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Temperature and excitation power density dependent photoluminescence (PL) studies were performed on Ga-doped ZnO 

(GZO) thin films grown on a-(112̅0) and c-(0001) sapphire substrates by Molecular Beam Epitaxy (MBE). The observed PL 
spectra are dominated by excitonic as well as defect related transitions. The origins of the emission bands were determined 
by applying the Gaussian fit to 10K PL spectra and discussed and compared with those available in literature. The shape of 
the temperature dependence of the PL spectra did show any discernable dependence on the substrate orientation used. The 
peak energies of excitonic transitions redshifted with increasing temperature with a total shift of about 70 meV (from 10K to 
300 K). From the temperature activation energies of 6 and 40 meV were obtained from a bi-exponential empirical equation 
fitting. The excitation power density dependence of total integrated PL intensities and the ratio of peak intensities of the 

excitonic transition to yellow luminescence revealed that they follow a power law in the form of  𝐼𝑇 𝑜𝑟 𝐼𝑒𝑥 𝐼𝑌𝐿⁄ ∝ 𝑃𝐸
𝑘 , where 𝑃𝐸 

is the excitation power density and 𝑘 is the power factor.  
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1. Introduction 
 
Zinc oxide (ZnO) as a direct wide band gap 

semiconductor is one of the promising materials in 
optoelectronics especially in devices utilizing excitonic 
transitions and has been the subject of investigations 
panning on many years [1-5]. For thermally stable 
transparent electrodes such as that used in solar cell 
applications, ZnO is frequently doped with group III and 
VII elements [6, 7]. Of these, Ga+3 ions can substitute at 
Zn+2 lattice sites without significant lattice mismatch and 
deformation [8, 9]. It has been reported that Ga doped ZnO 
(GZO) has high carrier density and electrical conductivity 
[10]. Gupta et al. [11] reported defect-induced 
photoluminescence behavior of GZO thin films grown on 
silicon substrate with varying doping (Ga) concentrations. 
The PL spectra showed near-band-edge (NBE) emissions 
including free excitons (FX), donor-bound excitons (DX), 
acceptor-bound excitons (AX) and their phonon replicas 
along with broad violet, blue, green, yellow, and red 
emission bands. It has been observed that the blue-violet 
emission band increases with increasing Ga density. The 
transitions observed in the visible band of the spectrum 
were attributed to natural point and/or complex defects [11]. 
In photoluminescence study of GZO thin films on grown 
pure silica glass substrate, various intrinsic and extrinsic 
emission bands were observed at room temperature [12]. Z. 
Yang et al. studied Ga-related photoluminescence lines in 
Ga-doped ZnO grown on r-plane sapphire substrates using 
plasma-assisted molecular-beam epitaxy (MBE). From the 
excitation-power dependence of the luminescence, it has 
been shown that the donor-acceptor transition energy 
clearly blueshifts with excitation power [13]. In another 
study, Hiroyuki Kato et al. studied Gallium-doped ZnO 

epitaxial layers grown on a-plane sapphire substrates by 
molecular beam epitaxy (MBE) and it has been shown that 
the photoluminescence (PL) spectra of Ga-doped ZnO were 
dominated by an emission at 3.362 eV which can be 
assigned to emission related to excitons bound to Ga-related 
neutral donors [14]. Ray-Hua Horng et al. also investigated 
the effects of Ga concentration on PL properties of GZO 
thin films grown on (0001) sapphire substrates by using a 
MOCVD and it has been shown that a blueshift in bandgap 
peaks was occurred and the intensity of the bandgap to 
broad band luminescence peaks was increased [15]. 

Because GZO thin films are mostly used as semi-
transparent electrodes in back illuminated solar cells it is 
crucial to transmit solar radiation to the active region for 
absorption. Along with high electrical conductivity 
requirements, identification of the optical quality and defect 
centers in GZO thin films is considered an important issue 
to improve solar cells performance. Therefore, optical 
properties of GZO layers grown by molecular beam epitaxy 
(MBE) on two different sapphire substrates c-(0001), a-
(112̅0) were studied in detail in this study using 
temperature (10K-300K) and excitation power density (2.6-
330 mW/cm2) dependent photoluminescence experiments.  

 
 
2. Results and discussions 
 
The samples coded as 651 and 753 were grown on c- 

and a- sapphire substrates, respectively, by MBE. For these 
two samples, the growth was initiated with the deposition 
of a low temperature ZnO (LT-ZNO) layer and followed by 
high temperature ZnO (HT-ZnO) layer. The growth details 
are given in Table 1 for samples 651 and 753.  

 

 

https://pubs.rsc.org/en/results?searchtext=Author%3AHimanshi%20Gupta
https://www.sciencedirect.com/science/article/pii/S0040609015012432?casa_token=bdJSlc6IOvcAAAAA:B8n0dAFjmoBVIqZFb3PsFAIn46h_Xua1jhYhhiHyGHGP_xrB49YIOrCbr4EPEb2CkiC1CzvNeA#!
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Table 1. The growth conditions and parameters of samples 

 

Sample Code 651 753 

Substrate a- sapphire c- sapphire 

Total Thickness (nm) 300 210 

 

Low 

Temperature 

Substrate temperature (C) 200 200 

ZnO Temperature (C) 570 640 

Pressure (Torr) 9.1x10-6 8x10-6 

 

High 

Temperature 

Substrate temperature (C) 611 550 

ZnO Temperature (C) 590 590 

Pressure (Torr) 9x10-6 6.2x10-6 

Growth Time (min.) 250 120 

 

Temperature and excitation power density dependent 

photoluminescence measurements were performed on 

samples placed in a closed-cycle cryostat in the temperature 

range between 10 to 300K. A 349 nm frequency triple Nd: 

YLFQ switched pulse laser was used for excitation. 

Luminescence was collected with the appropriate lenses 

and then dispersed with a 500 mm spectrometer using 1200 

lines/mm grating. The optical signal was detected with a 

computer controlled Concentrated Charge Coupled Device 

(ICCD) camera. 

 
 

Fig. 1. The applied Gaussian fittings (purple solid lines) on 10K PL spectra for sample (a) 651, (b) 753. Inset shows enlarged part of 

excitonic transition regions (color online) 

 

Fig. 1 shows 10K PL spectra of samples with applied 

Gaussian fittings which allows deconvolution of the closely 

spaced peaks and shoulders that exist in broad spectra as 

observed in our samples. When ZnO films are intentionally 

doped with Ga, free exciton transitions are expected to be 

relatively weak compared to high quality single crystal or 

undoped ZnO thin films [16, 17]. The peaks that are 

resolved from fittings were examined and compared with 

those available in the literature. From these fittings, the 

peak positions observed as shoulders on high energy side of 

the main peak were resolved at about 3.376 eV. These peaks 

correspond to the A free exciton of ZnO (FXA), which are 

consistent with values of 3.376-3.378 eV reported for high 

quality ZnO in the literature [18-22]. The transitions 

obtained from the Gaussian fitting at the peak energy values 

of 3.368-3.369 eV are due to the shallow neutral donor 

bound A free excitons (DBE). These donor-bound exciton 

peak positions are about 7 meV lower than the A free 

exciton transition and may represent donor binding 

energies. Similarly, the transitions deconvolved from the 

Gaussian fitting at the peak energies of about 3.342-3.343 

eV are attributed to the shallow neutral acceptor bound A 
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free excitons (ABE). These acceptor-bound exciton peak 

positions are 33 meV lower than the A free exciton and may 

represent acceptor binding energies. In general, the defect 

centers and their relative densities in intentionally or 

unintentionally doped semiconductors may differ in the 

literature depending on their formation energies as well as 

their structure (low-dimensional or bulk) and growth 

methods used [23]. 

The Fröhlich interactions in polar and wide bandwidth 

materials such as ZnO are the most prominent exciton-

phonon scattering mechanism induced by longitudinal 

optical phonons (LO) [24]. These strong interactions 

manifest themselves as phonon replica of main excitonic 

and/or defect-related transitions in PL spectra. LO phonon 

energy of ZnO is around 71-73 meV [25]. Accordingly, the 

peak energy values of 3.299 and 3.228 eV (for the 651 

sample) and 3.298 and 3.225 eV (for the 651 sample) 

derived from the Gaussian fittings are due to 1-LO and 2-

LO phonon replicas of the main A free exciton and donor-

bound exciton transitions. Because the optical quality of the 

samples is not as high as that of high-quality bulk samples, 

LO replicas of the main transitions could not be resolved 

separately. Therefore, these peak energies represent the 

combined phonon replicas of the main transitions. To 

reiterate, the energy shifts of about 72 meV are consistent 

with the LO phonon energy of ZnO. It can be argued that 

there may also be other bound excitonic and/or donor-

acceptor pair (DAP) transitions in these spectral regions. 

Therefore, shoulders and ridges in this spectrally 

unresolved region may represent a combination of phonon 

replicas of free and bound excitonic transitions together 

with DAP and its phonon replicas. 

The low energy sides of 10K PL spectra of all samples 

can be divided into three spectral regions. The blue 

luminescence observed at about 3.1 eV can be possibly 

attributed to the defect due to the zinc vacancy (VZn) [26-

30]. The green luminescence observed at about 2.3 eV can 

be attributed to the defect due to the substitution of oxygen 

into the zinc site (OZn) [27, 28, 31-34]. The yellow 

luminescence observed at about 2.0 eV can be attributed to 

the defect centers related to zinc and oxygen interstitial 

complex (Zni/Oi) [34, 35], and finally the red luminescence 

observed at about 1.7 eV may be related to oxygen 

interstitial (Oi) defect centers [26, 31, 36-38]. 

 

 

 
    

Fig. 2. The PL spectra taken at different temperatures between 10K and 300K for sample (a) 651 and (b) 753. (c) the change of 

the ratio of main excitonic peak intensity to yellow luminescence intensity with temperature. (d) Normalized peak intesities of 

excitonic transitons as a function of inverse temperature. Solid lines shows the bi-exponential emprical fittings. Insets show  

enlarged part of the excitonic regions (color online) 

 
Fig. 2 shows the temperature dependent PL spectra of 

our samples taken at temperatures between 10K and 300 K. 
During these measurements, the excitation power density 
was kept low to avoid excessive excitation effects. It was 

(d) 
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observed that temperature dependent PL spectra for both 
samples exhibit similar behavior. As the temperature 
increases, the peak positions of free and bound excitons 
shift to lower energies by following the band gap narrowing 
due to the lattice expansion and electron-phonon 
interactions. Room temperature PL spectra peaked at about 
3.27-3.28 eV with a total shift of about 105 meV over the 
explored temperature range for both samples. It has been 
commonly observed that the temperature-dependent 
variation of excitonic peaks is well characterized by the 
Varshni equation [46] using fitting parameters compatible 
with the literature [39-41] On the other hand, the so called 
blue, green, yellow, and red luminescence peak energies 
associated with deep level defects centres discussed above 
do not follow the band gap shrinkage and are virtually 
temperature independent. It is known that the peak or total 
PL intensity decreases gradually as the temperature 
increases, due to the thermal activation of non-radiative 
centers or the thermal escape of the carriers involved in the 
emission process. The decrease in PL peak intensity or total 
integrated intensity, which is generally slower at low 
temperatures and faster at high temperatures, indicates that 
more than one non-radiative mechanism is most likely 
active. For this reason, the bi-exponential approach is used 
to fit the peak intensities of excitonic transitions as a 
function of inverse temperature as shown in Fig. 2(d). The 
total decrease in PL intensity of samples 651 and 753 
between 10K and 300K is approximately 40, 25-fold, 
respectively. The empirical equation with two thermal 
activations has been found to be very compatible with 
experimental results. The low (𝐸low)  and high 
(𝐸high) temperature activation energies obtained from the 
best fitting are in the range of 6 and 40 meV, respectively. 
The former can be attributed to the temperature-dependent 
capture cross section of the carriers at the recombination 
centers, while the latter corresponds to the average thermal 
energy required for dissociation of excitons. [42]. As seen 
in Fig. 2, the intensities of the deep level defect related 
transitions also decrease, albeit at different rates, as the 
temperature increases.  Among them the blue luminescence 
observed at a peak energy of about 3.05 eV decreases 
gradually with increasing temperature and almost vanishes 

at room temperature for all samples. Similarly, the 
intensities of the so-called green, yellow, and red 
luminescence decrease, at different rates, as the temperature 
increases. For sample 651, the temperature variation of the 
peak intensities in this spectral region differs slightly from 
the other sample. It is seen that the intensities of yellow and 
red luminescence are higher compared to that of green 
luminescence at low temperatures. When the temperature 
rises above 100K, the intensity of the green luminescence 
becomes higher than the yellow and red luminescence 
peaks. For samples 753, the yellow and red luminescence 
peak intensities decrease steadily as the temperature 
increases. 

Fig. 2(c) shows the change in the ratio of main 
excitonic peak intensity to yellow luminescence intensity as 
a function of temperature. In general, this ratio decreases 
much faster in the 10K-100K temperature range compared 
to the temperature region greater than 100K. For sample 
651, this ratio is about 41 at 10K, then decreases rapidly to 
11 at 100K. Above this temperature it decreases at a slower 
rate and reaches to 5 at room temperature. There is an 8-
fold change in the ratio of the peak intensity of the excitonic 
transition to the yellow luminescence peak intensity in the 
temperature range of interest. This ratio at 10K PL spectra 
is approximately 20 for sample 753. Then, it decreases to 7 
at room temperature with approximately 3-fold change in 
total. 

As seen in Fig. 2(d), PL peak intensities decrease at 
different rates as the temperature increases. The observed 
decrease in PL intensities between 10K and 300K in 
samples coded 651 and 753 is approximately 40 and 25 
times, respectively As can be seen in the figure, it is seen 
that the empirical equation with two thermal activations is 
in good agreement with the experimental results. The 
obtained low temperature activation energies in the range of 
about 6-7 meV can be attributed to the temperature 
dependent capture cross section of the carriers in the 
recombination centers, while the high temperature 
activation energies in the range of 30-45 meV can 
correspond to the thermal dissociation energy required for 
the nonradiative recombination of electrons from the 
excited state to the ground state. 

 

 
 

Fig. 3. The 10 K PL spectra taken at various excitation power densities in the range of 2.6-330 mW/cm2 for sample; (a) 651  

and (b) 753 The dashed vertical lines are placed to help  track the change in the peak energy positions (color online) 

 

Fig. 3 shows the PL spectra for both samples taken at 

10K for various excitation power densities between 2.6 and 

330 mW/cm2. As seen in the figure, as the excitation power 

density increases, the most obvious change in the PL spectra 
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is the gradual broadening of the linewidths due to the 

increase in exciton-phonon interactions. The highest 

intensity peak shifts to lower energy as excitation power 

density increases and reaches to about 3.35 eV for both 

samples. This may be due to change in the relative 

intensities of FXA, DBE and ABE transitions. Another 

reason for this shift can be the strong exciton-phonon 

interactions that is responsible for the observed broadening 

in the spectra. 

 

 
 

Fig. 4. (a) The variation of the total integrated PL intensity (𝐼𝑇) as a function of excitation power intensity. (b) The ratio of the 

highest peak intensity of the excitonic transition (𝐼𝑒𝑥) to the peak intensity of the deep level defect transition (𝐼𝑒𝑥 𝐼𝑌𝐿)⁄  (yellow 

luminescence) as a function excitation power density. The solid lines show the best fits done by a power law in the form of  

𝐼𝑇 𝑜𝑟 𝐼𝑒𝑥 𝐼𝑌𝐿⁄ ∝ 𝑃𝐸
𝑘, where 𝑃𝐸 is excitation power density and 𝑘 is the power factor (color online) 

 

Fig. 4(a) shows the total integrated intensities of the 

10K PL spectra and the ratio of peak intensities of the 

excitonic transition to yellow luminescence as a function of 

excitation power density. In general, it is observed that the 

integrated PL intensity (𝐼𝑇) follows a power law in the form 

of  𝐼𝑇 ∝ 𝑃𝐸
𝑘 , where 𝑃𝐸  is excitation power density and 𝑘 is 

the power coefficient in the range of 1 < 𝑘 < 2. The power 

factor depends on the presence of recombination channels 

and defect levels that can be saturated at sufficiently high 

excitation power densities. The total PL intensity of sample 

651 increases much faster with a k=1.72 power factor 

compared to sample 753. The power factor of sample 753 

was found to be k=1.12. The linear behavior of the total 

integrated PL intensity with a slope close to unity may 

indicate that excitonic transitions are dominant. However, 

our samples show super linear behavior with different 

power factors. This may be due to presence of strong 

exciton-LO phonon interactions. Figure 4(b) shows the 

ratio of the integrated peak intensities of excitonic 

transitions to yellow luminescence. This ratio increases 

with the excitation power density at different rates. It 

increases with the excitation power density with a power 

factor of 𝑘 = 1.43 and 𝑘 = 0.44 for sample 651 and 753, 

respectively. Because the power factor of this ratio is related 

to the saturation of the relevant transition states, a power 

factor less than unity may indicate a high defect density in 

the samples. 

 
 
3. Conclusions and discussions 
 

The temperature and excitation power density 

dependent photoluminescence (PL) were studied for Ga-

doped ZnO (GZO) thin films grown on sapphire substrates 

with two different orientations. The PL spectra were taken 

in the temperature range of 10K to 300K and excitation 

power density range of 2.6 to 330 mW/cm2. These 

transitions associated with donor/acceptor bound excitons 

dominated the 10 K PL spectrum. To resolve the peak 

position of contributing processes, the spectral transitions 

were deconvolved by applying a Gaussian fitting method to 

10 K PL spectra. To determine their origins, these peaks 

were tracked up to room temperature, and the results are 

discussed in comparison with literature. For the peak 

energies of excitonic transitions, approximately 105 meV 

total redshift was observed. Temperature-induced 

activation energies of 6 and 40 meV, on average, were 

obtained for both samples. With an 8-fold change, the 

sample 651 showed a much faster rate of decrease in the 

excitonic peak intensity/yellow luminescence intensity ratio 

than 753. From the dependence of total PL intensity on the 

excitation power density, it was determined that the total PL 

intensity of sample 651 increased much faster than that for 

sample 753 with a power coefficient of approximately 1.72. 

Similarly, with a 1.43 power coefficient, excitonic 

transition/yellow integrated peak intensity ratio of sample 

651 increased faster than that in sample 753. 
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