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Abstract: ZnO thin films with blue photoluminescence (PL) have been 
fabricated through Cu diffusion doping. A CuOx-ZnO mixture, and Cu/ZnO 
double layer, films were prepared on amorphous SiOx/Si substrates by 
pulsed laser deposition (PLD), and electron beam (e-beam) deposition, 
respectively. After sequential oxygen annealing, CuOx-ZnO mixture films 
exhibited green emission centered at 523 nm. However, Cu/ZnO double 
layer films differed in producing a blue emission centered at 480 nm. 
Detailed analysis identified that this blue shift in the emission center 
resulted from increased blue emissions attributed to Cu dopants in the film 
by e-beam deposition. Luminescence intensity was increased to 6 cd/m2 for 
a sample annealed at 700 °C. Color points were close to the locus of points 
following the line of a black-body-radiator on the CIE 1931 XY 
chromaticity diagram. The present results show that Cu-doped ZnO has 
strong potential as a cost effective phosphor for use in down converting 
LEDs. 
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1. Introduction 

Phosphor nanoparticles have attracted much attention as down-converting materials for 
lighting devices, such as light-emitting diodes (LEDs), due to their low fabrication cost and 
high color-rendering index [1–6]. The recent major advances in III-nitride-based device 
technologies have resulted in significant progress in addressing internal quantum efficiency 
[7,8], and efficiency droop for light emitters [9–11]. White LEDs with a high color-rendering 
index are easily prepared by a capping of resin, which includes phosphor nanoparticles, on 
blue LEDs or UV LEDs [12,13]. From a material viewpoint, Cd-based semiconductor 
nanoparticles such as CdS, CdTe, and CdSe have been extensively studied; since their 
preparation is simple, and their luminescent quantum efficiency can be sufficiently improved 
by growing an inorganic shell of wide bandgap semiconductor around the particles [14]. In 
spite of good performances, these Cd-based materials are limited in their practical use 
because Cd is a controlled pollutant. Alternative Cd-free materials are therefore, required for 
practical application with phosphor nanoparticles in down-converting lighting devices. 

Zinc Oxide (ZnO) is a wide bandgap (3.3eV) II-VI compound semiconductor, which can 
be considered as a potential candidate for down-converting phosphor materials. It contains no 
rare earth elements, or any controlled environmental pollutants. In addition, ultraviolet (UV) 
emission of ZnO can be rather easily shifted to the visible region by introduction of suitable 
impurities [15]. Cu, one of the Group-IB elements, has been known to cause ZnO emission in 
the light-blue range when used as a dopant [16]. A number of studies into the 
photoluminescence (PL) properties of Cu-doped ZnO have been reported, but few have 
clearly investigated PL centered on the blue range. L. Ma et al. have observed multiple peaks, 
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including PL centered at blue and green, from Cu-doped ZnO films prepared by radio-
frequency (RF) magnetron sputtering [17–21]. They attributed those peaks to energy levels 
formed by Zn interstitials, and oxygen vacancies. Similar results have been observed by using 
a variety of deposition methods, which includes pulsed laser deposition (PLD) [22], and 
plasma assisted molecular beam epitaxy (PA-MBE) [23]. 

In this article, we report the results of Cu-doped ZnO thin films with PL centered on the 
blue range (480 nm). The films were prepared through sequential electron beam (e-beam) 
deposition of ZnO and Cu, and then annealed at high temperature to induce oxidation and Cu 
diffusion. As reference samples, ZnO-CuOx mixture films were prepared by PLD. To prevent 
crystallographic effects of the substrate on film growth, we used amorphous substrates that 
were intentionally not heated to investigate copper doping effects on the emission properties 
of ZnO. Results show that the homogeneous distribution of Cu impurity, and the diffusion 
path for oxygen gas, is decisive in suppressing the emissions attributed to oxygen vacancy, 
and promoting the blue emissions attributed to the Cu dopant. Color points of the blue 
emissions are in close proximity to the locus of points that follow the line of a black-body-
radiator on the CIE 1931 X-Y chromaticity diagram. 

2. Experimental 

In order to investigate PL by Cu deposition doping of ZnO thin films, 200 nm thick Cu-doped 
ZnO thin films were prepared on thermally oxidized Si substrates (SiOx/Si) by PLD. A 
cylindrical pellet (4x20 mm2) of CuOx-ZnO with a ratio of 1:99 wt% for the PLD target was 
prepared by spark plasma sintering at 750 °C under 30 MPa of pressure. The substrates were 
ultrasonically cleaned with acetone and alcohol in sequence for 15 min, and then dried in air. 
After transferring the substrate to a holder block, the vacuum chamber was pumped to 5x10−7 
Torr in preparation for deposition. During deposition, there was no flow of oxygen. Cu-doped 
ZnO films were directly deposited by the irradiation of a KrF excimer laser (wavelength: 248 
nm, energy: 400 mJ, and with a repetition rate of 2 Hz on target surface 5 cm from the 
substrate). Double layer films of Cu/ZnO were prepared by e-beam deposition to fabricate 
Cu-doped ZnO thin films by Cu diffusion. ZnO films with a thickness of 300 nm were 
deposited by using ZnO pellet sources (99.9999%, 2-5 mm) at 7 kV and 30 mA. Next, 40 nm 
thick Cu films were deposited in sequence by using a Cu grain source (99.9999%, 2-5 mm) at 
7 kV and 120 mA. The base and working pressures were kept at 5x10−7 and 2x10−5 Torr, 
respectively. The films were annealed using a box furnace and an oxygen atmosphere for 90 
min at 500, 700, and 850 °C, in order to promote oxidation and Cu diffusion into the ZnO 
matrix. PL and color properties were evaluated with a photospectrometer (Jasco FP-6000), 
and spectrometer (PR-655, Photo Research Inc.), respectively. Crystallography, cross-
sectional structure, and the surface morphology of the films was measured with a powder X-
ray diffractometer (XRD; Philips X’Pert APD), scanning transmission electron microscope 
(STEM; JSM-6701F), and atomic force microscope (AFM; XE-100), respectively. 

3. Results and discussion 

3.1 Photoluminescence in the green range for Cu-doped ZnO thin films by pulsed laser 
deposition 

Figure 1 shows PL spectra for films annealed in oxygen at 500, 700, and 850 °C. The peaks 
centered at 378 nm (3.28 eV) and 523 nm (2.37 eV), and deep level emissions start to appear 
in the sample annealed at 500 °C. The appearance of the emission peaks means that not just 
crystallization, but also oxidation, of the ZnO was improved by annealing at 500 °C. Further 
increase in the annealing temperature up to 850 °C enhanced the intensity of each peak. The 
peaks at 378 nm, and deep level emissions, are typical peaks of ZnO attributed to near band 
edge (NBE) and oxygen defects, respectively. The peak centered at ~523 nm (~2.37 eV) was 
mainly ascribed to Cu dopants in ZnO [16], which means that Cu atoms were successfully 
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incorporated into ZnO during deposition. Figure 1 also shows that the peak centered at 523 
nm (2.37 eV) slightly blue shifted to 517 nm (2.39 eV) by oxygen annealing at 700 and 850 
°C. Looking more closely at the PL peak centered at 523 nm, it can be seen to consist of sub 
peaks attributable to Cu dopants and oxygen vacancies. The variation in the concentration 
ratio between the Cu dopant and oxygen vacancies was caused by the annealing conditions, 
and resulted in the change in intensity of the sub peaks. The center shifts towards blue as the 
sub peak in the blue range is dominant at higher annealing temperatures. This fact was 
recognized by full width at half maximum (FWHM) of the peaks measured at 93 nm. 
Typically, FWHM of monochromatic emission is known to be as low as several tens of 
nanometers [14]. 
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Fig. 1. PL spectra of Cu-doped ZnO thin films prepared by pulsed laser deposition (a) as-
grown and after annealing at 500, 700 and 850 °C, and Gaussian fittings (b) 500 °C (c) 700 °C 
(d) 850 °C. 

Peak properties for each temperature were analyzed in detail by Gaussian fitting, as shown 
in Figs. 1(b), 1(c) and 1(d). Two peaks, centered at 480 and 525 nm, appeared after oxygen 
annealing at 500 °C. The peak centered at 480 nm (2.58 eV) was considered to be the result of 
the formation of a shallow acceptor level, caused by Cu doping of ZnO. Yan et al. [16] 
explained that the high concentration of Cu atoms could be incorporated into ZnO, because of 
the low formation energy of substitutional Cu atoms. In this case, a defect band can form 
inside, and narrow, the ZnO bandgap. They calculated that Cu dopants form an acceptable 
level below 2.7 eV at the conduction band minimum of ZnO. This result is consistent with the 
present observation of blue emission at 480 nm. 

When the samples were annealed at 700 and 850 °C, it was found that the emission 
intensity of each sub peak was enhanced. Moreover, the emission at 480 nm by Cu dopants 
became more dominant than the emission at 525 nm by oxygen vacancy (Figs. 1(c) and 1(d)), 
and the enhancement at 480 nm resulted in blue shift of the peak center at 523 to 517 nm. 

On the other hand, the above analysis indicates that the PL spectrum centered at 523 nm 
cannot be a single component in these films, because both oxygen defects and Cu dopants in 
ZnO films simultaneously increase with annealing temperature. We consider that the 
inhomogeneous distribution of Cu dopants in ZnO thin films is one of the main reasons for 
this. A target homogenously mixed with Cu and ZnO at an atomic scale is an ideal for 
producing thin films with uniform composition by PLD process, but it is nearly impossible to 
achieve practically as targets are fabricated with the more macroscopic methods of 
mechanical mixing and sintering. In addition, Cu atoms are oxidized in plume, as well as on 
the substrate surface, resulting in the formation of CuOx during film deposition. 
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Fig. 2. Cross-sectional image and atomic mass profile of Cu-doped ZnO thin films by pulsed 
laser deposition (annealed at 850 °C) (a) low magnification (b) atomic mass-% profile (c) HR-
TEM image. 

This idea was supported with an atomic mass-% scan by STEM (Figs. 2(a) and 2(b)), 
which revealed that the distribution of Cu atoms in depth is not uniform after annealing at 850 
°C. The HR-image also shows that the thin films form relatively dense structures (Fig. 2(c)). 
These are thought to be barriers for Cu and oxygen atoms to diffuse into the whole area of the 
ZnO film. As a result, it is concluded that Cu deposition doping of ZnO thin films by PLD is 
not an adequate method for enhancing Cu doping effects, and alternative approaches are 
needed that can distribute Cu atoms homogeneously into ZnO film. 

3.2 Blue shift of photoluminescence in Cu-doped ZnO thin films by e-beam deposition 

We considered the e-beam deposition method as a suitable technique for homogeneously 
distributing Cu dopants into ZnO thin films. With this, porous and amorphous films of ZnO 
can form while sustaining a low substrate temperature. The subsequent deposition of Cu 
dopants and oxygen annealing can promote homogeneous diffusion of Cu and oxygen atoms 
into the ZnO film. In this experiment, we deposited 340 nm thick Cu/ZnO double layer films 
on SiOx/Si substrates by e-beam deposition. The films were deposited on the substrates 
through the sequential deposition of ZnO and Cu films at room temperature (RT). 
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Fig. 3. PL spectra of the Cu-doped ZnO thin films prepared by e-beam deposition (a) as-grown 
and after annealing at 500, 700 and 850 °C, and Gaussian fittings (b) 500 °C (c) 700 °C (d) 
850 °C. 

 

Fig. 4. The variation of sub peak and luminescence intensity in Cu-doped ZnO prepared by e-
beam deposition according to annealing temperature. 

The PL spectra of the annealed samples are shown in Fig. 3. A strong blue peak with 
shoulders, centered at 480 nm (2.58 eV), appeared in the sample annealed at 500 °C. The 
appearance of a single peak centered at 480 nm means that the effects of the Cu dopant, in 
terms of emission properties, were improved compared to those films produced by PLD (Fig. 
1(a)). Further increase in the annealing temperature up to 700 °C enhanced the emission 
intensity by Cu dopants, but depressed the peak shoulder as shown in Fig. 3(c) and Fig. 4. 
This was considered a result of the promotion of Cu diffusion doping of ZnO thin film during 
annealing, however, when the annealing temperature was raised to 850 °C a new weak blue 
peak at 418 nm (2.96 eV), and a green emission band at 508 nm (2.44 eV), were observed. 
The strong blue peak intensity of 480 nm was also drastically decreased (Figs. 3(d) and 4). 
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Fig. 5. XRD patterns of Cu-doped ZnO thin films on SiOx/Si substrate by e-beam deposition 
(a) as-grown, and after annealing (b) 500 °C (c) 700 °C (d) 850 °C. 

For detailed analysis, we investigated the crystallography and cross-sections of the films. 
Figure 5 shows the XRD patterns of Cu-doped ZnO films both before and after annealing. 
The diffraction patterns indicate that all samples have a single-phase wurtzite hexagonal ZnO 
structure. There are no additional characteristic peaks related to Cu/CuOx, or any other 
secondary phases distinguishable within the detection limit. These results lead to the 
conclusion that the green shift after annealing at 850 °C resulted from deep level emission 
ascribed to oxygen defects, and by the presence of Zn vacancies such as vacancy complexes 
[24,25]. 

 

Fig. 6. Cross-sectional STEM images and EDX elemental mapping of Cu-doped ZnO thin 
films on SiOx/Si substrate by e-beam deposition, after annealing at (a) 500 °C and (b) 
corresponding EDX mapping (c) 700 °C (d) 850 °C, inserts are HR-TEM images. 

Detailed analysis by STEM revealed that the films produced by e-beam deposition have a 
porous structure after annealing at low temperature, which is favorable to the diffusion of 
oxygen and Cu atoms, but the films have denser structure after annealing at 850 °C. Figures 
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6(a) and 6(b) show a cross-sectional image, and corresponding EDX mapping, for Zn, Cu, 
and O, respectively. This demonstrates that Cu atoms diffused homogenously at 500 °C. It is 
known that the density of the film increases with annealing temperature (Figs. 6(c) and 6(d)). 
The voids in the film completely disappeared after annealing at 850 °C, with the structure 
becoming similar to that of the bulk material. From this structural evolution of the films, it is 
believed that Cu atoms could chemically bond with oxygen atoms in ZnO, because sufficient 
oxygen gas could not be provided through such a dense film structure at ambient temperature. 
Therefore, oxygen vacancies and Zn interstitials prevail, which results in a further decrease in 
bandgap by the generation of impurity energy levels after annealing at 850 °C. Consequently, 
Cu doping effects disappear, and the emission peaks become nearly identical to those of ZnO 
ascribed to Zn vacancies [25]. 

3.3 Color property of blue enhanced photoluminescence in Cu-doped ZnO thin films 

 

Fig. 7. Photo images of photoluminescence in Cu-doped ZnO and pure ZnO thin films by e-
beam deposition, after annealing at (a) 500 °C (b) 700 °C (c) 850 °C (d) 850 °C (pure ZnO, 
reference sample). 

 

Fig. 8. CIE coordinates of photoluminescence in Cu-doped ZnO and pure ZnO thin films, after 
annealing at (a) 500 °C (b) 700 °C (c) 850 °C (d) 850 °C (pure ZnO, reference sample). 
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Figure 7 shows photo images of PL in Cu-doped ZnO thin films. The images for blue 
emission at Figs. 7(a) and 7(b) are not distinguishable with the naked eye. However, Fig. 7(c) 
shows that the color is shifted to green, and the intensity is drastically decreased. More 
specifically, the intensity decreased from 6 cd/m2 at 700 °C, to 2.2 cd/m2 at 850 °C (Fig. 4), 
which is nearly the same as for ZnO thin films annealed at 850 °C (Figs. 7(d) and 4). Figure 8 
shows the color coordinates of PL on the CIE 1931 X-Y chromaticity diagram. Color points 
of the sample at 500 and 700 °C (Figs. 8(a) and 8(b)) were evaluated as (0.254, 0.3485) and 
(0.2522, 0.3483), respectively. It is known that these points are in close proximity to the locus 
of points following the line of a black-body-radiator. This is because the emission peaks at 
480, 544 and 610 nm are mixed (Figs. 3(b) and 3(c)). The points are also located to the left 
hand side of daylight, with a color temperature of 6000~6500 K, meaning that daylight can be 
mimicked by a combination of Cu-doped ZnO and red phosphor. The color point at 850 °C 
(Fig. 8(c)) was found to be close to that of ZnO (Fig. 8(d)), with values of (0.2819, 0.3663) 
and (0.2552, 0.4754), respectively. 

4. Conclusion 

In summary, we fabricated ZnO films with blue PL by Cu diffusion doping. PL centered on 
the green range of 523 nm in Cu-doped ZnO thin films, produced by conventional PLD 
consisted of sub peaks at 480 and 525 nm. Cu-doped ZnO thin films with PL centered at 480 
nm were achieved by preparing double layer films of Cu/ZnO with a porous structure by e-
beam deposition and sequential annealing, in order to promote Cu diffusion at high 
temperatures. The color points of blue emission were located in close proximity to the locus 
of points following the line of a black-body-radiator, this is because small amount of the deep 
level emissions at 544 and 610 nm is mixed. These results mean that white light with a color 
temperature of 6000~6500 K can be produced by a combination of Cu-doped ZnO and red 
phosphor, and Cu-doped ZnO therefore has strong potential as a cost effective phosphor for 
use in down converting LEDs, including white LEDs and laser diodes. The present results 
also imply that Cu-doped ZnO can respond to shorter wavelengths than deep blue, potentially 
allowing cost effective blue and white LEDs to be produced from UV and deep-blue LEDs. In 
addition, the fabrication of visible-light LEDs can be simplified by using ZnO-based UV 
LEDs. 
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