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van der Waals (vdW) heterojunctions formed by two-dimensional (2D) materials have attracted

tremendous attention due to their excellent electrical/optical properties and device applications.

However, current 2D heterojunctions are largely limited to atomic crystals, and hybrid

organic/inorganic structures are rarely explored. Here, we fabricate the hybrid 2D heterostruc-

tures with p-type dioctylbenzothienobenzothiophene (C8-BTBT) and n-type MoS2. We find that

few-layer C8-BTBT molecular crystals can be grown on monolayer MoS2 by vdW epitaxy, with

pristine interface and controllable thickness down to monolayer. The operation of the C8-BTBT/

MoS2 vertical heterojunction devices is highly tunable by bias and gate voltages between three

different regimes: interfacial recombination, tunneling, and blocking. The pn junction shows

diode-like behavior with rectifying ratio up to 105 at the room temperature. Our devices also

exhibit photovoltaic responses with a power conversion efficiency of 0.31% and a photorespon-

sivity of 22mA/W. With wide material combinations, such hybrid 2D structures will offer

possibilities for opto-electronic devices that are not possible from individual constituents.

VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935028]

Heterojunctions are the essential building blocks of

modern semiconductor devices such as light-emitting diodes

and solid-state lasers.1,2 With the discovery of graphene and

other two-dimensional (2D) materials,3–5 van der Waals

(vdW) heterojunctions have recently created many attractive

opportunities. Unlike the traditional heterojunctions grown

by molecular beam epitaxy, vdW heterojunctions do not

require lattice match at the interface, allowing virtually

unlimited materials combination. Prototype devices, such

as tunneling transistors,6 photodetectors,7 light-emitting

diodes,8,9 and photovoltaic devices,10 have been demon-

strated. So far, most of the vdW heterostructures are fabri-

cated by mechanical transfer of 2D layered atomic crystals.5

Although this method could demonstrate proof-of-concept

devices, it cannot be scaled up for real applications. In addi-

tion, it is difficult to precisely control the stacking orientation

of the heterojunction,11 which may cause significant varia-

tions of device performance.12

As an alternative to layered atomic crystals, 2D molecu-

lar crystals including oligomers13 and polymers14,15 have

recently emerged as an interesting class of materials.

Particularly, the recent demonstration of vdW epitaxial

growth of 2D molecular crystal on graphene suggests the

possibility of organic/inorganic hybrid structures.13,16,17 The

epitaxial process offers advantages of low temperature,

atomically smooth and clean interface, accurate control of

morphology, and the ability to scale up.13,16–21 The hybrid

heterojunctions will further benefit from a much larger

library of organic semiconductor materials22 that allow more

design freedom of the devices. So far, however, only limited

attempt has been made to interface transition-metal dichalco-

genides (TMDs), the most important class of 2D atomic

semiconductors, with molecular semiconductors.23

In this work, we demonstrated the epitaxial growth of

few-layer p-type dioctylbenzothienobenzothiophene (C8-

BTBT) molecular crystals on n-type MoS2 and systemati-

cally studied the electrical transport and photovoltaic

responses of the heterojunction. At room temperature, the pn

junction device showed a rectifying ratio up to 105. Under

forward bias, the device was operated by either interfacial

recombination or tunneling, depending on the backgate volt-

age. The operation mechanism of the heterojunction device

was consistent with the band structure analysis and the

variable-temperature electrical measurements. We also

observe strong photovoltaic effects in the heterojunction

devices. Our study shows that 2D organic/inorganic vdW

heterojunctions may be used for the future electronic and

optoelectronic device applications.

Recently, we demonstrated the epitaxial growth of highly

ordered, few-layer C8-BTBT crystals on graphene and BN.

Here, we adopted similar methods but with the mechanically

exfoliated MoS2 as the epitaxy substrate (see experimental

section of the supplementary material24). Monolayer MoS2
was exfoliated from bulk flakes on 285 nm SiO2/Si without

thermal annealing and identified by atomic force microscope
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(AFM) and Raman spectroscopy (Figures 1(b) and 1(d)).

Figures 1(b) and 1(c) show the AFM images of the same

MoS2 before and after growth, with up to three layers of

C8-BTBT grown atop. The C8-BTBT crystals were also con-

firmed by Raman spectroscopy with two characteristic peaks

near 1470 cm�1 and 1550 cm�1 (Figure 1(d)).13 The growth

of C8-BTBT molecular crystals proceeded in a layer-by-layer

fashion similar to that on graphene substrate. However, we

also observed several interesting distinctions. (1) The thick-

ness of the first C8-BTBT layer (1L) and subsequent layers

were �1.4 nm and �2.9 nm, respectively (Figures 1(e) and

S1). This is very different from the growth on graphene,

where an additional interfacial layer with a thickness

�0.6 nm existed because of the strong molecule-substrate

vdW interactions.13 Since MoS2 is not a p-conjugated system

and the lattice constants are quite different from graphene,

the vdW forces between C8-BTBT molecules and MoS2 are

significantly reduced and comparable to the inter-molecular

interactions. The competition between these forces thus led

to the titled molecular packing shown in Figure 1(a).13,16,17

The subsequent layers above 1L were dominated by inter-

molecular interactions, giving a bulk-like molecular pack-

ing25 with a layer thickness of �2.9 nm. (2) We observed a

higher density of nucleation sites forming on MoS2 than on

graphene, especially at the edges (Figure S2). Since the

nucleation of C8-BTBT occurs preferably at places with high

surface energy,13 we speculate that the high nucleation den-

sity may result from surface defects of MoS2. Indeed, many

studies have shown that high density of sulfur vacancies,

among other defects, exist in MoS2.
26,27 However, the high

nucleation density does not appear to significantly affect the

vertical charge transport as shown below.

With the C8-BTBT/MoS2 heterostructures, we fabri-

cated vertical field-effect transistors (Figure 2(a)) and study

the electrical transport properties (see Figure S3 for detailed

device fabrication procedure24). Figure 2(c) shows the room-

temperature current density (Jds ¼ Ids=A , where Ids is the

source-drain current and A is the area of the heterojunction)

as a function of backgate voltage Vg for a representative

device (Vds¼ 1, 5, and 9V, respectively). Interestingly, the

transfer characteristics were very different from the conven-

tional planar FETs with either MoS2 or C8-BTBT channel

(Figure S4). At negative Vg, Jds showed a clear peak at low

biases. With the increase of Vg, Jds abruptly jumped up and

becomes roughly independent of Vg. However, the conduct-

ance in this regime was strongly modulated by Vds.

The two regimes in the transfer characteristics suggest

different transport mechanisms. In order to understand the

operation mechanism, we draw the band diagram of the

heterojunction device under forward bias as shown in Figure

2(b). Considering that C8-BTBT is a wide bandgap

(�3.8 eV) semiconductor with the highest occupied molecu-

lar orbit of 5.39 eV and lowest unoccupied molecular orbit of

1.55 eV (Ref. 28) and that the edge of conduction band (ECB)

and valance band (EVB) of monolayer MoS2 are 4.3 eV and

5.9 eV,29 the heterojunction is of type II with a staggered

gap. Since C8-BTBT and MoS2 are p-type and n-type semi-

conductors as determined by the semiconductor/metal

contact, there is only a narrow range in Vg where both mate-

rials conduct (Figure S4). Within this range, electrons and

holes are able to inject from the Schottky barriers (SBs) at

Au/MoS2 and Au/C8-BTBT, respectively, by the thermionic

emission (TE) and recombine at the interface (Figure 2(b),

left panel). Since the conductance in this regime is limited

by the minority carrier, a peak in the transfer characteristics

is expected (Figure S4). Therefore, we attribute the peak

under negative Vg to interfacial recombination regime.

As Vg was further increased beyond the recombination

regime, the injection of holes from C8-BTBT was completely

blocked, while electrons could still be injected from MoS2.

This resulted in strong accumulation of electrons in MoS2
(Figure 2(b), middle panel). Since the large energy barrier at

the C8-BTBT/MoS2 interface blocked the thermal activation,

the electron transport could only occur via tunneling in this

FIG. 1. (a) A schematic illustration of

molecular packing of C8-BTBT on

MoS2. ((b) and (c)) AFM snapshots of

MoS2 before and after the growth of

C8-BTBT molecular crystal. Scale

bars: 1 lm. (d) Raman spectrum of C8-

BTBT grown on MoS2. The E2g and

A1g peaks are from MoS2, and the

other two peaks near 1470 cm�1 and

1550 cm�1 are from C8-BTBT. (e)

Histogram of the layer thickness of C8-

BTBT molecular crystals on MoS2,

from over 5 samples.
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regime. In order to understand the small modulation of tun-

neling current by Vg, we modeled the device as a single-

barrier tunnel junction, that is, the barrier at C8-BTBT/MoS2
interface. Under constant Vds, the tunneling current is

approximately proportional to6

IT / TðEFÞDMoS2ðEFÞ; (1)

where T EFð Þ ¼ exp � 2d
�h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m � U � EFð Þ
p

� �

is the transmis-

sion coefficient through the C8-BTBT layer, EF is the Fermi

energy, U¼ 2.75 eV is the height of the tunnel barrier, m* is

the effective mass, d¼ 16 nm is the thickness of C8-BTBT

layers, and DMoS2ðEFÞ is the density of states (DOS) of MoS2
at the Fermi energy. DMoS2 can be modeled as18

DMoS2 Eð Þ ¼

D0; E� ECB � 0

DT exp
E� ECB

D

� �

; E� ECB < 0;

8

>

<

>

:

(2)

where D0¼ 3.8� 1014eV�1 cm�2 is the DOS in the conduc-

tion band of MoS2. The DOS in the conduction band is a con-

stant because of the 2D nature of MoS2. Below the band edge,

the DOS has an exponential tail due to disorders and traps.18,27

As Vg is swept from negative to positive, EF of MoS2 is

increased proportionally but with very small magnitude

because of the large DOS in MoS2. In fact, for a gate overdrive

of 40V, EF only increases by 7.6meV, almost negligible com-

pared U. Such small change of EF (and therefore, transmission

coefficient) qualitatively explains the small modulation of tun-

neling current by Vg as observed experimentally (Figure 2(c)).

Indeed, the calculated TðEFÞDMoS2ðEFÞ using Equations (1)

and (2) clearly captures this feature (Figure 2(d)). The drop of

current below the conduction band edge is due to the decay of

DOS in the tail states.

Figure 3(a) plots the output characteristics under

Vg¼ 30V, which shows an excellent rectifying behavior as

expected for a pn junction. The room-temperature rectifying

ratio could reach �1� 105 (Figure S5b). Under reverse bias,

the device showed a blocking behavior with little current

flowing because of the increasing SB at both contacts to pre-

vent carrier injection (Figure 3(a), inset). Under forward

bias, however, we found that the current increased exponen-

tially with Vds under small bias (Vds< 4V, Figure S5a) but

less dramatically under large bias (Vds> 6V). The much

weaker current dependence under large bias was due to tun-

neling dominated process. This was also clear from the band

diagram where the SB at the Au/MoS2 contact became thin

enough for electrons to tunnel through (Figure 2(b), right

panel). Under small forward bias, the electron transport at

the Au/MoS2 Schottky junction was mainly through TE

(Figure 2(b), middle panel), leading to the exponential

dependence on Vds. In this regime, the output current of the

heterojunction device can be calculated as

Itot / T Vgð Þ � ITE ¼ I0 exp
eVds

gkBT

� �

� 1

� �

; (3)

where T(Vg) is the tunneling transmission coefficient through

C8-BTBT, g is the ideality factor considering the fact that

Vds does not fully drop on the Schottky junction

I0 ¼ TðVgÞAA
�T2e�eASB=kBT (4)

is the reverse saturation current, A is the area of the Schottky

junction, A* is the effective Richardson constant, and ASB is

the SB height for electrons at the Au/MoS2 contact. From

variable-temperature measurements, we were able to extract

ASB, which is an important device parameter. Figure 3(b)

FIG. 2. (a) Left: microscope image of a vertical heterojunction device. The dotted line represents the shape of the monolayer MoS2. The source and drain elec-

trode is in contact with MoS2 and C8-BTBT, respectively. The multi-layer C8-BTBT can be observed near the edge of the drain electrode. Right: schematic

illustration of the device. (b) The band diagram of MoS2/C8-BTBT vertical heterojunction device under forward bias, showing different operation regimes.

The dotted line is used to represent the lateral part of MoS2. (c) Room-temperature Jds-Vg characteristics of a typical MoS2/C8-BTBT vertical heterojunction

device, Vds¼ 1V (blue line), 5V (green line), and 9V (red line). (d) The calculated TðEFÞDMoS2ðEFÞ as a function of EF in the tunneling regime. During the

calculation, we used the following parameters: DT¼ 1013eV�1 cm�2 and D¼ 14meV. The dashed vertical line represents the conduction band edge of MoS2.
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shows the output characteristics under 180K, 240K, and

300K, respectively. We could fit all the output characteris-

tics with the same ideality factor g¼ 20.6 (Figure S6) and

extract the reverse saturation current J0 ¼ I0=A as a function

of temperature (Figure 3(b) inset, symbols). The J0-T rela-

tionship is well described by Eq. (4) with ASB¼ 120meV

(Figure 3(b) inset, line). The extracted ASB is consistent with

the widely observed n-type behavior in Au-contacted MoS2
transistors.30 The small SB for electrons suggests strong

Fermi level pinning at the Au/MoS2 interface,31,32 likely

dominated by defects and interfacial traps in MoS2.

We were also able to corroborate the proposed

device model by the low temperature measurements.

Figure 3(c) is the Arrhenius plot of current density under

two different regimes. For Vds> 6 V, we observed that

the conductance was insensitive to temperature, a strong

evidence for tunneling-dominated current. However, for

Vds< 4 V, the conductance showed an exponential rela-

tionship with temperature, consistent with TE. From the

linear fitting of the Arrhenius plot (Figure 3(c), blue

dashed line), ASB was extracted and found to scale line-

arly with V
1 2=

ds , due to the image force as in conventional

Schottky junctions.2 The extrapolated ASB¼ 190meV at

zero bias (Figure 3(c) inset) is in a good agreement with

the fitting in Figure 3, reassuring the consistency of our

theoretical model.

We further investigated the photo-response of our devi-

ces. To this end, we carried out photovoltaic measurements

under the white light illumination from a standard solar simu-

lator with incident optical power Popt varying between 100

and 1100W/m2 in ambient condition. Figure 4 shows clear

photovoltaic effect of a representative device with 8-layer

C8-BTBT crystals. The open circuit voltage Voc is about

0.5V. The power conversion efficiency, defined as g ¼ Pel;m=
Popt, is up to 0.31%, which is comparable to values reported

for lateral monolayer WSe2 pn junctions.
33 The photo respon-

sibility R ¼ Ids=Popt under zero Vds is �22mA/W. We make

it clear that the power conversion efficiency is estimated

using the exposed area of the heterojunction, rather than the

area covered by Au. We also note that the efficiency is just a

rough estimate. We believe that much better performances

are possible with further device optimization (e.g., transpar-

ent top electrodes). The photo-response should be a general

feature of the hybrid heterojunction. With many possible

combinations of TMDs and organic materials, we expect this

type of devices could be very versatile and useful in photo-

voltaic or photodetector applications.

In conclusion, we have demonstrated that high-quality

few-layer molecular semiconductors can be epitaxially

grown on TMDs, creating a 2D hybrid organic/inorganic
FIG. 3. (a) Room-temperature Jds-Vds characteristics of same device in

Figure 2 under Vg¼ 30V. The different operation regimes are separated by

vertical dashed lines. Inset shows the band diagram under reverse bias. (b)

Jds-Vds characteristics of same device in (a) under Vg¼ 30V at T¼ 300K

(red symbols), 240K (green symbols), and 180K (blue symbols). Lines are

the fitting results using Eq. (2). Inset: the reverse saturation current density

J0 as a function of temperature (black symbols) and theoretical fitting using

Eq. (4) (red line). ASB¼ 0.12 eV is derived for the Au/MoS2 interface. (c)

Arrhenius plot of Jds of the same device in (a) under Vg¼ 30V. Red symbol:

Vds¼ 9V and blue symbol: Vds¼ 3V. The blue dashed line is the linear fit-

ting of the Arrhenius plot. The extracted AAu-MoS2 are plotted in the inset as

a function of Vds
1/2 (black square). The extrapolated AAu-MoS2 at zero bias is

0.19 eV (red line).

FIG. 4. Ids�Vds characteristics of a heterojunction device under white light

illumination with Popt¼ 1100W/m2 (red), 550W/m2 (green), and under dark

condition (black). The measurements were taken at Vg¼�30V under ambi-

ent condition. VOC and ISC present open circuit voltage and short circuit

current, respectively.
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vdW heterojunction. In a vertical heterojunction device

created by p-type C8-BTBT and n-type MoS2, we observed

an excellent rectifying behavior as well as strong photovol-

taic responses. Considering the huge library of organic semi-

conductors, our work opens up many design possibilities for

2D heterostructure devices.
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