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In this work, we fabricated multi-layer WSe2 rectifying diodes using graphene oxide (GO) as

p-doping material on one side of the contacting electrodes. This GO layer can reduce the contact

resistance by forming a tunneling barrier for efficient hole injection, while it increases the contact

resistance for the injection of electrons. Results of Raman shift spectra and the opto-electric

response of the device confirmed the p-doping effect caused by the GO layer and the formation of

a barrier, respectively. We observed a gate tunable rectification effect with a forward/reverse cur-

rent ratio of 104 and low reverse bias current of 10�10 A. Applying a GO layer in the fabrication

of two-dimensional transition metal dichalcogenides based devices is a very useful method in the

applications in future nanotechnologies. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4942888]

Transition metal dichalcogenides (TMDCs) are strong

candidates for future electronics applications because of their

obtainable atomic layer thickness, large band gaps (1–2 eV),

and gate tunable electrical properties.1 In two-dimensional

(2D) TMDCs, the absence of surface dangling bonds, the

dielectric-mediated mobility, and the reduced short channel

effects render them a class of electrically favorable materials

for transistor applications. In addition to these qualities, the

quantum confinement of carriers within an atomic channel

thickness (monolayer) holds potential applications in quan-

tum devices. These advantages make them a strong candi-

date to replace the conventional Si devices in semiconductor

technology.2,3 WSe2 (tungsten diselenide) is one of the

prominent members of the TMDC family, with a bulk indi-

rect band gap of �1.2 eV.4,5 As WSe2 demonstrates ambipo-

lar behaviour6,7 which limits its digital and analog

applications, the doping techniques are critical for a success-

ful realization of TMDC materials in practical devices.

Due to the atomic nature of TMDCs, the current fabrica-

tion techniques like ion implantation and diffusive doping

are difficult to implement for the realization of basic junction

devices. However, surface doping and doping by strain con-

trol in WSe2 have been reported for FETs8–11 and diode

applications using van der Waals assembly, e.g., p-n junc-

tions realized in WSe2/MoS2 heterostrucures12,13 and InAs/

WSe2 heterostructure,14 and theoretically suggested for gra-

phene and TMDCs.15 Moreover, h-BN has also been used

along with graphene and TMDC for its application in tunnel-

ing, encapsulation, and split gate induced p-n junction.16–19

These works used heterostructures formed by the complex

procedure of wet or dry transfer of TMDC atomic layers

which involves van der Waals interaction in layered materi-

als. Rectifying effect had also been achieved by fluoropoly-

mer encapsulation of the TMDC layers or by applying a

liquid gate.20,21

In this study, we report a very simple method to achieve

rectification behavior in WSe2 by applying graphene oxide

(GO) on one side of the contact area as shown in Fig. 1(a)

(see supplementary material for methods and AFM data of

device22). GO is a sheet of carbon atoms (graphene) with

randomly attached oxygen functional groups mostly in the

form of epoxies and hydroxyls. The presence of these oxy-

gen functional groups makes it an insulator because oxygen

disrupts the sp2 hybridization in graphene. Production of GO

is very simple and inexpensive by widely used Hummers’

method. It would be a great economical advantage if GO can

be used along with TMDC in future industrial production of

nano electronic devices.23

Rectification behavior was observed with the device,

showing an Ion/Ioff ratio of 104 and an Ioff in the range of

10�10 A. These values are comparable to previous reports on

rectification devices achieved in TMDC.24 Upon light expo-

sure, the device exhibits strong photo-electric effect, with an

open circuit voltage and a short circuit current, which are

typical features of a p-n junction diode.

Fig. 1(c) presents a comparison between the drain

current-drain voltage (I-V) curves of a typical two probe

WSe2 device of pristine layer and the device fabricated with

GO doping on one side of the contact. It is obvious that in the

normal two probe device, the I-V curve is symmetric (see sup-

plementary material for I-V plot at different gate voltages22).

The device fabricated with GO shows asymmetric I-V charac-

teristic. It flows negligibly small current �0.02 nA, at positive

V, and relatively larger current (�100 nA), at negative V.a)Electronic mail: ghkim@skku.edu
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Figs. 2(a) and 2(b) present the I-V curves of the device

with half side GO doping at different gate voltages. All meas-

urements were performed by connecting the ground terminal

to the electrode on GO side and applying bias to the electrode

on the other side. The device shows a clear p-type characteris-

tic (hole dominated transport) with Ion/Ioff� 104 in an applied

voltage range of �2 V to 2 V. Here, Ion and Ioff are current val-

ues at V¼�2 V and V¼ 2 V, respectively. The I-V character-

istics of the device show a strong dependence on gate voltage

(Vg). At Vg¼ 50 V, the device remains in off state with a max-

imum current of � 10�10 A. The maximum to minimum cur-

rent ratio is around one order of magnitude. At positive gate

voltages, carriers (holes) are depleted and the device is in off

state for all values of drain voltage. At Vg¼ 0 V, the device

shows a decent Ion/Ioff value of 104 with Ion� 10�7 A, and

Ioff� 10�11 A. At Vg¼�50 V, Ion and Ioff are both increased

by one order of magnitude, while the ratio of Ion/Ioff remains

roughly the same (�104). We observed high current with

FIG. 1. (a) Schematic drawing show-

ing the steps involved in fabrication of

one side GO covered WSe2 device. (b)

Raman spectra of pristine WSe2 and

WSe2 covered with GO. (c) Plot of

drain current-drain voltage of pristine

WSe2 and GO-WSe2 device in semi-

logarithmic scale. The inset shows an

optical image of the GO treated WSe2

device.

FIG. 2. (a) Plot of absolute value of

drain current as a function of drain

voltage at different gate voltages. (b)

Re plot of curves in (a) in semi-

logarithmic scale. (c) Plot of absolute

value of drain current as a function of

back gate voltage at different drain

voltages. (d) Re-plot of curves in (c) in

semi-logarithmic scale.
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negative Vg and low current with positive Vg, which indicates

that current conduction is via holes.

Figs. 2(c) and 2(d) are plots showing the change in drain

current when the back gate voltage is swept at various drain

voltages. We observed that the device has a very small Ion/
Ioff ratio while sweeping the gate voltage at positive drain

voltages (V). Here, Ion means drain current at Vg¼�50 V

and Ioff means drain current at Vg¼ 50 V. The maximum cur-

rent observed with positive V is of the order of nano-amperes

even at Vg as high as �50 V. Thus, we can deduce that the

device is in off state for positive drain biases. On the other

hand, prominent carrier transport and Ion/Ioff ratio for nega-

tive drain biases is observed, with Ion of order of 10�5 A and

Ion/Ioff ratio of 104. This again proves that the transport is

unidirectional and takes place for negative drain bias only.

Next, we discuss the physical mechanism responsible

for the rectifying characteristics of the device. The rectifying

behavior can be due to two reasons: (1) the doping of WSe2

caused by GO forms a barrier between pristine and doped

WSe2. (2) GO is on one contact only, the rectification could

be due to the asymmetry in contacts on both sides.

It had been explained earlier that GO can p-dope

TMDC.25 GO contains high electronegative species like O

and OH. These species can take electrons from WSe2 which

is equivalent to giving holes or p doping. In Raman spectra,

p doping results in a blue-shift of the two characteristic peaks

E1
2g and A1g.26–28 In our experiment, the Raman data show

that when WSe2 was covered with GO, these two peak posi-

tions blue shifted of 1.25 cm�1 compared to the results of the

pristine layer (see Fig. 1(b)).

It can be confirmed that the WSe2 covered by GO is

p-doped while the uncovered WSe2 is ambipolar. On the

doped side, there is higher density of holes than that in intrin-

sic WSe2. The difference in carrier concentration on both

sides causes the electrons to diffuse from intrinsic side to

doped side and a barrier is formed as a result of band bend-

ing (see illustration in Fig. 3(b)). When a positive voltage is

applied to the drain terminal, the barrier height is increased

and a very small current flows through—the device switches

to off state (Fig. 3(c)). When the drain terminal is biased

negatively, the barrier height is reduced and the current starts

to flow through - the device switches to on state (Fig. 3(d)).

To verify the existence of a barrier, the device was illu-

minated with laser to study the characteristics of the flow of

the photo-induced charge carriers. The opto-electronic

response of the device plotted in Fig. 4 exhibits the feature of

a typical p-n junction diode. Under illumination of laser light,

two prominent changes in drain current were observed: first,

the reverse current is increased. Second, the I-V curves shifted

to the left; therefore, an open circuit voltage and a short circuit

current can be determined. These effects are due to photo

excited electron-hole pairs. Due to drain bias, these electron

and hole carriers move towards the opposite contacts.

The maximum value of the open circuit voltage is 0.35 V,

and the maximum value of short circuit current is 9 nA. We

have calculated responsivity and specific detectivity of the de-

vice. Responsivity is the ratio of photo current to incident op-

tical power, R¼ Iph/Pin, and specific detectivity (D*) is

calculated by D*¼A1/2/NEP, where A is the illuminated area

and NEP is the noise equivalent power, NEP¼ (2qI)1/2/R.29

Specific detectivity enables the comparison of device with dif-

ferent geometry. The maximum obtained value of responsiv-

ity is 80 A/W at V¼�2 V, and in the absence of applying a

gate bias, while the maximum value of detectivity is 3 � 1011

Jones. These values are comparable to previous published

data on TMDC based photo detectors.24,29 Moreover, it can

be seen in Fig. 4(d) that when the device is forward biased,

the ratio of (Ilaser – Idark) to Idark has smaller values because of

a larger Idark, but in reverse bias, this ratio is much higher

because Idark is smaller and Ilaser becomes prominent; here,

Ilaser is drain current when the device is illuminated by laser.

To further investigate the doping behavior of GO on

WSe2, we fabricated multilayer WSe2 FET and applied GO

only in the channel region of the device. The comparison of

the device characteristics before and after the application of

GO is presented in Fig. 5(a) (see supplementary material for

I-V characteristics22). The effect of GO doping is not very

strong and only renders a slight increase in current. Thus

high rectification is not expected with only the junction

effect of GO doped WSe2 and pristine WSe2. Next, we look

at the rectification behavior due to asymmetry of contacts

with GO on one side and only metal on the other side.

Fig. 5(b) is a plot of ln (I/V2) as a function of 1/V. It

gives an insight in carrier transport at contacts where I and V
are drain current and drain voltage, respectively.30 The linear

region of the plot indicates Fowler–Nordheim (F-N) tunnel-

ing, and the exponential region indicates direct tunneling.30

It is obvious that GO plays the role of a tunneling barrier and

can enable efficient injection of holes. It has been reported

that a dielectric can be used as the tunneling barrier between

the metal and the semi-conductor for efficient injection of

carriers. It can also reduce the barrier height at metal semi-

conductor interface by alleviating the Fermi level pin-

ning.31–33 Due to efficient injection of carriers, the contact

with GO has better performance. When the holes are injected

from this contact, a larger current was observed. When the

bias voltage is reversed, the carriers experience higher con-

tact resistance; hence, a smaller current and poor perform-

ance of device were seen.

FIG. 3. (a) Schematic drawing showing band structure of pristine WSe2. (b)

Schematic illustrating the formation of barrier between pristine and GO

treated WSe2. (c) Alignment of band structure in reverse bias. (d) Alignment

of band structure in forward bias.
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Therefore, the rectification observed in the device can

be attributed to the combined effect of barrier formation, at

pristine and GO treated WSe2 junction, and asymmetrical

contacts due to deposition of GO on one of the contacts. At

forward bias, the holes are injected efficiently at the GO-

tunneling contact and are transported across the lowered p-n

junction barrier resulting in high drain current. However,

under reverse bias, a lower carrier injection at the metal con-

tact combined with higher barrier at the junction results in

lowering of the device current. Thus the device can be

assessed as a junction diode in series with an asymmetric

contact resistor, where both are contributing to the rectifica-

tion property of the device, although the relative contribution

of these parameters to the observed rectification cannot be

taken into account in the present two terminal device layout.

In conclusion, a facile technique was introduced to fabri-

cate rectifying diode from multilayer WSe2. GO can not only

p-dope WSe2 but can also improve the contact resistance of

the device by providing a suitable barrier for efficient hole

injection. The device exhibits highly rectifying properties and

strong optoelectronic response. An on/off ratio as high as 104

was observed when doping with GO on one side of the con-

tact. This study demonstrates that the technique combining

GO and TMDCs has very promising applications in fabricat-

ing high performance and low cost 2D nano-devices, which

may reveal a wholly different avenue in semiconductor manu-

facturing industry.
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