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Abstract 

In this study, polyvinyl alcohol/nitrogen (PVA/N) hybrid thin films doped sharp-sword ZnO 

nanowires possessing the insulating effect with wide-range spectrum is demonstrated for the first 

time. PVA/N doped ZnO nanocomposites were developed by blending PVA and N-doped ZnO 

nanowires in water at room temperature. Measurements from the field emission scanning 

electron microscopy (FE-SEM), X-ray diffraction (XRD), Raman, and Photoluminescence 

emission (PL) spectra of the products show that nitrogen is successfully doped into the ZnO 

wurtzite crystal lattice. In addition, the refractive index of PVA/N doped ZnO hybrid thin films 

can be controlled by varying the doped ZnO nanowires under different NH3 concentrations. It is 

believed that PVA/N doped ZnO hybrid thin films provide a suitable candidate for further 

emerging applications like heat-shielding coatings on smart windows. 

  

 

Keywords: Polymer-Matrix Composites (PMCs), PVA/N Doped ZnO, Nanocomposites, Heat 

Shielding  
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1. Introduction 

Polymer matrix nanocomposites with inorganic nanofiller, particularly with metal oxides, 

have drawn significant attention for their potential applications in optical products due to their 

unique optical, electrical, and mechanical properties
1-3

. Polymer matrixes and metal oxides can 

be synthesized together as novel materials used in many potential applications
4,5

. For example, in 

the smart window application, the heat shielding films are able to control the sunlight energy 

spectrum because the visible light needs to be transmitted, and near-infrared should be cut for 

thermal insulation, producing the energy-saved effect. Recently, the coatings with low emissivity 

heat shielding also attract significant attention because polymer nanocomposites with metal 

oxide nanofiller can modify the optical, thermal, and mechanical properties
6-8

.  

 Polyvinyl alcohol (PVA) has several advantages such as easy synthesis, non-toxicity, 

water-solubility, transparency, good environmental stability, thermal stability, and film-forming 

ability
9
. It is also a promising material for the development of optical technological, 

pharmaceutical, biomedical and membrane applications
10

. Furthermore, polymer/metal oxide 

nanocomposites can be formed via the hydrogen bonding between the –OH groups of PVA and 

the functional groups of metal oxides
11

. 

Among all metal oxide materials, zinc oxide (ZnO) is a n-type semiconductor material with 

wide band gap (Eg = 3.34 eV), although this definition is still under debate
12

. It has high exciton 

binding energy (60 meV) and attracted a lot of interest over the past decade due to the presence 

of native defects related to oxygen vacancies and shallow zinc interstitials, both of which act as 

donors
13-16

. Some investigations report that ZnO can not only act as donors, but also 

acceptors
17,18

. It also shows some beneficial properties, including good transparency, high 

electron mobility, and strong luminescence
13-16

. Therefore, ZnO is typically adopted as 
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transparent films in several emerging applications, including the smart window of energy-saving 

and heat shielding, thin-film transistors, light-emitting diodes
19-21

, solar cells
22,23

, and biomedical 

applications
24

, etc. To further improve its performance in optoelectronic applications, ZnO based 

nanomaterials have been developed by doping group I and V elements
25-32

. Many experimental 

results show that substituting O sites of ZnO is capable of modulating its electrical and optical 

properties. Among various dopant elements, nitrogen is the most promising candidate because of 

its smallest ionization energy and its atomic radius which is similar to the one of oxygen
33,34

.  

 The optical properties of pure PVA polymer films show no remarkable absorption bands in 

the range of UV-Vis and generate photo degradation easily when they are exposed in UV light
35

. 

Several methods have been applied by combining ZnO derivatives with the PVA during 

film-forming. For example, Augustine et al.
6
 introduced oleic acid containing groups onto the 

surfaces of ZnO nanorods embedded in PVA matrix to prepare the highly transparent 

nanocomposite films. Moreover, Tan et al.
36

 reported that the performance of PVA/ZnO 

nanorods redox sensors is enhanced due to the property of the ZnO, which effectively facilitates 

the electron transfer and provides better stability and stronger signal. Subsequently, Roy et al.
37

 

reported the relaxation, electronic transportation, and conduction mechanism of PVA/ZnO 

nanocomposites by a solution casting technique which is influenced by the applied frequencies. 

However, these studies
35-37

 pointed out that the PVA/N thin films doped ZnO were able to 

insulate UV light only. The limitation of light insulation hinders the applications in the wide use 

of heat shielding materials. Here, the “Optical insulation” is defined as an ability to partially 

block the light from UV to IR. Since the PVA/N doped ZnO thin film can effectively keep off 

the sun light outside, it also has the function of heat insulation. The combined features of optical 
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and heat insulations enable the hybrid film to become a suitable candidate for energy-saving 

applications such as heat-shielding coatings on smart windows.  

In order to insulate wide-range spectrum, we propose a simple and effective method to 

prepare PVA hybrid thin films with sharp-sword ZnO nanocomposites by controlling N species 

in the ZnO nanowires. We found that doping N into the whole system to form the sharp-sword 

ZnO nanowires can insulate the wide-range spectrum, especially the IR light, because there are 

defects in the ZnO nanowires. Our technique of PVA/N doped with sharp-sword ZnO nanowires 

is capable of insulating the wide-range spectrum instead of only the UV spectrum reported in the 

existing studies. The structure, morphology, and optical properties of N-doped ZnO nanowires 

will be characterized by using XRD, PL, and Raman scattering. The correlations between the 

experimental conditions and the performance of the PVA/N doped ZnO hybrid thin films will be 

investigated and discussed in detail by the spectroscopic technique. 

 

2. Experimental 

2.1. Materials 

   Poly (vinyl alcohol) (PVA, 98–99% hydrolyzed, MW 13,000–23,000) and 

Polyethyleneimine (PEI, MW 800) were purchased from Aldrich. Zinc acetate dehydrate 

(Zn(OAc)2�2H2O) and hexamethylenetetramine [(CH2)6N4] were purchased from Merck. Indium 

tin oxide (ITO) glass substrates, whose content is Sn2O3:In2O3=1:9, were purchased from Lumtec. 

Deionized (DI) water with resistivity of 1 MΩ-cm was prepared by deionized water machine 

(model: RDI-20) produced by Lotuntech. 

2.2. Preparation of the N-doped ZnO nanowires 
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   The N-doped ZnO nanowires were synthesized by the hydrothermal method. First, 

Zn(OAc)2�2H2O (25 mM), (CH2)6N4 (25 mM) and PEI molecules (5 mM) were dissolved 

individually in DI water to form a 40 mL solution. ITO glass substrates were immersed into the 

detergent, DI-water, ethanol, and 1-propanol in order and washed by ultrasonic bath. After 

washing, the ITO glass substrates were blown by N2 gas for dry. We stirred the mixture at room 

temperature for 1 hr to form a homogeneous solution and then placed it into the Teflon-lined 

steel autoclave for 90°C for 24 hrs. The line-type growth began to form ZnO nanowires onto the 

ITO substrate. After growth process, the samples were rinsed with DI water to remove any 

residual salt or amino complex. Subsequently, the samples were dried under vacuum for 12 hrs at 

60°C to obtain the pristine ZnO (referring to sample S1). Finally, the samples were annealed at 

400°C for 2 hrs in ambient air. We obtained the doped samples of S2 and S3 by using NH3 to 

adjust the solution pH to 9 and 11, respectively. 

2.3. Preparation of the PVA/N doped ZnO thin film 

The PVA/N doped ZnO nanocomposite was prepared by ultrasonically dispersing the 

N-doped ZnO nanowires into the PVA solution (PVA/N doped ZnO: 1000mg/20mg, DI water:15 

mL), and the mixture was stirred and heated at 100
o
C for 1 hr. Then we used the spin-coating 

technique to form a PVA/N doped ZnO thin film, which have 2 wt% of N-doped ZnO nanowires. 

The thickness of the films was controlled by the coating times (5 layers) and the speed of the 

spin-coating unit (3,000 rpm). Finally, the films, labeled as PVA, PVA/S1, PVA/S2, and 

PVA/S3, were heated to 40°C for 10 min. 

2.4. Equipments and measurements 

The morphology was analyzed by field emission scanning electron microscopy of Hitachi 

S-5000 system (Hitachi, Japan). X-ray diffraction patterns were characterized by a Rigaku X-ray 
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diffractometer (model-D/Max-2B, CuKα radiation at a scanning rate of 1° min
–1

 from 20°–75°, 

30 kV). The RAMaker system (Protrustech Corporation Limited), which can measure 532 nm 

diode pumped solid state (DPSS) laser excited Raman spectra and 325 nm He-Cd laser PL 

spectra, is equipped with one Andor iDus TE cooled CCD of 1024×128 pixels. The ellipsometry 

data was collected by Elli-SE (Ellipso Technology Company) to obtain the n and k values of the 

PVA/N doped ZnO nanocomposite on glass films.  

3. Results and discussion 

 In Fig. 1, the morphologies of the as-grown pristine ZnO and N-doped ZnO nanowires were 

observed by FE-SEM. As shown in Fig. 1a, the pristine ZnO nanowires (S1) shape like irregular 

columns and their diameters are approximately 300-400 nm. However, the diameter of the 

N-doped ZnO nanowires (S2) was about 100-200 nm with the length of about 2 µm. The 

N-doped ZnO nanowires (S2) possess high density and grow along the axis evenly. The results 

indicated that NH3 could restrain lateral growth of ZnO (Fig. 1b)
 44

. When pH is increased to 11, 

the N-doped ZnO nanowires will shape sharp-pointedly with the diameters of 400-900 nm (Fig. 

1c). Those morphologies were similar to those observed on the as-grown phosphorus-doped 

p-type ZnO nanowires by the hydrothermal method
26

. 

 

Fig. 1. FE-SEM images of the pristine ZnO and N-doped ZnO nanowires prepared in (a) S1, (b) 

S2, and (c) S3. 
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The properties of the nitrogen doped into ZnO crystal lattices prepared by the hydrothermal 

method are further investigated. The XRD measurements of the pristine ZnO and N-doped ZnO 

nanowires prepared under the alkaline environment are shown in Fig. 2. The magnification of the 

(002) diffraction peaks were observed (inset in Fig. 2). The diffraction peak of 34.4° observed in 

the pristine ZnO (S1) can be attributed to the ZnO wurtzite crystal structure, which is a 

preferential crystal orientation along the c-axis (Fig. 2a)
 26,38

. In the XRD spectrum of N-doped 

ZnO nanowires (S2 and S3), diffraction still peaks at 34.4° (Fig. 2b-c). For S1, S2 and S3, the 

full-width at half maximum (FWHM) of the (002) diffraction peak were 0.31°, 0.33°, and 0.40°, 

respectively. These results reveal that the crystallinity of ZnO nanowires slightly decreased with 

the doped N ions. This may be due to the fact that the preferential adsorption of NH3 on crystal 

lattice causes the N ions to substitute the Zn sites to form complex defects
26,38,39

, the situation of 

which is similar to the Ag-N doped p type ZnO films prepared by sol-gel method
40

.  
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Fig. 2. XRD spectra of the pristine ZnO and N doped ZnO nanowires prepared in (a) S1, (b) S2, 

and (c) S3. Inset: the magnification of the (002) diffractive peaks 

 

Fig. 3 depicts the Raman spectra of the samples S1, S2, and S3. There are wurtzite ZnO 

structures in the undoped ZnO nanowires, including 332, 383, 438, 584 and 1158 cm
-1

. The 

corresponding models of molecular movement are 2-E2 (M), A1 (TO), E2 (high frequency), E1 

(LO) modes, and C–O bonds
41-44

. In the Raman spectrum of S2, the spectral peaks at 

approximately 278, 511, 584 and 645 cm
-1

 were observed (Fig. 3b). Those peaks indicate that 

several modes were formed due to the nitrogen-related local vibrational modes of the N-doped 

ZnO by the NH3 treatment
44-47

. When the pH value of solution increases, the spectral peaks of 

the S3 become more obvious than those of the samples S1 and S2 (Fig. 3c). This finding might 

be ascribed to the increase of nitrogen content in N-doped ZnO nanowires, which formed the 

defects by N incorporation. The results were consistent with the XRD analysis (Fig. 2) and 

similar to the stable p-type ZnO film, which was fabricated by radio frequency sputter deposition 

and ion beam sputter deposition, on Si and quartz glass substrates by nitrogen doping
48,49

. 
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Fig. 3. Raman spectra of the pristine ZnO and N-doped ZnO nanowires prepared in (a) S1, (b) S2, 

and (c) S3 

Fig. 4 shows the PL spectra, excited by the 325 nm He-Cd laser, of the pristine ZnO and 

N-doped ZnO nanowires in various pH values at room temperature. The peak of ultraviolet 

emission at about 382 nm of the pristine ZnO nanowires could be identified. The peak appears 

because the near band-edge excitonic emission (NBE) of ZnO is generated by the recombination 

of the free excitons via an exciton collision process (inset in Fig. 4a)
 26,50-52

. So far as the 

N-doped ZnO nanowire is concerned, the near band-edge emission will lead to a blue-shift from 

382 to 379 nm. If we increase the pH value to produce the N-doped ZnO, the emission intensity 

of the ultraviolet area will decrease (Inset in Fig. 4b and c). These results indicated that the shift 

of the peak in the UV region tends toward high energy probably because the O sites are replaced 

by N in the ZnO crystal lattices
26,52,53

. 
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Fig. 4. PL spectrum of the pristine ZnO and N-doped ZnO nanowires prepared in (a) S1, (b) S2, 

and (c) S3. Inset: the magnification of the ultraviolet emission region. 

In addition, the intensity of visible emission related to the defects in the pristine ZnO 

nanowires was weak (Fig. 4a). The intensity of orange emission of N-doped ZnO nanowires at 

about 607 and 624 nm become stronger with the increase of pH values (Fig. 4b and c). The 

orange emission is related to the intrinsic defects which are formed with N incorporated with the 

ZnO, such as oxygen vacancy or zinc intrinsic
26,52-55

. The behavior is consistent with the analyses 

of XRD and Raman spectra. The wavelength of PL emission is observed to be higher in the 

region of orange emission than the results reported in the literature
4,13

, in which Cu is doped into 

ZnO nanoparticle sheets prepared by a solution route at low temperature. These results indicate 

that Cu doping in the ZnO crystal lattices induces yellow emission because of the oxygen 

interstitials or the zinc vacancies. The yellow emission shows gradual blue-shifts with the 

increase of Cu concentrations in the ZnO
56

. However, in our systems, it might arise from the 
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shapes of N-doped ZnO nanowires or the N occupying in the ZnO crystal lattices, which were 

similar to the phosphorus-doped ZnO nanorods by the hydrothermal method
26

. These results are 

attributed to the P doping in the ZnO crystal lattices. In addition, the N atom is smaller than the P 

and Cu atoms, thus it will cause the visible emission produced by the defect in the crystal of the 

N-doped ZnO nanowires to have a red-shift. 

The refractive dispersion plays an important role in optical materials. In order to calculate the 

optical constant refractive index (n) and extinction coefficient (k) of the films at different 

wavelengths, we applied the following equations
27,57

: 

α = (1/d) ln[(1 – R)
2
 / 2T] + (1 – R)

2
 / (4T

2
 + R

2
)
1/2

 ,                                (1) 

n = [(R +1) / (R – 1)] +{[(R + 1) / (R – 1)]
2
 – (1 – k

2
)}

1/2
,                            (2) 

and 

k = αλ/4π.                                                                  (3) 

In the above, α is the absorption coefficient, d is the film thickness, R is the reflectance, T is the 

transmittance, and λ is the wavelength. According to the equation (3), k is related to α and λ. The 

n and k of PVA, PVA/pristine ZnO (S1) and PVA/N doped ZnO (S2, S3) hybrid films as a 

function of the wavelength are shown, respectively, in Figs. 5a and 5b. For PVA film, the 

intensity of n remains weak with the increase in the wavelength. Value of n for PVA/S1 film 

slightly increased with an increase in wavelength. Comparing it with the hybrid films of PVA/S2 

and PVA/S3, we find that in the visible and the near-infrared regions, the value of n increases 

with an increase in the wavelength. The above results can also correspond to the measurement of 

k value. The phenomenon also indicates low light scattering and high absorbance
27

. The increase 

of the refractive index is attributed to higher density and lower surface roughness of the stacked 

films with the N-doped ZnO in the PVA matrix (PVA/S2 and PVA/S3)
58

 when compared to 
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refractive index of the PVA/S1 films. We can attribute the result to the decline of volume 

fraction of the voids on the surface of the PVA hybrid films. This outcome is different from the 

Na-doped ZnO thin films
59

 and the Cu-doped ZnO films
60

. The results also indicate that the N 

dopant changes the structural and optical properties of the PVA/N doped ZnO hybrid films. 

Therefore, we can control the refractive index of the PVA/N doped ZnO hybrid nanocomposite 

films by varying the composition with N-doped ZnO nanowire, which is important for the 

applications in designing the window products. 

 

Fig. 5. (a) Refractive indices and (b) extinction coefficients spectrum for the PVA, PVA/pristine 

ZnO and PVA/N doped ZnO hybrid nanocomposite films. 

The surface and cross-sectional morphologies of the PVA/N doped ZnO hybrid films coated 

on the glass substrates were investigated by FE-SEM. The PVA/N doped ZnO hybrid films 

exhibited a homogeneous surface (Fig. 6a), the results are consistent with the n, k results. In 

addition, the cross-section morphology of the PVA/N doped ZnO hybrid films shows a dense 

microstructure by stacking between the N-doped ZnO nanowires and PVA matrix, and the 

thickness of the film was about 300 nm (Fig. 6b). In Fig. 6, we observed that unlike the PVA/N 

hybrid thin film with ZnO particles, which will produce space while they are stacked, the PVA/N 
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doped ZnO hybrid thin film has rather condensed structure, which can improve the properties of 

the polymer owing to its even dispersion in the matrix. 

 

 

Fig. 6. FE-SEM images of the PVA/N doped ZnO (S3) thin films prepared (a) planar and (b) 

cross-section. 

4. Conclusions 

PVA hybrid thin films with N-doped ZnO nanowires were successfully synthesized by the 

hydrothermal method in NH3. Measurements of refractive indices and extinction coefficients 

spectrum showed that the prepared film is capable of insulating the wide-range spectrum from 

UV to IR for the first time. This wide-range insulating spectrum effect can be attributed to the 

sharp-sword ZnO nanowires which formed by the adsorption of NH3 on the ZnO crystal lattice. 

The refractive index of PVA/N doped ZnO hybrid thin films can be controlled by doping various 

amounts of N in the ZnO nanowires under different NH3 concentrations. Measurements of the 

XRD, Raman, and PL spectra proved that the nitrogen was doped into the ZnO wurtzite crystal 

lattice and substituted for O site to form complex defects. The SEM images also showed that 

PVA/N doped ZnO hybrid thin films have rather condensed structure and homogeneous surface. 
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This approach is expected to be a great contribution to enhance the range of insulating 

wavelength of the PVA hybrid thin film by well-controlling N-doped ZnO nanowires. The result 

is crucial for the applications of designing effective products of solar heat shielding. 
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Graphic abstract 

 

PVA/N doped ZnO hybrid thin films provide a protection against harmful UV and IR rays. 
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