

enhance the radiative recombinations to emit light in the ultraviolet 
(UV) spectral range. Zinc oxide nanorods exhibit quantum confinement 
which can significantly enhance the exciton binding energy [5]. 

It has been demonstrated that the intrinsic defects (vacancies, in-
terstitials and their associates) play an important role in shaping the 
electronic and optical properties of ZnO [6]. The typical optical emission 
recorded from ZnO can be categorized as that in the UV (i.e. Near Band 
Edge or NBE) and in the visible range. Several mechanisms have been 
proposed to explain the visible emissions observed so far, attributing 
these emissions to the vacancies, surface defects, and the morphology of 
the crystal [7–14]. Presences of such defects are observed to produce 
number of bands within the band gap producing visible luminescence. 
For example, green emission observed is due to two bands - one due to 
excess Zn and the other due to the residual impurities [4,8]. Excess 
oxygen present in ZnO caused by specimens annealed in oxygen or air 
was observed to result in self-activated orange emissions [15]. For high 
quality ZnO crystals, the UV emission is observed to be more intense 
than the visible emission. Though several peaks and shoulders are al-
ways observed to be present in the UV region, only a few of them have 
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been studied so far. The UV-emission (i.e. NBE) is thus believed to be a 
result of radiative recombination process between the photo-generated 
electrons from the conduction band and holes generated in the 
valence band (i.e. free excitons), the bound excitons, longitudinal opti-
cal (LO) phonon replicas, and the donor-acceptor-pair (DAP) transitions 
[16,17]. Emissions observed due to the bound excitons commonly 
termed as extrinsic transitions, which are because of the discrete elec-
tronic states created in the band gap by native defects, complexes, or 
dopants present in the crystal [18]. Thus in literature, the emission 
peaks positioned at 3.365 eV and 3.353 eV are ascribed to the excitons 
bound to neutral donors (DoX) and acceptors (AoX), respectively [19, 
20]. In addition, the peaks positioned at 3.30 eV and 3.228 eV are 
identified as donor pair acceptor transitions (DAP) and first order 
DAP-LO [21]. The time resolved NBE PL investigation reported by 
Reparaz et al. [22] shows that the increase in the life time of the neutral 
bound exciton (3.365 eV) as a function of diameter of ZnO nanowires 
was due to their high surface-to-volume-ratio. Further Rauch et al. [23]. 
have claimed that the free electron to bound hole transitions (e− , AoX) 
are the transitions related with the intersection of basal plane defects 
present on the material surface. Application wise, however, the presence 
of defects (i.e. emission centers) is observed to adversely impact the 
optical performance of ZnO-based optoelectronic and electronic devices 
[24,25]. In order to improve the performance of these devices, it is 
essential to gain a fundamental knowledge of the effect of defects on the 
optical properties of ZnO. Further, knowing the fact that crystal 
morphology plays an important role in controlling the optical properties 
of ZnO nano/micro crystals, a very limited information is available to 
our knowledge that defines the exact role played by these defects present 
at polar faces on ZnO optical properties. 

The purpose of undertaking this work is thus twofold. First, we aimed 
to characterize two types of ZnO microstructures with different defect 
morphologies by measuring their temperature dependent photo-
luminescence properties [26]. The rod and tube shaped ZnO sub-micron 
structures were fabricated following our previous work, where the dif-
ference in their morphology was known to be due to stacking defects, 
followed by photoluminescence spectroscopy between 18 K and 260 K. 
The second aim was to quantify the contribution of the defects on optical 
emission, especially the Near Band Edge (NBE) and the deep level 
emissions via theoretical modeling of the experimental observations. 
The focus was on using Manoogian- Leclerc and Bose-Einstein models 
applied to the experimental observations to quantify the exact defect 
mechanism for observed luminescence from these structures. 

2. Experimental 

The process of ZnO rods and tubes is described in our earlier work 
[26] but included here for completeness. Hexagonal ZnO rods were 
grown on SiO2/Si substrate by chemical bath deposition (CBD) route 
using molar concentration of zinc acetate dihydrate and sodium hy-
droxide (S. D. Fine Chemicals, India, 99% purity) prepared in DI water. 
Under steady stirring, NaOH (2 M) solution was added drop-by-drop into 
a 200 ml solution of zinc acetate (0.1 M) until the pH of the solution 
reached 7. Before the deposition, substrates were cleaned ultrasonically 
using trichloroethylene, acetone, isopropyl alcohol, and DI water. The 
growth of ZnO rods was achieved by dipping substrates into the above 
solution for 80 min at 80 ◦C. Tube structures were synthesized by 
exposing some of the rod samples (i.e. hexagonal rods) to the evaporate 
emerging from the same solution by placing them 3 mm above the so-
lution meniscus for 40 min. The specimens thus produced were washed 
with ethanol and DI water several times and finally dried at 100 ◦C for 2 
h in air. Morphological and structural investigation of the synthesized 
specimens were performed using X-ray diffraction (XRD) (Model Ultima 
IV, Rigaku Corporation, Japan), Scanning Electron Microscope (SEM) 
(FEI-Inspect F50, FEI Corporation, USA), and Transmission Electron 
Microscope (TEM) (FEI-Tecnai G2 F30 ST, FEI Corporation, USA) to 
validate the synthesis. Temperature dependent optical investigations 

were performed using photoluminescence (PL) technique using an Acton 
Spectra-pro 2750 ultraviolet–visible spectrophotometer (Princeton 
Measurements, USA) and a He–Cd laser as an excitation source along 
with a 350 nm filter. 

3. Results and discussion 

Fig. 1a shows the XRD of the ZnO rod structures which confirms the 
formation of single-phase Wurtzite ZnO [27]. Typically, in Wurtzite 
ZnO, each anion is surrounded by four cations at the corners of a tet-
rahedron and vice versa via sp3 covalent bonding. Fig. 1b shows the stick 
and ball stacking model (top view) for Wurtzite ZnO. 

The crystal is considered to form of number of alternating planes 
composed of four-fold coordinated cations and anions stacked alterna-
tively along c-axis (Fig. 1b) [28,29]. The typical arrangement of anions 
and cations thus leads to form characteristic planes (i.e. polar and 
non-polar planes) of the crystal as shown in Fig. 1c. The polar plane (i.e. 
(0001)) of the crystal is positively charged if it starts with the Zn 
termination, whereas if it starts with the O termination (i.e. (0001)), it is 
negatively charged. Alongside of these two primary planes there are 
multiple secondary non-polar of ZnO Wurtzite crystals shown as Fig. 1c 
[30]. 

Fig. 1d,e shows SEM and TEM images of ZnO rod structures that have 
shapes of truncated hexagonal pyramids and dumbbells. Fig. 1f,g shows 
SEM images of tube structures with the tube wall thickness of about 25 
nm. According to the growth model proposed by researchers [31], the 
basal plane is observed to be the most favorable surface in order to grow 
and etch the crystal, generate defect, to define the piezoelectricity etc. 
Thus, Fig. 1h shows the TEM image recorded on the tube structure 
confirming the selective etching of as-grown rods. The crystal lattice 
fringes present in HRTEM image (Fig. 1i) are observed to have fringe 
spacing value equal to the ‘d’ spacing values of (101) crystallographic 
planes of ZnO [24]. Thickness of the side walls (i.e. non-polar faces) of 
these structures are observed to depend on the size of the pristine rods. 
Higher concentration of molecular and structural defects (such as excess 
Zn2+, steps, etc.) present at the polar surface make the surface highly 
reactive. Dissociation of water molecule at these surfaces produces OH−

and H+ ions essential for decomposing rods at their polar surfaces. The 
mechanism related to the transformation of ZnO rods into its tubular 
structures, which includes selective removal of the stacking defects (e.g. 
steps, vacancies, Zn terminated surfaces) present at the polar surface has 
been reported in our earlier work [26]. 

The temperature dependent PL spectra recorded at 18 K, 25 K, 50 K, 
75 K, 100 K, 120 K, 140 K, 160 K, 180 K, 200 K, 220 K and 260 K for the 
ZnO rod and tube structures specially focusing in the UV region are 
shown as Figs. 2 and 3, respectively. We deconvolute the PL spectra at 
300 K and 18 K due to the broad and asymmetric nature of the graphs as 
shown in Figs. S1a and S1b, respectively, provided as supporting in-
formation. From the spectra recorded for both the structures at 300 K 
(Fig. S1a), it is observed that the intensity of NBE emission is greater 
than the intensity of the visible emission. The intensity ratio (i.e. 
Ivisible/INBE

) calculated for rod and tube structures is observed to be 0.49 

and 0.37, respectively. This indicates [32,33] that the presence of any 
other impurities due to the adopted synthesis process are not signifi-
cantly influencing the ZnO defect density associated with our structures. 
However, the possible presence of Na in ZnO at low concentrations 
(x ≤ 0.2) acts as a shallow acceptor by occupying position at the sub-
stitutional sites [34–36], whereas its presence in excess amount 
(x ≥ 0.2) is observed to increase density of oxygen vacancies [37]. Thus, 
the presence Na in ZnO primarily affects the emissions in the visible 
region (blue and green region) via radiative recombination processes 
[33]. However, the exact role of impurities such as Na in ZnO still re-
mains unclear and will be goal of a future investigation. 

As expected, the UV peak recorded herewith is observed to broaden 
and shift towards higher wavelength with an increase in temperature. 

P.A. Borade et al.                                                                                                                                                                                                                               



Optical Materials 109 (2020) 110348

3

Similar to the previous exercise due to the asymmetric nature of the 
peak, the spectra are deconvoluted into multiple peaks. Depending on 
the peak position observed, they are assigned to (FXA), (D, X), (A, X) 
and/or “Y” band emissions or excitons bound to Na in ZnO [6,29,38,39], 
respectively (Section S1 of supporting information). 

Comparing Figs. 2 and 3, it is clear that the FXA peak (i.e. free 
excitonic transition) is present only in the case of rod structures and is 
observed to maintain the same peak position throughout the tempera-
ture range. For both these structures, the (D, X) and (D, X)-LO emissions 
are observed to shift towards the higher wavelength with the rise in 
temperature as already reported by others. Similar trend is recorded for 
the (A, X) emission in the case of rod structures, whereas less variation 
observed with (A, X) peak position for tube structure make the finding 
fascinating. 

To confirm the observed emission behavior from both the structures, 
we tried to fit the red shifts particularly for (D, X) and (A, X) emissions as 
a function of temperature using Varshni’s equation, which is expressed 
as [38,41], 

Ex(T)=Ex(0) −
αT2

(T + β)
, (1)  

where Ex(0) is band energy at absolute zero, T is the temperature, and α 
and β are model parameters. The Varshni’s model shows a decrease in 
the (D, X) and (A, X) peak energy with a rise in temperature (Fig. 4). 

It is important to note that the energy variation of (A, X) peak 
especially for the tube structure (Fig. 4b), indicates some abnormality 
with the particular emission. The peak position is observed to remain 
almost constant up to a temperature of 120 K, and then suddenly de-
creases with a rise in temperature. It has been already proposed that the 

red shifts associated with these emissions are primarily due to lattice 
dilation and the electron phonon interactions [42]. A suitable model 
which accounts the lattice distortive (dilation and/or shear) effect along 
with the electron phonon interaction has been proposed by Manoogian 
et al. [43], which is expressed as below, 

Ex(T)=Ex(0) − UT −
αΘ

exp(Θ/T) − 1
(2)  

where Ex(0) is the band energy at absolute zero, U is the coefficient of 
lattice expansion, Θ is the averaged phonon energy, α is a coupling 
constant (associated with the strength of electron-phonon interactions) 
and T is the absolute temperature. 

Fig. 5a and b shows the theoretical fits executed using the 
Manoogain-Leclerc model (Eq. (2)) for the (D, X) and (A, X) peak energy 
with respect to increase in temperature for the ZnO rod and tube 
structures. Excellent theoretical fit with the experimental data for both 
the peak energies in both the structures is observed. The fitting pa-
rameters extracted from the exercise are listed in Table 1 below, which 
are observed to be comparable with the parameters reported by others 
[44]. 

From the values of fitting parameters, obtained using the model 
which especially considers the lattice dilation (i.e. “U”), the values re-
ported here are comparable with other reports [45,46] and it can be 
claimed that the emissions are governed by the lattice dilation as well as 
the phonon interactions for both these structures. However, to confirm 
the exact role of lattice dilation, we use Bose-Einstein model with the 
experimental data, noting that this model takes into account only the 
electron-phonon interactions [47]. The model is expressed as, 

Fig. 1. ZnO sub-micron crystals. (a) XRD pattern, (b) stick and ball model (top view) for Wurtzite crystal structures of ZnO, (c) polar and nonpolar surfaces of ZnO 
Wurtzite crystal (d,e) SEM and TEM images of ZnO (hexagonal) rods, respectively. (f,g) SEM at different magnifications and (h, i) TEM and HRTEM images of 
ZnO tubes. 
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Fig. 2. Temperature dependent PL spectra (Jacobian-corrected intensity [40]) deconvoluted with (FXA), (D, X), (A, X) and/or “Y” band peak positions for ZnO 
rod structures. 

Fig. 3. Temperature dependent PL spectra (Jacobian-corrected intensity [40]) deconvoluted with (FXA), (D, X), (A, X) and/or “Y” band peak positions for ZnO 
tube structures. 
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Ex(T)=Ex(0) −
αΘ

exp(Θ/T) − 1
, (3)  

where Ex(0) is band energy at absolute zero, Θ an averaged phonon 
energy, α a coupling constant (associated with the strength of electron- 
phonon interactions) and T is the absolute temperature. Figure S3 
(supporting information) presents the theoretical fits to the experi-
mental data recorded for emissions observed with these structures using 
Bose-Einstein equation. Various parameters extracted by the exercise are 
also listed in Table 1. An excellent theoretical fit is observed for the (D, 

X) peak energy variation for both the structures. Having obtained more 
or less the same value of chi2 (i.e. χ2

R) by applying Bose-Einstein as the 
Manoogian-Leclerc models, it is clear that the effect of lattice dilation in 
(D, X) emission can be neglected. We thus conclude that for both the ZnO 
submicron structures, i.e., rods and tubes, the (D, X) emissions are governed 
purely by electron-phonon interactions. However, the higher value of χ2

R 
observed for (A, X) peak energy variation in experiments when 
compared to the Manoogian-Leclerc model (Table 1) confirms that these 
particular emissions are governed by lattice dilation in addition to the 
electron-phonon interactions. Thus, the Manoogian-Leclerc model 

Fig. 4. Varshni’s Model fitting for (a) (D, X) peak position variation and (b) (A, X) peak position variation with respect to temperature for ZnO rod and 
tube structures. 

Fig. 5. Manoogian-Leclerc Fitting for (a) (D, X) peak position variation and (b) (A, X) peak position variation with respect to temperature for rod and tube structures.  

Table 1 
Fitting parameters extracted for NBE emissions observed for rod and tube structures using Manoogian-Leclerc (Eq. (2)) and Bose-Einstein model (Eq. (3)).  

Model used Parameters NBE Emission investigated 

Rod structures Tube structures 

(D, X) (A, X) (D, X) (A, X) 

Manoogian- Leclerc Model Eg(0)eV  3.367 ± 0.005  3.350 ± 0.012  3.361 ± 0.003  3.336 ± 0.011  
U 2.32× 10− 4  3.45× 10− 4  0.99× 10− 4  0.52× 10− 4  

(±3.4 × 10− 5) (±6.9 × 10− 5) (±2.1 × 10− 5) (±3.4 × 10− 5)

α (eV/K) 2.05× 10− 4  2.59× 10− 4  4.01× 10− 4  1.43× 10− 3  

(±7.9 × 10− 5) (±1.5 × 10− 5) (±6.2 × 10− 5) (±2.3 × 10− 5)

θ (k) 335 ± 20  198 ± 32  312 ± 12  473 ± 14  

χ2
R  1.06× 10− 6  7.23× 10− 6  1.50× 10− 6  5.40× 10− 6  

Bose-Einstein Mode Eg(0)eV  3.362 ± 0.004  3.342 ± 0.021  3.359 ± 0.015  3.342 ± 0.005  
α (eV/K) 3.79× 10− 4  5.92× 10− 4  4.38× 10− 4  12.02× 10− 4  

(±2.6 × 10− 5) (±1.1 × 10− 5) (±5.5 × 10− 5) ( ±4.8 × 10− 5)

θ (k) 111 ± 20  110 ± 47  204 ± 35  379 ± 95  

χ2
R  1.05× 10− 6  1.16× 10− 6  4.98× 10− 6  5.38× 10− 6   
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pinpoints the exact parameter which determines the physical behavior 
and is the suitable model to describe the optical measurements reported 
for ZnO tubes. The value of ‘U’ listed in Table 1, especially for (A, X) 
emissions, show significant differences depending on the morphologies 
investigated in this work. Higher value of lattice dilation coefficient is 
observed for rod structures than that for tube structures. Thus, based on 
these values we believe that the (A, X) emissions in case of tube structure 
are governed primarily by lattice dilation as well as electron-phonon 
interactions. However, from previous experimental investigations it 
has been confirmed that for a typical ZnO particle, 70–80% of the total 
surface is due to the presence of non-polar facets [48,49]. From the 
cleavage energy investigations estimated for polar and non-polar facets 
of ZnO, it has been confirmed that the non-polar facets of the crystal 
exhibit the lowest possible energy values [50,51]. Fundamentally, the 
polar surfaces/facets (i.e. the (0001) and (0001)) are unstable and to 
stabilize them, surface rearrangement of charges between the O and Zn 
termination surfaces takes place [31,52]. In order to accommodate 
charge transfer, these surfaces exhibit faceting or massive reconstruction 
via randomly distributed vacancies, impurity atoms, and/or the pres-
ence of charged adsorbets in the surface layer [53,54]. The scanning 
tunneling imaging performed on the polar (mainly Zn terminated) sur-
faces indicate presence of small islands and number of pits present on 
the surfaces [55], whereas Parker et al. [56] reported presence of large 
terraces with no defects (island and/or pit) present in the STM images 
recorded on the nonpolar (1010) facets. Further analysis of islands and 
pit size distribution suggested a decrease of surface Zn concentration 
affecting the charge transfer to stabilize the surface [55]. Hence, we 
believe that along with the lattice dilation and electron-phonon in-
teractions, the (A, X) emissions in the case of rod structures are governed 
by concentration of Zn or O present (30-20% of the total surface contain 
polar facets) in the basal plane of the crystal. 

In order to confirm that the defects indeed contributed to the tem-
perature quenching behavior particularly for (A, X) emission, we 
decided to study the (A, X) peak intensity variation as a function of 
temperature. Fig. 6 (b) present the Arrhenius plot extracted from the 
graph of PL intensity as a function of temperature (Figs. 2 and 3). Under 
steady state excitation, the spectral intensity (I) for the bound emissions 
can be expressed as, 

I =
I0

1 + Ae− Ea/kBT (4)  

where Ea is the activation energy, A is fitting parameters and kB is the 
Boltzmann constant [51]. 

Using Eq. (4), the activation energies are extracted from the Arrhe-
nius plots for the ZnO structures. The values of thermal activation en-
ergy extracted from Fig. 6 and using Eq. (4) are ~25 and 52 ± 5 meV for 
the rod and tube structures, respectively. The high activation energy 
observed for (A, X) emissions in the case of tube structures thus confirms 
that the emissions are either from the electron-acceptor transition and/ 

or due to intrinsic point defects and the extended structural defects. The 
claim can be supported by the time decay measurements reported by 
Camarda et al. [8] for ZnO nanoparticles, where authors determine that 
the exciton emissions (which are observed to be strongly dependent 
upon the temperature as well as on ZnO structural parameters) are 
primarily determined by non-radiative recombination due to high defect 
density related to the crystal [29,57]. The low thermal activation energy 
observed in the case of rod structures can be associated with “Y” band i. 
e. the emissions due to radiative recombination of exciton bound 
extended structural defects present at the polar face of the rods. 

4. Conclusions 

Temperature dependent photoluminescence (PL) spectroscopy 
technique was used to study the effect of the morphology dependency on 
the optical properties of ZnO crystals. For this purpose, ZnO rods (syn-
thesized using chemical bath route) and ZnO tubes (formed using 
dissolution process) were studied. Presence of free excitonic peak at the 
higher energies along with the band edge emissions observed in PL 
spectra for rod structures at room temperature makes the measurements 
different from that recorded for tubular structures. Presence of these 
emissions clearly indicates existence of free as well as bound carrier 
recombination processes present in the rod structures even at room 
temperature. Disparity observed in visible region of the PL spectra 
recorded at room temperature from both the specimens can be attrib-
uted to the morphology associated with these structures. In order to 
understand various recombination processes especially related with the 
near band-edge emission (NBE), temperature dependent PL in-
vestigations were conducted on both of these specimens. From the sta-
tistical fitting of NBE spectra, it is observed that free excitonic transition 
present only in the case of rod structures is maintaining the same peak 
position with rise in the measurement temperature. For both the speci-
mens (D, X) and (D, X)-LO emissions are observed to get shifted towards 
higher wavelength side with increase in the temperature. However, the 
acceptor exciton (A, X) emission peak position is observed to decrease 
with the increase in measurement temperature for rod structures. 
Comparatively, less variation is recorded for the same in the case of 
tubular structures. Employing various mathematical models, the 
behavior of (A, X) emission observed in tubular structures has been 
attributed to the lattice dilation and electron phonon interactions, 
whereas for rod structures it has been attributed to the defects present at 
the polar faces of the structure. Thus, the experimental evidences re-
ported herewith can help researchers identify the defect-related intrinsic 
optical behavior as well as to offer new mechanism responsible for the 
ZnO luminescence properties. 
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