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ABSTRACT

The present study aims to investigate the impact of reduced graphene oxide

(rGO) incorporation on the charge transport properties of zinc oxide (ZnO)

nanocomposite films. ZnO and varied weight percentage of rGO (1.25% to 10%)

in ZnO-rGO nanocomposites are synthesized via cost-effective and facile

hydrothermal method. The effect of varying weight percentage of rGO in ZnO

nanocomposite is analysed by techniques such as X-ray diffraction (XRD),

Scanning electron microscopy (SEM), Energy dispersive X-ray (EDX), Fourier

transform infra-red spectroscopy (FTIR), and Raman spectroscopy. The

observed current–voltage (I–V) characteristics at room temperature show the

enhancement in forward current with an increasing weight percentage of rGO

(1.25% to 10%) in ZnO nanocomposite films. To study the charge transport

mechanism in nanocomposite films, dual-logarithmic I–V characteristics are

plotted. From the characteristic curves, we find that three different laws of space

charge limited conduction (SCLC) model namely Ohm’s law, Child’s law, and

trap-limited SCLC mechanism describe charge transport properties in the ZnO-

rGO nanocomposite films. At a low weight percentage of rGO (1.25%) in ZnO-

rGO nanocomposite films, a transition from Child’s law to trap-limited SCLC

mechanism (0.9 V being the cross-over voltage) is obtained. As the weight

percentage of rGO in ZnO-rGO nanocomposite films is increased from 2.5 to

10%, the conduction is favored by Ohm’s law at low applied voltages to Child’s

law at higher applied voltages. Best experimental results are shown with 5% of

rGO in ZnO-rGO nanocomposite. The prepared nanocomposite films have

potential applications in UV-photodetector devices.
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1 Introduction

Nanocomposites are a blend of dissimilar materials

with one or more of their constituents being at the

nanoscale range. They offer an opportunity to tailor

the properties of material towards a specific appli-

cation. There has been an enormous interest in

nanocomposite materials in recent times, owing to

their cost-effectiveness and enhanced properties

leading to improved device performance. Hybrid

nanocomposites have been developed and explored

for profound applications such as photodetectors,

supercapacitors, gas sensors, solar cells. [1, 2].

Among the various metal-oxides, zinc oxide (ZnO) is

a prominent semi-conductor with a wide range of

applications due to its wide-bandgap, large exciton

binding energy, abundant availability, non-toxicity,

and high photon-absorption [3, 4]. A variety of

morphologies can be synthesized by numerous

chemical and physical methods widening up the

research opportunities towards new technology [4].

Simultaneously, easy tuning of shape, size, and

compositions of ZnO play an important role in

altering its magnetic, optical, electrical, and other

properties for numerous applications [5, 6].

Reduced graphene oxide (rGO), a two-dimensional

(2D) material is an expeditious rising star on the

horizon of material science and nanotechnology. Its

exceptional mobility and conductivity, mechanical

flexibility, optical transparency, chemical stability,

and high specific surface area is attracting consider-

able research interest [7]. The sheets of rGO possess a

large surface area which may provide support to load

other functional nanomaterials. Furthermore, the

oxygenated functional groups can act as nucleation

centers to support nanomaterials onto graphene

sheets which makes it viable to synthesize

nanocomposites based on graphene [8].

Various hybrid nanocomposites based on ZnO and

rGO have been explored in the field of photodetec-

tors, gas sensors, batteries, supercapacitors, and

many more due to their enhanced properties [9–14].

Previously, it has been widely reported about the

charge transport properties of ZnO and rGO materi-

als individually and their nanocomposites with other

different materials (eg. n-type ZnO grown on plain

and focussed ion beam GaN substrates, n-Gallium

doped-ZnO on p-Silicon substrate, GaN/rGO

nanocomposite with a different weight percentage of

GaN, etc. [15–17]). Soylu et al. studied the effect of the

molar concentration of precursors of ZnO on I–V

characteristics [18]. Therefore, it is evident that ZnO,

rGO, and their nanocomposites with other materials

have been explored extensively. However, to the best

of our knowledge, no reports are available focussing

on a detailed study of the charge transport mecha-

nism in ZnO-rGO nanocomposite films.

A plethora of experimental methods have been

rigorously explored for binding of ZnO with rGO

such as hydrothermal, aerosol spraying, microwave

synthesis, chemical deposition, solvothermal, pre-

cipitation methods, and solution combustion syn-

thesis [19–23]. Among these methods, hydrothermal

synthesis is considered advantageous as it is cost-ef-

fective, uses mild synthesis conditions, and requires

low energy with simple equipments resulting in

uniform ZnO nanoparticles over rGO nanosheets

[24].

In the present work, ZnO and ZnO-rGO

nanocomposites with different weight percentage of

rGO (from 1.25 to 10%) have been synthesized using

hydrothermal method. The charge transport mecha-

nism in the prepared Al/ZnO/ITO and Al/ZnO-

rGO/ITO nanocomposite films (rGO varied from 1.25

to 10%) have been studied in detail towards their

utilization for UV-photodetector devices.

2 Experimental

2.1 Chemical reagents

The chemicals used in the synthesis are Zinc acetate

(Zn(CH3COO)2�2H2O), sodium hydroxide pellets

(NaOH), graphite powder, concentrated sulphuric

acid (H2SO4), orthophosphoric acid (H3PO4), hydro-

gen peroxide (H2O2), potassium permanganate

(KMnO4), hydrazine hydrate (N2H4�H2O), and etha-

nol (C2H5OH). All the chemicals are purchased from

Fisher Scientific and Sigma Aldrich. All belong to AR

grade purity and are employed without further

purification.

2.2 Synthesis of ZnO twin-hexapods

Firstly, ZnO twin-hexapods are synthesized using the

facile hydrothermal method. In the synthesis, a

solution of Zinc acetate (0.2 M) and sodium hydrox-

ide (1.25 M) is prepared separately, with continuous
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magnetic stirring for 30 min. Then, the solution of

sodium hydroxide is added into zinc acetate solution

drop-wise. The pH of the solution is observed to be

6.6. The final solution is kept for stirring for an hour

which is then transferred to a 100 ml Teflon-lined

steel autoclave, which is heated at 130 �C for 24 h.

After several washings with DI and ethanol, the final

product is dried overnight.

2.3 Synthesis of rGO

Firstly, GO is synthesized from graphite using

improved modified Hummer’s method as reported

elsewhere [25, 26]. In detail, 2 g of graphite powder is

added to a mixture of concentrated sulphuric acid

and phosphoric acid in the ratio of 9:1 with contin-

uous stirring. Thereafter, some amount of potassium

permanganate is added at a very slow pace to the

resulting solution followed by the magnetic stirring

of 12 h at 50 �C. After this, the reaction is quenched

by adding ice (300 ml) with 2.5 ml of hydrogen per-

oxide solution. Finally, the yellowish slurry mixture

is washed (until the pH reached to 7), filtered, and

dried to obtain the final product. For the synthesis of

rGO, 200 mg of GO powder so obtained is dispersed

in 200 ml of DI water and ultrasonicated for an hour.

Then it is transferred onto the stirrer and 100 lL of

hydrazine hydrate is added drop-wise into it which

acts as a reducing agent and the solution is left for

12 h stirring at a particular temperature. The final

solution turns black which then is washed, filtered,

and dried to obtain rGO.

2.4 Synthesis of ZnO-rGO nanocomposites

Various nanocomposites of ZnO-rGO are synthesized

via hydrothermal route by varying weight percentage

of rGO (from 1.25 to 10%) in ZnO. Typically, a suit-

able amount of rGO (1 mg/ml) is dispersed in etha-

nol with ultrasonic treatment for an hour.

Meanwhile, a solution of Zinc acetate (0.2 M) and

sodium hydroxide (1.25 M) is prepared separately

with stirring. It is followed by mixing of all three

resulting solutions under continuous stirring for an

hour. The observed pH of the solution (ZnO-rGO

nanocomposite) is 6.6. At last, the solution is trans-

ferred to a Teflon-lined stainless-steel autoclave

which is heated at 130 �C for 24 h. After several

washings with DI water and ethanol, the grey color

powder is obtained which is then dried overnight.

Weight percent variation by volume (w/v) of 1.25%,

2.5%, 5%, and 10% of rGO to ZnO are prepared and

named as ZG-1.25, ZG-2.5, ZG-5, and ZG-10,

respectively. All these ZnO-rGO nanocomposites

with various rGO content are prepared by above said

process.

2.5 Film fabrication

ZnO-rGO nanocomposite films are fabricated on

rectangular indium tin-oxide (ITO) coated corning-

glass substrates. The standard wet cleaning method is

employed to clean the ITO substrates. Briefly, soap

solution, deionized ionized (DI) water, acetone, and

finally with isopropyl alcohol. After cleaning, the

substrates are dried at 100 �C on a hot plate for

30 min. In the first step, ZnO powder is dispersed in

ethanol by ultrasonicating it for 30 min. In the second

step, ZnO films are prepared via spin-coating tech-

nique, by dispensing the above solution on ITO

substrates at 3000 rpm for 60 s. It is followed by

drying the films in the open air at 70 �C for 10 min. A

similar process is devised to obtain all the desired

ZG-1.25, ZG-2.5, ZG-5, and ZG-10 nanocomposites

films. Finally, 100 nm thick top Al metal electrodes

are deposited on the prepared films using the thermal

evaporation technique. Figure 1 shows the schematic

description of the process of fabrication of Al/ZnO-

rGO/ITO nanocomposites films.

3 Results and discussions

All the prepared samples are thoroughly character-

ized using various techniques such as X-ray diffrac-

tion (XRD), Scanning electron microscopy (SEM),

Energy dispersive x-ray (EDX), Fourier transform

infra-red spectroscopy (FTIR), and Raman spec-

troscopy. Charge transport properties of all the pre-

pared films (Al/ZnO/ITO, Al/ZnO-rGO/ITO) have

been studied via current–voltage (I–V) characteristics

over the voltage range of - 2.5 to 2.5 V using

Keithley 2450 SMU.

3.1 Structural analysis (X-ray diffraction)

The XRD pattern of ZnO, ZG-1.25, ZG-2.5, ZG-5, and

ZG-10 nanocomposite is shown in Fig. 2. XRD pat-

tern of ZnO shows all the diffraction peaks which are

congruous with the standard data available for the
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wurtzite structure of ZnO (JCPDS 36-1451) [27]. A

prominent diffraction peak of GO (Fig. S1a in the

Supplementary Information) is found to be at 11.7�
and a weak peak located at 42.6� corresponding to

(002) and (100) reflection, respectively. The inset of

Fig. S1a in the Supplementary Information shows the

diffraction pattern of raw graphite which shows a

highly crystalline and strong diffraction peak at 26.6�
towards the (002) plane. The shift in GO peak at a

lower diffraction angle confirms the successful

Fig. 1 Schematic description of fabrication of Al/ZnO-rGO/ITO nanocomposites films

Fig. 2 XRD pattern of ZnO,

ZG-1.25, ZG-2.5, ZG-5, and

ZG-10 nanocomposites
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oxidation of graphite [28]. The broadening and

shifting of the distinct peak of GO from 11.7� to 23.1�
can be attributed to the breakdown of the long-range

order of GO [29]. Two broad diffraction peaks located

at 23.1� and 43.6� correspond to rGO (Fig. S1b in the

Supplementary Information). These two peaks con-

firm the formation of (002) and (100) planes of rGO

[29]. The peak positions of ZnO remain the same in

all ZnO-rGO nanocomposites (Fig. 2) while the two

reflection peaks of rGO are absent in nanocomposites.

The reason can be attributed to the low diffraction

intensity of rGO in the dispersed state [30, 31].

The d-spacing of graphite, GO and rGO is calcu-

lated using Bragg’s relation [32] and is found to be

0.33 nm, 0.75 nm, and 0.38 nm, respectively for the

(002) plane. The increase of d-spacing of GO com-

pared to graphite can be due to the intercalation of

oxygenated functional groups (such as epoxide and

hydroxyl groups) and intercalation of molecules of

water in the interlayer spacing of carbon layers [28].

The average crystallite size of ZnO and ZnO-rGO

nanocomposites is calculated using Scherrer’s rela-

tion [33, 34]. The crystallite size calculated for ZnO,

ZG-1.25, ZG-2.5, ZG-5, and ZG-10 samples is 81, 77,

76, 70, and 74 nm, respectively. It is observed that the

crystallite size of ZnO decreases progressively as the

weight percentage of rGO in the nanocomposites is

increased to 5%. This suggests that the growth and

nucleation stage of ZnO crystals in the nanocom-

posites is hindered by rGO [4]. Furthermore, the

dislocation density (d) of ZnO and ZnO-rGO

nanocomposite is calculated using the following

relation: d = 1/D2 where D is the crystallite size of

ZnO and ZnO-rGO nanocomposite. The highest and

lowest dislocation density is found to be approxi-

mately 2.05 9 10–4 nm-2 and 1.49 9 10–4 nm-2 for

ZG-5 nanocomposite and ZnO, respectively. When

the dislocation density decreases, the crystallinity

increases [35]. The intensity of the diffraction peak

along the (101) diffraction plane is supporting this

phenomenon. The diffraction peaks of the composite

ZG-1.25 are stronger than those of other nanocom-

posites but weaker than the diffraction peak of pure

ZnO which indicates that the crystallinity of the

composite is affected by the addition of rGO [20].

The lattice parameters (lattice constants and vol-

ume of unit cell) are calculated by means of Rietveld

refinement using FullProf Software. Best matching of

the peaks for all the samples is observed for hexag-

onal structure with P63mc space group. Table 1

shows the calculated values of FWHM, lattice

parameters, crystallite size, and dislocation density

for all the prepared samples. It is clear from the

table that the structural lattice parameters increases

and the crystallite size decreases with the increasing

weight percentage of rGO in the ZnO-rGO

nanocomposites upto 5%. The obtained results are

consistent with the literature [36–38].

On the other hand, the variation in the trend of

certain crystal parameters of ZG-10 nanocomposite

can be understood as: at this concentration, the ratio

of zinc ions to rGO is not critical. Since the critical

ratio is not maintained, the sorption of zinc ions is

less on rGO nanosheets, due to which the synergetic

effect could not follow the trend as followed by the

other nanocomposites.

3.2 SEM and EDX observations

SEM analysis is done to investigate the surface mor-

phology as well as to examine the average length of

the prepared twin-hexapods of ZnO, ZG-1.25, ZG-2.5,

ZG-5, and ZG-10 nanocomposites. Figure 3 shows the

SEM images of the prepared ZnO and ZnO-rGO

nanocomposite with variation in weight percentage

of rGO from 1.25 to 10%. It is observed that the

average length of the hexapods is closely related to

the weight percentage of rGO in the ZnO-rGO

nanocomposite. Figure 3a depicts the SEM image of

ZnO. The observed average length of the top-hex-

apod is 2.7 lm and the average length of the bottom-

hexapod is 5 lm. Compared to the crystallite size of

the samples calculated by the XRD analysis, a bigger

particle size of ZnO and ZnO-rGO nanocomposites

(rGO varied from 1.25 to 10%) is obtained from SEM

observations. This can be due to the fact that particles

contain many smaller crystallites [39, 40]. When rGO

is introduced in the ZnO framework, the morphology

is maintained as can be seen (Fig. 3b–e). The top-

hexapod of the ZG-1.25 nanocomposite (Fig. 3b) has

an average length of 1.7 lm and the average length of

the bottom-hexapod is 3.1 lm. Thus, we can clearly

see that the size of ZnO hexapods decreases with the

increase in the concentration of rGO in nanocom-

posites. Top-hexapods of average length 1.6 lm and

bottom-hexapod of the average length of 2.9 lm is

obtained when the rGO concentration is increased to

2.5% in ZnO (Fig. 3c). But, further increase in rGO

concentration to 5% in ZnO-rGO nanocomposite the

ZnO twin-hexapods are found to be comparatively
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small with an average length of 1.2 lm and 2.4 lm
(Fig. 3d) of top and bottom-hexapod, respectively.

The reason is the formation of rGO sheets which

creates a hindrance for further growth of ZnO hex-

apods which is consistent with the XRD analysis as

well.

On the other hand, when the rGO concentration is

increased to 10% in ZnO-rGO nanocomposite, most

of the rGO sheets in the nanocomposite are agglom-

erated and some of the ZnO grow on graphene

sheets. To understand and deduce the ongoing

observation in surface morphology, the formation

process of ZnO-rGO nanocomposite is surmised.

There should be a critical ratio of zinc ions of ZnO

and rGO to form well-dispersed nanocomposites.

When the concentration of rGO is low, the ratio of

zinc ions is relatively high in rGO. This leads to

excess sorption of zinc ions on rGO sheets which

results in well-dispersed ZnO-rGO nanocomposite.

On increasing the concentration of rGO in ZnO, the

sorption of zinc ions is less on rGO sheets. The neg-

ative charges on reduced graphene oxide are partially

neutralized by the zinc ions. This lead to the coagu-

lation of rGO sheets during the reaction process [41].

It is observed that the top-hexapod of ZnO in this

nanocomposite has an average length of 1.5 lm and

the bottom-hexapod has an average length of 2.7 lm
(Fig. 3e). But, an increase in rGO concentration in the

nanocomposites does not result in the agglomeration

of ZnO hexapods. From the above observation, we

can deduce that rGO nanosheets co-exist with the

ZnO twin-hexapods in the fabricated ZnO-rGO

nanocomposites.

The elemental composition of ZnO and ZnO-rGO

nanocomposites are analysed by the EDX spectrum.

It is inapt to determine the exact content of the ele-

ments present in the ZnO and ZnO-rGO nanocom-

posites using EDX because of the presence of light

elements (O and C) [42]. EDX spectra and the weight

percent composition of ZnO and ZnO-rGO

nanocomposites are shown in Fig. S2 in Supplemen-

tary Information. As can be seen from the EDX

spectra of ZnO (S2a in Supplementary Information),

no peak corresponding to carbon is found. With the

addition of rGO in the ZnO framework, increasing

weight percent of carbon peak is observed in all the

ZnO-rGO nanocomposites (Fig. S2b–e in Supple-

mentary Information). However, an impurity peak of

sodium is also found in all the samples. This impurity

peak could be due to the precursor (NaOH) used in

the synthesis of ZnO and ZnO-rGO nanocomposites.

Although its weight percent composition is negligibly

small, yet it may be one of the reasons for the creation

of traps inside ZnO and ZnO-rGO nanocomposite

[43].

3.3 FTIR Spectroscopy analysis

FTIR Spectroscopy is performed to investigate and

elucidate the presence of functional groups related to

ZnO, GO, rGO along with the other functional groups

which may arise after hybridization in prepared

samples. Figure 4 shows the FTIR spectra of ZnO,

ZG-1.25, ZG-2.5, ZG-5, and ZG-10 nanocomposites.

The spectrum of ZnO (Fig. 4a) exhibits a broad peak

at 3278 cm-1 which corresponds to O–H stretching

vibrations [44]. Few narrow peaks 2830 to 2955 cm-1

correspond to C–H bonds [45]. Several peaks

appearing between 1360 and 1710 cm-1 can be

attributed to the stretching modes of COOH group,

which are believed to be adsorbed on the surface of

Table 1 Variation in FWHM, lattice parameters (lattice constants and volume of unit cell), crystallite size and dislocation density of

(a) ZnO, (b) ZG-1.25, (c) ZG-2.5, (d) ZG-5, and (e) ZG-10 nanocomposites with variation in weight percentage of rGO

Sample Plane 2h
(degree)

FWHM

(degree)

Lattice

parameters

Volume of unit cell

(Å3)

Crystallite size

(nm)

Dislocation density

(nm-2) 9 10–4

a (Å) c (Å)

ZnO (101) 36.3 0.10 3.2465 5.2021 47.48 81 1.49

ZG-

1.25

(101) 36.3 0.10 3.2477 5.2034 47.53 77 1.67

ZG-2.5 (101) 36.3 0.11 3.2481 5.2040 47.54 76 1.74

ZG-5 (101) 36.3 0.11 3.2485 5.2041 47.55 70 2.05

ZG-10 (101) 36.3 0.11 3.2480 5.2039 47.54 74 1.82
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the ZnO hexapods during the process of synthesis

[46]. In addition to this, a small peak at 920 cm-1 and

a pointed peak at 457 cm-1 corresponds to Zn–O

stretching and deformation vibrations, respectively

[46, 47]. FTIR spectrum of GO (Fig. S3a in the Sup-

plementary Information) consists of broad peak

3290 cm-1 corresponding to O–H groups and narrow

peaks at 2868 cm-1 corresponding to C–H stretching.

In addition to this, the peak at 1705 cm-1 and

1577 cm-1 corresponds to C=O and C=C stretching.

A small peak at 1395 cm-1 corresponds to O–H

deformation. Finally, two peaks at 1230 and

1056 cm-1 confirm the epoxy C–O–C and alkoxy C–O

stretching vibrations, respectively [48]. When GO is

reduced to rGO using hydrazine hydrate, the oxygen-

containing functional groups are significantly

reduced and weakened which is clear in the FTIR

spectrum of rGO (Fig. S3b in the Supplementary

Fig. 3 SEM images of ZnO and ZnO-rGO nanocomposites: a ZnO, b ZG-1.25, c ZG-2.5, d ZG-5, and e ZG-10

J Mater Sci: Mater Electron (2022) 33:1307–1323 1313



Information). The peak at 3450 cm-1 is attributed to

O–H group. The two new peaks at 1640 cm-1 and

1369 cm-1 arise due to the cyclic hexagonal symme-

try and the vibrations of skeletal of rGO, respectively

[47]. Two peaks at 1230 and 1056 cm-1 confirm the

epoxy C–O–C and alkoxy C–O stretching vibrations,

respectively which are also present in GO. The FTIR

spectrum of ZnO-rGO nanocomposites (Fig. 4b – e)

contains a broad absorption band at 3440 cm-1

denoting the O–H groups and a few tiny peaks

around 2900 cm-1 confirming C-H bonds. Various

peaks in the range of 1350 to 1600 cm-1 are due to the

stretching modes of the COOH group. Furthermore,

few weak peaks around 1100 cm-1 are attributed to

C–O stretching vibrations of rGO sheets. A peak

around 457 cm-1 is the characteristic peak of ZnO

and corresponds to the Zn–O bond confirms the

presence of ZnO in all the nanocomposites [9, 21].

Hence, this indicates the coexistence of ZnO and rGO

phase in all the prepared ZnO-rGO nanocomposites

which is in good accordance with the SEM observa-

tions as well.

3.4 Raman Spectroscopy analysis

The Raman spectra of ZnO, GO, rGO and ZG-1.25,

ZG-2.5, ZG-5, and ZG-10 nanocomposites is shown in

Fig. 5 and the detailed parameters are calculated

from Raman data are summarized in Table 2. Raman

spectroscopy measurements of ZnO (Fig. 5a) show

peaks at 332, 387, 437, 559, and 1145 cm-1. The peak

with Raman shift of 332 cm-1 corresponds to acoustic

and optical phonon overtone with A1 symmetry

while the peak located at 387 cm-1 corresponds to

A1(TO) mode [30]. The peak at 437 cm-1 corresponds

to the ZnO non-polar optical phonons (E2high). It

signifies the crystal quality and is the characteristic

peak of hexagonal wurtzite phase of ZnO [49]. A

peak at 559 cm-1 confirms the A1(LO) mode which is

attributed to the surface defect formation of ZnO [50].

A spectral peak at 1145 cm-1 is attributed to the

multi-phonons process [51].

Two characteristic peaks of GO are observed at

1352 cm-1 and 1600 cm-1 which corresponds to the

D and G bands of graphene, respectively (Fig. S4a in

the Supplementary Information). The D band repre-

sents lattice disorders in the sp2-hybridized C atoms

and the G band is related to the highly oriented sp2

hexagonal graphitic lattice [52]. Structural changes

from GO to rGO upon chemical reduction are

reflected in the spectrum clearly (Fig. S4b in the

Supplementary Information). The D and G bands of

rGO are located at 1347 cm-1 and 1575 cm-1,

respectively. The intensity ratio (ID/IG) increased

from 0.99 to 1.07 when GO is chemically reduced to

rGO indicating the partial modification of surface

Fig. 4 FTIR spectra of ZnO and ZnO-rGO nanocomposites: a

ZnO, b ZG-1.25, c ZG-2.5, d ZG-5, and e ZG-10

Fig. 5 Raman spectra of ZnO and ZnO-rGO nanocomposites: a

ZnO, b ZG-1.25, c ZG-2.5, d ZG-5, and e ZG-10

1314 J Mater Sci: Mater Electron (2022) 33:1307–1323



functional groups containing oxygen [52]. The results

indicate that GO is successfully reduced to rGO after

chemical reduction by hydrazine hydrate.

The Raman spectrum of all the prepared

nanocomposites (Fig. 5b – e) contains the Raman

bands of ZnO and rGO which confirms that the

nanocomposites are successfully synthesized [53].

The ID/IG ratio of all the ZnO-rGO nanocomposites

decreases to 1.01 compared to rGO which indicates

that the sp2 domain size of carbon atoms decreases

with the incorporation of rGO in ZnO [10]. The D

band shifts from 1343 to 1351 cm-1 and the G band

decreases from 1591 to 1579 cm-1 as the weight

percentage of rGO increases from 1.25 to 5% in ZnO.

But, the same trend of shifting in the D and G band is

not observed in ZG-10 nanocomposite.

A small shifting in the D and G band (Table 2) of

the Raman spectrum of the nanocomposites is

attributed to the electronic interactions of ZnO and

rGO during the hydrothermal synthesis process [49].

In the nanocomposites, the 2D band is at

* 2700 cm-1 and the D ? G band is at * 2900 cm-1

which reconfirms the presence of rGO in the

nanocomposites. The 2D and D ? G bands of ZG-10

nanocomposite are not observed clearly.

To derive more quantitative information, the

Raman spectra of GO (Fig. S4a in the Supplementary

Information), rGO (Fig. S4b in the Supplementary

Information), ZnO and ZnO-rGO nanocomposites is

further deconvoluted (Fig. 6). The full-width half

maximum (FWHM) is calculated using deconvoluted

D and G bands (Table 2). It is found that when GO is

reduced to rGO the FWHM values for both the bands

decreases. The decrease in the width of the D-band of

rGO is attributed to an increase in carbon-sp2 content

[54]. The lower the value of the width of G-band of

rGO, higher its degree of crystallization [55]. Fur-

thermore, with the addition of rGO (from 1.25 to 5%)

in the ZnO-rGO nanocomposite, the width of the

D-band first increases and then decreases as com-

pared to rGO. Consequently, the carbon-sp2 content

of the ZG-5 nanocomposite is more than the ZG-1.25

nanocomposite. The width of the G-band remains

almost the same in all the prepared nanocomposites.

This indicates that the crystallization of rGO is

maintained in all the nanocomposites. For ZG-10

nanocomposite, the width of D and G bands deviates

from the trend as followed by all the other

nanocomposites.

The reason for the deviation from the trend in

Raman results of ZG-10 nanocomposite can be

inferred as: The uncritical ratio of zinc ions to rGO

does not lead to the synergetic effect between ZnO

and rGO. Because of this, the ZG-10 nanocomposite

cannot follow the trend as followed by the other

Table 2 Parameters calculated

from Raman data of (a) GO,

(b) rGO, (c) ZG-1.25, (d) ZG-

2.5, (e) ZG-5, and (f) ZG-10

nanocomposites

Sample Position of D band/cm-1 Position of G band/cm-1 ID/IG FWHM (cm-1)

D-band G-band

GO 1352 1600 0.99 102 66

rGO 1347 1575 1.07 85 65

ZG-1.25 1343 1591 1.01 88 66

ZG-2.5 1347 1587 1.01 83 66

ZG-5 1351 1579 1.01 81 66

ZG-10 1339 1583 1.01 86 67

Fig. 6 The deconvoluted Raman data of ZnO and ZnO-rGO

nanocomposites: a ZnO, b ZG-1.25, c ZG-2.5, d ZG-5, and e ZG-

10
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nanocomposites. The co-observed Raman peaks of

ZnO together with rGO confirm that the ZnO-rGO

nanocomposites are synthesized successfully which

is in good accordance with the SEM and FTIR Spec-

troscopy results as well.

3.5 Electrical analysis of films

The impact of incorporation rGO on electrical prop-

erties [56, 57] of ZnO is studied using room temper-

ature I–V plots using Keithley 2450 SMU. Figure 7

shows the illustration of I–V measurement experi-

mental setup. Figure 8 represents the current–voltage

(I–V) characteristics for Al/ZnO/ITO and Al/ZnO-

rGO/ITO films with variation in weight percentage

of rGO in ZnO. Figure 9a–e shows the variation in

dual-logarithmic I–V curves with a varying weight

percentage of rGO from 1.25 to 10% in the prepared

nanocomposite films.

As can be seen from the I–V curves (Fig. 8), the

forward current in the ZnO films is 51 lA at 2.5 V.

When the weight percentage of rGO is increased from

1.25 to 10% in ZnO nanocomposite films (as con-

firmed from the EDX spectra), the forward current is

found to be increasing from & 51 to 105 lA (Table S1

in Supplementary Information). When rGO is incor-

porated from 1.25 to 5% in ZnO nanocomposite films,

the leakage current under applied reverse bias volt-

age is found to be decreasing from 71 to 35 lA at

2.5 V. It is also found that the forward and reverse

voltage in ZG-10 nanocomposite films could reach a

maximum of 1.75 V after which the films breakdown.

The enhancement in forward current and reduction

in leakage current in the prepared nanocomposite

films can be attributed to rGO nanosheets which

provided a facile pathway for the direct transporta-

tion of charge carrier in the ZnO-rGO nanocomposite

[58]. SEM and EDX observations, FTIR, and RAMAN

Spectroscopy analysis support these results by

showcasing the coexistence of ZnO and rGO in all the

prepared ZnO-rGO nanocomposites. When an

external bias is applied to the films, mobility as well

as the drift velocity of the charge carriers increases

which thereby increased the forward current. The

increase in leakage current in the ZG-10 nanocom-

posite films can be ascribed to the formation of trap-

level defects in ZnO due to the high concentration of

rGO.

The rectification ratio (RR = IF/IR) is calculated for

all the film samples [59]. In this case, the RR is cal-

culated as: the forward current at 2.5 V divided by

the reverse current at -2.5 V for all the films except for

ZG-10 nanocomposite films. The RR for ZG-10

nanocomposite films is calculated as: the forward

Fig. 7 Illustration of I–V

measurement experimental

setup

Fig. 8 Current–Voltage characteristics of ZnO and ZnO-rGO

nanocomposite films
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current at 1.75 V divided by the reverse current at

- 1.75 V. The RR is found to be 0.7, 1.2, 1.5, 2.9, and

1.6 for Al/ZnO, Al/ZG-1.25, Al/ZG-2.5, Al/ZG-5,

and Al/ZG-10 nanocomposite films, respectively.

Fig. 9 Dual-logarithmic I–V curves obtained for a ZnO, b ZG-1.25, c ZG-2.5, d ZG-5, and e ZG-10 nanocomposite films with standard

error B ± 0.002
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The I–V curves of all the samples are almost sym-

metric in the forward and reverse direction, which

results in low RR of Al/ZnO and Al/ZnO-rGO

nanocomposite films. The reason can be attributed to

the low work function contrast between the ZnO and

Al electrodes, ZnO-rGO nanocomposite, and Al

electrodes [60]. Table S1 in the Supplementary

Information depicts the variation in electrical

parameters of the fabricated ZnO and ZnO-rGO

nanocomposite films with varying weight percentage

of rGO from 1.25 to 10%.

To understand the effect of weight percentage

variation of rGO in ZnO nanocomposite films on

underlying current conduction mechanism, linear

fittings of the obtained I–V curves are carried out. All

the I–V curves are fitted by the space charge limited

conduction (SCLC) mechanisms, which is similar to

the results reported in the literature [18, 43, 61, 62].

The standard error for linear fitting of different

regions in the current–voltage curves is found to

be B ± 0.002. The relationship between the current

generated and applied voltages can be directly

interpreted from the value of the obtained slopes

from dual-logarithmic I–V curves. The obtained

slopes imply that the charge transport mechanism in

prepared ZnO-rGO nanocomposite films is governed

by the three limiting laws of space charge limited

conduction (SCLC) model, which are Ohm’s law,

Child’s law, and trap-limited SCLC mechanism. The

power-law relationship (I � (V)m, where m is the

slope of the plots) is used to categorize the charge

transport mechanism in all the films [43]. Such a

mechanism is explained based on deep-level defects.

Traps capture the electronic charges, which generally

lie in the forbidden gap region or extended band tails.

Energetically favored states or trap states strongly

influence the conduction characteristics in semicon-

ducting materials. The reason for the creation of traps

could be (1) inadvertent impurities, (2) defects

introduced during the film processing [63–66].

Moreover, the addition of rGO with different weight

percentage in ZnO nanocomposite films could also be

the cause of interfacial defect states in the prepared

films which is supported by the XRD analysis as well.

The XRD analysis clearly shows an increase in dis-

location density, variation in lattice parameters, and

decrease in crystallite size of ZnO with the increase in

weight percentage of rGO in ZnO-rGO nanocom-

posites. Further, EDX spectra show the presence of

sodium in the as-synthesized samples which may

also be one of the reasons for the creation of traps

inside ZnO and ZnO-rGO nanocomposite.

Figure 9a depicts the dual-logarithmic I–V curve of

ZnO films. It is observed that for low applied volt-

ages i.e., for V B 0.9 V (Region-1), the slope of the

dual-logarithmic I–V plots comes nearly one. This

implies linear dependence of current on the applied

voltage. Hence, it is concluded that the conduction

mechanism is governed by Ohm’s law. Such behavior

is because the density of thermally generated free

carriers inside the ZnO films is more than those of the

injected charge carriers [42]. The weak injection of

charge carriers from the electrodes leads to the partial

filling of the trap centers. Again to maintain the

neutrality of the charges inside the films, redistribu-

tion of the charge carriers occurs. This redistribution

occurs in such a manner that the injected carriers are

still obstructed to travel across the films which results

in a slope of 1.06. At higher applied voltage (V

C 0.9 V), the departure from ohmic behavior is

observed thereby following the Child’s Law. This is

denoted by Region-2, where the electrons injected

from the electrodes to the films are high. Due to

which the accumulation of the charge carriers at the

electrodes forms a space charge region which thereby

affects the electrical distribution.

Figure 9b shows the logI—logV curves of ZG-1.25

nanocomposite films. When rGO is introduced in the

ZnO nanocomposite films, the charge carriers are

increased. These charge carriers facilitate the injected

charge carriers upto a certain limit to travel across the

prepared films. But the effect due to traps over-

shadows the carriers of rGO and results in a slope of

1.39 at a low applied voltage (V B 0.9 V) indicating

Child’s law SCLC mechanism. A transition from

Child’s Law to trap-limited SCLC mechanism is

observed at a higher applied voltage (V C 0.9 V). The

strong injection of charge carriers at higher applied

voltage occurs, due to which the carriers do not get

enough transit time for reapportioning via thermally

generated charge carriers or rGO charge carriers. This

leads to the filling of trap centers. Hence, a slope

greater than 2 is obtained which confirms the trap-

limited SCLC conduction mechanism.

Figure 9c–e depicts the dual-logarithmic I–V

curves of ZG-2.5, ZG-5, and ZG-10 nanocomposite

films. It is observed that as the concentration of rGO

is increased from 2.5 to 10% in the ZnO nanocom-

posite films, a clear transition of the voltage ranges

for ohmic conduction keeps on increasing thereby
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decreasing the voltage range for Child’s Law mech-

anism. Apart from the prepared ZG-1.25 nanocom-

posite films, in which the transported charge carriers

are low in comparison to the other nanocomposite

films with high rGO content, all the nanocomposite

films followed the same trend. The reason for such a

behavior is explained based on deep-level defects as:

It can be observed that for low applied voltages i.e.,

(Region-1), the slope of the plots comes nearly one.

The films are said to follow Ohm’s law. The charge

carriers due to rGO incorporation increases, which

not only facilitates the injected charge carriers to

travel across the films but also overshadows the effect

of traps. As the voltage increases, the prepared films

follow Child’s Law. This implies that the strong

injection of charge carriers occurs due to which

accumulation of the charge carriers at the electrodes

form a space charge region which thereby affects the

electrical distribution. Hence, the dual-logarithmic I–

V characteristics of the prepared ZnO and ZnO-rGO

nanocomposite films are dominated by the SCLC

conduction mechanism.

4 Conclusion

Motivated by the adjoining merits of ZnO and rGO,

the present study addresses the fundamental charge

transport properties of ZnO and ZnO-rGO

nanocomposite films and their potency for the real-

ization of film-based nanodevices. The nanocompos-

ites are synthesized by a facile hydrothermal method

and are analysed by various characterizations. Phase

formation of ZnO and dispersion of rGO in ZnO are

confirmed by XRD and SEM observations. The ele-

mental composition of ZnO and ZnO-rGO

nanocomposites is confirmed by EDX analysis. The

coexistence of ZnO and rGO in the nanocomposites is

confirmed by FTIR and Raman spectroscopy. Films of

ZnO and the ZnO-rGO nanocomposites are fabri-

cated on ITO coated corning-glass substrate using

spin-coating technique. Charge transport properties

of all the as-prepared films (Al/ZnO/ITO and Al/

ZnO-rGO/ITO) have been studied via current–volt-

age (I–V) characteristics over the voltage range of

- 2.5 to 2.5 V. The detailed I–V curves shows the

enhancement in the performance characteristics of

the nanocomposites films by varying the rGO con-

centration in ZnO-rGO nanocomposite. It is found

that as the rGO concentration increases in ZnO

nanocomposite films, the forward current in the films

also increases. Furthermore, the dual-logarithmic I–V

plots have been explained based on the space charge

limited conduction (SCLC) model to identify the

charge transport mechanism in the films. As the

weight percentage of 1.25% of rGO is introduced in

ZnO nanocomposite films, the dual-logarithmic I–V

characteristics give a clear transition from Child’s law

to trap-limited SCLC mechanism (0.9 V being the

cross-over voltage). On further incorporation of rGO

(from 2.5 to 10%), the conduction is favored by Ohm’s

law at low applied voltages and Child’s law at higher

applied voltages. Experimental results show that the

best percentage of rGO in ZnO-rGO nanocomposite

films is 5% in respect of high forward current, low

leakage current, and higher rectification ratio com-

pared to other ZnO-rGO nanocomposites. Beyond 5%

of rGO in ZnO-rGO nanocomposites, the critical ratio

of zinc ions to rGO is not maintained, due to which

the synergetic effect did not lead to expected results.

Hence, manipulation of functional properties such as

charge transport by the addition of highly conducting

rGO may provide additional liberty during device

fabrication suitable for applications such as UV-

photodetection.
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