
This journal is c the Owner Societies 2012 Phys. Chem. Chem. Phys., 2012, 14, 16111–16114 16111

Cite this: Phys. Chem. Chem. Phys., 2012, 14, 16111–16114

Fabrication of n-type ZnO nanowire/graphene/p-type silicon hybrid

structures and electrical properties of heterojunctions
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Compared to the p–n junction type device (Device A) with an n-type ZnO nanowire

(n-ZnO)/p-type silicon (p-Si) hybrid structure, the newly designed device (Device B) with an

n-ZnO/reduced graphene oxide sheet (rGO)/p-Si hybrid structure displays interesting electrical

characteristics such as lower turn-on voltage and better current symmetry. The addition of rGO

between n-ZnO and the p-Si substrate enables tuning of the p–n junctions into back-to-back

Schottky junctions and lowering of the turn-on voltages, implying great potential applications

in electronic and optoelectronic devices. The electrical characteristics and operating mechanism

of these two devices are fully discussed.

Introduction

As one of the excellent semiconductor nanomaterials, ZnO

nanostructures including nanowires,1 nanobelts,2 nanotubes,3

nanorings,4 and nanohelices5 have been extensively studied

and remarkable breakthroughs have been achieved in the past

decade. In 2004, a novel nanomaterial, graphene, was discovered

as a single 2-dimensional carbon sheet with the same structure as

the individual layers in graphite.6–8 So far, ZnO and graphene

have individually exhibited enormous potential for applications

in electronic and optoelectronic devices.9–12

Although ZnO and graphene have attracted much scientific

attention due to their novel and promising characteristics at

the nanometer scale, studies into the properties of their hybrid

structures has just started. Recently, research efforts focusing on

hybrids of ZnO nanostructures and graphene as well as their

potential device applications have been reported. ZnO nanorod–

graphene hybrid architectures exhibiting a high current flow

and distinct light emission could serve as multifunctional

conductors.13 The transparent and flexible ZnO nanowire/

graphene hybrids on a polydimethylsiloxane (PDMS) substrate

show excellent field emission properties with low turn-on voltage

at all convex, flat, and concave deformation situations.14

In addition, ZnO nanorods on reduced graphene oxide

(rGO) electrodes have been further applied in hybrid

solar cells, whose conversion efficiency is higher than that

reported for previous solar cells using graphene films as

electrodes.15 This progress clearly suggests that the ZnO

nanostructure/graphene hybrids combining the advantages

of both materials can display better performance in many

device applications.

In this study, ZnO nanowires are grown directly on the

cleaned p-type silicon (p-Si) substrate and these form the p–n

electrical junctions with an n-type ZnO nanowire (n-ZnO)/p-Si

hybrid structure (Device A). In contrast, ZnO nanowires are

also grown on the rGO sheet/p-Si substrate using a similar

procedure. The rGO, which is prepared by chemical exfolia-

tion from natural graphite in oxidative aqueous dispersion

and subsequent hydrazine reduction, is transferred onto the

surface of the p-Si substrate. ZnO nanowires are grown on

both p-Si and rGO/p-Si substrates in a heated zinc nitrate and

hexamethylenetetramine mixture solution. The novel n-ZnO/

rGO/p-Si hybrid (Device B) is fabricated and the heterojunc-

tion displays distinct electrical property different from the p–n

junction property of the n-ZnO/p-Si hybrid structure. The

addition of an rGO sheet between the n-ZnO and p-Si enables

lowering of the turn-on voltages and tuning of p–n junctions

into back-to-back Schottky junctions. A characteristic of these

rectifying junctions is that they allow an electric current

to pass in one direction while blocking or modifying the

current in the opposite direction, which can be used to regulate

voltage, to tune radio, and to generate radio frequency

oscillations. The schematics of band structures of both devices

are illustrated to explain the underlying mechanism. These two

kinds of heterojunctions should find many potential applica-

tions in electronic and optoelectronic devices.
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Experimental

Preparation of graphene oxide (GO) and rGO

GO was prepared by a modified Hammer’s method as

reported.16 Subsequently, the GO was ultrasonicated in water

for 3 h to obtain GO sheets, followed by centrifugation for

30 min at 3000 rpm to remove any potential unexfoliated

oxidized graphite. After adjusting pH to 11 by 5% ammonium

hydroxide, hydrazine hydrate was then added to the GO

dispersion solution (0.1 mg mL�1). The resulting mixture

was heated at 95–100 1C for 2 h under a water-cooled

condenser and then cooled to room temperature. The resulting

solution was then filtered through a polycarbonate membrane

(0.22 mm pore size) and was repeatedly washed by ultrapure

water. The collected rGO was redistributed in ultrapure water

(ratio of 1.25 mg rGO to 1 mL water) by ultrasonication in a

water bath for 15 min.

Preparation of ZnO nanowires and devices

In our experiment, a highly boron-doped p-Si (100) substrate

with an electrical resistivity of 0.008 O�cm was used as the

growth substrate. For Device B, the rGO suspension was

gently released on the p-Si by a dropper in a clean room and

allowed to dry in a fume hood for evaporation of the solvent.

The processes were repeated until the average thickness of the

as-prepared rGO sheet was about 200 nm, confirmed by a

surface profiler. Subsequently, a 100 nm thick ZnO film was

deposited onto the rGO sheet by a magnetron sputtering

method. The nutrient solution for ZnO nanowire growth in

our experiment was composed of zinc nitrate and hexamethyl-

enetetramine at 1 : 1 ratio with both concentrations at the

same 25 mmol L�1. The rGO/p-Si substrate was carefully

placed on the surface of the nutrient solution with the seed

layer facing downward. The nutrient solution was maintained

at 90 1C for 28 h. The final sample was taken out and cleaned

by deionized water (DI water) thoroughly and dried naturally.

Scanning electron microscope (SEM) images indicated that the

ZnO nanowires covered the entire surface of the substrate. The

indium tin oxide (ITO) glass serving as a top electrode was

firmly pressed on top of the ZnO nanowire arrays, completing

the fabrication of Device B. Concerning the fabrication of

Device A, the step of deposition of the rGO sheet was absent

and other steps were performed exactly in the same way.

Schematics of Devices A and B are illustrated in Fig. 1a and

b, respectively.

Characterization

The morphology of ZnO nanowires was characterized by

a field-emission scanning electron microscope (FESEM,

HITACHI S-4800). The morphology of graphene was char-

acterized by an atomic force microscope (AFM, Benyuan

CSPM5500). The thickness of the graphene sheet was checked

and confirmed by a surface profiler (KLA-Tencor XP-2).

The crystal structures of ZnO nanowires and graphene were

determined by an X-ray diffractometer (XRD) using Cu Ka
radiation (Rigaku D/max 2500v/pc). The electrical measure-

ments were carried out using a Keithley 2635 system controlled

by a computer.

Results and discussion

Fig. 2a shows the SEM image of ZnO nanowires, whose growth

orientations are random. The typical length of the ZnO nano-

wires is 4–5 mm, the diameter is 80–100 nm, and the density is

B45 mm�2. Fig. 2b displays the XRD patterns of graphite,

rGO, and ZnO nanowires grown on the rGO (ZnO + rGO).

While the sharp and intensive peak at 2y = 26.41 for graphite

indicates a highly organized crystal structure with the (002)

interlayer spacing of 0.337 nm, the low and broad peak at

2y = 24.81 for rGO represents the (002) interlayer spacing

of 0.359 nm. The slight expansion of interlayer spacing is

regarded to result from the residual functional groups that

may exist between the rGO layers. The low XRD signal-to-

noise ratio of peak (002) for rGO is because the exfoliated

graphene was stacked weakly during the fabrication. Since the

thickness of the rGO sheet where ZnO nanowires grow is only

200 nm, the (002) peak from rGO is too weak to be observed in

this ZnO + rGO sample. However, the peaks of (002) and

(101) from ZnO nanowires are strong and sharp, demonstrating

the excellent crystallinity of ZnO nanostructures and bestowing

their candidacy for electronic applications. Our previous research

results demonstrated that the ZnO nanowires obtained by this

solution reaction method are grown along c direction, so the

appearance of the ZnO (101) peak suggests the random orienta-

tion of ZnO nanowires.17

The AFM image and cross-section profile analysis of the

as-prepared rGO on a flat mica substrate are shown in Fig. 3a

and b. The thickness of the as-prepared rGO is about 0.7 nm,

Fig. 1 (a) and (b) Schematics of the fabricated n-ZnO/p-Si hybrid

structure (Device A) and n-ZnO/rGO/p-Si hybrid structure (Device B),

respectively.

Fig. 2 (a) SEM image of ZnO nanowires grown on an rGO sheet by a wet

chemical method (151 view). The inset is the enlarged SEM image. (b) XRD

patterns of graphite, rGO, and ZnO nanowires (grown on rGO).
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suggesting that our rGO has 1–2 layers of carbon atoms.

Although the area of a single layer of rGO varies from a few

micrometer squares to thousands of micrometer squares, rGO is

unable to cover the entire 1 � 1 cm2 substrate with only a single

layer. Therefore, a large amount of rGO was repeatedly deposited

on the p-Si substrate, forming a 200 nm thick rGO sheet, to ensure

the entire coverage by rGO and no current leakage between ZnO

nanowires and the p-Si substrate in Device B.

The electrical properties of the as-prepared nanomaterials

and devices were characterized by an I–Vmeasurement system

(Keithley 2601) at room temperature. Fig. 3c illustrates the

experimental setup for electrical measurement and Fig. 3d

displays the I–V curve obtained from a 200 nm thick rGO sheet

separated by two Ag electrodes with a 2 mm gap, which were

deposited on the rGO sheet by silver paste. The nearly linear

current response to the applied voltage suggests that the rGO sheet

with good conductivity is metallic. The excellent conductivity of

the as-prepared rGO can play an important role in the electronic

devices. Fig. 4a and b show the electrical properties of Device A

with an n-ZnO/p-Si structure and Device B with an n-ZnO/rGO/

p-Si structure, respectively. The positive voltage in Fig. 4 means

that p-Si was positively biased. Two distinct differences are

observed in their I–V curves. Firstly, Device A displays rectifying

behavior of typical p–n junctions, which was previously observed

in other work.18 Instead of significantly blocking the reverse

currents as in p–n junctions in Device A, the reverse energy

barrier of Device B seems to be highly reduced, inducing a

significantly larger reverse current. Secondly, the turn-on voltages

(current at 0.1 mA) of the two kinds of devices are different

and listed in Table 1. The turn on voltages of Device B when

forwardly biased are B1.6 V, systematically lower than those

of Device A at B1.8 V, implying the presence of a slight

barrier introduced by the rGO sheet. The discovery of the new

electrical characteristics of Device B enriches the functionality

of semiconductor-based devices, and may have great implica-

tions for future graphene-based applications.

In order to understand the underlying physics of these

two kinds of devices, the possible underlying mechanism is

discussed in detail below. The original band diagrams of

individual p-Si, rGO, and ZnO are plotted in Fig. 5a. For

Device A, when the n-ZnO nanowires are grown on the p-Si

substrate forming a p–n diode, the energy band diagram under

equilibrium conditions is illustrated in Fig. 5b, where the Fermi

level is a constant independent of position, leading to a ‘‘build-in’’

voltage Vbi across the junction. When a positive bias Vapp is

applied on the p-Si, the forward bias band diagram is plotted by

moving the n-ZnO side upward by qVapp while holding the

p-Si side fixed, as shown in Fig. 6a. It is readily established that

EFp � EFn = �eVapp

Fig. 3 (a) The tapping-mode AFM image of the as-prepared rGO on

a clean mica surface. (b) The cross-sectional profile of rGO sample

indicated by a blue line in (a). (c) Schematic of the electrical char-

acterization system of the 200 nm thick rGO sheet. (d) Electrical I–V

curve of the rGO sheet suggesting its metallic property.

Fig. 4 (a) Rectifying I–V characteristics for the n-ZnO/p-Si hybrid

structure (Device A). (b) Rectifying I–V characteristics for a novel

n-ZnO/rGO/p-Si hybrid structure (Device B).

Table 1 The forward and reverse turn-on voltages of Device A and
Device B at 0.1 mA

Device no.
Forward turn-on
voltage (V)

Reverse turn-on
voltage (V)

A1 1.82 —
A2 1.84 —
B1 1.56 2.33
B2 1.68 2.06

Fig. 5 (a) Individual band diagrams of the p-Si substrate, rGO sheet,

and n-ZnO nanowires. (b) The energy diagram of an n-ZnO/p-Si

heterojunction (Device A) under equilibrium conditions. (c) The energy

diagram of an n-ZnO/rGO/p-Si hybrid heterostructure (Device B)

under equilibrium conditions.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n,
 F

lin
t o

n 
08

 N
ov

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

6 
O

ct
ob

er
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2C

P4
34

53
A

View Online

www.sp
m.co

m.cn

http://dx.doi.org/10.1039/c2cp43453a


16114 Phys. Chem. Chem. Phys., 2012, 14, 16111–16114 This journal is c the Owner Societies 2012

where EFp and EFn are majority-carrier quasi-Fermi levels of

p-Si and n-ZnO, respectively.

The larger the Vapp applied, the lower the energy barrier and the

thinner the depletion width between the diodes. In contrast, a

negative bias will induce a higher energy barrier and a thicker

depletion width as shown in Fig. 6b. Therefore, Device A permits a

net flow of electrons from n-ZnO to the p-Si substrate and the

increasing Vapp leads to a rapidly rising forward bias current. On

the other hand, even the minority-carrier electrons in p-Si are all

pulled through the junction by the reverse bias, the associated

reverse-bias current should be relatively small. The above state-

ments well explain the features in Fig. 4a. For Device B, the

existence of the rGO layer between n-ZnO and the p-Si substrate

modifies the junction and its corresponding electrical properties.

The energy band diagram ofDevice B under equilibrium conditions

is illustrated in Fig. 5c, where two Schottky junctions are formed

back-to-back in series. Schottky junctions fall into the category

of metal–semiconductor junctions, but the rectifying Schottky

behavior appears only if FM > FS for n-type semiconductors

andFMoFS for p-type semiconductors, whereFM andFS are the

workfunctions of metals and semiconductors, respectively. Here in

Device B, the rGO can be regarded as a metal with good

conductivity,19 constructing Schottky diodes individually with

p-Si and n-ZnO because of their different workfunctions.20 Com-

paring with p–n junctions in Device A, the lower forward turn-on

voltages can be found in Schottky diodes in Device B due to the

smaller built-in potential, the larger reverse currents and the much

lower reverse turn-on voltages, as shown in the band diagram under

an applied voltage in Fig. 6c and d. The forward and reverse turn-

on voltages are listed in Table 1, which suggest the large differences

between the two kinds of devices. As an inherent property, the low

reverse turn-on voltage and large reverse current of Schottky diodes

are reflected in the negative biased I–V curves of Device B in

Fig. 4b. The surface absorption and contamination on n-ZnO/

rGO/p-Si Schottky diodes also contribute to the above mentioned

phenomenon, thus the I–V curves of Device B do not have a

significant blocking effect. From the experiment and discussion

above, it can be seen that the existence of rGO has changed the

nature of the heterojunctions and tuned the device transport

properties from p–n behavior to Schottky behavior.

Conclusions

We have successfully fabricated and electrically characterized a

novel hybrid structure of n-ZnO/rGO/p-Si. Compared to the p–n

hybrid structure of n-ZnO/p-Si, our new one indicates that the

rGO between n-ZnO and the p-Si substrate could tune the contact

electrical property from p–n junctions to back-to-back Schottky

junctions and enrich the variations and functionalities of the

devices, therefore rGO may find great potential applications in

fabricating electronic and optoelectronic devices.
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