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Highlights 

 

 ZnO interface buffer layer alleviate the incompatibility of cellulose and AZO. 

 ZnO buffer layer improve the flexibility of cellulose-based conductive film.  

 The resultant CZA film could withstand repeated bending treatment. 

 A flexible electronic device is successfully fabricated based on the CZA film. 

 

 

Abstract: 

A high-performance flexible conductive substrate is one of the key components for 

developing promising wearable devices. Concerning this, a sustainable, flexible, 

transparent, and conductive cellulose/ZnO/AZO (CZA) film was developed in this 
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study. The cellulose was used as the transparent substrate. The added AZO was as the 

conductive layer and ZnO functioned as an interface buffer layer. Results showed that 

the interface buffer layer of ZnO effectively alleviated the intrinsic incompatibility of 

organic cellulose and inorganic AZO, resulting in the improvement of the performance 

of CZA film. In compared with the controlled cellulose/AZO (CA) film with 365 Ω/sq 

sheet resistance and 87% transmittance, this CZA film featured a low conductive sheet 

resistance of 115 Ω/sq and high transmittance of 89%, as well as low roughness of 1.85 

nm Moreover, the existence of conducive ZnO buffer layer enabled the conductivity of 

CZA film to be stable under the bending treatment. Herein, a flexible electronic device 

was successfully prepared with the biomass materials, which would be available by a 

roll-to-roll production process.  

Keywords: Cellulose, Conductive film, ZnO buffer layer, Flexible electronic device 

 

 

1. Introduction 

With the rapid development of the market in wearable devices, the utilization of flexible 

electronic devices has become a predominating trend in the electronics industry (Chen 

et al., 2020; Lai et al., 2020; Chen et al., 2016; Huang et al., 2019; Jung et al., 2015; 

Khan et al., 2015; Park et al., 2015; Russo et al., 2011; Agate et al., 2018). A series of 

promising flexible electronic devices have been developed in the recent decade, such 

as displays (Kwon et al., 2017), organic light-emitting diodes (OLEDs) (Cao et al., 

2014), solar cells (Lee et al., 2017; Mun et al., 2016) and sensors (Yuk et al., 2019; Gao 

et al., 2020). 

Up to now, the conventional flexible substrates are mainly made from polyethylene 

terephthalate (PET) (Song et al., 2018; Zhou et al., 2016), polycarbonate (PC) (Liu et 

al., 2009; Park et al., 2008), polyethylene naphthalate (PEN) (Tran et al., 2018), 

polyestersulfone (PES) (Lei et al., 2013), etc. Even though these substrates feature 

obvious advantages, like lightweight, chemical stability, and high optical transmittance, 

the material of the above-mentioned substrates is not sustainable, consuming a large 

amount of petroleum-derived chemicals. Moreover, these flexible substrates would take 

hundreds or even millions of years to completely degrade into nature, which inevitably 

poisons the natural environment and biosystem.  
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To address the crisis, the focal point of development of the flexible substrate has been 

shifted to exploit sustainable biomass materials. As one of the most abundant natural 

biomaterials, cellulose features significant merits, such as biodegradability, 

renewability, and worldwide availability (Jung et al., 2015; Lei et al., 2019; Li et al., 

2014; Wu et al., 2009; Lu & Shen, 2011; Qin et al., 2020; Tong et al., 2020). The 

cellulose material has been vigorously developed to construct a competitive flexible 

substrate to minimize the production and usage of the synthesized materials.  

Because of the insulation of natural cellulose, the conductive materials should be 

introduced to produce the conductive cellulose substrate (Du et al., 2017; Ummartyotin 

& Manuspiya, 2015; Zhang et al., 2018). The commonly used conductive materials are 

made up of transparent conductive oxides (TCOs), conductive polymer, carbon-based 

conductive materials, and metal materials (Cuevas et al., 2019; Raghunathan et al., 2017; 

Gong et al., 2020). Among these conductive materials, the TCOs are characterized by 

excellent conductivity and high transmittance, which are supportive for producing high-

performance electronic devices. The indium tin oxide (ITO) and aluminum-doped zinc 

oxide (AZO) are the two major TCO materials (Liu et al., 2020; Miao et al., 2014). The 

shortage and toxicity of indium sources build up an obstacle that limits the further 

development of ITO in electronic devices (Bae & Kim, 2008; Lei et al., 2013). On the 

contrary, the AZO features a large volume in nature and non-toxic character, which 

endow the AZO excellent competitiveness compared to ITO (Hao et al., 2006; Li et al., 

2012). The environmentally friendly cellulose/AZO (CA) conductive substrate has 

been exploited in our group (Liu et al., 2020). However, the difference of intrinsic 

character between inorganic AZO and organic cellulose lead to the structural 

incompatibility of these two materials, thus a challenge to prepare a flexible CA 

conductive substrate is present.  

Herein, we developed a flexible CZA conductive substrate by introducing the zinc 

oxide (ZnO) as an interface buffer layer between the cellulose film and the AZO 

conductive layer (Figure 1a). The ZnO precursor solution was coated on the cellulose 

film to construct a stable cellulose/ZnO (CZ) substrate, in which plentiful hydrogen 

bonding formed between the ZnO and cellulose molecules. The AZO was further 

deposited on the surface of the ZnO layer, where the AZO can stably grow due to the 

compatible lattice structure between AZO and ZnO. The prepared cellulose/ZnO/AZO 

(CZA) film features a high transmittance and conductivity, as well as environmentally 
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friendly merits. The high-performance cellulose-derived conductive film can be used 

to fabricate flexible electronic devices (Figure 1b), such as displays and OLEDs. 

 
Figure 1. Flexible CZA conductive film (a) fabrication process and (b) the resultant 
electroluminescent device. 

 

2. Experiments 

2.1. Materials 
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The bamboo dissolving pulp fibers with 1 mm length, 40 μm width, and 35% 

crystallinity were obtained from Fujian Qingshan Paper Co., Ltd. 1-allyl-3-

methylimidazole chloride ([AMIm]Cl) was obtained from Lanzhou Yulu Fine Chemical 

Co., Ltd. Zinc acetate dihydrate was obtained from Sinopharm Chemical Reagent Co., 

Ltd. Ethylene glycol methyl ether and ethanol were from Tianjin Zhiyuan Chemical 

Reagent Co., Ltd. Aluminum doped zinc oxide (AZO) target (ZnO: Al2O3 = 98: 2) was 

obtained from Zhongnuoxincai Corporation. 

2.2. Preparation of cellulose film 

A 30 g of [AMIm]Cl powder was weighed into a three-necked flask with continuous 

heating at 80°C for 30 min. Subsequently, 0.5 g of cellulose fiber of dried bamboo 

dissolving pulp with α-cellulose content of 95% and DP of 650 was slowly added into 

the resulting [AMIm]Cl solution with heating and stirring for 30 min to dissolve the 

cellulose fiber. After the reaction was completed the cellulose solution was placed about 

30 min to degas. The resultant cellulose solution was scraped into a gel film at a speed 

of 20 cm/min by using a coater (GBC-A4, Korea GIST Corporation). At last, the 

prepared cellulose gel film was immersed in the deionized water to completely remove 

the [AMIm]Cl solution (Liu et al., 2020; Li et al., 2018). The nature of the resultant 

cellulose film should be more amorphous (Zheng et al., 2019). 

2.3. Preparation of cellulose/ZnO film (CZ film) 

1 g of zinc acetate dihydrate was weighed and dissolved with 10 ml of ethylene glycol 

methyl ether. Subsequently, 0.2 ml of ethanol was added into the resultant solution as a 

stabilizer to prepare the zinc oxide precursor solution with stirring for 24 hours. The 

collected ZnO precursor solution was spin-coated on the surface of the cellulose film 

by a desktop homogenizer at 2500 rpm for 40 seconds to obtain a CZ film. 

2.4. Preparation of cellulose/ZnO/AZO (CZA film) and cellulose/AZO conductive film, 

(CA film) 

The CZA and CA conductive films were prepared by sputtering AZO on the as-prepared 

CZ and cellulose film (4 cm*4 cm). The sputtering treatment was carried out on a 

magnetron sputtering system (TRP-450, Shenyang Scientific Equipment Corporation, 

China). In detail, the target AZO and substrate(CZ, cellulose film) were fixed on the 

sputtering table and sample table, respectively. The distance between the substrate and 

target was 30 cm. Subsequently, the vacuum degree was kept at 2.5 x 10-4 Pa by using 

a combined mechanical pump and molecular pump. The working environment was at a 
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1 Pa of high purity Ar. The sputtering temperature was controlled at 80℃. The radio 

frequency power was set as 100 W. The time of magnetron sputtering was 1 h. The 

resultant CA and CZA conductive films were stored in a humidity chamber. 

2.5. Characterization 

The morphologies of samples were investigated with a scanning electron microscope 

(SEM; SU8010, Hitachi, Japan) at an accelerating voltage of 15 kV. Before the field-

emission SEM test, the surface of the films was sprayed with gold particles with a 

sputter coater (E-1010, Hitachi, Japan). The surface appearance of the sample was 

characterized by an atomic force microscope (AMF, Bruker Multimode 8). The X-ray 

diffraction (XRD) profiles of samples were obtained by using a powder X-ray 

diffraction instrument (X’PERT PRO MPD, Philips, Holland) with Cu Kα at 45 kV. The 

XRD patterns were collected in the 2θ range of 10°~80° at a scanning speed of 10°/min. 

The transmittance of the samples was measured by using an ultraviolet/visible 

spectrophotometer (UV-Vis; UV-1800 SHIMADZU, Japan). The conductive resistance 

of the CZA and CA conductive film was determined with four-point probe 

measurements (KDB-3, Kun De Inc., China) as a mean value of five points. Each 

measurement was done five times and the average was reported. 

 

3. Results and discussion 

3.1 Structure and morphologies of the conductive film 

As known to all, a phase difference between organic polymer, cellulose, and inorganic 

oxide, AZO would lead to the structural incompatibility between them. Herein, the 

incompatible structure and morphologies of CA film were investigated by SEM. As 

shown in Figure. 2a, the AZO hardly grows well on the surface of the cellulose substrate 

due to the phase incompatibility. This led to the formation of the uneven size of AZO 

particles followed by a rough surface (Figure. 2b, c). Of interest, the ZnO was capable 

to effectively alleviate the difference of phase and structure between organic cellulose 

and inorganic AZO, resulting in the improvement of morphologies of CZA film. The 

layer-by-layer structure of CZA film was clearly shown in Fig. 2d, in which the ZnO 

layer was located between the cellulose substrate and the AZO layer. The CZA film 

presented a dense and smooth surface (Figure. 2e, and S1), featuring the uniform AZO 

particles. The contribution of ZnO on optimizing the surface morphology of the AZO 

layer was also confirmed with the AFM (Figure. 2f). The CZA film featured a low 

Jo
urn

al 
Pre-

pro
of



7 

 

surface roughness of 1.85 nm, which is 55% lower than that of the CA film of 4.15 nm 

(Figure. S2). 

 
Figure 2. The structure and morphologies of the conductive film. (a-c) SEM images of cross-section, 
surface, and AFM observation of CA conductive film. (d-f) SEM images of cross-section, surface, 
and AFM observation of CZA conductive film. (g) elements analysis of CZA conductive film. (h) 
XRD results of cellulose-based films. 
The element analysis results in Figure. 2g showed that elements of Zn, Al, C, and O 

homogeneously distributed on the surface of CZA film, which indicated the uniform 

growth of AZO. The crystalline structure of cellulose, ZnO, and AZO samples were 

also investigated (Figure. S3). The ZnO featured a hexagonal phase wurtzite structure, 

more specifically, the XRD results show the typical characteristic peaks of ZnO at 31.7°, 

34.4°, 36.2°, 56.5°, 68.9°, which are the indicator of the lattice plane of 100, 002, 101, 

110, and 201. The XRD results of ZnO well match the results of the JCPDF card with 

index number 36-1451 (Bagheri & Rabieh, 2013). In addition, the obvious peak (002) 

at 2θ=34.4 demonstrates the c-axis orientation of ZnO, which is perpendicular to the 

cellulose substrate. Note that, the AZO also features a preferred orientation along c-axis 

(002) at 34.5°. It is noted that the XRD result of the CZA film sample was like that of 

the CZ sample, which suggested excellent compatibility between AZO and ZnO in the 

cellulose substrate. Therefore, it is concluded that the ZnO acted as an interface buffer 

layer to modulate the growth of AZO, resulting in a desirable structure and morphology 

of the CZA film. 
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3.2 Conductivity and transmittance of the conductive film 

The optimized structure and morphologies of the conductive layer due to the 

contribution of ZnO were beneficial for promoting the conductivity of the CZA film. 

The conductive sheet resistance of CZA film was 115 Ω/sq, which was about 0.68 times 

lower than that of the original CA film (Figure. 3a). The CZA film also featured a high 

transmittance of 89%, which was almost consistent with the CA film (Figure. 3a). The 

high transmittance of CZA film can be well demonstrated by the clear observation of a 

blooming flower which was covered by the CZA film (Figure. S4). The transmittance 

curve of CA and CZA film features the fluctuation at 460 and 620 nm (Figure. S4), 

which can be attributed to the interference of light at the interface of the AZO surface 

and air (Rezaie et al., 2017). Wherein, there is no fluctuation for CZ film prepared by 

sol-gel technology and cellulose film may due to their relative dense and compact 

surface structure (Ko et al., 2017). It also can be observed in Fig. 3b that the CZA film 

connected a conductive circuit to make the light-emitting diode to light.  

 
Figure 3. The conductivity and transmittance of the conductive film. (a) Sheet resistance and 
transmittance. (b) CZA conductive film is a transparent conductor in a closed circuit. (c) The sheet 
resistance as a function of bending treatment. (d) Surface morphologies of CA conductive film with 
bending 20 times. (e) Surface morphologies of CZA conductive film with bending 100 times. (f) A 
radar plot displaying a comparison among cellulose( Liu, et al., 2020), PET(Jing et al., 2014; Park 
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et al., 2012), and glass substrate (Qin et al., 2016)with different conductive materials ( Lee et al., 
2011; Sierros et al., 2009). 
The ZnO worked as an interface buffer layer endowed the CZA film a high performance 

of conductivity stability. After a bending treatment of 100 times, the conductive sheet 

resistance of CZA film was about 350 Ω/sq, which was still lower than that of CA film 

without bending treatment. However, the bending treatment significantly decreased the 

conductivity and increased the resistance of CA film, i.e., a 20-time bending treatment 

enlarged its resistance out of the measurement scope of equipment (Figure. 3c). The 

bending treatment resulted in the different changes in the conductivity of CZA film and 

CA film, in which the ZnO was mainly responsible for maintaining the conductivity of 

the CZA film. The ZnO can strongly connect the intrinsically incompatible cellulose 

and AZO, which promoted the stability and endurance of the CZA film. Because of the 

buffer behavior of ZnO, the AZO conductive layer of CZA film was well kept after the 

bending treatment, even the bending treatment strongly cracked the AZO layer of CA 

film (Figure. 4d, e, and S5). 

The layer-by-layer architecture of cellulose substrate, ZnO buffer layer, and AZO 

conductive layer endowed the CZA film obvious advantages, including high 

transmittance and conductivity, degradability and renewability, desirable flexibility and 

tailorability. However, these advantages are hardly integrated into other conductive 

films, such as glass/ITO film, PET/ITO film, cellulose/CNT film, PET/AZO film, and 

PET/CNT film (Figure. 3f). Cellulose/CNT film has a lower transmittance which is not 

beneficial for the fabrication of optoelectronic devices and the roughness is higher (~13 

nm). Besides, the interface bonding force is weak between cellulose and CNT (Qi et al., 

2013; Soheilmoghaddam et al., 2017) which is same as the PET/AZO film (Jeong et al., 

2010). 

3.3 CZA film-based electroluminescent device 

The flexible, transparent, and conductive CZA film was successfully employed to 

construct an electroluminescent device. The device featured a typical sandwich 

structure of CZA/ZnS: Cu/BaTiO3/Ag, in which CZA film was a transparent conductive 

substrate, copper-doped zinc sulfide acted as a photoactive layer, BaTiO3 functioned as 

a dielectric layer, and Ag was employed as the back electrode (Figure 4a). Based on 

this structure, a “scissors hand” pattern-based luminous film was fabricated. More 

interestingly, the luminous film could work very well even with an arbitrary bending 

treatment of 90º (Figure 4b and video1). It was expected that the application of CZA 
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film could be extended to other flexible and bendable devices, like OLEDs, solar cells, 

touch panels, and electrochromic windows. 

 
Figure 4. (a) structure and (b) performance of CZA film-based electroluminescent device.  

3.4 The roll-to-roll treatment for CZA film 

As shown in Figure 5, the newly-developed green and flexible cellulose-derived 

conductive film can be produced via a scalable roll-to-roll fabrication process. The 

coating of ZnO and the deposition of AZO also can be easily realized in this process. 

Besides, the roll-to-roll processable cellulose-derived conductive film with unique 

performances of high conductivity and light transmittance, flexibility, and 

environmental friendliness, can be integrated into a series of low-cost 

electroluminescent devices. 

 
Figure 5. Schematic of the roll-to-roll fabrication of green, flexible, and conductive CZA film. 

 

Conclusions 

In this study, we developed a green, flexible, and transparent cellulose-derived 
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conductive film with a sandwich structure of cellulose/ZnO/AZO. The ZnO functioned 

as a buffer layer to modulate the growth of AZO on the cellulose substrate, resulting in 

a desirable structure and morphology of CZA film with low sheet resistance of 115 Ω/sq 

and high transmittance of 89%. The ZnO also promoted the interface bonding of 

cellulose substrate and AZO conductive layer in the developed system. With the ZnO 

buffer layer, the conductivity of CZA film is well maintained after the bending treatment, 

while it was almost absence for the control CA film without the ZnO. More specifically, 

the sheet resistance was 360 Ω/sq from 115 Ω/sq for the CZA film with 100 times 

bending, and the CA film became almost electronic insulation with 20 times bending, 

which was of the indicator of high flexibility of CZA film. The high-performance CZA 

film was also furtherly utilized to exploit a flexible electroluminescent device. Our 

study opens a new route for the development of a green, flexible, and transparent 

cellulose-based electroluminescent device.  
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