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Vertical ZnO nanowires/graphene hybrids for transparent and flexible field
emission†‡
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We present a transparent and flexible optoelectronic material composed of vertically aligned ZnO NWs

grown on reduced graphene/PDMS substrates. Large-area reduced graphene films were prepared on

PDMS substrates by chemical exfoliation from natural graphite via oxidative aqueous dispersion

and subsequent thermal reduction. ZnO NWs were hydrothermally grown on the reduced graphene

film substrate and maintained their structural uniformity even in highly deformed states. The electrical

contact between semiconducting ZnO NWs and the metallic graphene film was straightforwardly

measured by electric force microscopy (EFM). It shows a typical metal–semiconductor ohmic contact

without a contact barrier. Owing to the mechanical flexibility, transparency, and low contact barrier,

the ZnO NWs/graphene hybrids show excellent field emission properties. Low turn-on field values of

2.0 V mm�1, 2.4 V mm�1, and 2.8 V mm�1 were measured for convex, flat, and concave deformations,

respectively. Such variation of field emission properties were attributed to the modification of ZnO

NWs emitter density upon mechanical deformation.
Introduction

ZnO nanowires (NWs) are transparent, wide band-gap semi-

conductor nanomaterials, potentially useful for electronics and

optoelectronics.1,2 In particular, vertical ZnO NWs are promising

field emitters,3–6 owing to their large shape anisotropy, and great

thermal/chemical stability under oxygen environments. For such

devices, vertical ZnO NWs have been produced either by catalytic

gas phase syntheses,7,8 or by solution phase syntheses.9,10 In

particular, hydrothermal solution phase synthesis ensure process

scalability and cost efficiency, such that highly dense, catalyst-free,

vertical ZnO NWs are readily grown, even below 100 �C under

atmospheric pressure. Meanwhile, despite such attractive proper-

ties and facile processing, the substrate materials for vertical ZnO

growth have been mostly limited to hard, flat substrate materials,

such as indium tin oxide (ITO) and fluorine-doped tin oxide

(FTO), thus far. Accordingly, the integration of vertical ZnO NWs

in a flexible device remains a technological challenge.

Graphene is an emerging carbon material consisting of mon-

olayered sp2 hybrid carbon atoms.11,12 Its atomic thickness and

two-dimensional conjugated chemical structure cause a broad

spectrum of attractive properties, such as optical transparency,13

high electro-conductivity,11 mechanical flexibility,13,14 and strong

thermal/chemical stability.15–18 Such a synergistic combination of

attractive properties renders graphene a promising component

for next-generation flexible electronics and optoelectronics.
Department of Materials Science and Engineering, KAIST, Daejon,
305-701, Republic of Korea. E-mail: sangouk.kim@kaist.ac.kr; Fax: 82-
42-350-3310; Tel: 82-42-350-3339
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Since the unexpected isolation of graphene by micro-

mechanical drawing,19 numerous approaches have been exploi-

ted for the large scale production of graphene.20–26 Among them,

chemical exfoliation of natural graphite via oxidative aqueous

dispersion, namely the ‘Hummers method’27 and subsequent

reduction, has proven to be a highly efficient and scalable

process. In this approach, the aqueous dispersibility of the gra-

phene oxide precursor facilitates the solution processing of

natural graphite into highly uniform macroscopic graphene films

or sheets that are mechanically flexible, electrically conductive, as

well as optically transparent.

In this work, we introduce all-transparent ZnO NWs/graphene

hybrids consisting of ZnO NWs vertically grown on reduced

graphene film. Highly uniform, nanometre-scale thick, large-area

reduced graphene films were prepared on a silicon substrate by

spin casting from an aqueous dispersion and subsequent thermal

reduction. The large-area reduced graphene film was transferred

onto a flexible PDMS substrate to constitute a mechanically

flexible/stretchable, electro-conductive, and optically transparent

substrate. Hydrothermal synthesis9,10,29 was employed to grow

vertical ZnO NWs on the flexible substrate. The resultant ZnO

NWs/graphene hybrid architecture maintained its structural

integrity, even in a highly deformed state, and ohmic electrical

contact through the semiconductor NWs and metallic graphene

substrate junctions. As examples among many potential appli-

cations, the ZnO NW/graphene hybrids were readily integrated

into a field-emitting device, whose remarkable performance

under mechanical deformation is reported.
Experimental

Materials

Graphite was purchased from GK (product MGR 25 998 K),

ethanol from J. T. Baker and hydrofluoric acid from DC
This journal is ª The Royal Society of Chemistry 2011
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Chemical Corporation. PDMS (SYLGARD 184 Silicone Elas-

tomer KIT) was purchased from Dow Corning Corporation.

Zinc acetate dihydrate, zinc nitrate hexahydrate, and hexa-

methylenetetramine were purchased from Sigma-Aldrich.
Preparation of reduced graphene/PDMS substrates

Graphite oxide was prepared from a natural graphite by

a modified Hummers method.28 A fully exfoliated graphene

oxide aqueous dispersion was achieved after sonication for 2 h

and subsequent dialysis for 3 days. The resulting graphene oxide

aqueous solution (0.3 wt%, 10 ml) was mixed with 10 ml of

ethanol for spin casting. A graphene oxide film was spin cast

upon a SiO2 (500 nm)/Si substrate and thermally reduced at

600 �C for 30 min under a 100 sccm H2 gas flow. The reduced

graphene film was transferred onto a PDMS film thermally cured

at 90 �C for several hours. Finally, the flexible reduced graphene

film/PDMS substrate was prepared by peeling off from the

silicon substrate in HF solution.
Synthesis of ZnO NWs/graphene hybrids

10 mM of ZnO seed solution (Zinc acetate dihydrate) in ethanol

was spin cast on the reduced graphene/PDMS substrate. ZnO

NWs were grown in an aqueous solution of 25 mM of zinc nitrate

hexahydrate and 25 mM of hexamethylenetetramine at 90 �C

for 3 h.
Characterization of ZnO NWs/graphene hybrids

The morphology and thickness of reduced graphene and ZnO

NWs were characterized with a field emission scanning electron

microscope (FESEM; Hitachi S-4800 SEM, Japan). The lattice

structure and composition elements of ZnO NWs were charac-

terized using a high-resolution transmission electron microscope

(HRTEM; Philips Tecnai G2 F30) and energy dispersive spec-

trometer (TEM-EDS; Philips Tecnai G2 F30). Transmittance

spectra of PDMS film, reduced graphene/PDMS substrate, and

ZnO NWs/reduced graphene/PDMS hybrids were characterized

by UV-vis spectroscopy (JASCO, V530, Japan).
Energy level measurements of the reduced graphene and ZnO

NWs

The work function of metallic graphene and the work function

and valence band of semiconducting ZnO NWs were obtained

from ultraviolet photoelectron spectroscopy (UPS; AXIS-

NOVA, Kratos Inc.). The band gap of the ZnO NWs was

measured using a UV-vis spectrometer (JASCO, V530, Japan).
Fig. 1 A schematic illustration of the fabrication process of a trans-

parent and flexible electrode composed of ZnO nanowires vertically

grown on reduced graphene film/PDMS substrates.
Sheet resistance of reduced graphene and electric current through

single NW–graphene film junction measurements

The sheet resistance of reduced graphene was measured by 4-

point probe equipment (CMT-SR1000N, AIT, Republic of

Korea). The electrical characterization between reduced gra-

phene and single ZnO NWs was measured in contact mode EFM

(Seiko, N3800, Japan).
This journal is ª The Royal Society of Chemistry 2011
Fabrication of the reduced graphene transistor

Electron beam lithography was used to fabricate the Pd source

and drain electrodes (thickness: 80 nm) in a field effect transistor

test, with the boron-doped (p-type) silicon substrate (SiO2

thickness of 500 nm) utilized as a back gate.
Field emission measurements

Flexible poly(ethylene terephthalate) (PET) films sputtered with

5 nm Au were utilized as the anode for the unbent or bent ZnO

NWs/graphene hybrid cathodes. The spacing between the anode

and the cathode was maintained at 200 mm. The field emitting

properties were measured under a vacuum of �10�6 torr by

applying a voltage of 0–3000 V between the two electrodes.
Results and discussion

The synthetic procedure for the production of ZnO NWs/gra-

phene hybrids is schematically shown in Fig. 1. An aqueous

dispersion of graphene oxide was prepared by a modified

Hummers method.28 Thin graphene oxide films were spin cast on

SiO2 (500 nm)/Si substrates from the aqueous dispersion. After

thermal reduction at 600 �C for 30 min under a stream of H2 gas,

�10 nm thick reduced graphene film was produced (ESI

Fig. S1‡). The electro-conductivity of the reduced graphene film

was �20 kU/, (ESI, Table S1‡). A PDMS film, thermally cured

at 90 �C was put on the reduced graphene film. While the

underlying SiO2 was chemically etched in HF solution, the

PDMS film tightly bound to reduced graphene film was quickly

peeled off (Fig. 2a) and thoroughly washed with deionized water.

After drying, the mechanically flexible, electro-conductive,

transparent reduced graphene/PDMS substrate was prepared

(Fig. 2b and c). Vertical ZnO NWs were grown from the gra-

phene substrate following a two step hydrothermal synthesis.

Firstly, ZnO seed solution (10 mM zinc acetate dihydrate in

ethanol) was spin cast on the reduced graphene surface several

times. After each spin casting, the seed layer was dried at 90 �C.
J. Mater. Chem., 2011, 21, 3432–3437 | 3433
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Fig. 2 Photographs and a SEM image demonstrating: (a) reduced gra-

phene film transfer to PDMS in HF solution. (b) The flexibility and

transparency of a reduced graphene/PDMS substrate. (c) Reduced gra-

phene film/PDMS substrates (left) before and (right) after ZnO NWs

growth, respectively. (d) A representative FE-SEM image of ZnO NWs

vertically grown on the reduced graphene/PDMS substrate.
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In the second step, ZnO NWs were grown by suspending the

seeded graphene/PDMS substrate in an aqueous solution of zinc

nitrate hexahydrate (25 mM) and hexamethylenetetramine

(25 mM) at 90 �C for 3 h. The seeded graphene film side was face

down during the NW growth to prevent precipitation of floating

ZnO crystals on the substrate. Fig. 2c shows a photograph that

compares reduced graphene/PDMS substrate before (left) and

after (right) ZnO NW growth. Fig. 2d shows a plane view field-

emission scanning electron microscopy (FE-SEM) image of the

highly aligned, vertical ZnO NW arrays grown on a reduced

graphene/PDMS substrate.

Fig. 3a shows a 60� tilted cross-sectional FE-SEM image of

a ZnO NWs/graphene hybrid. ZnO NWs with an average length

of �1 mm and diameter of �50 nm were vertically grown on the
Fig. 3 (a) 60� tilted cross-sectional FE-SEM image of vertical ZnO NWs

grown on the reduced graphene/PDMS substrate. (b) HRTEM image

and FFT pattern (inset) showing [0001] growth direction of the ZnO NW.

High- and low- (inset) magnification SEM images of high bent ZnO

NWs/graphene/PDMS hybrids: (c) left-upper side and (d) right-upper

side views, respectively.

3434 | J. Mater. Chem., 2011, 21, 3432–3437
reduced graphene film surface. The crystalline structure of the

ZnO NW was characterized by high resolution TEM (HRTEM)

and fast Fourier transform (Fig. 3b). HRTEM analysis revealed

that the synthesized ZnO NWs had a single crystalline nature and

the lattice distance along the NW growth direction was 0.52 nm.

The fast Fourier transform (FFT) pattern of a HRTEM image

(inset in Fig. 3b) shows that the preferred NW growth direction

indexed to a wurtzite structure was [0001]. Taking advantage of

the high mechanical flexibility of the reduced graphene/PDMS

substrate, ZnO NWs/graphene hybrids could be extremely bent

without losing their structural integrity, as shown in Fig. 3c and

3d. Despite the small bending radius of �2 mm, the structural

integrity was well-maintained.

Fig. 4a shows the optical transparency of PDMS, reduced

graphene/PDMS, and ZnO NWs/reduced graphene/PDMS

substrates, respectively. The optical transparency measured by

UV-vis spectroscopy was �70% before ZnO NW growth, which

slightly decreased to �55% after NW growth. Owing to the

intrinsic transparency of ZnO with a wide band gap, the trans-

parency decreased by only �15%. The vertical alignment and

uniform distribution of ZnO NWs also support such a high

optical transparency.29 The chemical composition of the ZnO

NW was analyzed by energy dispersive X-ray spectrometry

(EDS). Fig. 4b shows that the synthesized ZnO NWs are

composed of zinc and oxygen (C and Cu peaks from a TEM-

grid).

The work function (FZnO) and valence band energy of ZnO

NWs were measured by ultraviolet photoelectron spectroscopy

(UPS) (Fig. 5a and b). He I (21.2 eV) was utilized as a photon

source for the UPS measurement, where the error margin of the

obtained values was less than 1% compared to refs 30 and 33.

Furthermore, the band gap of the ZnO NWs was also calculated

by measuring the edge of the absorption spectrum through UV-

vis spectroscopy (Fig. 5c). Based on these values of ZnO NWs,

the energy-band diagram of the ZnO NWs could be estimated.

The work function of the reduced graphene film (Freduced graphene)

was also measured by UPS. Fig. 5d shows the work function of

the reduced graphene with a value of 4.53 eV.

Fig. 6 presents a field-effect transistor (FET) test for a reduced

graphene film. The metallic electro-conductivity of the reduced

graphene film was confirmed by the FET test, where the source–

drain current (Ids) through the graphene film maintained

a constant value, regardless of the gate voltage (Vg) (Fig. 6a). The

inset of Fig. 6a shows a SEM image of a Pd source and drain

electrodes with 80 nm thickness on the reduced graphene. The

reduced graphene was patterned into 1 � 1 cm to prevent the

current flow to the back gate. Fig. 6b shows a schematic
Fig. 4 (a) UV-vis spectra of raw PDMS, the reduced graphene/PDMS

substrate and ZnO nanowires/reduced graphene/PDMS hybrid. (b) The

TEM-EDS spectrum of the ZnO NW (C and Cu peaks from a TEM grid).

This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 (a) The Ids–Vg characteristics of a reduced graphene film (film

thickness: 10 nm) measured by a field-effect transistor test (inset: a SEM

image of the source–drain electrodes prepared by electron beam lithog-

raphy on the reduced graphene film, scale bar: 500 mm). (b) A schematic

illustration of a field-effect transistor (FET) with the Pd source and drain

electrodes (Vds ¼ 100 mV).

Fig. 7 (a) Energy-band diagrams of semiconducting ZnO NWs and

a metallic reduced graphene film. (b) An energy-band diagram of ZnO

NW–reduced graphene film junction (FZnO > Freduced graphene). (c) An I–V

plot via single NW and the reduced graphene layer measured by an EFM

(electric force microscope).

Fig. 5 (a) The ZnO nanowire work function measured using ultraviolet

photoelectron spectrum (UPS). (b) The ZnO NWs valence band obtained

from the magnified region of the UPS, marked with a red circle in (a). (c)

ZnO nanowire band gap energy obtained from the UV-vis absorption

spectrum. (d) The reduced graphene work function measured using UPS.
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illustration of a reduced graphene FET. This device is fabricated

on a boron-doped silicon substrate with 500 nm SiO2 as the gate

dielectric. The electronic measurement was carried out in

ambient conditions at room temperature.

Fig. 7a shows the energy-band diagram of a ZnO NW and

a reduced graphene film. The conduction band of the ZnO NWs

was calculated from the difference between the measured valence

band and band gap of the ZnO NWs. Fig. 7b illustrates the

anticipated energy-band diagram for the direct contact of n-type

semiconductor ZnO NWs with metallic reduced graphene film.

To achieve thermal equilibrium in this junction with FZnO >

Freduced graphene, electrons will flow from the reduced graphene

film to the ZnO NW, which renders the surface of the ZnO NW

more n-type. Generally, two types of ohmic contacts are avail-

able at semiconductor–metal junctions: (i) ideal non-rectifying

barriers, and ii) tunnelling barrier for a metal–heavily-doped

semiconductor junction.37 Since our ZnO NWs were undoped,

we suggest an ideal non-rectifying barrier for the junction

between the ZnO NWs and the reduced graphene film. The

electrical contact between a vertical ZnO NW and graphene film

was straightforwardly measured by EFM,34 as shown in Fig. 7c.
This journal is ª The Royal Society of Chemistry 2011
The inset depicts the current–voltage (I–V) measurement system

by EFM. Since the EFM Pt-coated cantilever tip diameter (30

nm) was smaller than the ZnO NW diameter (40–80 nm), the

electric current through a vertical single NW and graphene

substrate could be successfully measured as a function of the

voltage. As anticipated, the obtained I–V curve exhibits typical

ohmic behavior. The resistance calculated from the slope of the

I–V curve was 9.1 � 107 U. This relatively large value is attrib-

uted to the intrinsic junction barrier between ZnO NWs and

reduced graphene films, and the contact resistance at the canti-

lever tip/ZnO NW contact, and reduced graphene film/bottom

electrode contact. Nevertheless, the smooth I–V curve with an

almost linear shape represents the ohmic contact between an

individual ZnO NW and the reduced graphene film substrate.

Owing to the mechanical flexibility and low contact barrier

between the semiconducting NW and the metallic substrate, our

ZnO NWs/graphene hybrids are potentially useful for flexible

electrics and optoelectronics. As a representative example, we

investigated the flexible field emission characteristics.35,36

Fig. 8 presents the field emission properties measured in

unbent and bent states. Flexible poly(ethylene terephthalate)

(PET) films sputtered with 5 nm Au were utilized as the anode for

the bent ZnO NWs/graphene hybrid cathodes. Fig. 8a shows the

field emission current density–applied field (J–E) curves. The

turn-on field required to generate an emission current density of

10 mA cm�2 decreased in the order concave, flat, then convex

structures. The bending radius was �22.5 mm for both concave

and convex geometries. While the turn-on voltage of a flat hybrid

film was 2.4 V mm�1, the turn-on field for a convex film exhibited

a lower value of 2.0 V mm�1. This is one of the lowest values

reported for ZnO NWs field emitters.3–6 In contrast, the concave

film showed a larger value of 2.8 V mm�1.

In order to get an insight into the variation of the field emission

under mechanical deformation, the measured J–E curves were

converted into the Fowler–Nordheim (F–N) plot (ln(I/V2) vs (1/

V) in Fig. 8b. The plotted curves were linearly fit to calculate the
J. Mater. Chem., 2011, 21, 3432–3437 | 3435
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Fig. 8 The field emission properties of ZnO NWs/graphene hybrids. (a)

Current density vs electric field curves for the bent and unbent hybrids

(bending radius: 22.5 mm). (b) Fowler–Nordheim plots for the bent and

unbent hybrids.
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field enhancement factors (b), according to the following

equation:

b ¼ BF3/2d / slope, (1)

where F is the work function of ZnO, d is the distance between

the anode and cathode, and B ¼ 6.83 � 109 eV�3/2 V m�1. The

field enhancement factor (b) is generally related to the geometry,

structure, and density of emitters. By taking 5.28 eV as the F for

ZnO NWs obtained from the UPS measurement and maintaining

an anode to cathode distance of 200 mm, the field enhancement

factors (b) were calculated. The calculated b values were 3834,

5661, and 6473 for concave, flat, and convex films, respectively.

This large variation is attributed to the modification of the

ZnO NW emitter area density upon bending. If the ZnO NWs/

graphene hybrid cathode was bent inwardly, making it into

a concave shape, the area density of the field emitter tips

increased. This densification strengthened the screening effects

from neighboring ZnO field emitters such that the overall field

emitting efficiency deteriorated. Conversely, when the ZnO

NWs/graphene hybrid was bent outwardly, the area density of

the field emitter decreased. Under less screening from
3436 | J. Mater. Chem., 2011, 21, 3432–3437
neighboring emitters, the emitting efficiency became greatly

enhanced.31,32

Conclusions

We have demonstrated a novel transparent and flexible opto-

electronic hybrid material consisting of vertically aligned ZnO

NWs grown on reduced graphene/PDMS substrates. This hybrid

material created from the hydrothermal synthesis of ZnO NWs

on reduced graphene/PDMS substrates proved to be a promising

candidate for flexible devices, such as flexible field emission

devices. Owing to the good mechanical and electrical contact

between vertical ZnO NWs and graphene film, the field emission

of our hybrid material showed low turn-on voltages from 2.0 to

2.8 V mm�1, even in highly deformed geometries. In particular,

the convex bending exhibited one of the lowest values of 2.0 V

mm�1, due to the reduced screening effect from neighboring field

emitters. We anticipate that the mechanical deformability and

interesting electric and optoelectronic properties of the ZnO

NWs/graphene hybrids would provide valuable insights for

flexible applications, such as flexible displays and solar cells.
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