
  

Appl. Sci. 2020, 10, 7703; doi:10.3390/app10217703 www.mdpi.com/journal/applsci 

Article 

Charge Transport Behavior of Al-Doped ZnO 
Incorporated with Reduced Graphene Oxide 
Nanocomposite Thin Film 
Woo Hyun Nam 1,†, Hyung Mo Jeong 2,†, Jong-Hyeong Lim 3, Jong-Min Oh 3, Hiesang Sohn 4, 
Won-Seon Seo 5, Jung Young Cho 1,* and Weon Ho Shin 3,* 

1 Energy & Environment Division, Korea Institute of Ceramic Engineering & Technology, Jinju 52851, Korea; 
whnam@kicet.re.kr 

2 School of Mechanical Engineering, Sungkyunkwan University, 2066 Seobu-ro, Suwon 16419, Korea; 
hmjeong@skku.edu 

3 Department of Electronic Materials Engineering, Kwangwoon University, Seoul 01897, Korea; 
jhlim0211@kw.ac.kr (J.-H.L.); jmOH@kw.ac.kr (J.-M.O.) 

4 Department of Chemical Engineering, Kwangwoon University, 20 Kwangwoon-Ro, Nowon-Gu,  
Seoul 01897, Korea; hsohn@kw.ac.kr 

5 Department of Materials Science and Engineering, Yonsei University, Seoul 03722, Korea; 
wsseo@kicet.re.kr 

* Correspondence: jycho93@kicet.re.kr (J.Y.C.); weonho@kw.ac.kr (W.H.S.) 
† These authors contributed equally to this work. 

Received: 22 September 2020; Accepted: 28 October 2020; Published: 30 October 2020 

Abstract: ZnO is utilized as a promising material for various electronic and energy areas due to its 
outstanding chemical stability, abundance, non-toxicity, and low cost. However, controlling 
electronic transport properties of ZnO by facile strategy is still necessary for wider applications. 
Here, we synthesized reduced graphene oxide incorporated Al-doped ZnO nanocomposite thin film 
prepared by the electrospray deposition method and investigated the electronic transport behavior. 
The electron transport in pristine Al-doped ZnO thin film is strongly affected by grain boundary 
scattering, but significant enhancement of carrier mobility is observed in reduced graphene oxide-
incorporated Al-doped ZnO nanocomposite thin film. The results demonstrate that this hybrid 
strategy with graphene has an important effect on the charge transport behavior in ZnO 
polycrystalline materials. 
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1. Introduction 

Thin film (TF) materials with high transmittance as well as low electrical resistance have been 
spotlighted by researchers who may realize next-generation opto-electronic devices, such as displays, 
solar cells, touch panel, light-emitting diodes, etc [1–4]. Typically, tin-doped indium oxide (ITO) TF 
has been used as a transparent electrode; however, its use will be limited due to the scarcity, toxicity, 
and low stability of indium [5–7]. ZnO is a direct transition-type semiconductor material with a band 
gap energy of 3.3 eV, and it has a large exciton binding energy of 60 meV even at room temperature. 
These qualities suggest that it could be considered as a potential alternative material for ITO due to 
its transparency, non-toxicity and cost-efficiency [8,9]. 

However, ZnO TF has a relatively high electrical resistance that restrains the wider use of ZnO. 
In order to reduce the electrical resistance of ZnO, many researchers have been using cation doping 
against the Zn site. Tseng et al. modified the physicochemical properties of ZnO to improve the 
performance via Al doping [10], and Liang et al. prepared Ga-doped ZnO to increase electrical 
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conductivity [11]. It was revealed that ZnO TF doped with group-III elements (B, Al, Ga, In) exhibited 
low resistivity and high transparency in the visible region. Because of the similar covalent bonding 
lengths of Zn-O and Al-O, Zn2+ ions in the ZnO matrix can be structurally stable even when 
substituted with Al3+, and electrical conductivity can be improved by increasing charge carriers [12–
14]. Nevertheless, the electronic transport behavior of Al-doped ZnO (AZO) TF is largely influenced 
by grain boundary scattering in electronic transmission because it consists of crystallization of several 
nanoscale sizes. 

Recently, hybrid nanostructure technologies with carbon-based composites have been applied 
to overcome the mechanical, chemical, electrical, and opto-electronic properties [15–20]. Among the 
diverse carbon nanomaterials, reduced graphene oxide (RGO) has been considered as one of the most 
attractive material for next-generation electronics since it has high charge carrier mobility originating 
from a two-dimensional (2D) atomic structure of carbon with sp2 hybridization [21–23]. In this study, 
we focus on the effect of graphene on the charge transport behavior in the AZO-RGO nanocomposite 
(NC) TF. The AZO-RGO nanocomposite thin film (NCTF) was deposited on a SiO2/Si substrate using 
the electrospray deposition process with RGO-dispersed precursor solution. Compared to the 
pristine AZO TF, the AZO-RGO NCTF shows enhanced mobility resulting from an increase in carrier 
concentration. Grain boundary scattering could be suppressed due to the Schottky barrier reduction 
with RGO incorporation between the grain boundary, resulting in an increased charge transport 
behavior in the AZO-RGO NCTF. Therefore, we provide a facile strategy to fabricate advanced 
transparent conducting film by incorporating RGO on AZO TF, and this nanocomposite TF could be 
a practical form of technology for controlling electronic transport behavior for various opto-electronic 
applications. 

2. Materials and Methods 

2.1. Sample Preparation 

The AZO-RGO NCTF was prepared using electrospray deposition on a SiO2 (300 nm)/Si 
substrate. The substrate surface was cleaned by sonicating in acetone, ethanol and de-ionized water, 
and modified by plasma treatment at 200 W for 5 min under an oxygen atmosphere to increase the 
hydrophilicity. The precursor solution for the deposition of AZO-RGO NCTF was prepared by 
mixing zinc acetate dihydrate (Zn(CH3COO)2∙2H2O), aluminum chloride hexahydrate (AlCl3∙6H2O) 
as a dopant material, and graphene oxide (GO, 5 wt%) in ethylene glycol (C2H4(OH)2) solvent. The 
precursor solution was sprayed through the nozzle (inner diameter: 0.1 mm, outer diameter: 0.23 
mm) onto the heated substrate. The applied voltage, precursor solution feed rate, deposition time 
and hot plate temperature were maintained at 10 kV, 2 μL min−1, 30 min and 150 °C, respectively. As-
deposited film was subjected to rapid thermal annealing (RTA) at 600 °C for 30 min under an inert 
atmosphere. This process allowed the formation of single-phase ZnO and a reduction of graphene 
oxide (GO). Furthermore, AZO TF was also fabricated using the precursor solution without GO 
under the same deposition conditions in order to investigate the effect of graphene on the charge 
transport behavior. 

2.2. Characterization Methods 

The microstructures of the samples were characterized using an X-ray diffractometer (XRD, 
DMAX-3C, Rigaku Corporation, Tokyo, Japan) with Cu Kα radiation, a scanning electron microscope 
(SEM, Verios 460L, FEI Company, Hillsboro, OR, USA), and a transmission electron microscope 
(TEM, JEM-4010, JEOL, Ltd., Akishima, Japan) operating at an acceleration voltage of 400 kV. 
Furthermore, X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, ULVAC-PHI, Inc., 
Chigasaki, Japan) was utilized to investigate C1s core level of RGO in the NCTF. The room 
temperature charge transport properties in the samples were characterized by using a Hall 
measurement system (ResiTest 8300, Toyo Corporation, Tokyo, Japan) under a magnetic field of 0.57 
T. 
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3. Results and Discussion 

Figure 1 shows the electrospray deposition process for synthesizing AZO TF and AZO-RGO 
NCTF. The precursor solution with or without GO is sprayed on the heated substrate, and the TF 
could be simply obtained on the SiO2/Si substrate. The TF samples are followed by the RTA process 
for crystallization of AZO as well as the reduction of GO. Figure 2a represents the XRD patterns of 
the AZO TF and AZO-RGO NCTF. The strong peaks at 56.13° could be indexed to Si(311) from the 
substrate. The main peaks of both samples are obtained from the wurtzite structure of ZnO (JCPDS 
card no. 36-1451), indicating that single phase ZnO was successfully prepared. Furthermore, no 
secondary phase is observed in the XRD pattern of the AZO-RGO NCTF, and the peak positions in 
the NCTF are not changed with the RGO incorporation due to the low RGO content. 

 
Figure 1. Schematic diagram of electrospray deposition used in this study. 

 
Figure 2. (a) XRD spectra of Al-doped ZnO thin film (AZO TF) and AZO-reduced graphene oxide 
(RGO) NCTF. (b) XPS wide scan and (c) C1s core level spectra of AZO-RGO nanocomposite thin film 
(NCTF). 

The XPS was carried out to investigate the chemical composition in the NCTF. The survey scan 
of XPS spectrum reveals that the NCTF has only Zn, O, C, and Si elements (Figure 2b). The Si peaks 
were originated from the substrate, and no Al signals were detected due to its low doping 
concentration. The C1s core level spectrum shows the chemical binding state of carbon atoms in RGO, 
and it was deconvoluted into sp2 C centered at 284.5 eV, sp3 C centered at 285.6 eV, and C-O centered 
at 286.6 eV [24,25]. The ratio of sp2 C/sp3 C is sensitive to the degree of oxidation in RGO, and it 
decreases with the increasing oxidation level of RGO. It was reported that the ratio measured from 
the XPS spectrum of highly reduced graphene oxide (HRGO) was 2.15 [26]. In our case, the ratio of 
sp2 C/sp3 C in the AZO-RGO NCTF was estimated to be 10.8, indicating that GO was effectively 
reduced during the RTA process. 
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Figure 3 shows the SEM micrographs of the cross-section and plane view of samples. The cross-
section SEM micrographs (Figure 3a,c) show the thickness of the samples was 200 nm. Furthermore, 
the plane-view SEM micrographs of the AZO TF and AZO-RGO NCTF (shown in Figure 3b,d) show 
that a dense TF was deposited on the SiO2/Si substrate. To obtain a detailed microstructure of the 
AZO TF and AZO-RGO NCTF, TEM analysis are conducted (Figure 4). Figure 4a,c show bright-field 
TEM analysis of the AZO TF and AZO-RGO NCTF, and the samples were comprised of primary 
nanograins (<10 nm), which indicates that the existence of RGO does not affect the grain size of the 
AZO-RGO NCTF. The selected area electron diffraction patterns obtained from Figure 4a,c (insets) 
revealed a set of distinct rings corresponding to hexagonal ZnO. Furthermore, Figure 4b shows a 
high-resolution TEM micrograph of the AZO TF, which shows an interplanar spacing of 0.28 nm 
corresponding to the lattice spacing of the ZnO plane. Figure 4d shows the high-resolution TEM 
image of AZO-RGO NCTF, and the red arrows indicate that RGO dispersed in the AZO-RGO NCTF, 
which shows the uniform dispersion of RGO without aggregation. The inset in Figure 4d shows the 
interlayer spacing of RGO (0.345 nm) obtained from the red rectangular box, which is slightly 
increased with that of graphite (0.335 nm) [27]. Beside the ratio of sp2 C/sp3 C in XPS spectrum, the 
interlayer spacing of RGO is also strongly dependent on its degree of oxidation [28–30]. It was 
reported that the interlayer spacing of HRGO, with a relative carbon to oxygen ration of 10, was 0.364 
nm [29]. This means that the GO could be effectively reduced via the RTA process, which is consistent 
with the XPS result shown in Figure 2b. 

 
Figure 3. (a) Cross-sectional and (b) plane view SEM micrographs of AZO TF, (c) Cross-sectional and 
(d) plane view SEM micrographs of AZO-RGO NCTF. 
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Figure 4. (a) Bright-field and (b) high-resolution TEM micrographs of AZO TF. (c) Bright-field and 
(d) high-resolution TEM micrographs of AZO-RGO NCTF. Insets in (a) and (c) represent the selected 
area electron diffraction patterns. Inset in (d) shows the intensity profile obtained from the red 
rectangular box. 

Figure 5 represents the charge transport properties of the AZO TF and AZO-RGO NCTF at room 
temperature compared to those of ZnO single crystals [31–34] and epitaxial thin films [35–38] in the 
literature. The empirical curve developed by Masetti et al., which describes the dependence of the 
single crystalline ZnO mobility versus carrier concentration, is also depicted as a green solid line in 
Figure 5a [39,40]. The mobility of the AZO TF without RGO was 10.3 cm2 V−1 s−1, which is far below 
that of single crystalline ZnO. This result indicates that the charge transport properties in the AZO 
TF were limited by numerous nanograins, as shown in Figure 4a. Generally, the charge transport in 
polycrystalline ZnO is strongly influenced by the Schottky barrier at the grain boundaries, which is 
an electrostatic potential barrier originating from the trapped electrons. This Schottky barrier induces 
severe charge scattering in polycrystalline ZnO [41]. The RGO could release the trapped electrons in 
the grain boundary regions in AZO-RGO NCs, leading to the single crystal-like charge transport 
caused by the relieved Schottky barrier [23]. A considerable improvement of mobility (29.1 cm2 V−1 

s−1) with increased carrier concentration was obtained in the AZO-RGO NCTF, leading to the 
reduction of resistivity (shown in Figure 5b). Since the grain size of the AZO TF and AZO-RGO NCTF 
(< 10 nm) is very small, the charge transport behavior in our system could be strongly affected by 
grain boundary. Although the mobility of the AZO-RGO NCTF was still lower than that of the single 
crystalline ZnO due to the small size of nanograins (<10 nm), we confirmed that the incorporation of 
RGO in AZO TF is an effective strategy for enhancing the charge transport properties in AZO. 
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Figure 5. Carrier-concentration-dependent (a) mobility and (b) resistivity in AZO TF and AZO-RGO 
NCTF at room temperature. For comparison, mobility and resistivity values of ZnO single crystals 
[31–34] and epitaxial thin films [35–38] in the literature are also shown. 

4. Conclusions 

We proposed a hybrid strategy for synthesizing AZO incorporated with RGO for controlling 
charge transport properties of oxide materials. We focused on the effect of RGO on the charge 
transport behavior of AZO TF. Microstructural characterization revealed that the samples comprised 
nanosized grains (<10 nm), and RGO was well dispersed in the AZO-RGO NCTF without 
aggregation. The electron transport in AZO TF was strongly affected by grain boundary scattering, 
but enhanced charge transport behavior was observed in the AZO-RGO NCTF. Given that grain 
boundary scattering can be suppressed through the incorporated RGO, the mobility of the AZO-RGO 
NCTF is improved with increased carrier concentration. Our results demonstrate that our hybrid 
strategy with RGO could have a positive effect on the charge transport behavior in oxide materials.  
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