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Introduction 

What are  
two-dimensional (2D) materials ? 
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graphene 

molecules 

Carbon  
nanotubes/ribbons 

graphite 

Q: what is a 2D material?  

A: a monolayer of  
covalently bonded atoms 

e.g.,C60 

3D 

2D 

1D 

0D 

chemistry physics 

Geim & Novoselov, Nat. Mater. 6, 183–191 (2007) 

van der Waals 
bonds 



5 µm 

Graphene: a natural material 

Geim & Novoselov 
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graphene/SiO2 

Jinschek et al., Carbon 49, 556 (2011) 
monolayer graphene 

bilayer graphene 
TEM 

monolayer graphene/SiO2 

optical image 

honeycomb lattice C atoms 
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Germanene* 

* A. Acun, et al., J. Phys.: CM 27, 443002 (2015) 

Elemental 2D materials  

conductor semiconductor topological insulator? 
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Honeycomb lattices  

graphene 

(semi)metal 

boron nitride 

insulator semiconductor 

MoS2 

2 
M. Bokdam, thesis, U Twente (2013); M. Bokdam, GB, NTvN, 282 (2014)  



2D lattices 
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MoS2 GaSe 

black P MoO3 

all are neutral, closed shell 2D layers 



Introduction 

What can we do with  
two-dimensional (2D) materials? 



The rise of 2D materials 

graphene 

1 µm 

0Å       9Å 13Å 

Novoselov, Geim, et al.,  
Science 306, 666 (2004) 

Source 

Drain 
Gate 

Field Effect Transistor (FET) 

physics Nobel prize 2010:      Andre Geim & Konstantin Novoselov  

“for groundbreaking experiments regarding  

the two-dimensional material graphene” 
11 

 very high carrier mobility  µ ≈ 105 cm2 / Vs( )
 quantum Hall effect at room temperature  
 “relativistic” effects (Klein tunneling)  
  ... more and more ... 



Application: (opto)electronics 
Wang et al., Nat. Nanotech. 7, 699 (2012) monolayer MoS2 FETransistor 

ON 

OFF 

contacts and doping regions (VT denotes the thermal voltage), and
obtain IS¼ 0.02 fA, n¼ 2.6 and RS¼ 95 MV (Supplementary
Section 1). The large ideality factor implies that recombination
current dominates over diffusion current, indicating a large
density of trap states in WSe2 that act as recombination centres.
We can now reverse the gate voltages (VG1¼ 40 V, VG2 ¼ –40 V;
solid blue line) and operate the diode in the opposite (n–p) direc-
tion. The higher on resistance (RS¼ 8 GV) is attributed to the
asymmetric device structure, which favours current flow in the
other direction.

Figure 3a presents I–V curves under optical illumination (see
Methods for experimental details). The meaning of the curves is
the same as in Fig. 2c. When biased in a p–n (n–p) diode configur-
ation, the I–V characteristics are shifted down (up) and there is a
current flow to an external load. Our atomic monolayer diode can
thus be used for photovoltaic solar energy conversion.
Importantly, the I–V curves are barely affected by light when the
device is gated as n- or p-type resistor. This is a clear indication
that the photoresponse does not arise from one of the Schottky
contacts, as it relies on the existence of a p–n junction. Moreover,
the photocurrent changes sign when the gate polarities are
flipped, which cannot be explained by the built-in potential due
to asymmetric contact metallization25.

As the device produces both a current and a voltage, electrical
power Pel can be extracted. In the inset to Fig. 3a we plot Pel
versus voltage under the p–n configuration and incident

illumination of 1,400 W m22. A maximum electrical output
power of Pel,m¼ 9 pW is obtained at V¼ Vm¼ 0.64 V. The corre-
sponding current is I ¼ Im¼ 14 pA, and the dashed rectangle in
Fig. 3a shows the associated power area. For the fill factor (FF),
defined as the ratio of maximum obtainable power to the product
of the open-circuit voltage VOC and short-circuit current ISC, a
value of FF ¼ Pel,m/(VOCISC)≈ 0.5 is obtained. We can now also
give an estimate of the power conversion efficiency, which is the
percentage of the incident light energy that is converted into
electrical energy, hPV¼ Pel,m/Popt, where Popt is the incident
optical power. If we assume that the power conversion takes place
in the 0.46× 2.8 mm2 large intrinsic device region, we obtain
hPV≈ 0.5%. This value is comparable to efficiencies reported26 for
conventional bulk WSe2 p–n junctions (hPV¼ 0.1–0.6%). To our
knowledge, this constitutes the first demonstration of efficient
photovoltaic energy conversion in a 2D atomic crystal. The #95%
transparency of the WSe2 monolayer (Supplementary Section 4)
makes it attractive for semi-transparent solar cells. Moreover, by
choosing the appropriate WSe2 thickness, the trade-off between
optical transparency and efficiency may be adjusted according to
the application requirements.

Besides the vertical shift of I–V under illumination, we observe a
slope of the curve at short circuit (V¼ 0). Following the common
practice in the literature, we model this slope by a shunt resistance
RSH¼ dV/dI|V¼0¼ 100 GV. RSH is mainly associated with carrier
recombination loss and reduces the FF by RCH/RSH× 100%¼ 37%,
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Figure 1 | WSe2 monolayer device with split gate electrodes. a, Schematic of device structure. b, Three-dimensional schematic representation of WSe2.
W, yellow spheres; Se, green spheres. Monolayers are held together by van der Waals forces and can be mechanically exfoliated from a bulk crystal.
c, Coloured microscope image of the device. Between the gate electrodes and the WSe2 flake there is a 100-nm-thick gate dielectric. The anode electrode
is made of Pd/Au and the cathode of Ti/Au. The gap between the gates is 460 nm wide. d, Photoluminescence from monolayer (solid blue line), bilayer
(solid black line) and multilayer (dashed black line) WSe2 flakes. Inset: Raman spectrum of a monolayer.
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where RCH≈VOC/ISC¼ 37 GV is the characteristic solar cell resist-
ance (Supplementary Section 2). This suggests that there is room for
further improvement by improving the material quality. Resistive
losses due to RS can be modelled in a similar fashion and are
found to be negligible. ISC, displayed in Fig. 3b, follows a power
law, ISC≈ Popt

a (with a close to one), indicating that the carrier
loss is dominated by monomolecular recombination, most
probably via disorder-induced trap states. Because ISC is pro-
portional to Popt, VOC scales with ln(Popt), as shown in Fig. 3c.
FF is plotted on the right axis of the same figure and is
approximately independent of light intensity. The drop in efficiency
(also shown in Fig. 3c) for weak illumination is due to the power
dependence of VOC.

When biased in the reverse direction, our device can also be
operated as a photodiode. A photocurrent of 29 pA is obtained at
21 V, which translates into a photoresponsivity of R¼ 16 mAW21,
or, by taking the "5% absorption of a WSe2 monolayer into
account, "0.32 AW21 internal responsivity. When operated as a
resistor, our device also shows a photoconductive response for
both n- and p-type conduction (Supplementary Section 3).
However, as these photoconductors suffer from high dark current
and Johnson noise, large power consumption and a slow frequency
response, the diode operation mode is generally preferable
for applications.

We next present electrically driven light emission from the p–n
junction. Figure 4a shows emission spectra recorded by applying
gate voltages as shown in the inset and running constant currents
of I¼ 50, 100 and 200 nA through the device. Under reversed

(n–p) diode operation we were not able to drive such large currents.
The estimated electroluminescence efficiency, defined as the ratio of
emitted optical power to electrical input power, is hEL≈ 0.1%
(Supplementary Section 4). Currently, hEL is limited by resistive
losses in RS and by non-radiative recombination in the WSe2. It
can therefore be increased by reducing the contact resistance14,15

or by using a crystalline substrate to reduce the density of
disorder-induced recombination centres. Electroluminescence
has also been obtained27 recently in monolayer MoS2 with a
unipolar current that generates excitons via impact excitation28

(hEL≈ 0.001%). In contrast, our device is operated as a true
light-emitting diode with ambipolar carrier injection, and we
can exclude hot carrier effects for the following reasons: (1) the elec-
troluminescence is absent under unipolar operation (green curve in
Fig. 4a), (2) it exhibits linear current dependence (inset in Fig. 4a),
whereas impact excitation shows exponential behaviour27,28, and (3)
it occurs with higher efficiency and at lower power density
("10 W cm22).

The electroluminescence emission peaks at 1.547 eV, which is
93 meV below the monolayer photoluminescence in Fig. 1d. We
assign the shift to different dielectric environments in both exper-
iments, which influence the exciton binding energy due to
Coulomb screening. As illustrated in Fig. 4b, the spectral position

1
4
2

0.1
4
2

0.01

Gate voltage (V)
−20 20−10 100

0.001

4
2

c

Bias voltage (V)

Cu
rr

en
t (

nA
)

Cu
rr

en
t (

nA
)

0.0 0.7 1.4−0.7
−0.10

−0.05

0.00

0.05

0.10

−1.4

a b

Electrons
Holes

EF
p

n

Anode

Cathode

VG1 < 0

VG2 > 0

V

VG1 VG2

Figure 2 | Electrical characterization. a, Gate characteristic of the device
(0.2 V bias voltage). Both electrons (VG1¼VG2 . 10 V) and holes
(VG1¼VG2 , 210 V) can be injected into the channel. The curve was
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injection. c, I–V characteristics of the device in the dark for biasing conditions
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Figure 3 | Device operation as solar cell and photodiode. a, I–V
characteristics of the device under optical illumination with 1,400Wm22.
The biasing conditions are the same as in Fig. 2c: p–n (solid green line;
VG1¼240 V, VG2¼ 40 V), n–p (solid blue line; VG1¼ 40 V, VG2¼240 V),
n–n (dashed green line; VG1¼VG2¼ 40 V), p–p (dashed blue line;
VG1¼VG2¼240 V). When operated as a diode (solid lines), electrical power
(Pel) can be extracted. Top inset: Schematic of experiment. Lower inset:
Pel versus voltage under incident illumination of 1,400Wm22. Maximum
power conversion efficiency is obtained for V ¼ 0.64 V and I¼ 14 pA. The
red dashed rectangle in the main panel shows the corresponding power area.
b, Short-circuit current ISC. Symbols, measurements; dashed line, fit of power
law. c, Open-circuit voltage VOC (blue symbols), fill factor FF (red symbols)
and power conversion efficiency hPV (green symbols). All parameters are
plotted versus incident light intensity.
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Pospischil et al., Nat. Nanotech. 9, 257 (2014) 
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Application: catalysis 
Lauritsen et al., J. Catal. 197, 1 (2001) 

edges of MoS2 layers 
are catalytically active 

de-sulfurezation STM 

MoS2 



Application: electrolysis 

Voiry et al., Nano Lett. 13, 6222 (2013) 

MoS2 layers good  
cathode material for 
hydrogen evolution reaction 



Application: solar fuels 

Zhuang & Hennig, J. Phys. Chem. C 117, 20440 (2013) 

MX2 layers can be 
good photocatalysts 

for making solar fuels: 
convert photons directly 
into chemicals 



Summary applications 
What can we do with  

two-dimensional (2D) materials? 

  electronic devices 
  solar cells (convert photons to electricity) 
  catalysis 
  electrolysis (convert electricity to fuels) 
  solar fuels (convert photons to fuels) 



van der Waals heterostructures of 2D materials 

combine functionalities of different 2D materials 

Geim & Grigorieva, Nature 499, 419 (2013) 
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van der Waals heterostructures of 2D materials 

combine functionalities of different 2D materials 
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Novoselov et al., Nature 490, 192 (2012) 


