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Indium-doped ZnO/Cu-graphene thin films were successfully synthesized by a hydrothermal
method at 90 °C for 6 h. The crystalline structure, elementary compositions, morphologies, and
photoluminescence properties were investigated. The results indicated that ZnO nanorods with
diameters varying from 0.315 to 3.348 um were obtained on Cu-graphene flexible substrates.
An ultraviolet (UV) peak at 398 nm and a blue band were observed on the room-temperature
photoluminescent (PL) spectra. The UV emission peak mainly attributed to the exciton
transition. The blue emission band was assigned to the Zn interstitial (Zni) and Zn vacancy
(VZn) level transition. The strongest blue emission band was observed on the PL spectra
corresponding to the indium (In) doping concentration of 0.3%. The influence of In doping on
the blue band was also investigated.

1. Introduction

Zinc oxide (ZnO) is a II-VI wide-band-gap semiconductor (Eg = 3.37 eV), and its exciton
binding energy (60 meV) is much higher than the thermal ionization energy (26 meV) at room
temperature.) Therefore, an effective visible and ultraviolet emission can still be achieved at
room temperature, which is known as an ideal material for a light-emitting device. Furthermore,
the ultraviolet light emission of ZnO thin films has always been the focus of attention, and the
mechanism has become a consensus. At present, people pay more attention to the blue-green
light emission characteristics of the films, so that they can be used as blue fluorescent materials
in the field of flat-panel displays or short-wavelength light-emitting diodes.?3) Zhang et al.
reported the fabrication of high-brightness n-ZnONWs/p-GaN film hybrid heterojunction light-
emitting diode (LED) devices by directly growing n-type ZnO nanowire arrays on p-GaN
wafers.!) However, we found that most ZnO-based light emitting devices use conventional
substrates such as GaN, Al,O3; and Si, but heat dissipation cannot be well solved, causing
the performance degradation of the devices. During the past decades, ZnO-based flexible thin
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films were attracting significant attention and considered as the most prominent candidate for
next-generation flexible devices systems.(5’7) In our work, Cu foil is used as a substrate in
ZnO-based light-emitting devices, which is known as an ideal choice owing to its high thermal
conductivity.(g) Moreover, owing to good photoelectronic performance, graphene (GR) can be
used as an ideal electron collector for the efficient collection of photogenerated electrons and can
affect the electron transport effectively. Therefore, we chose commercial Cu foil coated with a
graphene film as the substrate to prepare flexible electronic devices. Usually, the properties of
ZnO can be improved by doping with some metal elements, such as Group III elements (Al, Ga,
and In).®'Y" Among them, the blue emission of In-doped ZnO can be enhanced to better meet
practical application requirements. Zebbar et al. found that less resistive In-doped ZnO (ZnO:In)
thin films mainly exhibited a blue visible emission at room temperature.!? In our studies, In-
doped ZnO thin films grown on Cu-graphene (Cu-GR) flexible substrates were hydrothermally
synthesized by introducing a trace amount of indium nitrate hydrate [In(NO3)3-4.5H,O] to zinc
nitrate hexahydrate [Zn(NO3),-6H,0] and hexamethylenetetramine (C¢Hj2N4, HMTA), and the
photoluminescence properties of the composite structure were studied. Our studies can provide
a theoretical basis for the application of ZnO-based devices in the field of short-wavelength
optoelectronics.

2. Experimental Section
2.1 Synthesis of samples

In-doped ZnO nanostructures grown on Cu-GR were prepared by a hydrothermal method.
Zinc nitrate hexahydrate [Zn(NO3),-6H,0] (0.5 M/L) and CgHi2N4 (0.5 M/L) were dissolved
in deionized water to prepare a precursor aqueous solution of 30 mL, and In(NO3)3-4.5H,0
with concentrations of 0, 0.1, 0.3, 0.5, and 0.7% (the doping concentration of 0.7% was 0.007
M/L) was added to the mixed solution. The reaction solution was stirred for 30 min and then
transferred to high-pressure reactors. The ZnO seed layer was sputtered onto a Cu-graphene
substrate for 130 s using ion sputtering equipment under a sputtering current of 10 mA and a
vacuum of 10 Pa. The main purpose of sputtering the seed layer instead of using the solution
process is to promote ZnO growth more easily during the hydrothermal process and further
improve adhesion between the ZnO layer and the substrate. The thickness of the ZnO seed
layer obtained by sputtering is about 4 nm. The substrate adhered to the ZnO seed crystal
was sandwiched with a specimen holder and placed vertically into an autoclave, which was
completely submerged in the as-prepared mixed solution. The reactor was sealed, placed in an
electric oven, and heated at 90 °C for 6 h.

2.2 Characterization
The crystalline structure of the material was obtained by X-ray diffraction (XRD) analysis

with Cu-Ka radiation of wavelength 4 = 0.15418 nm (Rigaku, IV X-ray diffractometer). X-ray
photoelectron spectroscopy (XPS) measurements were performed on an ESCALAB 250Xi
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spectrometer (excitation source of Al Ka, 1486.6 eV) to study the composition and chemical
state of the sample surface. The morphology of the samples was characterized by scanning
electron microscopy (SEM) (JEOL, JSM-6700F). Photoluminescence (PL) spectra were
measured using a fluorescence spectrometer (Edinburgh Instruments FLS 980) at an excitation
wavelength of 320 nm.

3. Results and Discussion
3.1 Crystalline structure and elemental compositions of the samples

The XRD patterns of [ZO/Cu-GR thin films with different In doping concentrations are
shown in Fig. 1(a). The labeled peaks are all characteristic peaks of ZnO, except for the three
diffraction peaks at 44.1, 52, and 74.3° that are attributed to the Cu-GR substrate. The XRD
peak of the flexible Cu-GR substrate material is shown in Fig. 1(b). The peak positions of the
pure and doped ZnO samples are in conformity with the Joint Committee on Powder Diffraction
Standards (JCPDS) card (No. 36-1451), verifying the hexagonal wurtzite structure of the
products.

According to the interplanar spacing formula [Eq. (1)], the hexagonal system can be used to
calculate the lattice constant of the sample.
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Here, d represents the interlayer spacing between adjacent lattice planes of ZnO and (hk/) are
the Miller indices of the crystal plane. The stress formula [Eq. (2)] of the hexagonal lattice
based on the biaxial strain model can be applied to estimate the stress along the c-axis of the
ZnO films.
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In Eq. (2), the elastic constants c;; of single-crystal ZnO are fixed values, which are c1; = 208.8,
cip = 1197, ¢13 = 104.2, and ¢33 = 213.8, and all measured in GPa. o denotes the stress in the
film. ¢ and ¢y are the c-axis lattice constants of the ZnO film and complete crystal, respectively.
The lattice constant of the flexible Cu-GR substrate material is calculated as a = 3.6209 A
through the function of Jade 6. The lattice mismatch between the substrate and ZnO is about
11.4%. The lattice constants and magnitudes of the stress of [ZO/Cu-GR thin films are listed in
Table 1. As can be seen clearly, with increasing In doping concentration, the lattice constants of
1Z0/Cu-GR thin films first increase and then decrease; this due to the substitution or interstitial
doping of In atoms, as well as the bending deformation of the flexible substrate, causing the
internal stress of ZnO crystals to change and then giving rise to lattice distortion.
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Fig. 1.  (Color online) (a) XRD patterns of In-ZnO/Cu-GR thin films with different In doping concentrations and
(b) XRD peak of the flexible Cu-GR substrate material.

Table 1

Lattice constants and stress magnitudes (o) of In-ZnO/Cu-GR thin films.

In doping concentration (%) Lattice constant (only c) (A) o (GPa)
0.0 5.2144 —0.34906
0.1 5.2157 —-0.40723
0.3 5.2178 —0.50121
0.5 5.1936 0.5103
0.7 5.2140 —0.4028

XPS measurements have been further conducted to investigate the surface composition and
chemical states of the elements in the IZO/Cu-GR thin films, as shown in Fig. 2. The strong
photoelectron peaks corresponding to Zn, O, and C elements can be clearly seen on the XPS
survey spectrum. The C 1s peak was attributed to the surface of the sample absorbing a handful
of CO; in air. The peak of In 3d (~443.58 eV) is not observed at the relevant positions in the
survey spectrum, which is mainly because the incorporation of In atoms and its scattering
cross section are small. The high-resolution XPS spectra of Zn and O elements are shown in
Figs. 2(b) and 2(c), respectively. The two peaks at 1021.64 and 1044.76 eV in the high-resolution
spectrum [Fig. 2(b)] of the photoelectron peak corresponding to Zn 2p are attributed to Zn 2p3/2
and Zn 2pl/2, respectively, indicating that the elemental zinc existed mainly as Zn>*, which
proves that most of the Zn elements in the [ZO/Cu-GR exhibit positive divalent oxidation states.
Figure 2(c) shows the high-resolution XPS spectrum of oxygen. As clearly seen in Fig. 2(c), the
O 1s level peaks for the ZnO nanowires have asymmetric shapes, which can be fitted by two
nearly Gaussian peaks centered at 530.50 and 531.58 eV; the peak with a low binding energy of
~530.50 eV corresponds to O ions in the wurtzite structure of ZnO, whereas the peak with a
high binding energy of ~531.58 eV can be attributed to O~ in the oxygen-deficient regions in
the ZnO matrix, such as oxygen-deficient defects and impurities.(13)
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Fig. 2.  (Color online) XPS survey spectra of 0.7%In-ZnO/Cu-GR films, (a) XPS survey scan spectrum, the inset
of which corresponds to the photoelectron peak of In 3d, and (b and c) high-resolution spectra at Zn 2p and O 1s
state energies, respectively.

3.2 Morphologies

To investigate the effect of In content on the morphological evolution of ZnO, SEM images
of the samples doped with different In concentrations (0, 0.1, 0.3, 0.5, and 0.7%) are presented
in Fig. 3. As can be seen in Fig. 3, all samples present a significant nanorod-like structure
with an inerratic hexagonal cross section, and most of the ZnO nanorods (NRs) grow with
an irregular arrangement rather than completely perpendicular to the substrate, which
is generated by the presence of stress in the flexible substrate. As the level of In doping
increases from 0 to 0.7%, the diameters of [ZO NRs increase gradually, ranging from 0.315 to
3.348 pm.

3.3 Room-temperature PL properties

Figure 4 shows the room-temperature PL spectra from 350 to 800 nm. The PL spectra of all
films reveal a luminescence behavior with a weak and narrow ultraviolet (UV) emission at ~398
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Fig. 3. SEM images of IZO nanostructures grown on Cu-GR substrate at different In doping concentrations: (a) 0,
(b) 0.1, (c) 0.3, (d) 0.5, and (e) 0.7%.
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Fig. 4. (Color online) Room-temperature PL spectra of IZO/Cu-GR with different In doping

(3.12 V) nm and blue double peaks located at 443 nm (2.80 eV) and 462 nm (2.68 ¢V). From Fig. 4,
it can be seen that Ivis is significantly larger than Iuv, and that the blue luminescence region is
the main emission. The UV emission peak is related to the recombination of excitons, which
can be explained by the near-band-edge transition of ZnO NRs. However, the UV emission
intensity in this work does not change clearly with the increase in In content, so In doping has
little effect on UV emission. We can explain the wide blue emission band by the electronic
structure analysis of ZnO intrinsic point defects.'*!>) Using the full-potential linear muffin-
tin orbital method, Xu et al. calculated the energy levels of the intrinsic defects in ZnO films.
(16} The energy interval from the bottom of the conduction band to the VZn level was about
3.06 eV and the energy interval from the Zni level to the top of the valence band was about 2.88
eV, which was consistent with the energies of the double peaks at 443 and 462 nm. Therefore,
the blue emission band was assigned to the electron transition from both the bottom of the
conduction to the VZn levels and the Zni level to the top of the valence band. As the level of
In doping increases, the intensity of the blue emission increases and the 0.3%In-ZnO/Cu-GR
film has the highest blue emission intensity, which may cause the implanted In>" ions to form
the impurity levels in the ZnO layer to broaden the blue emission range and enhance the blue
emission capacity. After the level of In doping reaches 0.5%, more In>" ions would contribute
to the decrease in defect concentration, forming a weak blue band.

4. Conclusions

1ZO/Cu-GR thin films were successfully fabricated by a low-temperature hydrothermally
assisted ion sputtering method. In atoms were successfully incorporated into ZnO and affected
the growth morphology of ZnO. As the level of In doping increased, the diameter of ZnO NRs
increased, ranging from 0.315 to 3.348 um. The mechanism of luminescence was discussed in
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that the blue emission band was assigned to the electron transition from both the bottom of the
conduction to the VZn levels and the Zni level to the top of the valence band. The strongest
blue emission band was observed on the PL spectra when the level of In doping was 0.3%. The
appearance of the blue peak is important for the development and application of ZnO-based blue
emission devices.
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