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Effective control over near band-edge
emission in ZnO/CuO multilayered films
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Abstract: We report on a study of the microstructural and photoluminescent properties of
ZnO/CuO multilayered films. Multilayered ZnO/CuO thin films were deposited on
amorphous SiO,/Si substrates by a pulsed laser technique and their microstructural and
optical properties were characterized by transmission electron microscopy (TEM) and
photoluminescence spectroscopy. TEM and XRD analyses of annealed ZnO/CuO films reveal
the formation of multiple crystallographic defects and modification of the dominant growth
plane, indicating effective doping of Cu atoms into the ZnO lattice. Consequently, near-band-
edge emission in ZnO can be controlled through the number of CuO layers. Redshift of the
near-band-edge emission peak from 385 nm up to 422 nm is achieved by increasing the
number of CuO layers up to a certain number, above which a downward shift is observed.
The results demonstrate that the emission properties of ZnO can be modified and precisely
controlled by incorporation of CuO thin layers as a Cu-doping source.
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1. Introduction

Zinc oxide (ZnO) has attracted much attention as a candidate material for the next generation
of solid state lighting devices because of its wide bandgap and high excitonic binding energy,
in addition to an emission wavelength tunable from the UV to the visible light region.
Further, ZnO has been recognized as an important platform for various applications such as
optoelectronic devices, thin film gas sensors, solar energy converters, antireflection coatings,
light emitting diodes (LEDs), and laser diodes [1-5]. Recent reports on ZnQ thin films have
shown the possibility of controlling its photoluminescence (PL) properties in the UV and
visible light range by heat treatment under vacuum or various gas atmospheres (nitrogen and
oxygen). Moreover, the emission properties of ZnO can be precisely controlled by
introducing certain impurities, by creating phase transformations in sandwich-structured
films, and by utilizing various deposition techniques [6-9]. In most cases the
photoluminescence properties of ZnO can be modified by doping with metals such as Al, Li,
Cu, and Mg, or forming a multilayer film with metal-oxide compounds such as MgO, Al,03,
TiO,, and CuO [10-21]. According to calculations by Yan et al. [22], Cu is one of the most
suitable doping metals for ZnO because of its high transition energy and natural abundance.
In addition, the van der Waals ionic radii of Cu* (0.096 nm) and Cu®** (0.072 nm) are very
close to the Zn?* (0.074 nm) ionic radius. Consequently, during doping, Cu* and Cu?* ions
can be substituted or interstitially located within ZnO [23,24]. In our previous work, doping
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of Cu into ZnO was achieved using sequential deposition of ZnO and Cu thin films by DC
magnetron sputtering followed by high temperature annealing in an oxygen environment [25].
The Cu-doped ZnO films obtained demonstrated a blueshifted near-band-edge (NBE)
emission peak at 412 nm. However, the peak was still located in the violet region and it may
have originated in internal defects in the ZnO film itself, which would imply that the doping
process was not responsible. It was assumed that the DC-sputtered ZnO film was too dense
for homogenous diffusion from the overlying Cu film. Detailed XPS analysis in previous
reports suggests that Cu®* in a free state appears only after heat treatment above 500 °C,
which is a more convenient method of replacing Zn atoms. Therefore, direct deposition of
CuO instead of metallic Cu film is advantageous for preparation of Cu-doped ZnO thin films.

In this work we report a detailed investigation of structural and optical properties of
multilayer ZnO and CuO films deposited by pulsed laser deposition (PLD). The PLD
technique was chosen because it allows easy control of the process parameters and is a very
convenient method for deposition of multilayer films. It is found that the luminescence
properties of the composite films strongly depend on the number of ZnO/CuO layers and
demonstrate a stable, temperature-independent redshift of the near-band-edge emission
compared to a single layer ZnO thin film. We believe that the proposed ZnO/CuO multilayer
architecture offers new insights for fabrication of optical devices such as UV-detectors or
blue LEDs, enabling fine control of their optical properties.

2. Experimental

Films of ZnO and CuO were sequentially deposited by pulsed laser deposition to form
multilayer structures on thermally-oxidized SiO,/Si substrates. Amorphous SiO,/Si substrate
was chosen in order to eliminate any substrate effect on the grown film. One-inch cylindrical
pellets of ZnO and CuO were prepared by spark plasma sintering at 750 °C [26] using high
purity ZnO (99.99%, Sigma Aldrich) and CuO (99.999%, Sigma-Aldrich) nanopowders. An
excimer laser (KrF: 248 nm wavelength, 400 pJ pulse power, 5 Hz repetition rate) was used
through the experiments. The deposition rates for ZnO and CuO thin films were 0.05 and 0.17
nm/s, respectively, determined by alpha-step thickness measurements. Prior to deposition, all
substrates were cleaned ultrasonically with acetone, ethanol, and deionized water for 15 min
each. The substrates were transferred into the main chamber (at 5x10~" Torr) through a load-
lock chamber. Oxygen pressure and substrate temperature in the main chamber were kept at
50 mTorr and 500 °C throughout all deposition processes. Multilayer films were prepared by
sequentially depositing 15 nm ZnO and 5 nm CuO films to the desired number of ZnO/CuO
layers. Three types of multilayer ZnO/CuO stacks were prepared for investigation, having
five, nine, or seventeen layers in total. The five-layered sample, for example, was composed
of three ZnO and two CuO layers (ZnO/Cu0Q/Zn0O/Cu0/Zn0), and was designated ZCZ5. The
other samples were designated accordingly as ZCZ9 and ZCZ17. Reference samples of pure
ZnO and CuO thin films with 15 nm thickness were also prepared for comparisons. The
thickness of the reference samples was chosen based on the fact that it is common for all three
types of prepared samples. All samples were annealed at 500 °C for 30 min in an oxygen
atmosphere to improve their crystallinity. Crystallography and cross-sectional morphology of
prepared films were investigated by powder X-ray diffraction (XRD; Philips X’Pert APD)
and scanning transmission electron microscopy (STEM; JSM-6701F). Samples for TEM
analysis were prepared by FIB system (Hitachi NB 5000, Japan) in order to provide a better
surface for high precision elemental analysis. Reflectance and photoluminescence properties
were examined by UV-Vis-NIR spectroscopy (Lambda-750), and a fluorescence spectrometer
(JASCO FP-6500) with a 300 nm excitation wavelength, respectively.
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3. Result and discussion

3.1 Cross-sectional microstructure and structural analysis

The cross-sectional morphology and elemental composition of the multilayered films were
analyzed by TEM and energy-dispersive X-ray spectroscopy (EDS) techniques and the results
are presented in Fig. 1. Figures 1(a)-1(c) shows cross-section bright-field TEM and EDS
elemental mapping images for the ZCZ5, ZCZ9, and ZCZz17 samples. The bright-field TEM
images clearly show multilayered films composed of alternately-deposited ZnO and CuO
layers, with total thicknesses of 55, 95, and 295 nm for the ZCz5, ZCZ9, and ZCZ17
samples, respectively. The distributions of Zn, O, and Cu within the multilayered films are
presented in the EDS mapping images (see Figs. 1(a’), 1(b"), and 1(c’), respectively).
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Fig. 1. Cross-sectional TEM analysis of the alternating ZnO/CuO multilayered films. (a)-(c)
bright-field TEM and EDS elemental mapping of (a) ZCZ5, (b) ZCZ9, and (c) ZCZ17 films.
(a")—(c") shows atomic scan line profiles acquired from the corresponding films.
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Table 1. Average atomic percentages of Zn, Cu and O elements in ZnO/CuO multilayer
thin films from TEM-EDS analysis.

Element compositions (at.%)

Sample ID 7n cu o Total thickness (hm)
ZCZ5 39.65 11.75 48.6 55
ZCZ9 40.26 12.69 47.05 95
ZCZ17 44.41 9.1 46.49 295

Line profiles across the thin films in Figs. 1(a’), 1(b’), and 1(c’) show the distributions of
Zn, Cu, and O atoms. Atomic percentage allocations of elements are summarized in Table 1.
The values given in Table 1 suggest that the average atomic percentages of Zn and Cu
increase slightly with increasing ZnO/CuO stack numbers (ZCZ5 to ZCZ9). With the ZCZ17
film, the atomic percentage of Zn increases further, while that of Cu decreases. This change is
attributed to the substitutional and interstitial behavior of Cu atoms in the ZnO structure. The
variation of O atom percentage is attributed to the formation of oxygen vacancies and
possible relocation of Zn and Cu atoms from oxygen sites. In addition, line profiles reveal the
presence of Zn and Cu in the CuO and ZnO regions, respectively, indicating interfusion of
layers. As can be seen, the percentages of Zn atoms in the CuO regions are 16.5, 17.2, and 35
at.% for increasing stack numbers of ZnO/CuO layers. Crystallographic behavior of the
multilayered films was further analyzed by XRD and is presented in Fig. 2. Figure 2(a) shows
two distinct ZnO reflection peaks of (002) and (103) at 34.1 and 63.1°, respectively, which
are assigned to the hexagonal wurtzite structure (PDF#89-1397).
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Fig. 2. Microstructural analysis of ZnO/CuO multilayer films deposited by pulsed laser
deposition techniques. (a) X-ray diffraction patterns of ZnO/CuO multilayer films on SiO,/Si
substrate. (b) Graph showing dependence of areal ratio of (002) and (103) planes on ZnO/CuO
stack number, and (inset) the single layer ZnO thin film used as a reference sample. (c)
Relationship between FWHM and grain size calculated for ZnO (002) plane. (d) Dependence
of lattice parameter ¢ and residual stress on the ZnO/CuO stack number.
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Table 2. Parameters of the (002) diffraction peak of bare ZnO and ZnO/CuO multilayer

films.

Sample Peak FWHM,  d-spacement,  c-lattice, Grain size, Residual L-bonding
1D center (degree) (Angst.) (Angst.) (nm) stress, (GPa) length,
(2 theta) ' ' ' (Angst.)
Zn0 34.464 0.39 2.6002 5.2004 21.32 0.8303 1.9834
ZCZ5 34.463 0.89 2.6003 5.2006 9.902 0.8214 1.9846
ZCZ29 34.455 0.74 2.6009 5.2018 11.24 0.7669 1.9848
ZCz11 34.440 0.48 2.6020 5.2040 17.32 0.6696 1.9731

An intense, sharp peak observed at 54.5° in all samples is assigned to reflection from the
Si (004) plane of the much thicker Si substrates. All three multilayered films (ZCz5, ZCZz9,
and ZCZzZ17) exhibit only ZnO reflection peaks, without additional Cu/CuO peaks. An
apparent absence of the Cu/CuO reflection in the multilayer samples could be the result of
lower CuO content within the stacked films (thicknesses of ZnO and CuO layers are 15 and 5
nm, respectively). Nevertheless, it can be seen that the intensities of the ZnO (002) and (103)
peaks are greatly influenced by the number of ZnO/CuQ layers, which can be explained by
impurity dopant and intrinsic defect effects [27]. In Fig. 2(a) the feature at 34.1° for the (002)
plane is the dominant peak for the ZCZ5 sample. By increasing the number of ZnO/CuO
layers (ZCZ5—2CZ9—ZCZ17), the intensity of the (002) reflection peak decreases, while
the (103) peak is raised. This indicates that the dominant ZnO plane changes from (002) to
(103) as the amount of Cu-dopant impurity increases, at the same time suggesting an increase
of intrinsic defects in the ZnO structure. The variation of the ratio of areas under the (002)
and (103) peaks (A(002)/A(103)) with ZnO/CuO stack layer number is plotted in Fig. 2(b).
Inset of the Fig. 2(b) shows XRD characteristics of a single layer ZnO and CuO thin films for
comparison. To further understand the effect of Cu-doping, the full width at half maximum
(FWHM) of the ZnO (002) diffraction peak was analyzed to give grain size, lattice parameter
¢, and residual stress (see Figs. 2(c) and 2(d)). Figure 2(c) shows the grain size calculated
from the FWHM as a function of the number of ZnO/CuOQ layers. It can be seen that ZnO
grain size of the film is dramatically decreased by introducing two layers of CuO film in
sample ZCZ5. By further increasing the number of CuO layers (samples ZCZ9 and ZCZ17)
the grain size slightly increases. Figure 2(d) indicates that the ZnO film has the smallest
lattice parameter of 5.2004 A and the highest residual stress of 0.83 GPa, while the residual
stress in ZCZ multilayer films linearly decreases with increasing number of CuO layers. The
increase observed in the lattice parameter could result from the contribution of Cu atoms that
originate in the CuO films. The detailed values of the parameters calculated from the data are
given in Table 2.

Figure 3 shows HR-TEM images of the ZnO/CuQ/ZnO interface. From Figs. 3(a) and
3(b) we can see that both the ZnO and CuO films are highly crystalline and the transition
through their interface is gradual. We can also observe minor, < 0.5 nm, thickness variation in
CuO layer. We believe that this small thickness fluctuation will not have significant effect on
the interfacial crystallographic properties of the films. The inset in Fig. 3(a) shows enlarged
HR-TEM images of the CuO and ZnO regions. The lattice fringes of 0.235 nm for the CuO
and 0.261 nm for the ZnO planes are well matched with the CuO (111) and ZnO (002) planes.
However, close analysis of the ZnO/CuO interface lattice reveals that the ZnO layers contain
numerous crystallographic defects, such as crystal dislocations, and interstitial and vacancy
defects, as a result of introduction of the CuO layers between them. These defects can be
clearly observed in the insets of Fig. 3(b). Arrowheads in inset-1 and inset-2 show Zn-to-Zn
interstitial and Cu substitutional defects, respectively. We assume that during the heat
treatment Cu atoms from the CuO layer uniformly diffuse into the ZnO layer and substitute
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for Zn atoms, forming Cu substitutional defects. Displaced Zn atoms locate at interstitial sites
of the ZnO structure, forming Zn-to-Zn defects. The effects of these defects on the optical
properties of the films are discussed in detail in Section 3.2.

Fig. 3. HR-TEM images of the ZCZ17 sample at the ZnO/CuO interface. Insets in (a) show
HR-TEM images of ZnO and CuO regions of the multilayer film. Insets in (b) clearly show
Zn-to-Zn interstitial and Cu substitutional defects.

3.2 Optical analysis

Photoluminescence (PL) properties of the ZnO and ZnO/CuO-multilayer films are shown
in Fig. 4. From the normalized photoluminescence (NPL) curves in Fig. 4(a) it is clearly seen
that, with the introduction of the CuO and the increase in layer numbers, the near-band-edge
emission (NBE) peak is continuously redshifted from 385 nm to 425 nm, and the intensity of
the deep level emission (DLE) peak centered at 564 nm increases. The behavior of the blue
emission in the band centered at 465 nm, however, is not strictly in proportion with the CuO
layer number throughout the range, i.e. the intensity of the emission peak initially increases
from ZCZ5 to ZCZ9, but then slightly decreases for ZCZ17. Further, the PL spectra from Fig.
4(a) were fitted by Gaussian functions as shown in Figs. 4(b)-4(e). Figure 4(f) shows a
schematic of the emission band diagram of CuO/ZnO film [1,6,28]. The fitted spectrum of the
single ZnO thin film reveals four peaks, shown in Fig. 4(b). The peaks numbered 1 (385 nm)
and 4 (544 nm) correspond to the NBE and DLE emission bands of pristine ZnO, which arise
from the direct band exciton energy of ZnO and oxygen vacancy (Vo) defects, respectively.
Also, the two shoulder peaks numbered 2 (418 nm) and 3 (465 nm) are assigned to Zn-to-Zn
interstitials (1z,) and Zn-vacancy (Vz,) defects, respectively. Photoluminescence spectra of
the multilayered samples indicate that the NBE peak (number 1, 400 nm) is redshifted, while
the DLE peak (number 4, 514 nm) is blueshifted. In addition, a new peak at 564 nm (peak
number 5) is observed for all multilayer samples and attributed to oxygen interstitials (Ip). On
the other hand, Oommen et al. report that the PL peak centered at 564 nm for a CuO/ZnO film
is associated with band-to-band emission in Cu,0 or CuO [29].
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Fig. 4. Photoluminescence properties of ZnO/CuO multilayer films. (a) Normalized
photoluminescence spectra of pristine-ZnO and ZnO/CuO multilayer films. (b)—(e) Gaussian
fitted curves for ZnO, ZCZ5, ZCZ9, and ZCZ17 films. (f) Schematic of Cu-doped ZnO band
diagram.

Indeed, the intensity of the 564 nm peak (number 5) increases linearly with the number of
CuO layers. Overall, close examination of the fitted PL curves suggests that the NBE
emission peak of the ZnO film is redshifted by introducing and increasing the CuO layer
number up to nine as follows; ZnO@385 nm — ZCZ5@400nm — ZCZ9@422 nm.
However, further increase of the CuO content (sample ZCZ17) leads to a backward shift of
the NBE peak (to 400 nm), and an increase of the CuO-related emission peak (peak number
5@564 nm). The optical properties of the samples were further analyzed by UV-VIS-NIR
reflectance spectroscopy as presented in Fig. 5(a). It can be seen that the main absorption
peak of the pure ZnO film at short wavelengths (below 400 nm) is redshifted by introducing
CuO layers (sample ZCZ5). In the case of the ZCZ9 sample, the UV absorption edge is
further redshifted and an additional absorption peak centered at 555 nm appears. The results
indicate that the bandgap of pure ZnO is modified by introducing Cu atoms into the ZnO
lattice. The optical bandgap of the samples were determined by a Tau'c plot, based on the
expression:

(hva)"? = A(hv—E,) 0

Where h is Planck’s constant, v is the light frequency, « is the absorption coefficient, E; is
the bandgap, and A is a proportionality constant. The optical bandgap E, is estimated by
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plotting (hver)? versus the photon energy hv and extrapolating the linear region of the curve
to the energy axis.
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Fig. 5. Reflectance spectra and Tau’c plots of the ZnO and ZnO/CuO multilayer films.

The Tau’c plot of the ZnO film in Fig. 5(b) shows two bandgap values of 3.22 eV and
2.66 eV, corresponding to the NBE and DLE bands, respectively. For the ZnO/CuO
multilayer samples, the NBE bandgap values for ZCZ5 and ZCZ9 are slightly decreased to
3.10 and 2.93 eV, respectively (see Figs. 5(c) and 5(d)). By further increasing the number of
CuO layers, both the near-band-edge and the deep level emission bands decrease in energy. In
the ZCZ17 sample, an additional band edge at 1.87 eV is observed and is assigned to the CuO
band edge (Fig. 5(g)).

4. Conclusion

In conclusion, the near-band-edge emission peak of ZnQO is redshifted from 385 nm to 422 nm
by effective Cu-doping during formation of ZnO/CuO multilayer films. This redshift is linear
in the number of ZnO/CuO stacked layers, up to nine. This shift is mainly attributed to the
formation and increase of Cu substitutional and Zn-to-Zn interstitial defects, as confirmed by
HR-TEM analysis. A subsequent shift of the NBE peak back to 400 nm is observed when the
number of ZnO/CuO layers is increased to seventeen, and is associated with an increase of
Zn-to-Zn interstitial defects in the multilayered film. The key findings of this study suggest
that the photoluminescence properties of ZnO film can be controlled by introducing a
specified number of CuO thin films alternating with ZnO layers.
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