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C H A P T E R 

I N T R O D U C T I O N 

1.1. O P T O - E L E C T R O N I C S 
The field of opto-electronics bridges electronics and opfics by using electronic signals 
to generate, detect and control Ught. Opto-electronic devices transduce informa­
tion between electronic signals and photons via photon absorption and emission in 
semiconductors. An electrically biased semiconductor can generate current upon 
photon absorption and, conversely, can emit photons under electrical excitation. The 
bandgap of the semiconductor influences the wavelength range of operation and the 
strength (or efficiency) of the absorption/emission of photons. 

State-of-the-art opto-electronic devices can address the entire electromagnetic 
spectrum. Starting from high-energy photons, such asyandX-rays (used in medicine 
and material science) and ultraviolet (UV) radiation that is used to fabricate and 
inspect electronic components. 

Moving to the visible part of the spectrum, opto-electronic devices that operate 
with visible Ught are at the heart of modern consumer society In 2014, the Nobel 
prize for physics has been jointiy awarded to Isamu Akasaki, Hiroshi Amano and Shuji 
Nakamura for 

the invention of efficient blue light-emitting diodes which has enabled 
bright and energy-saving white light sources' 

This testifies the Impact that opto-electronics has on modern society. 
A few examples of visible opto-electronic devices are presented in Figure 1.1: light 

emitting diodes (LEDs) of various colors (Figure I.la), a soUd-state laser (SSL) (Figure 
1.1b), solar cells (Figure 1.1c) and the image sensor of a digital single-lens reflex (DSLR) 
camera (Figure l . Id) . LEDs generate Ught that can be used for Ulumination while SSLs 
emit laser light that can be used to provide optical excitation for scientific purposes or 
generate high power for industrial applications. Solar ceUs are widespread generators 

•Quote f rom the press release of the Royal Swedish Academy of Sciences, 7 October 2014. 
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1. INTRODUCTION 

of electrical power. Image sensors are used in microscopy, photography, medical and 
industrial applications. 

Moving on to devices that operate with infrared (IR) radiation, they comprise 
ultrafast lasers and ultrafast receivers at telecommunication wavelengths (from 1260 
to 1675 nm), used both for fundamental studies[1-3] and for broadband communica­
tions. Infrared photodetection is the base for optical communication and night-vision 
devices, of importance for both civil and military applications. 

FIGURE 1 . 1 : Opto-electronic macro-
.scopic devices (a) Liglit emitting 
diodes (LEDs) array converting elec­
trical current in incoherent pliotons. 
(b) Green laser pointer converting 
electrical current in coherent pho­
tons, (c) Solar cell, converting liglit 
in electrical power, (d) Image sensor, 
converting light into electrical signal. 

1.2. PHOTODETECTORS 

Photodetectors are key components for spectroscopy, optical communication and 
imaging. Under Illumination, these devices convert photons into a measurable elec­
trical signal. 

Typical device architectures include field-effect transistors (FETs) and diodes, 
both with the semiconducting channel or junction exposed to the incoming light. 
Such a photo-FET entails a semiconductor channel that is contacted by two metallic 
electrodes (source and drain electrodes). A gate electrode, separated from the channel 
by an insulating layer, can be used to control the resistance of the device via the 
field-effect. An external source drain bias (Vds) drives current through the device and 
separates the photogenerated electron-hole pairs. 

A photodlode is based on a junction between a p-doped and and n-doped semi­
conductor. At thejunction, an internal electric field develops due to the equilibrium 
between the diffusion of electrons and the static charge of the lattice ions. This inter­
nal electric field separates the electron-hole pairs generated by the absorption of the 
impinging photons, giving rise to a current without any applied bias. 
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1.3. SILICON-BASED OPTO-ELECTRONIC DEVICES 

1.3. S I L I C O N - B A S E D O P T O - E L E C T R O N I C D E V I C E S 

Most photodetectors that operate in the visible or near-lR (NIR) are based on silicon 
as semiconductor material, allowing for a seamless integration with conventional 
electronics (CMOS technology). Device miniaturization and fabrication scalability 
are responsible for the success of Si-based photodetectors. Silicon photodiodes can 
achieve a responsivity of about 0 .6AW"\ coupled with fast, low-noise and muhi-
plexed readout, as exemplified by tlie CMOS image sensor of many DSLRs (see Figure 
1.2). 

a b c 

FIGURE 1.2: (a) Si-based image sensor (from Nikon D800, imaging.nlkon.com), (b) Zoom-in 
Si-based image sensor in panel (a), white box (from Nikon D800, chipworks . com), (c) SEM 
image of Si-based image sensor in panel (b), white box (from chipworks . com). 

However, silicon technology has its limitations. Crystalline silicon has an indirect 
bandgap of about 1.13 eV Therefore, Si photodetectors can detect photons up to 
about IlOOnm. This precludes the absorption of most IR photons, hampering the 
use of silicon photodetectors for optical telecommunications and night vision. The 
indirect nature of the bandgap represents also a strong limitation of sihcon as it 
reduces the amount of charge carriers generated per impinging photon (absorption 
efficiency). This reduces the responsivity of the Si photodiodes, that remains weak 
across the entire visible part of the spectrum. 

Furthermore, photons of short wavelengths (below ~ 500 nm) are absorbed very 
close (within I pm) to the surface of the detector Thus, the generated electron-
hole pairs wi l l be affected by surface states, reducing the amount of charge carriers 
available for electrical detection or power generation. The short photon penetration 
length makes silicon, limiting Its apphcation in transparent devices. Finally, silicon 
is also brittle, allowing for tensile strains below 1% before rupture. This reduces its 
appheability in wearable and flexible device concepts. 
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1. INTRODUCTION 

1.4. N O N - S I L I C O N BASED O P T O - E L E C T R O N I C D E V I C E S 
Exotic materials have been studied and implemented to increase absorpdon efficiency 
and to extend the wavelength operation range towards the Infrared and, especially, 
telecommunication wavelengths (1300 nm to 1550 nm). As an example, germanium 
photodetectors have recently been explored[4] due to their sizable absorption coef­
ficient up to telecommunication wavelengths and the possible integration with Sl 
fabrication technology. 

Also, alloys of elements belonging to the I I I and V groups of the periodic table 
have been Investigated in the past decades and are nowadays Implemented in pho­
todetectors for specialized applications, like night vision. 

Aso II-VI and IV-VI compounds have been studied and present some advan­
tages compared to both Si and I l l -V compounds. A limitation of these compounds 
Is the growth process, usually performed via Molecular Beam Epitaxy (MBE). MBE 
growrth delivers stoichiometric compounds with clean and atomically sharp inter­
faces, enabling the engineering of structures where layers of different compounds 
are periodically alternated (heterostructures). These heterostructures exploit quan­
tum confinement effects to increase the efficiency of photon emission and detection 
(quantum wells). However, MBE growth Is limited by the small lattice mismatch that 
is allowed between two compounds to preserve epitaxial growth. Moreover, it is not a 
continuous process as it requires high vacuum and the uniformity over large surfaces 
is poor, requiring selection of the devices after fabrication. 

1.5. N E E D FOR NEW MATERIALS 
The intrinsic limitations of silicon and the technological challenges of exotic com­
pounds motivate the study of the opto-electronic properties of novel compounds that 
can achieve a larger responsivity in the visible or an extended wavelength range or 
that can be Implemented in novel device concepts, such as transparent and flexible 
devices. 

1.6. T H I S T H E S I S 
This Thesis describes an experimental study of photodetection based on new ma­
terials. Throughout the entire Thesis, the dimensionality of the materials plays an 
important role: we start with zero-dimension (colloidal quantum dots) and one-
dlmenslon (nanoribbons) and then move on to two dimensions (exfoliated flakes). 
After this Introduction, Chapter 2 deals with the theoretical aspects of photodetec­
tion that are relevant for the remainder of this Thesis. Chapter 3 reviews the current 
state-of-the-art for photodetection with novel materials. In Chapter 4, we present a 
novel photodetector architecture based on PbSe colloidal quantum dots that allowed 
us to achieve high-gain and high-speed detection. In Chapter 5 we present a study of 
the photoresponse of TiSg nanoribbons in nanostructured devices. Chapter 6 deals 
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C H A P T E R 

P H O T O D E T E C T I O N MECHANISMS 

This Chapter introduces some fimdaniental aspects of photodetection that are relevant 
for the interpretation ofthe data in the rest of this Thesis. We start by briefly introducing 
the typical device architecture and photon absorption processes in semiconductors. 
We then move on to treat photocurrent generation mechanisms driven by electron-
hole separation that are relevant for Chapters 5, 7 and 8. Next, we introduce thermal 
processes that are responsible for photocurrent generation, especially focusing on the 
photo-thermoelecnic effect of interest for Chapter 6. At last, we summarize the relevant 
figures-of-merit for photodetectors to facilitate comparison among devices working 
with different principles. 
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2. PHOTODETECTION MECHANISMS 

2 . 1 . T Y P I C A L D E V I C E A R C H I T E C T U R E 
Figure 2.1 shows the schematics of typical devices used for photodetection: a field-
effect transistor (FET, Figure 2.1a) and a photodlode based on a P N junction (Figure 
2.1c). In both device architectures, a semiconductor (SC, channel) is contacted by 
two metal electrodes (M, source and drain). In the case of a photo-transistor, a third 
electrode (gate) is present, which controls the carrier density In the semiconductor 
via the field-effect. The gate electrode is separated from the channel by an insulating 
material (dielectric) to prevent leakage currents. The corresponding band diagram 
has been sketched in Figure 2.Ib. An apphed source-drain bias (Vdg) of either polarity 
generates a current (/ds) whose magnitude is controlled by the voltage apphed on the 
gate electrode (Vg). Allow apphed V^s the /ds-Vds curve is usually linear The apphed 
Vds is also responsible for the separation of the photo-generated electron-hole (e-h) 
pairs. 

For a P N junction (Figure 2.1c), the doping profile in the semiconductor channel 
varies from hole doping to electron doping. At the interface between the two areas 
of the semiconductor with different doping, an electric field builds up. This internal 
electric field stems from the equilibrium between electron diffusion driven by the 
difference In electrochemical potential between the two channel regions with opposite 
doping and the static electric field of the ions in the semiconductor lattice. 

A schematic band diagram is sketched in Figure 2.Id, showing the conduction 
band minimum (CBM) and valence band maximum (VBM) energy as a function of 
the position along the device. The red (blue) shaded areas correspond to the p-(n-
)doped regions, as evident from the location of the Fermi energy [Ey.) with respect 
to the CBM and VBM. An internal electric field, due to the lattice ions, develops at 
the junction region. This Internal electric field reduces charge accumulation in the 
region between the p- and n-type semiconductor (depletion region) and separates 
the electron-hole pairs generated by impinging photons, giving rise to a photocurrent 
under illumination. 

For a diode, the relationship between Vds and ids is no longer linear A current 
only flows when the bias polarity is aligned with the junction polarity {forward bias) 
and has an exponential dependence on the applied forward Vds- In reverse bias, the 
current is negligible until electrons can start tunneling across the depletion region 
(junction breakdown). 

For both device geometries, the metal contacts to the semiconductor channel 
play an important role in the electrical behavior. In a metal-semiconductor contact at 
equilibrium, the Bp of the metal and of the Fermi level of the semiconductor need to 
be at the same energy. Any misalignment is balanced by charge diffusion between the 
semiconductor and the metal, resulting in a depletion region in the semiconductor 
locahzed at the metal/semiconductor interface. In turn, this local depletion region 
results in an electric field at the interface, giving rise to band bending, known as 
Schottky barrier (SB, see Figure 2.1b). The electric field at the SB Introduces non-



2.2. PHOTON ABSORPTION PROCESSES 
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FIGURE 2 . l : Device schematics and band diagram for a field-effect transistor (FET) and a PN 
junction, (a) FET device schematics. A channel of an n-IjTDC semiconductor (SC) is contacted 
by two metals (M), forming the source and drain electrodes. A dielectric separates the channel 
f rom the gate metallic electrode, (b) Band alignment for the device in panel (a), highlighting 
the presence of Schottky barriers (SB) at the metal-semiconductor interface. Ep is the Fermi 
encrg)'.(c) PN-junction de\'ice schematics. A channel of a semiconducdng material has a gradual 
cliange in the doping profile from p-tj'pe (red .shade) to n-ts'pe (blue shade), resulting in a PN 
junction, (d) Band diagram for the device in panel (c). The £p is equal on both sides as a result 
of char ge diffusion. The internal electric field provided by the lattice ions bends the bands and 
sustains a region where the density of charge carriers is reduced - depiction region. 

linearities in the /js-^ds curves and can separate e-h pairs, generating photocurrent 
without externally applied bias. A detailed and comprehensive discussion over SB is 
beyond the scope of this Thesis; we refer the reader to refs. [1, 2] 

2 . 2 . PHOTON ABSORPTION PROCESSES 

Photon absorption by semiconductors is the mechanisms underpinning photode­
tection. An incoming photon can deliver Its energy to an electron in the valence 
band, promoting it to an empty state in the conduction band. The electron will not 
change momentum, since the momentum of the photon is neghgible compared to 
the electron momentum. Thus, tills transition is allowed if the energy of the photon is 
large enough to bring the electron to an empty state in the conduction band while 
preserving the total momentum. This is the typical description of a direct absorp­
tion process, dominating absorption in direct bandgap semiconductors (see Figure 
2.2a).[3, 4] 

In the case of indirect bandgap semiconductors, the electron receiving the energy 
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2. PHOTODETECTION MECHANISMS 

of the incoming photon usuahy needs to change its momentum to find available states 
in the conduction band (Indirect transition). Lattice phonons provide the momentum 
difference by electron-phonon interaction (see Figure 2.2b). This process involves 
three particles and, thus, it Is less efficient compared to direct absorption processes. 

Momentum (/c) Momentum (k) 

FIGURE 2 . 2 : Schematics of photon absorption processes in semiconductors, (a) Photon ab­
sorption process for direct bandgap semiconductors. A photon wi th energj' (-Bph) larger than 
the bandgap (iJbg) delivers its energ)' to an electron in the valence band (VB). The electron 
undergoes a vertical transition, since the momentum of the photon is much smaller than the 
momentum of the electron itself tphoton "̂e- The promoted electron then thermalizes to the 
conduction band (CB) edge by intra-band phonon scattering. In tire VB, a hole is left behind, 
which also thermalizes to the valence band edge, (b) Photon absorption process for indirect 
bandgap semiconductors. A photon with Ep\^ > iij^g delivers its energy to an electron in the VB. 
The electron undergoes a vertical transition and, to f ind available states in the CB, absorbs a 
lattice phonon (phonon emission is also possible). The promoted electron dien thermalizes 
to the CB edge by intra-band phonon scattering. In the VB, a hole is left behind, which also 
thermalizes to the VB edge. 

Both direct and indirect absorption processes lead to the formation of an e-h pair, 
the electron being promoted into the conduction band and the hole left behind in the 
valence band. The electron and hole interact electrostatically and may form bound 
neutral particles, excltons. The corresponding excitonic states have a lower energy 
than the band gap (exciton binding energy) and present large absorption and emission 
efficiency. They play a major role in the optical properties of quantum-confined 
systems, such as (colloidal) quantum dots and two-dimensional semiconductors. [5¬
8] 
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2.3. PHOTOCURRENT GENERATION DRIVEN BY ELECTRON-HOLE SEPARATION 

2 . 3 . P H O T O C U R R E N T GENERATION DRIVEN BY E L E C T R O N -

H O L E SEPARATION 
Photodetectors produce electrical signal by separating the photo-generated e-h pairs 
and collecting the resulting current/voltage. The underlying mechanisms ai-e usually 
categorized as the photoconductive and the photovoltaic effect, discussed in the next 
subsections. 

2 . 3 . 1 . PHOTOCONDUCTIVE EFFECT 

In the photoconductive effect, photon absorption generates extra free carriers, reduc­
ing the electrical resistance ofthe semiconductor (see Figure 2.3). [9-11] Figure 2.3a 
sketches the band diagram of an FET device. In dark and under an apphed bias (l^is), 
a small source-drain current can flow (/dark) - Under Illumination, the absorption of 
photons with energy higher than the bandgap (Eph > £ b g ) generates a e-h pairs which 
are separated by the applied Vds (Figure 2.3b). The photogenerated free electrons 
and holes drift in opposhe directions towards the metal leads, resulting in a current 
(-fphoto)- This photogenerated current adds to the dark current, reducing the electrical 
resistance ofthe device, as measured via / d s - V g or /ds - l^is traces (Figure 2.3c and d). 

It is Instructive to consider the case of a large difference between the electron and 
hole mobilities. This will result in a large difference in the electron/hole transit time 

(T t rans i l ) : [n ] 

ttransit - —. (2.1) 
[1 • Vds 

where L is the length of the transistor channel, jj. the charge carrier mobiUty and Vds 
the source-drain bias. If the hole mobility is much lower than the electron mobility, 
the photogenerated electrons can leave the semiconductor much faster than the 
photogenerated holes. Due to charge neutrahty, an electron from a metallic contact is 
injected into the semiconductor channel and can be extracted at the opposite contact, 
according to the external bias direction. Until recombination or hole extraction, many 
electrons can participate in the photocurrent, leading to the photoconductive gain 
(G).[II] Effectively, this means that more electrons can be extracted from a single 
photon, resulting in a quantum efficiency larger than one. The photoc 

^ _ rphotocarriers rphotocarriers ' {J ' V ^ ^ 

rtransit ^ 

Hence, large recombination times and large mismatch in the electron/hole mobil­
ity yield large G. 

Photogating is a particular example of the photoconductive effect. If holes/electrons 
are trapped in localized states, they act as a local gate, effectively modulating the re­
sistance of the material. In this case, tphotocarriers is only limited by the recombination 
hfetime of the localized trap states, leadmg to larger G. [ l l ] The trap states where 
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2. PHOTODETECTION MECHANISMS 

'dark ^ 'dark — V g V j g 

/photo * ^ 

FIGURE 2 . 3 : Schematic of the photoconductive effect, (a) Band alignment for a semiconductor 
(SC) channel contacted with two metals (M) under external bias in dark. A small current flows 
through the device (/jjaik)- (h) Band alignment under iUumination with photons of energ)' 
higher (Eph) than the bandgap (i?bg). The absorption of a photon generates an e-h pair that 
is separated by the external applied bias, resulting in a photocurrent (Jphoto' which adds to 
the /dark- t*̂ ) ^ds-^g traces in dark (solid black line) and under illumination (solid red line). 
Illumination results in an increase in the conductiwty (vertical shift) and a positive photocurrent 
across the entire gate voltage range, (d) ^ds-^ds curves in dark (solid black line) and under 
illumination (solid red line). Illumination results in an increase in the conductivit)' and a positive 
photocurrent. 

carriers can reside for long times are usually located at defects or at tfie surface of the 
semiconducting material. This effect is of particular importance for nanostructured 
materials, like colloidal quantum dots, nanowires and two dimensional semiconduc­
tors, where the large surface and reduced screening play a major role in the electrical 
properties. 

Photogating can be seen as a horizontal shift in the /ds -VJ , traces under illumina­
tion. Figure 2.4 schematically shows the photogating effect. Under illumination, the 
absorption of a photon generates an e-h pair. One carrier type (holes in Figure 2.4b) 
is then trapped in localized states with energy near the V B band edge. The electric 
field-effect of the trapped holes shifts the Fermi level which induces more electrons. 
The mcreased electron density reduces the resistance of the device, aUowlng more 
current to flow (/photo)- Under illumination, the / d s - V g trace wil l be horizontally 
shifted (AVg) with respect to the dark trace due to the effective gate electric field of 
the trapped charges. The sign of A V g Indicates the polarity of the trapped carrier. 
Photogating can also result in negative /photo, as sketched in Figure 2.4c,d. 

In practice, this clear distinction between photoconductive and photogating effect 
is faded, since both effects can take place in the same device. However, the difference 
in their time scales can be used to disentangle their signatures, as shown by Furchi et 
fli.. [12] 

2 . 3 . 2 . PHOTOVOLTAIC EFFECT 
In the photovoltaic effect, the photogenerated e-h pairs are separated by an internal 
electric field. The origin ofthe internal electric field could be a PN junction or a Schot-
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2.3. PHOTOCURRENT GENERATION DRIVEN BY ELECTRON-HOLE SEPARATION 

FIGURE 2 . 4 : Photogating schematics, (a) Band alignment for a semiconductor (SC) channel 
contacted wi th two metals (M) under external bias in dark. A small current flows through the 
device (/dart;)- The solid dark line segments represent trap states at die valence band edge, (b) 
Band alignment under illuminahon with photons of energ)' higher (£p|,) than the bandgap (iï^g). 
The absorption of a photon generates an electron-hole paii-. Holes are trapped at the band 
edge and act as a local gate. The field-effect induces more electrons in the channel, generating 
a photocurrent (/photo) which adds to the (c) I^^-V^ traces in dark (sofid black line) 

and under illumination (sohd blue/red line). Illumination results in a horizontal shift (AVg) of 
the traces, due to the trapped charges that act as an additional gate electric field, (d) Ids-Vds 
curves in dark (solid black line) and under illumination at the gate value marked by a triangle in 
panel c (solid red line) and at the gate voltage marked by a square in panel c (solid blue line). 
Illumination results m positive photocurrent for one gate value (Uiangle marker) and negative 
photocurrent for another gate value (square marker). 

tky barrier at a metal/semiconductor interface (see Figure 2.5a). [11] In both cases, 
the devices present nonhnear /ds-Kis characteristics. In the case of PN junctions, the 
forward source-drain current /ds scales exponentially with the source-drain voltage 
Vds as /ds oc exp(Vds) - I ; the reverse current, on the other hand, is negligibly small 
until junction breakdown.il] Under illumination and zero external bias (Vds = 0), 
the internal electric field separates the photoexcited e-h pairs thereby generating a 
sizable photocurrent (short-circuit current, he). Keeping the circuit open leads to Üie 
accumulation of carrier of opposite polarities in distinct parts ofthe device, gener­
ating a vohage (open circuh voltage, Voc). Under illumination and reverse bias, the 
magnitude ofthe reverse current increases since the photoexcited carriers are swept 
in opposite directions by the junction electric field. An additional forward-bias is 
required to compensate the photogenerated reverse-current, giving rise to a non-zero 
^4ic. 

Figure 2.5b plots the /ds-14is characteristics of a PN junction In dark (black solid 
line) and under illumination (red line). Since the photocurrent has the same sign 
as the reverse current, the /ds -Vds under illumination appears shifted dovmwards, 
with respect to the dark curve. The part of the /ds -Vds curve that lays in the fourth 
quadrant is used in solar cells to generate electrical power (P"^'^^) • 

Photodetectors based on the photovoltaic effect are usually PN diodes and are 
used at zero bias (photovoltaic mode) or under reverse bias (photoconductive mode). 
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2. PHOTODETECTION MECHANISMS 

X 

FIGURE 2 . 5 ; Photovoltaic effect schematics, (a) Band alignment in a PN junction. The dashed 
line represents the common Fermi energj' £p for the P-doped and N-doped semiconductor 
The absorption of a photon wi th Eph > ̂ bg generates an electron-hole (black dot and white 
dot respectively) pair. The electron-hole pair is then separated and accelerated by the built-in 
electric field at the junction, (b) I^s^V^^ curves in dark (solid black line) and under illumination 
(solid red line). The illumination results in a short-circuit current he and an open-circuit voltage 
Vbc- The device produces electrical power when operated in the fourth quadrant. The point of 
maximum power generation is indicated as P^^^ 

In the photovohaic mode, the dark current is the lowest, improving the detectivity 
(see Section 2.5) ofthe detector. However, the absolute responsivity (see Section 2.5) 
is usually smaher than a photodetector workinig with the photoconducting or pho­
togating mechanism, since there Is no internal gain. The advantage of reverse-bias 
operation (the photoconductive mode) is the reduction of the junction capachance, 
increasing the speed of the photodlode. Under large reverse bias, the strong junc­
tion electric field can give enough energy the photogenerated electrons to initiate 
impact ionization multiplications, or avalanching (avalanche photodlode - APD). This 
mechanism provide large internal gain, so that light of extremely low power can be 
detected. 

2 . 3 . 3 . SIMPLIFIED PHOTOCURRENT GENERATION PHENOMENOLOGICAL 

DESCRIPTION 

The generated photocurrent, /photo, in a photoconductive detector can be estimated 

with the following formula: 

^photo = i l lumination ^ ^dark = F • ty • 6 • G, (2.3) 

where F Is the number of absorbed photons per unh time, rj the efficiency of the 

conversion of the absorbed photons to electrons and e the electron charge. The 

parameter is the internal quantum efficiency of the detector, without considering 

gain mechanisms. 
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2.4. PHOTOCURRENT GENERATION DRIVEN BY THERMAL 

MECHANISMS 

With the help of equation 2.2, we can nowrewrhe equation 2.3 as: [13] 

^photo = r -77-e-G-- ï — . (2.4) 

From Equation 2.4 we see that /photo is hnearly dependent on the photon flux (i.e., the 
excitation power), the photogenerated carrier lifetime, the electron mobihty and the 
applied bias, following simple physical Intuition. 

This simplified model, however, does not take into account the presence of a 
finite number of trap states. These trap states strongly affect the dependence ofthe 
photocurrent on the excitafion power (usually h becomes sub-hnear) and the carrier 
lifetime (usually h increases). Engineering trap states is a viable way to achieve ultra 
high gain, usually at the expense of a slower time response ofthe detector. 

2 .4 . P H O T O C U R R E N T GENERATION DRIVEN BY THERMAL 

MECHANISMS 
Temperature gradients'méuced by non-uniform heating under illumination can also 
generate a photocurrent or photovohage through the photo-thermoelectric effect. 
On the other hand, a homogeneous temperature change affects the resistivity of a 
material (photo-bolometric effect), which can be detected by electrical means. 

2 . 4 . 1 . P H O T O - T H E R M O E L E C T R I C E F F E C T 

In the photo-thermoelectric effect (PTE), a heat gradient from light-Induced heating 
results in a temperature gradient across a semiconductor channel. As a result, the two 
ends ofthe semiconductor channel display a temperature difference A T. This AT is 
converted into a vohage difference (A V) via the Seebeck (or thermoelectric) effect 
(see Figure 2.6). The magnitude of VV is linearly proportional to the temperature 
gradient via the Seebeck coefficient (S):[14] 

^V = S•^T. (2.5) 

The heat gradient can stem from either localized illumination, as with a focused laser 
spot with dimensions much smaller than those of the measured device, [15, 16] or 
from a strong difterence in the absorption In distinct parts ofthe device under global 
illumination. ]17] 

The Seebeck effect can be divided into three main microscopic processes. In 
dynamic equilibrium with each other [14, 18] The first process is the diffusion of 
electrons due to a steadystate temperatm-e gradient along a conductor. As electrons 
carry a charge, their diffusive flux will generate an electric fleld in an open conductor; 
in turn, this electric fleld will exert a force on the electrons in the opposite direction, 
balancing the diffusion induced by the temperature gradient. This process will result 
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2. PHOTODETECTION MECHANISMS 

in a component of tlie Seebeck coefficient (Se) which is proportional to the speciflc 
heat capacity of the electrons In the conductor: 

Se oc oc Ce, (2.6) 
clT 

where is the electron energy, T the temperature and Ce the speciflc heat o f the 
electrons. 

The second process is the variation of the chemical potential ju with temperature: 
this variation affects the concentration of electrons along the temperature gradient 
and, therefore, induces electron diffusion. Assuming that p diminishes with tem­
perature, the diffusion of electrons induced by this term is i n the opposite direction 
compared to the mechanism discussed in the previous paragraph. This process 
gives rise to a Seebeck coefficient component (S^) proportional to the change of the 
chemical potential with temperature: 

S - - ^ (2 71 
^^-edT' ^^^^ 

where e is the electron charge. 
The third process is the phonon drag: as phonons diffuse from the warm side of 

the conductor to the cold side, they can scatter and drag along electrons. This process 
gives rise to a component of the Seebeck coefficient (Siattice) which is proportional to 
the electron-phonon coupling and the specific heat of phonons: 

„ ^lattice Ol 
•JIatticeOC a — , 

eN 

where a is the electron-phonon couphng, Qattice the specific heat of the phonons and 
N the electron concentration. 
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2.4. PHOTOCURRENT GENERATION DRIVEN BY THERMAL 

MECHANISMS 

As it is difficult to experimentally determine microscopic properties such as the 
energy dependent density of states in a given sample, the Seebeck coefficient is often 
parameterized in terms of the conductivity of the sample using the Mott relation: 
[19-22] 

T T ^ k l T dln{a{E)) 

3e dE 
(2.9) 

where /CB is the Boltzmann constant and a(E) the conductivity as a function of en­
ergy (E), and where the derivative is evaluated at the Fermi energy Ep. The sign of 
the Seebeck coefficient is determined by the majority charge carrier polarity in the 
semiconductor. 

FIGURE 2 . 7 : Photo-thermoelectric 
effect, (a) Schematic of a field-effect 
transistor locally illuminated by a 
focused laser spot on one of the 
metal contacts to the semiconduct­
ing channel. The circuit is open 
and a Üiermoelectric voltage AVpxE 
develops across tlie contacts, (b) 
Thermal circuit corresponding to the 
device depicted in (a). The two 
metal/semiconductor jtmctions are 
kept at a steady-state temperature 
difference &T, generating a photo-
thermoelectric voltage AVpxi:. 

The photo-thermoelectric effect (PTE) generates a vohage difference that can 
drive a current through a device at zero V^s. As sketched in Figure 2.7, a device which 
is illuminated by a focused laser spot can be modeled as two junctions between the 
contact metal and the semiconductor channel. In this example, a focused illumination 
keeps a steady-state AT between the two junctions, leading to a voltage difference 
across them (AVPXE): 

AVpTE = (Ssem iconductor Smetal) ' ^ ~ Sscniiconductor ' A T . (2.10) 

In this equation, the term Smetai • A T can usually be neglected because the Seebeck 
coefficients of pure metals are in the order of I p V I C \ smaUer than typical values 
for semiconductors. A T can be estimated via finUe element simulations [16, 23, 24] 
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2. PHOTODETECTION MECHANISMS 

or measured with on-chip thermometers.[24, 25] Once AT is Imown, it is possible 
to estimate the Seebeck coefficient of the semiconductor material. The magnitude 
of A VpTE typically ranges from tens of pV to tens of mV. In order to drive current 
through a metal-semiconductor contact, A VPTE should be larger than the height of 
the Schottky barrier (BSB)-

Figure 2.8 shows a typical / d s - ^ i s curve of a device where the photoresponse is 
dominated by the photo-thermoelectric effect. In dark, /ds is hnear with Vds indicating 
that the Schottky barriers are smah. Under illumination, the photo-thermoelectric 
effect generates a current at zero bias, without changing the resistance of the device. 
A VpTE can be read off f rom the intersection with the zero-current axis, as illustrated 
in Figure 2.8. 

FIGURE 2 . 8 ; /ds^^ds characteristics 
in dark (black solid Une) and under 
illumination (red solid line) of a de­
vice whose photoresponse is domi­
nated by the photo-thermoelectric ef­
fect. Illumination results in a current 
at zero bias and a thermoelectric volt­
age AVpxE develop across the con­
tacts when the circuit is kept open. 

2 . 4 . 2 . P H O T O - B O L O M E T R I C E F F E C T 

The photo-bolometric effect (PBE) is based on the change of resistivity of a material 
due to uniform heating induced by photon absorption. The magnitude of this effect 
is proportional to the conductance variation of a material with temperature {dGldT) 
and tlie homogeneous temperature increase (AT) induced by laser heating. The 
bolometric effect underpins many detectors for mid and far-IR.[26] Detectors working 
on this principle are usually measured in a four-wire configuration to increase the 
accuracy in the determinadon of the conductance change. Recent reports have also 
demonstrated the importance of the photo-bolometric effect for graphene-based 
detectors, where electron cooldown is limited by the available phonons, [27, 28] and 
for photodetectors based on ~ 100 nm thick black phosphorus. [29, 30] 
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2.5. PHOTODETECTORS FIGURES-OF-MERIT 

COMPARISON BETWEEN PHOTO-THERMOELECTRIC AND BOLOMETRIC EFFECTS 

The main difference between the PTE and the PBE is that the PBE cannot drive 
currents in a device. Since the PBE is related to a change in the conductivity of the 
material whh temperature, h whl only modify the magnhude ofthe cuirent flowing 
under external bias and illumination. 

The sign ofthe photoresponse is also very different between the two mechanisms. 
In the PTE the sign of the photocurrent is related to the difference in Seebeck coeffi­
cients between the components of the juncfion and, uhimately, to the type of charge 
carriers in the material. For the PBE, the sign of the photocurrent is related to the 
change in the material conductivity with temperature. [26] 

From a device architecture perspective, the photo-thermoelectric effect requires a 
temperature difference between two junctions of materials with different Seebeck co­
efficients. In contrast, the photo-bolometric effect will be present in a homogeneous 
material, with a homogeneous temperature profile, and under external bias. 

2 . 5 . PHOTODETECTORS F I G U R E S - O F - M E R I T 
To facilitate comparison between photodetectors working with different principles 
and realized with different materials and geometries, it is customary to use a set of 
figures-of-mei1t. In the following discussion, we wiU briefly introduce the general 
meaning of each figure of merit and give a reference to commercial sihcon and recent 
graphene-based detectors, as a benchmark. 

Responsivity, % measured in AW ^. The responsivity is the ratio between the 
photocurrent and the incident optical power on the photodetector. It is an indication 
ofthe achievable electrical signal under a certain rlluiTilnation power: a large respon­
sivity indicates a large electrical output signal for a defined optical excitation power. 
With the help of Equation 2.4, we can define the responsivity as: 

^ ^photo „ ^ TphotocarriersM^^ A 
In = = ine • G = 

P L2 The 
_ eX jiV ^ ' 
~ • T] • G • Tphotocarriers ' "fT' 

where A is the photon wavelength, h Planck's constant and c the speed of light in 
vacuum. Equation 2.11 shows that the responsivity stiU depends on the external 
bias iV) or geometrical factors, at least in the simplified model presented here. For 
commercial silicon photodiodes, the responsivity is in the order of 500 mA W^^ at a 
wavelength of 880 nm and becomes negligible for wavelengths shorter than 405 nm 
and larger than IlOOnm. For graphene photodetectors, the responsivity is about 
10 mA W " i across the visible and telecommunication wavelengths.]31] Recently more 
complex graphene detectors based on photogating either with quantum dots [32] or 
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2. PHOTODETECTION MECHANISMS 

with anotiier grapliene sheet separated by a tunnel barrier[33] have achieved much 
largerresponsivities: and 1 • 10^AW"\respectively 

External quantum efficiency, EQE. The external quantum efficiency is the ratio 
of the number of the charge carriers in the photocurrent iig and the total number of 
impinging excitation photons Op^mo,,- h is closely related to the responsivity CH: 

photon 

The EQE is a measure of the optical gain G in the photodetector: EQE > 1 effectively 
means that more than one charge carrier per impinging photon is measured. It is 
usually a lower bound for the internal quantum efficiency since it assumes that all the 
incident photons are absorbed. For a silicon photodlode the EQE is in the order of 
6-10^ and for a graphene detector is about I • 10"^ 34] 

Internal quantum efficiency, IQE = TJ. The internal quantum efficiency is number 

of measured charge carriers lie divided by the number of absorbed photons "photon-

Accounting for the reflectance r and using Lambert-Beer law for the absorption, we 

can express the number of absorbed photons per unit area and per unit time («abs) as: 

< h ^ o t o n - C l o n - a - ' - ) - e x p - W . ' - (2.13) 

where a (A) is the wavelength-dependent absorption coefficient and z is the opti­

cal thickness. The optical thiclcness can be enhanced by substrate-induced optical 

interference effects. [35-37] The IQE can be expressed as EQE • 2 E ! ! ^ . 

Noise equivalent power, NEP, measured in WHz" 2 . The noise equivalent power 
is the minimum iUumination power that delivers a unit)' signal-to-nolse ratio at 1 Hz 
bandwidth. It is similar to the sensitivit)' figure-of-merit for other type of detectors. 
It is a measure of the minimum detectable illumination power; thus a low NEP is a 
desirable property of a photodetector. It can be estimated by: 

PSD 
NEP = ^ , (2.14) 

where the PSD is the current noise power spectral density in dark (in AHz"2) at 

I Hz bandwidth. Under the assumption of a sliot-noise limited detector, tlie PSD is 

proportional to the square root of the dark current. Thus a detector witi i a small dark 

current and large responsivity wiU have a small NEP. Commercial sUicon photodiodes 

have a N E P in the order of I • lO"^'* AHz^z whUe graphene detectors reach values 

about I • I0~^2 AHz" 2 , being limited by the high dark current. 
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Time response, measured in s. Tlie time response of a photodetector is usually 
measured between 10% and 90% of the generated signal under modulated excitation 
intensity, either on the raising or falling edge. A photodetector with a small response 
time is usually desired to allow for certain applications, like video-rate imaging. Com­
mercial sihcon photodiodes show rise times of about 50 ps while graphene detectors 
can already reach hundreds of picoseconds. [31,34] 

Bandvwdth, B, measured in Hz. The bandwidth of a photodetector Is defined as 
the modulation frequency (/modulation) ofthe incoming light excitation at wliicli the 
intensity of the detector signal is 3 dB less than under continuous illumination. A 
photodetector with a large bandwidth is desirable for high-rate optical information 
transfer. As for the response time, the bandwidth of commercial silicon and graphene 
detectors is similar and reaches a few tens GHz. [31, 34] Using optical correlation 
techniques, the intrinsic bandwidth of graphene has been estimated to be about 
260 GHz. 138] 

Detectivity, D*, measured in ^ ^ ^ ^ . The detectivity (D*) is a figure-of-merit 
derived from the NEP that enables comparison between photodetectors of different 
geometries: a liigher detectivity indicates a better photodetector performance. It is 
defined as: 

(2.15) 
NEP 

where A is the area of the photodetector and B is its bandwidth. The detectivity of 

silicon photodiodes is in the order of 1 • 10^^ cm^vlïz ^ j ^ j j g f ^ j . hybrid graphene-PbS 

systems can reach about I • 10̂ ^ simUar to commercial detectors based on 
III-V materials. [32] 
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C H A P T E R 

T W O - D I M E N S I O N A L MATERIALS F O R 

P H O T O D E T E C T I O N 

Michele Buscema, Joshua O. Island, Dirk J. Groenendijk, Sofya I . 
Blanter, Gary A. Steele, Herre SJ. van der Zant and Andres 

Castellanos - Gomez 

Two-dimensional (2D) layered two-dimensional materials have attracted a great deal 
interest in recent years. This family of materials allows for the realization of versatile 
electronic devices and hold promise for next-generation (opto)electronics. The elec­
tronic properties of 2D materials strongly depend on their number of layer, making 
them interesting from a fimdaniental standpoint. For electronic applications, semicon­
ducting 2D materials beneflt from sizable mobilities and large on/off ratios, due to the 
large achievable field effect. Moreover, being mechanically strong and fiexible, these ma­
terials can withstand large strain (> 10%) before rupture, making them interesting for 
strain engineering and fiexible devices. Even in their single layer form, semiconducting 
2D materials have demonstrated efficient light absorption, enabling large responsivit)' 
in photodetectors Therefore, semiconducting layered 2D materials are strong potential 
candidates for optoelectronic applications, especially for photodetection. Here, we 
review the state-of-the-art in photodetectors based on semiconducting 2D materials, 
especially focusing on the transition metal dichalcogenides, black phosphonis, novel 
van-der-Waals materials and heterostructures. 
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3. TWO-DIMENSIONAL MATERIALS FOR PHOTODETECTION 

3 . 1 . INTRODUCTION 

The isolation of graphene in 2004, [1,2] rapidly followed by the discovery of its amaz­
ing properties, [3-10] has generated an intense research effort on the large family of 
layered materials. [3, 11] In these materials, the atoms forming the compound are 
arranged into planes (layers) that are held together by strong in-plane bonds, usually 
covalent. To form a 3D crystal, the atomic layers are stacked in tlie out-of-plane 
direction with weak van-der-Waals (vdW) interactions. This vdW stacking ahows to 
cleave bulk crystals and fabricate thinner flakes, down to the single layer limit. [2[ 
For photodetection, flakes of layered materials present several advantages over con­
ventional 3D materials, f rom both a practical and a fundamental standpoint. The 
atomic thickness makes layered materials almost transparent (and yet present strong 
hght-matter interaction), wliich is of high interest for novel apphcations, e.g. photo­
voltaics integrated in facades or wearable electronics. Their atomic thickness is also 
responsible for quantum confinement effects in the out-of-plane direction. These 
effects are strong in the semiconducting transition metal dichalcogenides - TMDCs -
where the reduced thickness results in strongly bound excltons. [12-I4| Another effect 
of the vertical confinement is the modulation of the bandgap as a function of the 
number of layers, particularly evident in TMDCs. [12,15-19] 

Layered materials have also demonstrated elastic moduli larger than hundreds 
of GPa[6, 20, 21] and uhimate strain larger than 10% before rupture. [6, 22,23| Large 
Strains have a strong effect on the electronic and optical behavior of these materials. 
[6,19, 24-27[ Thus, strain-engineering can be used to tune the optical properties and 
realize novel device architectures (weareable, bendable devices) and devices wit l i 
novel functionalities, like exciton funnelling. [28, 29| 

T H I S CHAPTER 

This Chapter is a review of the state-of-art in photodetection with layered materials, 
especially focusing on the semiconducting materials that are going to be addressed 
in Chapters 6, 7 and 8. We start wi t l i a very brief overview of graphene-based pho­
todetectors, then move on to review the main results for photodetectors based on the 
TMDCs, especially the molybdenum and tungsten compounds. Next, we describe 
tlie recent experimental findings for the novel compound black phosphorus. Last we 
review the recent advances in artificially stacked van der Waals heterostructures. 

3 . 2 . G R A P H E N E - B A S E D PHOTODETECTORS 

Graphene-based photodetectors have shown several photocurrent generation mecha­
nisms due to the peculiar properties of graphene, especially its large mobility, [10] the 
high transparency [30] and the absence of an energy gap. [31-33] The gapless energy 
dispersion relationship of graphene carriers aUows Üie absorption of photons of very 
smaU energy: recent reports show photodetection for Bphoton ~ 10 rneV, correspond-
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ing to a wavelengtii of about 120 |jm. [34, 35[ 

The metal contacts to graphene play a major role in its photodetection properties. 
[7, 36, 37] Figure 3.1a shows a micrograph of a graphene FET (gFET) from reference 
[37]. Scanning photocurrent microscopy (SPCM) measurements on the gFET in Figure 
3.1a reveal that the photocurrent is generated when the focused laser spot is i l lumi­
nating the graphene/metal interface (see Figure 3.1b). The alternating photocurrent 
sign is an indication of the direction of the electric field at each interface. [37] 

Xia etal. performed gate-dependent SPCIVI measurements on a similar graphene 
device.[7] The refiectance image of the gFET in Figure 3.1c ahows one to locate the 
electrodes. The whhe dashed line corresponds to the location where the llnecuts in 
Figure 3.Id were collected. While applying a gate vohage, the pealcs in the photocur­
rent shift away from the center ofthe flake and get closer to the electrodes edges with 
respect to theh position at the flatband condition (Vg = 15 V). Moreover, the intensity 
of the peaks increases when tiie gate voltage is far from the flatband condition. Both 
the shift in position and the increase in magnitude are consistent with a photocurrent 
generation dominated by the electric fleld at the Schottky Barriers (SBs): applying a 
gate bias changes the slope ofthe bands at the metal/graphene interface, changing 
the location of the maximum electric fleld. A larger gate vohage results in steeper 
bands at the interface, pushing the SBs electric fleld maximum towards the metal 
edge. [7] At the highest gate vohage (Vg = 45 V), the doping in the bulk graphene is 
opposite to the local doping induced by the electrodes, giving rise to a localized PN 
junction. [7] 

The plioto-thermoelectic effect can also drive photocurrents in a gFET, competing 
with the photovoltaic effect induced by the SBs. [37] Figure 3.2a shows a micrograph 
ofthe same gFET from Figure 3.1a. In their study the authors report photocurrent 
driven by flie electric field at the SBs by muminating with A = 780 nm, see Figure 3.Ib. 
Figure 3.2b plots an SPCM map collected by scanning with A = 410 nm in hole-doping 
regime. Interestingly, there is a strong photocurrent generated from the inside of 
electrodes A and E, several microns away from the electrodes edges. This current 
can be attributed to the photo-thermoelectric effect. As schematically depicted in 
Figure 3.2c, tiie local IUumination provides a temperature difference between the two 
contacts A T that can generate a thermoelectric current in the device (for more detaUs, 
see Section 2.4.1). 

Contacts also play a major role when the devices are globally Uluminated. Mueller 
etal.[8] contacted a singe-layer graphene flake with interdigUated electrodes made 
of titanium and paUadium (see inset of Figure 3.3a). The /ds-l^ds are linear both in 
dark and under iUumination and intersect at the point where the external Vds bias is 
equal to the buUt-in electric field induced by the different metals. Tltis buUt-in electric 
field separates the photogenerated electron-hole pairs and drives photocurrent at 
zero Vds. Figure 3.3b shows the band diagrams as a function ofthe applied Vds. The 
different contact metals locally induce a slightly different doping in the graphene. 
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FIGURE 3.1: (a) Optical micrograph of a graphene FET used to perform SPCM measurements by 
Park ef fl/.[37]. The scale bar is 2 | jm. (b) Scanning photocurrent map. The colorscale represents 
the measured photocurrent whUe a focused laser (A = 780 nm, P = 0.34 mW) spot is scanned 
over the surface. The intensity' of the reflection is collected simultaneously and used to locate 
the edges ofthe electrodes (gray shapes), (c) Reflectance image of the gFET measured in ref. [7]. 
The source and drain electrodes are identified by S and D respectively. The scale bar is 2 pm. The 
dashed wliite line indicates the location where the gate dependent linecut shown in panel (c) 
are taken, (d) Gate-dependent SPCM llnecuts (A = 632.8 nm, -Pincident = 30 l^W.) Panels a,b are 
adapted f rom ref. [37] Panels c,d are adapted f rom ref. 17] 

due to their difference in worlcfunction. The local difference in doping shifts the 
charge neutrality point by A</) which, in turn, promotes band bending, giving rise to 
the internal electric field. This photodetector reaches a responsivity of 6.1 mAW"^ 
and can be operated at zero external bias (pliotovoltaic mode), decreasing the noise 
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FIGURE 3.2: (a) Optical micrograph of a graphene FET used to perform SPCM measurements 
by Park et fl/.[37]. The scale bar is 2 |am. (b) SPCM map of die device presented in panel a 
collected wi th 1 = 410 nm,P = l i n W , Vg = - 9 V and lock-in detection, (c) Band schematics of 
the device under localized illumination highlighting the temperature difference A T that drives 
the thermoelectric current. Al l panels f rom ref [37] 

equivalent power (NEP). At telecommunication wavelengths, this graphene-metal 
detector reaches a bandwidth of 16 GHz allowing for 10 Gbits"^ data exchange rate 
(Figure 3.3c and inset). 

Graphene photodetectors demonstrate a variety of photocurrent generation mecli­
anisms, owing to the interaction with the metallic contacts. While operation wave­
lengths can be up to 120 pm and operation frequencies can be as high as 40 GHz, 
the absolute responsivity is low, limited to a few mAW^^ For more in-depth re­
views about photodetection in graphene and graphene oxide, we refer the reader to 
refs. [38,39] 

3 . 3 . P H O T O D E T E C T O R S BASED ON TRANSITION METAL D I ­

CHALCOGENIDES 
Transition metal dichalcogenides (TMDCs) are layered compounds whh general 
formula MX^ where M is a metal from group IV; V or VI of the transition metals and X 
is a chalcogen atom (group VI, e.g., S, Se or Te). [9] In every layer, the metal atoms form 
a plane in between two planes of chalcogen atoms. Every metal atom is covalently 
bonded to the chalcogen atoms on either side. This covalent bond provides the 
structural integrity to a single-layer To form a bulk crystal, the layers are are held 
together by weak van der Waals interactions (see Figure 3.4a). The weak out-of-plane 
interaction facilitates micromechanical exfoliation, allowing isolation of single-layers 
(see Figure 3.4b). The mechanical exfoliation of these materials has opened the door 
to the fabrication of FETs based on single- and few-layer TMDCs and to the study of 
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FIGURE 3.3: (a) /cis~^ds characteristics in dark (black solid line) and under laser illumination 
with A 1550 nm and P = 15dBm ~ 32 mW (red solid line) and P = 20dBm = 100 mW (blue solid 
line). Inset: de\'ice schematics and optical micrograph - scale bar is 5 ^ m (b) Band diagrams as a 
function of applied bias. The dark solid line represents the charge neutrality' point, (c) Relative 
response as a function of modulation frequency. Inset: superposition ofthe electrical response 
to repeated pulses at a rate of lOGbits^^ (eye diagram). The emptjf region between the high and 
low signal level indicates that the detector can work well at this data rate. All panels from ref. [8] 

their (opto) electronic properties. 

3 . 3 . 1 . PHOTODETECTION WITH MOLYBDENUM DISULPHIDE 

M0S2 is the most studied semiconducting TMDC, especially in its single-layer form. Its 
large and direct bandgap(I.8eV)[I2,15,17,18],its mobility[I6,40] above 100 cm^V"^ s 
and its remai'kable mechanical properties [22, 24] make single and few-layer M0S2 an 
interesting material for optoelectronic and flexible devices. [41-52| 

TMDCs show a variety of electronic transport phases: metaUic, superconducdng, 
charge density wave and semiconducting. We refer the reader to ref [9] for an overview. 
In the reminder of this Chapter we will focus on the semiconductors and especially on 
M0S2, MoSe2, WS2 and WSCj given their large and direct bandgap, useful for detection 
in the visible part of the electromagnetic spectrum (see Table 3.1). 

The number of layers dramatically affects the bandgap, both in magnitude and 
in nature. M0S2 shows a transition from a direct, 1.89 eV bandgap in single layer to 
an indirect 1.6 eVbandgap in two layers. [12-18] In the single-layer form, the direct 
bandgap is located at the K point of the Brillouin zone whhe in a few-layer sample 
the fundamental transition is indirect from the T point to an intermediate point 
in the K-T direction (see Figure 3.5a). This shift can be explained by a change in 
the confinement of the carriers.112, 17] This direct-to-indirect bandgap transhion 
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a b 

FiGUUE 3.4; (a) Artist impression of a layered transition metal dichalcogenide in its 2H phase. 
The black dots are die metallic atoms; the yellow dots are the chalcogen atoms, (b) Typical 
inicrograph of anMoSj flake e.^^oliated in Si02/Si substrate. The arrow points at the single-layer 
park Panel (a) is adapted from [9] 

Bandgap IL (eV) Bandgap bulk (eV) Ref 

M0S2 1.89 1.20 [12-18] 
MoSe2 I .5I 1.10 [53] 
WS2 1.90 1.40 [54] 
WSe2 1.65 1.30 [53] 

T A B L E 3.1; Bandgap of Mo and W based TMDCs 

drastically reduces the luminescence intensity for multilayer samples (see Figure 
3.5b).117] This effect is found to be common for M0S2, MoSe2, WS2 and WSe2.]17, 53]. 
The change in bandgap magnitude with the number of layers has been proposed 
as a method to engineer the spectral response of photodetectors by using different 
thicknesses of MoSj flakes. ]44] 

The symmetry of the unit cell (i.e. flie crystalhne phase) has also a large influence 
on the electronic properties. 118, 55] Figure 3.6a,b shows the IT and the 2H phase 
for M0S2.II8] The IT phase has a octahedral symmetry and makes M0S2 metaUic 
while the 2H phase is trigonal prismatic and makes M0S2 a semiconductor with a 
1.89 eV bandgap. ]18, 55] The absence of a bandgap in the metaUic (IT) phase results 
in a suppressed photoluminescence intensity (see Figure 3.6c). [18, 55] It was recently 
shown that a chemical treatment can induce the phase transformation. ]55] The region 
where the pliase transition takes place can be defined by means of electron-beam 
lithography, allowing for on-demand realization of metalhc patches in a semicon­
ducting flake. [55] These metallic patches were recently exploited to drastically reduce 
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FIGURE 3 . 5 : (a) Band structure of 4 layers (4L), 3 layers (3L), 2 layers (2L) and 1 layer (IL) MoSj . 
The red (blue) solid line highlights the conduction (valence) band edge. Arrows indicate the 
lowest-energyf transition, (b) Luminescence spectra for I L (blue solid line), 2L (green solid line), 
6L (red solid line) and bulk (black solid line) MoS^. The intensity is normalized to the AigRaman 
mode. Both panels are modified from ref [17] 

( - 6 0 % ) the contact resistance of FETs based on single layer MoS2.[55] 

We wil l now turn our attention to the photodetectors based on TMDCs, starting 
from biased and unbiased detectors based on M0S2. We wih briefly describe the 
recent results on MoSe2 and WS2. 

Trigonal Prismatic (2H) Octahedral (IT) 

FIGURE 3 . 6 : (a) Trigonal prismatic symmetry of the 2H unit cell, (b) Octahedral symmetry of 
the IT unit cell. In both (a) and (b) panels the green dot is the Mo atom and the orange dot is the 
S atom, (c) Spatially resolved photoluminescence of single layer M0S2 composed of 2H phase 
and IT phase. The 2H phase appears brighter due to the higher luminescence efficiency of the 
2H-semiconducting phase. Panels (a) and (b) are modified f rom ref 118]. Panel c is adapted 
f rom ref [55| 

30 



3.3. PHOTODETECTORS BASED ON TRANSITION METAL DICHALCOGENIDES 

EXTERNALLY BIASED PHOTODETECTORS. 

Photodetectors based on single- and few-layer MoSj are usually in the form of photo-
FETs (see Figure 3.7a). Yin et al.[43] first reported a photo-FET based on single 
layer M0S2 (Figure 3.7a) reaching a responsivity of about 7.5mAW"i in electron 
accumulation, measurable photoresponse up to about 750 nm and a response time 
in the order of 50 ms (see Figure 3.7b).[43] 

FIGURE 3.7; (a) Optical image of a tj'pical device based on single layer M0S2. (b) Time response o f the 
device i n panel (a), (c) Photoresponsivit)' as a fimction of iUumination wavelength, exddencing the cut-off 
wavelength at 680 nm. Inset: device schematics, (d) Photocurrent as a function of incident optical power 
(e) Energy and relevant rates for die trap-assisted recombination model. Hole traps are the only relevant 
traps due to the large effective mass of the holes (open dots) compared to die electrons (closed dots) (f) 
Responsivity as a funcdon of excitation power for V^^ = -5 V (blue dots) and V^^ = 5 V (red dots). Panels 
a,b are adapted f romref [43], Panels c,d are adapted f rom ref. 146]. Panels e,f adapted from ref [.52], 

Recently a similar study by Lopez-Sanchez et al.[46] reported a low-bound re­
sponsivity for exfohated I L M0S2 photo-FET 880AW^i in depletion and a cut-off 
wavelength of 680 nm (see Figure 3.7c).[46] The reported responsivity is a lower bound 
since it is estimated in the OFF state of the photo-FET, where the photocurrent mag­
nitude is the lowest. 146] With increasing power, the photocurrent raises subhnearly 
(Figure 3.7d). The dme response is in the order of 4 s and h could be reduced to 600 ms 
whh the help of a gate pulse to reset the dark conductivity of the FET. 146] Both the 
sublinear behavior of the photocurrent with power and the need of a gate pulse to 
reset the conductivity are symptomatic of a photocurrent generation mechanism 
where trap states play a dominant role. 

The NEP reached by the photodetector presented by Lopez-Sanchez et al. is 
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L8 • 10"^^ WHz"2. [46] This remarlcably low NEP stems from the low magnitude of the 
daric current in electron depletion, achievable due to efficient field-effect tunabUity 
in single-layer M0S2 and the L8 eV bandgap of IT ]VIoS2 that suppresses thermally 
activated carriers. [16] 

In case of IL M0S2 grown by chemical vapor deposhion (CVD), Zhang et al. re­
ported responsivhies in the order of 2200AW"' in vacuum and 780AW"^ in air, 
highlighting the importance ofthe environment for both the electronic and the op­
toelectronic properties.[51] Given the large surface-to-volume ratio, adsorbates play 
a major role in the properties of layered materials. [56-59[ Charged adsorbates also 
reduce the photoresponse as they suppress the lifetime of trapped carriers by acting 
as recombination centers. [51[ 

Both exfoliated and CVD-grown M0S2 display large responsivity (large optical 
gain), sub-linear /photo with incident optical power and ms-to-s response times; ah 
these properties point to a photogeneration mechanism in which trap states play a 
major role. In particular, the photocurrent generation inechanism is a combination 
of both photoconductance (PC) and photogating (PG), as recently reported in ref 
[52]. Furchi et al.lSZ] study the photoresponse of single and bUayer M0S2 photo-
FETs by varying the incident optical power and the modulation frequency of the 
optical excitation. The large difference in time scales between PC (fast) and PG (slow) 
facihtates disentangling the two effects. The proposed model, based on mid-gap 
states and hole-trap states (Figure 3.7e), allows the authors to fit the measured data 
(Figure 3.7f) and extract relevant parameters, such as the density and energy ofthe 
trap states involved in the photoconduction process. [52[ 

MULTILAYER M0S2 PHOTODETECTORS. 

Muhilayer M0S2 photodetectors benefit f rom the decrease in bandgap, allowing for 
extended detection range, [44, 45| larger absorption due to increased thickness, [50| 
and achieve responsivity simUar to single-layer photodetectors, even i f their ban-
dagap is indirect. [52, 60] The photodetection mechanism in multilayer M0S2 is stiU 
dominated by trap states. 

H Y B R I D M0S2-PBS QUANTUM DOTS PHOTODETECTORS. 

Very recently, Kufer etal.[6l] have realized hybrid photodetectors based on bUayer 
M0S2 and lead sulfide (PbS) quantum dots. The final device was fabricated in two 
steps; first the bUayer M0S2 was patterned into an FET and, second, the PbS quantum 
dots were deposited on top via a layer-by-layer and hgand exchange process. The 
ligand exchange step is crucial to improve the charge transport properties of the 
quantum dot film and the charge transfer to the MoSg bUayer. The deposhion ofthe 
QDs affects the Ids-Vg characteristics of the bilayer M0S2, reducing the ON/OFF ratio 
and mobility. This is a strong indication that the QD deposition increases the charge 
earlier concentration in the M0S2 flake by charge transfer and makes it more metaUic. 
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This liybrid photodetector shows high responsivity (6 • 10^ A W"^), detection up 
to X = 1500 nm and a time response in the order of 350 ms. Moreover, by tuning 
the M0S2 in the OFF state, the darlc current can be suppressed, decreasing the NEP 
and increasing the detectivhy of the detector. The low dark current and large de­
tectivity are a major improvement with respect to a similar hybrid device based on 
single-layer graphene, where the large dark current of the graphene FETs reduces the 
detectivity. [62] 

The photodetection mechanisms are a combination of photovohaic and photo­
gating. The electric field at the interface between the n-type M0S2 and the p-type 
PbS quantum dot film separates fiie electron hole pairs that are generated by photon 
absorption in either of the two materials (photovohaic). Next, the holes are trapped 
in the quantum dot film, increasing the photocarrier lifetime and yielding the large 
responsivity and long response time (photogating). 

In conclusion, biased photodectors based on single- and few-layer M0S2 routinely 
achieve high responsivity, indicating high photogain, originating from the long life­
time of photogenerated carriers, boosted by trap states. Table 3.2 summarizes the 
main figures-of-merit of this type of photodetectors. 

PHOTOVOLTAIC A N D PHOTO-THERMOELECTRIC EFFECTS 1NM0S2. 

In a recent study Fontana et al [48] reported PV effect in a photo-FET based on a thin 
(~ 50 nm) M0S2 flake where the somre/drain contacts were inade from gold and pal­
ladium, respectively [48[ The workfunction difference between Au and Pd promotes a 
smah difference in local doping of tiie M0S2 flake, giving rise to an asymmetry in the 
SBS at the two contacts, as in the case of graphene phototransistors. [48, 63] The SBs 
asymmetry effectively acts as an internal electric field and generates a photocurrent 
under global illumination (/spot » Ldevice)- An independent study on a similar device 
based on single-layer M0S2 with Au and Pd contacts has demonstrated that the SB 
height for Pd contacts is larger than for Au. 164] 

Figure 3.8a shows a micrograph of the device by Fontana et al, [48] highlighting 
the asymmetric metalization ofthe contacts. The measured /ds-V'ds characteristics 
are plotted in Figure 3.8b and show diode-like behavior in the dark and a clear PV 
photocurrent generation under iUumination. For different devices, the short-circuit 
current / jc ranges from 0.2 to 2 nA and the open-circuit voltage Voc Uoin about 30 to 
100 mV. The large current in reverse bias indicates non-ideal diode behavior. 

In Chapter 6 of this Thesis, we present an SPCM study of a single-layer M0S2 
photo-FET]47] We find that, unhke in many other semiconductors, flie photocurrent 
generation in single-layer M0S2 is dominated by the photo-thermoelectric effect 
and not by the separation of photoexched electron-hole pairs across the Schottky 
barriers at the M0S2/electrode interfaces. We observe a large value for the Seebeck 
coefficient for single-layer M0S2 that, by means of an external electric field, can be 
tuned between -4 • 10* and - I • 10̂  pVK"^ This value is in reasonable agreementwith 
recent estimates made with electrical measurements. [65] We finally note that, under 
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focused illumination and external bias, also the PV effect at the Schottky barriers (SBs) 
could play a role, as reported in multilayer M0S2 devices. [50] 

In summary, devices based on M0S2 demonstrate the possibility of photocurrent 
generation with no external bias via both the photo-thermoelectric effect and SB-
driven photovoltaics. The large and gate-tunable Seebeck coefficient of single-layer 
M0S2 drives current under focused illumination whhe, for devices based on multi­
layer M0S2 under blanket illumination, the electrode material can induce SB-driven 
photocurrent generation. 

We now turn our attention to other semiconducting TMDCs that have recently 
attracted a great deal of attention for photodetection. 

3 . 3 . 2 . MOLYBDENUM DISELENIDE 

Molybdenum diselenide (MoSe2) has been grown via CVD techniques by several 
groups, [66-731 yielding large-area triangular flakes or continuous films on a variety 
of substrates. Photodetectors were patterned on the as-grown films or flakes were 
transferred to an oxidized shicon wafer to fabricate photo-FETs. 

Typical CVD grown MoSe2 photodetectors show responsivity between 0.26 mA W~^ [67] 
and 13 mAW"^.[73[ Recently, a photo-detector based on a ~ 20 nm MoSe2 exfoliated 
flake, deterministically stamped on Ti electrodes, demonstrated a responsivitiy up to 
97.1A W"^ [74] The response time is in the order of few tens of milliseconds for all the 
studied devices. 
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3 . 3 . 3 . TUNGSTEN DISULFIDE 

Tungsten disulfide (WSj) has also been employed for photodetection. [75, 76] In theh 
recent study Huo etal.176] show a significant dependence ofthe photoresponse on 
the gaseous environment in which the measurements were performed. [76| At low 
excitation powers, the responsivity ranges from ~ 13 A W"^ in vacuum to 884 AW"^ in 
a NH3 atmosphere. The increase of responsivity in the NH3 atmosphere was attributed 
charge transfer from the absorbed molecules to the WS2 flake, which affects the WS2 
doping level, as seen in luminescence experiments. [59[ As a result o f the charge 
transfer, the lifetime of (one of the) photogenerated carriers can be extended, leading 
to an enhancement in the responsivity. 

The relevant figures-of-merit for MoSe2 and WS2 photodetectors are summarized 
in Table 3.2 to facilitate a direct comparison between photodetectors based on IVIoSp, 
MoSe2 andWS2. 

3 . 3 . 4 . TUNGSTEN DISELENIDE 

Photodetectors. Zhang et al. [77] demonstrate the large impact of the metal con­
tacts to a tungsten diselenide (WSe^) flake on the photoresponse. The responsivity 
reaches 180 A W^^ whh Pd contacts and decreases by a factor ~ 30 with Ti contacts. 
Conversely the time response for the devices with Ti contacts is less than 23 ms while 
for the Pd contacts h is in the order of tens of seconds. The large variation in respon­
sivity is attributed to the large difference in SBs induced by Pd and Ti, which is of 
general importance for photodetectors based on 2D materials. 

Electrostatically defined PN junctions. In contrast to M0S2, MoSe2 and WS2, de­
vices based on WSe2 readily demonstrate ambipolar transport via electrostatic gating.[8I-
86] Exploiting this property locally-gated PN junctions have been realized with single-
layer WSe2. [78-80, 87] In the following, we will review the recent studies concerning 
such PN junctions. We refer the reader to Table 3.2 for a synthetic presentation of 
the photodetection performance of both the photodetector of ref [77] and the PN 
junctions. 

The schematics ofthe locally-gated PN junction devices in references [78-801 are 
presented in Figures 3.9a,b,c. The fabrication of these PN junctions rehes on the 
deterministic transfer of single-layer WSe2 on top of two local gates covered with a 
dielectric, which can be made from a conventional (Hf02 [78] or Si.^N^ [79]) or lay­
ered (hBN)[80, 87[ material. The single-layer WSe2 is then contacted witir electrodes 
providing low Schottky barriers, usually a Cr/Au stack. [78, 80] 

The local gates allow effective control of the charge carrier type and density in the 
WSe2 channel and, thus, can induce different carrier types in adjacent parts of the 
channel, giving rise to a PN junction. Looking at the /ds - Vds characteristics highlights 
the effect of the local gates on tiie electrical transport, as Figures 3.9d,e,f illustrate. As 
a function of the gate configuration, the /ds-Vds curves range from metallic (PP or 
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FIGURE 3.9: (a) to (c) Device schematics: panel (a) fromref. |78], panel (b) from [79] and panel (c) f ram 
ref. [80]. (d) to (f) /ds-^'ds characteristics measured in different gate configurations; (d) f rom ref.[78], (e) 
from [79] and (f) f rom ref [80|. (g) SPCM map of the photocurrent of the device in (a) in PN configuration, 
(h) /ds-l^ds characteristics measured in PN and NP configuration under white light i l lumination for the 
device in (b). Inset: electrical power iPg\) extracted f rom the device, (i) Voc (left axis) and 7sc (right axis) 
as a function of excitadon power for the device in (c). Panels (a), (d) and (g) are adapted f rom reference 
[78], Panel (b),(e) and (h) are adapted from ref [79]. Panels (c),(f) and (i) are adapted from ref. [80]. For the 
^ds-^ds in panels (d) to (f) the gate configurations are as follows: PP (both gates wi th negative bias), PN 
and NP (gate at opposite bias), N N (both gates at positive bias). The specific values of the gates voltages 
differ per device. 

NN) to rectifying witl i opposite direction (PN or NP). 

Consistently accross three independent studies, the /ds-^4is curves in PN and 
NP configuration present a high resistance in parallel to the device (Jïpar) and a low 
saturaüon current (/sat), both indicating nearly ideal diode behavior. This favorable 
behavior can be attributed to the large bandgap of single-layer WSej which reduces 
paraUel pathways for current flow, such as thermally-activated carriers and field 
emission. The devices are also less resistive in the NN configuration than in the 
PP configuration. This may indicate a larger SB for hole injection resulting from the 
Cr/Au contacts. The difference in the absolute magnitude of /ds between tiiese studies 
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TRICHALCOGENIDES. 

may be attributed to differences in device fabrication, gate-induced carrier density or 
measurement conditions. 

We now turn our attention to the response to light excitation of such locally gated 
PN junctions. Fi gure 3.9g shows a false-color map of the photocurrent obtained 
by SPCM on the device in Figure 3.9a in NP gate configuration.[78] Even though 
the spatial resolution is hmked by the long wavelength of the exchatlon laser, the 
photocurrent peaks at the depletion region (separation between die gates), suggesting 
that the photocurrent generation is indeed dominated by tlie PN junction electric 
field. 

In Figure 3.9h we show the I^s - l̂ ds in PN and NP configuration under illumination 
for the device in Figure 3.9b. In both curves, the reverse current increases, giving 
rise to a short-circuh current Igc and an open-circuit vohage Voc- These signatures 
clearly indicate that the photocurrent generation is driven by the photovoltaic effect, 
as expected in a PN junction. The extracted electrical power is between tens of pW]79] 
and hundreds of pW (see inset of Figure 3.9h for a representative plot). 178, 80] 

Figure 3.91 plots the VQC (left axis) and fc (right axis) for increasing exchatlon 
power. The fc increases linearly while the Voc increases logarithmically confirming 
the ideal diode behavior, observed in the three independent studies. [78-80] As a zero-
biased photodetector, the external quantum efficiency (EQE) can be estimated from 
fc and it is in the order of 0.1 ~ 0.2% at A = 532 nm (see Figure 3.9f, left axis). 178, 80] 
The NEP of detectors based on locally gated single-layer WSe2 is expected to be low in 
photovoltaic operation, due to the negligible dark current. The time response is in the 
order of 10 ms and reduces in reverse bias. [80] 

3 .4 . SEMICONDUCTING TRANSITION METAL 

T R I C H A L C O G E N I D E S . 

In the previous Section, we reviewed the state-of-art in photodetection with layered 
semiconducting TMDCs which demonstrate large responsivities in tiie visible range 
and have shown the possibility of realizing versatile devices through local gating. 
However, there are more semiconducting chalcogenide compounds whose electronic 
properties in the ultra-thin limit are not yet explored. 

Materials from the transition metal ftv'chalcogenides family (general formula MX3) 
present a layered, chain-Uke structure. Each chain is formed by the repetition ofthe 
trigonal-prismatic unh ceh along the direction of the b crystallographic axis. The 
chains extend in one preferential direction, resulting in elongated, ribbon-hke sheets. 
In bulk crystals, these sheets are held together by van der Waals interaction in the 
out-of-plane direction, facilitating mechanical exfohation.]88] 

In this Section, we review the latest hterature on photodetectors based on transi­
tion metal ftv'chalcogenides materials: TiS3 (Chapter 5)[88] HfS3,[89] andZrS3.[90[ In 
Chapter 5 we present tiie photoresponse of ultrathin TiS3 nanoribbons (NR). Devices 
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made with ultrathin TiSg NR achieved responsivity up to 2910 A at 640 nm illumi­
nation wavelength, photoresponse to wavelengths up to 940 nm and short response 
times (fall time ~ 5 ms). 

To obtain single HfSg ribbons, Xiong et a/. [89] dispersed part of the as-grown 
material in ethanol and drop-cast it onto a 300nm Si02/Si substrate. Next, pho­
tolithography and metal evaporation were used to contact the randomly dispersed 
nanoribbons. The fabricated devices showed p-type behavior with ON currents in the 
order of few pA. Under iUumination, the current reached up to 200 pA; the respon­
sivity is about l lOmAW"^ and the time response is about 0.4 s. The measured light 
absorbance extends up to about 650 nm.]89] 

Tao ef fl/.190] studied the pliotoresponse of a network of ZrSg ribbons transferred 
onto flexible substrates, polypropylene and paper. Electrical devices were fabricated 
by shadow-mask evaporation and, under illumination, demonstrate a responsivity of 
about 5-10"^ mAW"' , a photoresponse to excitation wavelengths up to 850 nm and 
a time response of 13 s. ]90] 

In summary, from the available data, we conclude that photodetectors based 
on a single nanoribbon of a trichalcogenide compound can achieve responsivity 
comparable or larger than single layer chalcogenides ( - R M 0 S 2 ~ 1000 AW" ' ) and faster 
response times (TMOSZ ~ 50 ms). Table 3.3 summarizes the main figures of merit of 
photodetectors based on these materials. The large responsivity and fast response 
make TiS^ a material promising for nanoscale photodetection, highhghting the need 
for further studies. 

3 . 5 . I I I - V I AND I V - V I LAYERED COMPOUNDS. 
Besides the transition metal diclialcogenides, also III-VI and IV-VI compounds are 
interesting for application as pliotodetectors. [91-98] They are usuaUy stoicliiometric 
compounds between elements from group I I I (e.g. Ga and In) or IV (usually Sn) and 
a chalcogen (S, Se or Te). SimUarly to the TMDCs, the layers are held together with 
van-der-Waals forces. However, the structure of a single layer is different from single-
layered TMDCs. In the layered III-VI compounds with 1:1 stoichiometry, like GaS, the 
atoms in each layer have the foUowing repeating unit: S-Ga-Ga-S (Figure 3.10a, top 
part). 

The schematic in Figure 3.10a represents tlie crystal structure of a GaS nanosheet 
from a direction perpendicular' to the layer plane, showing that the atoms are arranged 
in a graphene-like honeycomb lattice. 194] For GaS and GaSe, this crystal structure 
leads to a band structure with dominant indirect transitions (indirect: 2.59 eV, direct 
3.05 eV for GaS;indirect: 2.11 eV, direct 2.13 eV for GaSe).[99-103] The structure of 
GaTe is shghtly different, leading to a dominant direct transition (1.7 eV). ]104] Com­
pounds with different stoichiometry (like In2Se3) have a more complex layer structure 
and a variety of structural phases influencing their electrical properties (The a-phase 
has a direct bandgap of 1.3 eV). ]I05-107] 
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FIGURE 3.10: (a) Atomic structure scliematics of GaS. (b) Photograph of flexible photodetector 
based on GaS flakes. Panels c and d are adapted from ref |94| 

Photodetectors in the form of photoFET have been reahzed with multilayer flakes 
of these materials on regular SiOj/Si substrates and on flexible substrates (see Fig­
ure 3.I0b), showing similar performances. Direct bandgap materials (GaTe and 
In2Se3)[95, 108] show responsivities of about I • I0*AW" ' while GaSe and GaS[9I, 94] 
reach about 4 A in the UV-visible range. The photocurrent raises subhnearly as a 
function of excitation power, indicating that trap states play an important role in the 
photoconduction mechanism.[9I, 94, 95, 108] The time response ranges fromms to s. 

A particular case is represented by InSe. It has a direct bandgap of about 1.3 eV 
(bulk) and reducing its thickness to below ~ 6 nm leads to a transition to an indirect 
bandgap of higher energy. 196] The performance of photodetectors based on 10-nm-
thick InSe flakes have been studied independently by Lei etal. 197] and Tamalampudi 
etal.[98]. In their detailed study. Lei and colleaguesl97] report photocurrent spec­
tra of 4-layer-thick InSe under excitation wavelength up to 800 nm. The tah of the 
photocurrent us. wavelength spectra is weh fitted by a parabolic relation, strongly 
suggesting the indirect nature ofthe bandgap in ultrathin InSe. The responsivity of 
these devices is about 35 mAW"' and the response time is in the order of 0.5 ms. In 
their study, Tamalampudi and coheaguesl98] fabricate photoFETs based on ~ 12 nm 
thick InSe on both an oxidized Si wafer and a bendable substrate. They measure gate 
tunable responsivities up to about 160 A W " ' and time response in the order 4 s. Both 
the larger responsivity and the much longer response time compared with the study 
of Lei etal.[97] indicate that long-lived trap states enhance the photoresponse in the 
devices studied by Tamalampudi[98]. 

Very recently, also IV-VI layered compounds have been used in photodetectors ap­
phcations. Specifically SnS^ has attracted recent attention as semiconductor material 
for transistors and photodetector. Exfohated flakes have been recently employed as 
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channel materials in FETs, showing mobility[109] of about 1 cm^ V " ' s"' and ON/OFF 
ratios[109] exceeding 10*̂  while chemically synthesized nanoparticle films of SnS2 
have already shown promising photoresponse.[110] Su etal.[lll] have grown flakes 
of SnSg via a seeded CVD technique and used them as channel material for photoFET. 
SnS2-based photodetectors show gate-tunable responsivity up to about 8 mAW" ' and 
response time of ~ 5 ps, indicating a very fast photoresponse. Table 3.4 summarizes 
the main figures-of-merit of detectors based on III-VI and IV-VT materials. 

In conclusion, 111-VI and IV-VI compounds show responsivities that are compara­
ble or larger than the one measured from TMDC based photoFETs. Moreover, their 
operation can be extended to the UV region of the spectrum, a feature that can enable 
them to be used in UV detectors. InSe shows a direct-to-indirect transhion for the 
bandgap when its thickness is reduced below 6 nm, resulting in a parabolic absorption 
tah up to 1.4 eV plioton energy. Thicker InSe flakes show large responsivity (about 
160 A W " ' ) and response time in the order of few seconds, indicating a strong effect 
of trap states on their photoresponse. Detectors based on SnS2 can reach responsivity 
of about 8 mAW" ' and fast response time, making them promising as fast detectors. 

3 . 6 . F E W - L A Y E R B L A C K PHOSPHORUS 
The recently re-discovered few-layer black phosphorus (bP) is an interesting material 
for photodetection especially due to its intermediate bandgap between grapliene and 
TMDCs; its reduced bandgap compared to TMDCs make few-layer bP a promising 
candidate to extend the detection range with sizable responsivity that is acltievable 
with 2D materials. Black phosphorus is an elemental layered compound composed of 
phosphorus atoms arranged in a puckered unit ceh. (Figure 3.11a,b) Its bulk form has 
been studied in the 80's[112] and, electronically, it behaves as a p-type semiconductor 
with mobilitiesll 13] in the order of 10 000 cm^ V " ' s"' and a bandgap of about 0.35 eV. 
Once exfoliated to thin layers, it shows ambipolar transport [114-121], mobilities[117, 
I20| up to lOOOcm^ V" ' s~ ' and absorption edge around 0.3 eVin agreement with its 
bulk bandgap. [117] The reduced symmetry of the puckered layer structure gives rise 
to strong anisotropy in the properties of few-layer bp as evidenced by the anisotropic 
mobihty and optical absorption. [117] 

Calculations predict that the bandgap of bP depends strongly on the number of 
layers and it should reach more than 1 eV once exfohated down to the single layer (see 
Figure 3.11c).1114,118,123] Black phosphorus can, thus, bridge the gap between the 
large-bandgap TMDCs and zero-bandgap graphene, completing the high-responsivity 
detection range that is achievable with 2D layered materials. 

The research effort in bP-based phototodetectors has been extensive in the past 
year. [115, 116, 124, 125] In Chapter 7 we present our results on photodetection in 
few-layer bP phototransistors and in Chapter 8 we showcase the realization of electro­
statically defined PN-junctions in few-layer bP 

The thermoelectric effect plays a major role in the photocurrent generation of 

40 



3.6. FEW-LAYER BLACK PHCSPHORUS 

c 
2.0 

^1.5 ± 
cn \ 
5 1.0 

\ 
c 
UJ 

c.5 

0.0 

• GoWo 
iBSE(G|,M'o) 
O D F T - P B E 

O G , lV , 
L B S E I G I I V , ) 
+ Exp 

~» 

FIGURE 3.11; (a) Perspective view of 
tiie puclcered structure of few-layer liR 
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ultrathin bP devices. Hong etal.[126] performed scanning photocurrent microscopy 
(SPCIVI) on a 8 nm high bP transistor with a diffraction hmited A = 780 nm laser spot 
as a function of polarization and gate bias. The authors find that both the PV effect 
(Schottky barriers) and the PTE effect contribute to the photocurrent generation. [126] 
In the OFF state, the electric field at the Schottky barriers separates the photogener­
ated electron-hole pairs. Applying a gate bias brings the device in the ON state and 
drastically reduces the contact resistance, allowing the PTE effect to contribute the 
photocurrent. By employing the IVlott formalism (Equation 2.9) the autiiors estimate 
a maximum Seebeck coefficient of ~ 100 p V K " \ which is reduced by a factor 10 with 
increasing gate bias. 

In the OFF state, where tiie Schottky-Barrier induced PVis dominant, the photocur­
rent magnitude is modulated by incident light polarization. When the polarization is 
aligned with the low-effective-mass crystaUograpliic axis (x-axis) the photocurrent 
is enhanced; conversely aUgning the polarization with the high-effective-mass axis 
(y-axis) suppresses the photocurrent. The polarization-dependent photocurrent is a 
direct result ofthe strongly asymmetric band structure of few-layer bp highlighting a 
difference from the isotropic TIVIDCS. 

The fast development of photodetectors based on bP has led to the realization of 
high performance devices for imaging[124,127] and high-speed communication[125]. 
Engel et al. [124] have achieved high-resolution imaging with a phototransistor based 
on a 120 nm thick bP flake, working via the photo-bolometric effect. [124,127] Figure 
3.12a shows the geometry of the objects to be imaged: 4 pm wide metaUic squares 
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Frequency (Hz) 

FIGURE 3.12: (a) Scanning electron micrograph of the target image object. The scale bar is 2 pm. 
(b) Image ofthe object in (a) obtained under focused illumination with A = 532 nm and reading 
the reflected signal with a photodetector based on 120 nm thick bE (c) Image of die object 
in (a) obtained under focused illumination w id i A = 1550 nm and reading die reflected signal 
with a photodetector based on 120 nm thick bE (d) Photoresponse as a function of modulation 
frequency at low doping (blue curve) and high doping (red curve), (e) Eye-diagram for 3 Gbits/s 
communication. Panels (a),(b),(c) are adapted f rom ref. [124]. Panels (d),(e) are adapted f rom 
ref [125[. 

deposited on glass and separated'by 2 pm. A focused laser spot is scanned over 
the surface of the object and the reflected signal is read by the bP phototransistor. 
Figure 3.12b,c show the images obtained by reading the electric signal f rom the bP 
photodetector at a wavelength of 532 nm and 1550 nm, respectively The large contrast 
allows for clear imaging of the features. Feature visibility is constant for sizes down to 
1pm wiüi A = 532 nm and decreases by less than 20% with A = 1550 nm.[ 124] 

Another study by Youngblood etal.[125] shows the photoresponse for a ~ 11 nm 
bP flake up to GHz frequencies. [125] The few-layer bP is embedded in an on-chip 
waveguide structure with a few-layer graphene top gate, allowing for optimal inter­
action with light and tunability of the carrier density. The DC responsivity reaches 
130 mAW"' . Figure 3.12d shows the photoresponse of the few-layer bP device as 
a function of modulation frequency for low doping (blue curve) and high doping 
(red curve). The response rolls off at about 3 GHz for low doping and at 2 MHz for 
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high doping. The authors ascribe this difference to a change of photocurrent gener­
ation mechanism induced by the doping. [125] Figure 3.12e shows an eye-diagram 
at 3 Gbits/s data rate (simüar to the one reported for a graphene-based device in 
ref [63]). The clean eye diagram indicates that the photodetector can operate well 
at this high data transfer rate. This study shows that few-layer bP phototransistors, 
embedded in engineered devices, can achieve data transfer speed similar to graphene 
photodetectors [7, 8] with larger responsivities. 

Table 3.5 summarizes the principal figures of merit of bP based detectors. The re­
ported responsivities for thin (~ 10 nm) bP are in between 0.5 mAW" ' and 130 mAW" ' 
while for thick bP can reach up to 700 mA W" ' , slightly lower compared with TMDCs. 
The response time is in the order of fewms for simple photo-FETs and the operation 
frequency can be pushed up to 3 GHz by device engineering, demonstrating a faster 
response to hght excitation with respect to TMDC-based photodetectors. 

Moreover, locally-gated bP PN junctions have demonstrated their use as photodi­
odes and solar cells also in the NIR part of the electromagnetic spectrum, making bP 
a promising material for photodetection and energy harvesting. 

3 . 7 . D E V I C E COMPARISON 
In tiie previous Sections we have reviewed photodetectors based on a large variety of 
semiconducting layered materials. In this Section, we summarize and compare tlie 
responsivity and response time of the devices we have so far reviewed. 

Table 3.2 summarizes the responsivity, rise time and spectral range for photode­
tectors based on M0S2, MoSe2, WS2 and WScg. Whhin devices based on the same 
material, there is a large variabüity in the responsivity and rise time figures-of-merit, 
hkely Indicating tliat the device fabrication, measurement conditions and contact 
metals have a large effect on the pliotoresponse. It is worth mentioning that, in gen­
eral, photodetectors based on M0S2 present orders-of-magnitude larger responsivity 
and response times than photodetectors based on MoSe2 or WS2, possibly indicating 
that trap states in M0S2 are longer-lived than in the other compounds. All these 
compounds show a remarkable effect ofthe environment in which the measurements 
are performed, suggesting their potential application as light-sensitive gas detectors. 

PN-junctions based on single-layer WSe2 are also included in Table 3.2 even if 
their working principle is based on the photovoltaic effect, rather than photoconduc-
tion/photogating. Their responsivity is in the order of I to 10 mAW" ' when operated 
in the photovoltaic mode and shows a small increase when operated in the photocon­
ductive mode. The reported responsivity for the WSe2 PN junctions (see Table 3.2) is 
generally lower than photodetectors based on other TMDCs, especially in comparison 
with M0S2, indicating that the internal gain mechanism (trap states) is suppressed. 
This is expected for photodetectors working with the photovoltaic principles. How­
ever, locally-gated WSe2 devices show versatile behavior, combining a photo-FET 
with a gate-controlled photodlode in a single device. 
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Table 3.3 summarizes the figures-of-merit for photodetectors based on trichalco­
genide compounds. Devices based on TiS3 ultrathin nanoribbons achieve both 
shghtly higher responsivity and faster response than detectors based on M0S2. This 
good performance, coupled to the reduced dimensionality make TiSg nanoribbons 
a promising material for nanostructured photodetection applications. On the other 
hand, both ZrS3- and HfS3-based detectors show poor responsivity and a slow re­
sponse. 

Both the semiconducdng di- and tri-chalcogenides do not show photoresponse 
at telecommunication wavelengths. On the other hand, the newly (re)discovered 
black phosphorus demonstrates sizable responsivity (about 0.1 AW" ' ) and response 
speed (/sdB ~ 3 GHz) under X = 1550 nm excitation (see Table 3.5). Moreover, few-
layer bP has shown ambipolar transport and the possibility of realizing versatile 
locally-gated devices, like in the case of single-layer WSe2. This makes few-layer bP a 
promising candidate for fast and broadband detecfion and light energy harvesting in 
the IR part of the spectrum. Compounds from elements in the III-VI groups are also 
attracting attention for photodetection applications. Devices based on multUayers 
of these materials show responsivities from tens to thousands A W " ' and response 
time between few and hundred ms. GaTe photodetectors outperform detectors based 
on single-layer M0S2 reaching responsivities of I • lO' 'AW"' and response time as 
short as 6ms. Photodetectors based on In2Se3, GaSe and GaS show responsivhies 
and response times that are shghtly better than most detectors based on M0S2. More 
consistency of device geometry fabrication recipes and measurement conditions are 
needed for a proper benchmarking, but these materials have already demonstrated 
their promise for visible and UV detection. 

To compare photodetectors based on different materials together, the data from 
Tables I to 5 is summarized in Figure 3.13. As a benchmark, also the responsivity and 
response time of a commercial silicon photodiode (black square) and a graphene 
photodetector (blue square) are shown. It is evident that photodetectors based on 
semiconducting layered materials display a large (about 10 orders of magnitude) 
variation in their responsivity. Regarding the response time, it appears that ah but one 
ofthe reviewed devices show response times larger than ~ I • 10"^ ms. This long re­
sponse time can be attributed to tire presence of long-lived trap states (in devices with 
responsivity above 1 • 10^ mAW"') or to the limitation ofthe measurement electronics 
(RC time) likely induced by the large resistance of the device or input impedance of 
the current-to-voltage amplifier used in the read-out electronics. 

The bP-based device presented in ref [125] stands out from the rest of the devices 
by showing comparable performances to both a commercial sihcon photodiode and 
a graphene-based detector In particular, this device shows responsivity and response 
times (at telecommunications wavelengths) that are within one order of magnitude 
f rom a commercial silicon photodiode (in the visible), strongly indicating that bP-
based photodetectors can already compete with traditional silicon detectors. 
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FIGURE 3 . 1 3 : Responsivity against response time for the reviewed devices, for a commercial 
silicon photodiode (black square) and for graphene photodetectors (blue square). 

In terms of absolute responsivity, half of the reviewed devices present values equal 
or larger than the Si photodiode. Especially, devices based on M0S2, WSe2, InSe, 
^2863, GaTe and TiSg present a responsivity which is three to four orders of magni­
tude above. The large responsivity supports the claim that layered semiconducting 
materials hold promise for uhrasenshive applications in the visible, for which the 
response times in the order of ms may be acceptable. 

3 . 8 . F U T U R E DIRECTIONS 

So far, we have reviewed photodetectors that are based on a single semiconducting 
material, used as channel material in a photo-transistor or a locally-gated PN junction. 
In this Section we will discuss one of the promising directions of photodetection 
with semiconducting layered materials: artificial heterostructures of different layered 
compounds. 
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3 . 8 . 1 . ARTIFICIAL VAN-DER-WAALS HETEROSTRUCTURES. 
Deterministic transfer tecliniques[IO, 128-132] have opened the door to the real­
ization of artificial heterostructures based on single- or few-layer semiconducting 
materials. These heterostructures can be buih on conventional (3D) materials (like 
Si[133-135] and InAslI36]) or on other two dimensional materials and have triggered 
a great deal of experimental work on their electrical[I37-I48], optical]I49-155] and 
mechanical properties. [156] In this Section, we review the recent experimental work 
aimed to estabhsh tlie opto-electronic performances of devices based on these van-
der-Waals heterostructures. 

M 0 S 2 / S 1 HETEROSTRUCTURES. 

A device based on single-layer MoS^ on p-doped Si lias been fabricated by Lopez-
Sanchez e? A/. [133, 134[ andLieffli.[135]. Figure 3.14a shows a typical device geometry: 
single-layer M0S2 is transferred on top of a highly p-doped Si substrate and charge 
transport occurs across the MoS2/Si interface. In dark, the resuhing /ds-Vds character­
istics are diode-like (Figure 3.14b), evidencing the formation of a PN junction between 
the n-type M0S2 and the p-doped Si. 

Under illumination, the /ds-Kis curves show an increased reverse-bias current 
and Isc (Figure 3.14b), strongly suggesting that the photogenerated carriers are sepa­
rated by the electric field generated at the interface between the single-layer M0S2 and 
tiie Si surface. The EQE of this device reaches about 4% in the visible and decreases to 
about 2.5% at A = 1000 nm (see Figure 3.14c).[133[ Compared with detectors based 
on oniy single-layer M0S2, the EQE is much lower; however, the wavelengtii detection 
range is extended due to the lower bandgap of sUicon, enabling detection of NIR 
photons. 

To conclude, devices based on M0S2 /Si heterostructures show diode-like electrical 
characteristics, photovoltaic effect and electroluminescence, effects that strongly 
indicate an efficient charge transfer at the interface between the M0S2 and the Si 
substrate. 

G R A P H E N E / T M D C S HETEROSTRUCTURES. 

Figure 3.15a shows a schematic of a typical graphene/TMDC heterostructure; a layer 
of a semiconducting TMDC is covered with single-layer graphene which is contacted 
by metallic electrodes. In this geometry charge is transported in the graphene layer 
and the TMDC serves as an additional gate dielectric with light-sensitizing proper­
ties. With this geometry, one layer of graphene over a muhilayer M0S2 resulted in 
photodetectors with drastically enhanced responsivity (~ 5 • 10^ A W " ' ) at the expense 
of an extremely slow response times (> I • 10^ s).[139] The large responsivity stems 
from a strong photogating effect on the single-layer graphene channel induced by 
the localized states in the M0S2 layer. Under Ulumination, the photogenerated holes 
are trapped in localized states in the M0S2 while the photogenerated electrons are 
transferred to the graphene, free to circulate. The trapped holes reside longer i n the 

46 



3.8. FUTURE DIRECTIONS 

Bias Voltage (V) Wavelength (nm) 

FiGURii 3.14: (a) Device schematics, (b) ^ds-^ds characteristic in dark sliowmg diode-like behavior (c) 
/ds-l^ds under illumination with A = 541 nm and varying optical power, indicated in the panel, (d) External 
quantum efficiency as a function of e.xcitation wavelength. AU panels are adapted f rom ref [133] 

M0S2 flake and thus act as a local gate on the graphene channel. Their long lifedme is 
responsible for the extremely large responsivity and long response times. 

Photogating has also been observed in a hybrid detector composed of a single-
layer M0S2 covered by a single layer graphene, both grown by CVD techniques. [140] 
Under iUumination, the / d s " characteristics shift horizontally, clearly indicating 
that tlie photoresponse mechanism is dominated by the pliotogating effect (Figure 
3.15b). Interestingly, the authors report a decrease of the magnitude of the photo­
gating effect when the measurements are performed in vacuum. The smaller shift in 
vacuum is attributed to a reduction in the efficiency of the charge transfer between 
the M0S2 and the graphene. In air, the graphene is slightly more p-type, increasing 
the electric field at the interface and, hence, increasing the charge transfer rate for 
electrons. In vacuum, the graphene is slightly more n-type, suppressing the electron 
transfer, thus reducing the generated photocurrent. [140] Forthis device, the respon­
sivity is also very high (about 1 • 10^ A W " ' ) at low illumination power and response 
times from tens to hundreds of seconds (both values for the device in air). 
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FIGURE 3 .15: (a) Device schematics for graphene/TMDC hete rosüuc tures . Note that charge transport 
is measured across the graphene layer, (h) characteristics for the device in panel (a) in dark 
(solid black line) and under var)'ing illumination intensities (A = 650nm). (c) Device schematics for 
graphene/TMDC/graphene heterostructure. Note diat electrical transport is measured across die two 
graphene layers, across the TMDC. (d) /ds-Vds characterisdcs for device in panel (c) as a function of 
gate. The right (left) y-axis gives the current magnitude for measmements i n dark, green traces (under 
illumination, blue to red traces), (e) Schematic band ahgnment in equilibrium, (f) Schematic band 
alignment under gate bias or chemical doping. Panels (a) and (b) are adapted f rom ref. [140] Panel (c) is 
adapted from ref. ]138] Panels (d), (e) and (f) are adapted f rom ref [137] 

GRAPHENE/TIWDCS/GRAPHENE HETEROSTRUCTURES. 

In the previous Section, we iiave discussed two examples of graphene/TMDC het­
erostructures where charge transport was measured in the graphene layer and the 
TMDC flake served as senshizing material to enhance the photoresponse. In this 
Section, we discuss devices based on vertical stacks of graphene/TMDCs/graphene 
where char-ge transport occurs through the TMDC layer In other words, flie graphene 
layers are used as transparent contacts to the photoactive TMDC layer. 

In similar studies, Britnell er fl/.[I37] and Yu ef flZ.[I38] fabricated vertical stacks of 
graphene, a ~ 50 nm thick TMDC and another graphene layer on various substrates, 
including SiOj, indium-tin-oxide (ITO) and poly-(ethylene terephthalate) (PET, a 
flexible and transparent polymer). Figure 3.I5c shows a scherriatic of a typical device. 
In the dark, such devices behave as tunnel transistors in which the current can be 
controUed by the gate electric field (see Figure 3.I5d, green traces).[137, 138] Under 
illumination, the /ds-Vds characteristics become linear (until saturation) and show a 
gate-tunable indicating that the photovohaic effect dominates the photocurrent 
generation (see Figure 3.I5d, blue to red traces).]I37,138] 

The emergence of the photovoltaic effect can be understood by looking at the band 
diagram schematics presented in Figure 3.I5e and Figure 3.15f In an ideal case (Figure 
3.I5e) the band alignment between the graphene layers and the TMDC is symmetric. 
This symmetric alignment gives no preferential direction for the separation of the 
photogenerated electron-hole pairs, therefore leading to zero net photocurrent. On 
the other hand, a small difference in the doping level of the two graphene electrodes 
(induced by gating or chemical doping) wUI result a misalignment between the bands 
and, thus, in a built-in electric fleld. This buUt-in electric field separates the e-h pairs 
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and generates the fc (see Figure 3.15f). As a consequence, the sign and magnitude of 
7sc are gate-tunable, as evidenced from the blue-to-red traces in Figure 3.15d. In both 
studies, SPCM measurements reveal that the photocurrent is generated only in the 
regions of the heterostructure where such an asymmetry is reahzed. 

The responsivity of these devices is in the order of 0.2 A W " ' and the maximum 
electrical power that can be generated is in the order of a few pW, much larger than 
current PN junctions based on single-layer WSe2 [78-80], making this type of devices 
very promising candidates for flexible solar cells. 

TMDC/TMDC HETEROSTRUCTURES. 

FIGURE 3.16: (a) Device schematic. Top: schematic represemation o f the single layers composing the 
heterostructure. Left: schematic of the contact geometry. Pd (Al) is used to contact the single-layer WSe^ 
(MoS^). Right: optical micrograph of the final device. D l and D2 (Sl and S2) indicate the contacts to 
the WSCj (M0S2). The scale bar is 2 | im. (b) /(js-VdsCharacteristics under illumination at different gate 
voltages. Inset: false color map of the current under il lumination as a fijnction of V ŝ and ^g- Panels (a) 
and (b) are adapted f romref [142] 

Very recently, heterostructures based on single-layered semiconducting TMDCs 
have also been studied. For example, heterostructures of single-layer M0S2 and single-
layer WSe2 have been fabricated by several groups. [141-144] Figure 3.16a shows an 
example of such a heterostructure from the Columbia group. [142] The WSe2 and M0S2 
single layers have been chosen because of their natural tendency to display p- and 
n-type conduction respectively. In Figure 3.16a, single-layer M0S2 and single-layer 
WSe2 are crossed on top of each other and are contacted with Al and Pd to enhance 
the n-type and p-type character, respectively 

In dark, WSe2 /M0S2 heterostructures show gate-tunable rectifying behavior. [142, 
143] Under iUumination, these heterostructures show a gate-dependent photovoltaic 
effect as evidenced by the /ds-Kis characteristics InFigureS.16b. The fc and V^c reach 
a maximum at Vg = 0 V, the position at which the rectifying ratio is the highest. 1142, 
143] The inset of Figure 3.16b shows a colormap of the measured current as a function 
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of Vg and V^s. highlighting the reduction of fc as the magnitude of tlie gate voltage 
increases. Through spatial photocurrent and photoluminescence maps the autiiors 
ascribe the origin of this photovoltaic effect to charge transfer between the WSe2 and 
M0S2. [142-144] 

Huo etal.[145] have recently fabricated heterostructures based on multilayer M0S2 
and WS2 and measured the same qualitative behavior. [145] CVD techniques have also 
been used to grow both vertical and lateral heterostructures. [146] CVD-grown devices 
showed stronger interlayer interaction compared with their un-annealed transferred 
counterparts, [146] likely being caused by an even stronger charge transfer. An in­
crease in the charge-transfer efficiency in CVD-grown MoS2/WSe2 heterostructure 
wiU likely lead to a larger rectification and stronger photovoltaic effect. In conclusion, 
TMDC/TMDC heterostructures present gate-tunable and strong photovoltaic power 
generation (~ 6 pW) coupled to the possibUity of direct CVD growth; these properties 
make them hold promise for large-area flexible and transparent solar cells. 

B P / T M D C HETEROSTRUCTURES. 

Also heterostructures comprising few-layer bP (p-type) and single layer M0S2 (n-
type) have recentiy shown gate-tunable photovoltaic effect, generating about 2 nW of 
electrical power. [147] 

3 . 9 . SUMMARY AND OUTLOOK 
We have reviewed the current state-of-the-art in photodetection with layered semi­
conducting materials. Photodetectors based on TMDCs, especially M0S2, show large 
responsivity coupled to slow response times, indicating that these materials can 
be suitable for sensitive applications in the visible and when time response is not 
important. M0S2 also possesses a large Seebeck coefficient, making it a promising 
material for thermal energy harvesting. Novel materials, such as tri-chalcogenides 
(TiSg) nanoribbons, III-VI and IV-VI compounds (e.g. GaTe or SnS2), show both large 
responsivities (larger than M0S2 pliotodetectors) and fast response times, making 
them promising candidates for fast and sensitive photodetection applications. Few-
layer black phosphorus and single-layer WSe2 show ambipolar transport and have 
been employed in the realization of electrical devices that can be controUed via local 
electrostatic gating. Black phosphorus has shown sizable and very fast photoresponse 
at telecommunication wavelengths with orders-of-magnhude larger responsivity 
of graphene and comparable response speed, making it an interesting material for 
optical communications and energy harvesting. 

A future direction is represented by the possibility of stacking different 2D materi­
als to form artificial heterostructures, allowing to taUor the resulting opto-electronic 
properties for a specific appUcation. This has led to ultra-high responsive photode­
tectors (albeit very slow) based on graphene/MoSj vertical stacks. Moreover, het­
erostructures of different TMDCS and/or graphene show great potential for solar 
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energ)' hai'vesting in flexible and teansparent solar cells. At this stage, a deeper under­
standing of the photocurrent and carrier recombination mechanisms is needed for 
optimization of device performance and large-area growth and transfer techniques 
will be fundamental for the realization of applications. 

From an apphcation perspective, the sizable variation in the figures-of-merit 
reported by different studies on the same material is an indication that device fabri­
cation, contact metals and measurement environment play an important role in the 
photodetector performance. Furthermore, the fabrication process of these devices 
extensively rehes on mechanical exfoliation. Both issues may be tackled by using 
CVD-grown materials, that provide large-area, uniform samples. Integration with 
current CMOS technology is also an important chaUenge. Especially the work from 
Lopez-Sanchez etal.[133, 134] demonstrates that coupling MoS^ to sUicon can be 
highly beneficial. Again, CVD growth may help in integrating M0S2 and other TMDCs 
in CMOS fabrication. 

3.10. ACKNOWLEDGMENTS 
This work was supported by the Dutch organization for Fundamental Research on 
Matter (FOM). A.C-G. acknowledges financial support through the FP7-Marie Curie 
Project PIEF-GA-20II-300802 ('STRENGTHNANO'). 

3.11. APPENDIX: T A B L E S 

51 



Material 
Vds(V) 

Measurement conditions 
Vg(V) A(nm) P (mWcm^^) 

Responsivity 
R (mAW"') 

Rise time 
T (ms) 

Spectral range Reference 

ILM0S2 1 50 532 8.0-10* 7.5 5 -10' Visible [431 
IL M0S2 8 -70 561 2.4-10"' 8.8 10^ 6 -lO^ Visible [46] 
ILM0S2 1 41 532 1.3-10"' 2.2 lO'̂  5 -10^ - [51] 

>lLMoS2 1 - 2 633 5 .0-10' 1.1 10^ 1 -10^ Visible - NIR [45] 
2LM0S2 5 100 WL 5nW 6.2 10^ 2 -10* - [521 
3L M0S2 10 0 532 2.0-10^ 5.7 102 7.0-10-2 A<700nm [49] 
lLMoSe2 10 0 532 1 -10^ 1.3 10' 6 -10' - [73] 
lLMoSe2 1 0 650 5.9-10^ 2.6 10-1 2.5-10' - [67] 

20L MoSe2 20 0 532 4.8 9.7 10" 3 .0-10' - [74] 
lLWS2a 30 0 458 2.0 2.1 10"2 5.3 Visible [75] 
lLWS2b 30 0 633 5.0-10"2 1.3 10* 2.0-10' - [761 
lLWSe2 2 -60 650 3.8-10"' 1.8 10^ 1.0-10* - [77] 
lLWSe2 0 PN WLc 4.5-10' 1.0 10' - - [79] 
lLWSe2 0 PN 522 1 -10"2 8.4 10-' - A < 820 nm [78] 
lLWSe2 0 PN 532 8.4-10"' 4 10"' 1.0-10' A < (770 ±35) nm [80[ 

a. Power in W. b. Data reported for the device in vacuum, c. WL = white light. 

T A B L E 3.2: Figures-of-merit for MoSj, MOSBJ, WS2 andWSCj based photodetectors 



Stellingen 
behorende bij het proefschrift 

PHOTODETECTION W I T H NOVEL MATERIALS: 
COLLOIDAL QUANTUM DOTS, NANORIBBONS AND LAYERED MATERIALS 

door 
Michele BUSCEMA 

1. Ultradunne, halfgeleidende gelaagde materialen voor fotodetectie van zichtbaar licht 
dagen commerciële siliciumfotodiodes uit, door hun vele malen grotere responsivi-
teit. (Hoofdstuk 3 en 5) 

2. Enkel-laags M0S2 laat een grote en varieerbare Seebeck coëfficiënt zien, wat het 
mogelijk maakt om stroom op te wekken door middel van een temperatuurverschil. 
(Hoofdstuk 6) 

3. Lokale elektrostatische gating van atomair-dunne ambipolaire materialen maakt het 
mogelijk om een fotostransistor, een zonnecel en een LED [I] in één enkel object te 
combineren. (Hoofdstuk 8) 

4. Een opstelling waarin atoom-dikke materialen gehanteerd kunnen worden, kost geen 
fortuin. (Appendix A) 

5. Groei en overdracht van enkeUaagshalfgeleidende heterostukturen vormen de meest 
geschikte fabricagemethode voor het realiseren van transparante (en flexibele) zon­
necellen. 

6. Valleytronics is het nieuwe spintronics. 

7. Een programmeertaal met een goede leesbaarheid van de code (b.v. Phyton) zorgt 
voor snellere instrumentintegratie en instrumentcontrole dan een graphische-object-
georiënteerde programmeertaal (b.v LabView). 

8. WedstrijdzeUen in ploegverband zou onderdeel van de opleiding moeten zijn voor 
jonge onderzoekers. 

9. Fotografie (wetenschap) is de kunst om een verhaal in één foto (een paar figuren) te 
vangen. 

10. In tegensteUing tot wat algemeen geloofd wordt, waarderen Italianen de Nederiandse 
snackbarcultuur 

Ref 

[1] Banger BWH, etal, NatureNanotech. 9, 262-267, 2014 

[2] http://nos.nl/artikel/2001380-friet-rukt-op-in-het-land-van-pizza-en-
pasta.html (accessed on 2/12/2014) 

Deze steUingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig 
goedgekeurd door de promotor prof dr i r H. S. J. van der Zant. 



Propositions 
accompanying tlie dissertation 

PHOTODETECTION WITH NOVEL MATERIALS: 
COLLOIDAL QUANTUM DOTS, NANORIBBONS AND LAYERED MATERIALS 

by 
Michele BUSCEMA 

1. Ultrathin, semiconducting layered materials for visible light photodetection chal­
lenge commercial silicon photodiodes with orders-of-magnitude larger responsivity. 
(Chapter 3 and 5) 

2. Single-layer M0S2 shows a large and gate-tunable Seebeck coefficient, enabling the 
generation of current from temperature gradients. (Chapter 6) 

3. Local electrostatic gating of atomically-thin ambipolar materials allows to combine a 
photo-transistor, a solar cell and an LED [1] in a single device. (Chapter 8] 

4. A setup to manipulate one-atom-thick materials does not cost a fortune. 
(Appendix A) 

5. Growth and transfer of single-layer-semiconductor heterostructures are the best 
candidates for the realization of transparent (and flexible) solar cehs. 

6. Valleytronics is the new, rising spintronics. 

7. A programming language with high code readabUity (e.g. Python) allows faster instru­
ment integration and control than a graphical-object-oriented one (e.g. LabView). 

8. Competitive crew-sailing should become an integral part of the education of a young 
researcher. 

9. Photography (science) is the art of framing a story into a picture (into few figures). 

10. Contrary to popular behef, Italians do appreciate Dutch street-food culture. [2] 

Ref 

[I] BaugerBWH, etfl/.. Nature Nanotech. 9,262-267,2014 
[2] http://nos.nl/artikel/2001380-friet-rukt-op-in-het-land-van-pizza-en-

pasta.html (accessed on 2/12/2014) 

These propositions are regarded as opposable and defendable, and liave been approved as 
such by the supervisor prof dr. ir. H. S. J. van der Zant. 



Material 
Measurement conditions 

Vg[V] A(nm) P (mWcm'^) 
Responsivity 
7? (mAW-i) 

Rise time 
T (ms) 

Spectral range Reference 

TiS3 I -40 640 3 -IO" ' 2.9-10^ 4 X < 940nm Chapter 5 
ZrSg 5 - 405 5 -10" 5 -10-2 13 -10^ X < 850nm [90] 

HfSs 5 - 405 1.2 I.1-I02 4 -102 X < 650nm [89] 

E3.3: Figures of-merit for TiS^, ZrS J and HfSj based photodetectors 

Material 
VdslV) 

Measurement conditions 
Vg(V) X (nm) P (mWcm-2) 

Responsivity 
R (mAW-i) 

Rise time 
T (ms) 

Spectral range Reference 

GaTe 5 0 532 3.0-10-5 I -10^ 6 Visible [108] 
GaS£ 5 0 254 1.0 2.8-103 3 -I02 UV - Visible [91] 
GaS 2 0 254 2.6-lO-^ 4.2-10^ 3 -lOi UV - Visible [94] 
In2S '3 5 0 300 2.1-10-1 3.9-105 1.8-101 UV - NIR [95] 
InSe 10 80 633 3.5-10^ 1.6-105 4.0-10^ Visible - NIR [98] 
InSe 3 0 532 2.5-102 3.5-101 5.0-10-1 Visible - NIR [97] 
SnSj 3 0 457 2 -10^ 9 5 -10-3 Visible - NIR [111] 

(a) P in mW 

T A B L E 3.4: I-igures-of-merit i'or photodetectors based on I I I - ' V I compounds 



Thickness (nm) 
V̂ dsCV) 

Measurement conditions Responsivity Rise time 
Vg(V) A(nm) P (mWcm'^) i? (mAW"!) T (ms) 

Spectral range Reference 

8 0.2 0 640 I.O-IO' 4.8 1 Visible - NIR Chapter 7 
6 0 PN 532 1.9-103 5 10-1 1.5 Visible - NIR Chapter 8 
6 -0.5 PN 532 1.9-103 2.8 lOi - Visible - IR Chapter 8 

120 0 0 1550 3 -10^ 5.0 - Visible - IR [122, 124] 
120 0 0 532 1 -10^ 2.0 lOi - Visible - NIR [122, 124] 

11.5 0.4 -8 1550 1.91 1.3 10^ a Visible - NIR [I25]b 

a. /3(j]3 = 3 GHzb. Power in mW. 

TABLE 3.5: Figures-of-merit for few-layer bP based photodetectors 
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C H A P T E R 

F A S T AND E F F I C I E N T P H O T O D E T E C T I O N 

IN N A N O S C A L E Q U A N T U M - D O T 

l U N C T I O N S 

Ferry Prins*, Micliele Buscema, Johannes S. Seldenthuis, Samir Etaki, 
Gilles Buchs, Maria BarkeUd, Val Zwiller, Yunan Gao, Aijan J. Houtepen, 

Laurens D. A. Siebbeles, Herre S. J. van der Zant* 

Wfe report on a photodetector m which colloidal quantum-dots directly bridge na­
nometer-spaced, electrodes. Unlike in conventional quantum-dot thin film photo­
detectors, charge mobility' no longer plays a role in our quantum-dot fimctions as 
charge extraction requires only two individual tunnel events. We find an efficient 
photoconductive gain mechanism with external quantum-efficiencies of 38 electrons-
per-photon in combination with response times faster than 300 ns. This compact 
device-architecture may open up new routes for improved, photodetector performance 
in ivhich efficiency and bandwidth do not go at the cost of one another 

Paits of this cliapter have been published in Nano Letters 12, 5740 (2012) 11], 

63 



4. FAST A N D EFFICIENT PHOTODETECTION I N NANOSCALE QUANTUM . . . 

4.1. INTRODUCTION 
Colloidal quantum dots (CQDs) profit fi'om the quantum size effect, [2] which gives rise 
to a variety of unique phenomena such as size-tunability, multi-exciton processes [3-5] 
and slow carrier-relaxafion.[6, 7[ Moreover, they combine low-temperature synthetic 
methodology with solution processability, allowing for low-cost fabrication methods. 
[8, 9] To date, the use of CQDs as photosensitive material has been mainly focused on 
thin-film devices. [5, 8-10] In these systems, the extraction-efficiencies of photogen­
erated charge carriers are dominated by the charges mobUity, which in CQD-films is 
generally described and hmited by hopping through interparticle barriers. Techniques 
to enhance the electronic coupling between the CQDs and thus improve the film-
mobUity include the use of short linkers, JII] various surface passivation approaches 
[12, 13] and the use of CQDs with large Bohr-radii, in particular lead chalcogenide 
quantum dots. In addition, short channel-length detectors have shown promising 
performances. 114, 15] 

An important advancement in the field of quantum-dot photodetectors has been 
the development of devices capable of photoconductive gain. [8,10] In these devices, 
exciton generation is foUowed by the trapping of one of the charge carriers. If the 
trap hfe-time exceeds the transit time of the opposite carrier, many carriers worth of 
current can pass through the circuit before recombination takes place. The gain in 
efficiency does however go at the expense of an increase in the response time due to 
the slow trap-state dynamics, which is typically in the order of mUUseconds. [8,10] 

Here, we present a photodetector which places a one-dimensional parallel array 
of quantum dots in direct contact with nanometer separated electrodes (see Figuie 
4.1a). In this CQD-junction, charge mobility no longer plays a role as the contact of 
both source and drain electrodes to each CQD ahows for direct charge extraction, 
which is both fast and efficient. 

4 . 2 . FABRICATION AND E L E C T R I C A L CHARACTERIZATION 

Nanometer-spaced electrodes are fabricated by a self-aligned fabrication scheme, 
consisting of a two-step lithography process. 116-18] On top of a Si/Si02 substrate, 
the first electrode is defined vie electron-beam lithography and evaporation in high 
vacuum (~ 1 • IO"** mbar, consisting of a 2 nm thick Ti adhesive layer, with 24nm Au 
on top as the electrode material, and 10 nm of Cr. Upon removal from the evaporation 
chamber, the Cr forms a natural Cr203 layer which overhangs the Au as a shadow 
mask. In the second step, the second electrode of 2nm Ti with 20 nm Au on top 
is defined, overlaying the first Ti/Au/Cr/Cr203 electrode, whhe the shadow mask 
protects a few nanometers around the first electrode. In the third step, a selective wet 
Cr-etchant (Cyantek, Cr-IO, 5 minutes immersion) is used to remove the shadowmask, 
exposing a nanometer sized separation between the first and second electrode (3 nm 
to 6nm as determined from scanning electron microscopy, see inset Figure 4.1b). 
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4.3. PHOTORE.SPONSE 

Before use, thie samples are 02-plasma cleaned. 

An advantage of the self-alignment technique is that the nanometer-separated 
electrodes can be prepared over large widths, which allows contact to many particles 
in parallel (see Figure 4.1b). Here we use devices with an electrode separation of 
4nm, and with an electrode width of 10 pm. A single layer of PbSe quantum dots of 
4nm in size is placed on top of the electrodes using dipcoating [19] after which a 
subsequent ligand substhution step with 1,2 -ethanediüi iol increases the coupling 
to the electrodes. Electrical contact of the pardcles to the electrodes is confirmed by 
perforining electrical characterization before and after deposition at room temper­
ature in a vacuum probe station. Before deposition the resistance in all 300 devices 
studied is > 100 GQ at voltages up to 2.5 V, whereas after deposition of the PbSe QDs 
a clear onset of conductance is observed at approximately 1V (see Figure 4.1c). 

4 . 3 . PHOTORESPONSE 
in ah devices, we found a strong photoconductive effect when irradiating them with 
visible light. Current-voltage Uds - Vds) characteristics taken under laser light irradi­
ation (A = 532 nm, and a power density, P j = O.lOWcm-^, see Figure 4.2a) display a 
linear dependence with the applied voltage in the low-bias regime; at higher bias the 
Ids - Vds characteristics become non-linear at the onset of the dark current. Control 
experiments in which bare nanogaps without PbSe-QDs are illuminated, display no 
photoconductive response. 

To spatially resolve the photoconductive response, we place a device in an optical 
scanning confocal-microscope setup. Wltile scanning a diffraction limhed laser spot 
(A = 532 nm, spot size of ~ 800 nm) across the device, the current is measured as a 
function of the spot poshion. Conductance maps, recorded at 750 mV, show a high 
photoconductive response when the laser spot is placed directly on top of the nanogap 
area (see Figure 4.2b, data corrected for the dark current). The response along the 
gap is consistently above 2 nA, with some variations in the current (factor of two 
maximum). These variations are likely the result of non-uniformity in the distribution 
of PbSe QDs or in the electronic coupling ofthe particles to the electrodes. The fuh 
width at lialf maximum of the photoresponse is 805 nm measured perpendicular to 
the nanogap, consistent with the spot-size of our diffraction-limited laser beam (see 
Section 4.7). 

The photoconductive response depends strongly on the wavelength of the in­
cident light. For the device of Figure 4.2b, we fix the laser at the poshion of maxi­
mum response and measure the current at = 750 mV and constant optical power, 
P= 15 pW, for varying wavelengths between 850 nm and 1650 nm as shown in Figure 
4.2c. The spectral dependence of the photoconductance closely resembles the ab­
sorption spectrum of a reference film of the same PbSe QDs on quartz (gray solid 
line in Figure 4.2c), including the peak absorption at the bandgap energy and the 
absence of response at longer wavelengths (A > 1600 nm). The correspondence to the 
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PbSe QDs 

- 1 0 1 

V ( V ) 

FIGURE 4. l : (a) Schematic of the device architecture and measurement circuitry, illustrating the 
one-dimensional CQD array geometry The green shaded area represents die laser excitation 
impinging on the device, (b) Colorized scanning electron micrograph of an empty 10 [ jm wide 
device fabricated by our self-aligned fabrication scheme. The inset shows a zoom-in of the 
nanogap area, (c) Room-temperature current-voltage characteristics before and after deposition 
of the FbSe CQDs. The device width is 10|jm. Measurements are performed in a vacuum 
probe-station at room temperature. 

QD spectrum shows that the photoconductance is driven by optical excitations inside 

the QDs. 

4 .4 . POWER D E P E N D E N C E 
We have also recorded the photocurrent at A = 532 nm at different optical powers 
(Pd between 2Wcm"2 and 2000 Wcm"^^ shown in Figure 4.3a). At low powers (Pj 
< 50Wcm"2), the current scales hnearly with the laser power, whhe at higher powers 
(Pd > 50 Wcm"2) i\iQ current saturates. The saturation at high powers is likely the 
resuh of the increasing Auger recombination rate. [19, 201 At lower powers the effi­
ciency is highest. The external quantum efficiency (EQE), i.e. the number of extracted 
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a b c 

V (V) A(nm) 

FIGURE 4 . 2 : (a) I^^ - l ^ j j characteristics in the daik (solid black line) and under laser illumina­
tion (solid green line, A - 532 nm, and a power density, P ĵ =0 .16Wcm-^, spot size = 150|.im). 
(b) Ehotocurrent map of a different device (corrected for /(iark= 0-8 nA) as a function of the 
position of the diffraction-limited spot f rom a different setup with a spot size of about 800 nm 
(A = 532 nm). Dashed white lines indicate the electrode edges determined f rom the reflection 
image, (c) Wavelength dependence of die photocurrent of the device in panel b at constant laser 
power (blue open circles). Photocurrent points are taken with the laser focused at the position 
of maximum response of the device. The optical absorption spectrum of a fUm of CQDs of the 
same thickness on quartz(solid gray line) is shown for comparison. 

electrons (or holes) per photon incident on the device, can be calculated with 

where /ph is the photocurrent Uph = -fiiium. - 4 a r k ) and A is the iUuminated device 
area (4 x SOOnm^). For the device in Figure 4.3a, the efficiency reaches 10.9 electrons 
per photon at 2Wcm"2 ^ j ^ j , ^ {jj^g of 750mV (see Section 4.7). At higher bias the 
plioton-to-electron conversion is even more efficient; for example in the I^s - V^s 
characteristic of Figure 4.2a, which is taken at low power, an EQE of 38 electrons 
per photon is observed at a bias of 1.5 V. In the calculation of the EQE it is assumed 
that all light incident on the gap area is absorbed by the one-dimensional array of 
quantum dots. If we do take the absorption probability of the single row of CQDs into 
account, [21] we can determine the internal quantum efficiency (IQE) ofthe detector. 
Assuming a maximum CQD coverage of 2000 4-nm-sized particles across the 10 pm 
wide device of Figure 4.2a, we obtain IQEs as high as 5.9 • 10^ electrons per photon 
(see supporting information). 

The most striking feature of our device performance is the combination of high 
efficiency with fast response. Fig. 3b shows the temporal photoresponse of the device 
to a 1 ps laser pulse, measured using a low-noise amplifier and a 600 MHz osciUo-
scope. The observed rise and fall time of our device are approximately 200 and 300 ns, 
respectively, likely limhed by the electronic bandwidth of the measurement circuit. 
Such fast response times combined with high efficiencies are crucial parameters in, 
for instance, video-rate laser-scanning microscopy where dweh-times in the order of 
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a b 

Pd (kWcm-2) t (/^s) 

FIGURE 4 . 3 ; (a) Photocurrent /pj, as a function of surface power density (blue open circles) for 

the device in Figure 4.2b and c. (b) /p^ response (bottom panel) of a different device to a 1 |js 

square-wave pulsed laser illuininadon (top panel, A =670nm, 0.85 Wcm"^ , spot size = 150 |jm). 

The rise and fall time of the laser signal is < 20 ns. 

100 ns are required. [22] 

Higli efficiencies in CQD-pliotodetectors are usually achieved by trapping of one 
of the charge carriers, which is photoinduced by tlie incident liglit. If the lifetime of 
the trap state exceeds the carrier transit-time, the opposite charge carrier can chculate 
multiple times through the circuit before recombining with the trapped charge; the 
gain factor is then proportional to the ratio of the trap-life time over the transit 
time. For conventional CQD photoconductors, which have typical mobilities between 
10"! cm^ s"' and 10"^ cm^ V'^ s"̂  and channel lengths of about a micron, the 
transit time is hundreds of nanoseconds or longer. 113,14]. Attaining an appreciable 
gain therefore requires trap-state life times as long as mihiseconds, inevitably leading 
to the slow response times of these devices. 

The orders-of-magnitude shorter rise and fall time of our device shows that if 
trap States are responsible for the gain they have to be short-lived, shorter than 
the observed 200 and 300 ns rise and faU time, and would thus require sub-nano­
second transh times in order to explain the observed IQE. Such short transit times 
are indeed feasible in our device as a direct result of the nanoscale geometry: the 
transit time is determined by the product of the tunneling probabilities of the two 
barriers that separate each CQD from source and drain electrodes. The interfacial 
electronic coupling energy for PbSe CQDs at or close to resonance is reported to be 
as high as 100 meV,[22] which corresponds to individual tunnel events at sub-picose­
cond timescales. ]7] Taking this into consideration, only extremely short lived traps 
( « 200 ns) could thus lead to considerable gain factors in our device, allowing for high 
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efficiency at short timescales. 

For a possible explanation for the short-lived trap states, we take a closer look 
to the quantum dot junction. Sincè conduction through the CQD-device can only 
happen via tunneling through the barrier at the source and drain electrodes, the 
stochastic nature of the individual charge extraction events becomes important. [23¬
25] After creation of an exciton, either the electron or the hole will be extracted first, 
leaving the opposite carrier temporarily behind as if it was trapped. For instance, if the 
hole is left behind, the chemical potential of the QD electronic charge transitions is 
brought closer into resonance with the Fermi level as a result of the reduced Coulomb 
repulsion. This facihtates electron transport through the device untü the hole recom-
bines or is extracted, resulting in photoconductive gain, in the same manner as a 
conventional surface trap state at, for instance, the surface of a quantum dot. However, 
the crucial difference with conventional traps is that the life time of the charge in the 
trap state is only determined by the probabilistic nature ofthe tunnel events, which 
occur at sub-picosecond timescales. [7, 22] In the above discussion, we neglected 
plasmonic field enhancement effects that are known to increase light coUection in 
nanogapped structures by effectively increasing the optical absorption cross section 
of the CQDs. ]26-30]. If present, they would also contribute to the enhancement 
of the IQE number so that the gain is not solemnly determined by the ratio of the 
trap-life time over the transit time. 

4 . 5 . C O N C L U S I O N AND OUTLOOK 

In conclusion, the presented architecture offers a promising route towards solution 
processable, low-cost, nanoscale devices with tUtrafast yet efficient detection perfor­
mance. It moreover comprises a versatile platform to study the microscopic details 
of charge transfer at the metallic interface, not limited to coUoidal quantum dots 
only, but applicable to a variety of nanomaterials. In addhion, we expect that field 
enhancement may already play a role in the efficiency of our device, although the 
effect is expected to be small for the broad non-resonant electrodes. It wiU therefore 
be interesting to investigate devices with smaller widths which could profit f rom 
both efficient carrier extraction, as weh as optimized light absorption by resonant 
plasmonic field enhancement. 
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4. FAST A N D EFFICIENT PHOTODETECTION I N NANOSCALE QUANTUM . . . 

4 . 7 . SUPPORTING INFORMATION 

4 . 7 . 1 . F A B R I C A T I O N O F T H E S E L F - A L I G N E D QD D E V I C E S 

Lithography To obtain ~ 5 nm separation between the electrodes, we employ a self-
aligned technique and selective wet etch of a sacrificial layer [16,18] Fabrication starts 
by spinning (3000 min^^) and baking (175 °C for 12 min) a double-layer resist* on a 
liighly doped Si substrate covered with tliermally grown Si02. The first lithographic 
layer pattern consists of 32, 200 x 300 pm pads arranged in a square; these pads wiO 
be one of the electrodes of the final device and provide the sacrificial layer to achieve 
the 5 nm separation by selective etching. After development in a solution of I M I B K : 
3 IPA"'", a stack of metals is deposited in Ihgh vacuum (HV) conditions* in the following 
order: 2 nm Ti as sticking layer, 20 nm Au as contact material, 10 nm Cr as sacrificial 
layer (see Figure 4.4a). As soon as the substrate is removed from the HV conditions, 
the top Cr layer oxidizes (Cr^Oy) and slightly expands, jutting out from the rest of the 
metal stack (see Figure 4.4b). 

The second layer defines the other electrodes composing the final devices, whose 
width ranges from 50 nm to 10 pm. They are perpendicular to the short side of the 
pads and point towards the center of the design of the first layer The resist used 
are identical to the first layer After development and müd descum^, 2 nm of Ti and 
18 nm of Au are deposited. Since the metal deposition is performed in HV conditions, 
the small jutting structure provided by the chromium oxide acts a shadow mask and 
ensures no contact between the metals deposited in the first and second layer. This 
leads to the formation of a nanometric gap between the two metallic layers, covered 
by the smah Cr^Oy layer(see Figure 4.4c). After l i f t -off in warm (54 °C) acetone, the 
gap is opened by removing of the Cr̂ jOy layer by selective wet etch'^ (see Figure 4.4d). 

Deposition of the quantum dots Lead selenide (PbSe) colloidal quantum dots of 
~ 4nm in diameter were synthesized according to ref [31]. PbSe particles are de­
posited on the electrodes by a dipcoating technique under N2-atmosphere. First, tiie 
devices are immersed in a methanol (MeOH) solution of ethylenedithiol for 3 h to 
mediate a chemical hnkage between the Au and the PbSe particles. The devices are 
subsequently immersed in MeOH (1 min) and a hexane solution of oleylamine-coated 
PbSe nanoparticles (I min). Finally, the devices are once more immersed in a MeOH 
solution of ethylenedhhiol ( Imin , followed by I min in pure MeOH), to substitute 
the long oleylamine ligands and minimize the baiTier between the particles and the 

* 17.5% in weight o fa co-polymer methyl metliaciylate (MMA):methacrylic acid (MA/\) in ethyl-lactate -
bottom, and poly-methyl methacrylate (PMMA) A2 950 kDa from Microchem - top 

^MIBK is 4-methyl-2-pentanone, also called methy isobutil ketone 
IPA is 2-propanoI, also called iso-propyl-alcohol 

*AJA International electron beam evaporation, main chamber pressure about 5 • 10"^ mbar 

*30s O J plasma, flow = 50mLmin~^, power = 50 W 

''Cyantek, Cr-10, ~ 5 min immersion 

70 



4.7. SUPPORTING INFORMATION 
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FIGURE 4.4: (a) First layer metal deposition: 2 n m T i , 20nmAu, lOnmCr. (b) Oxidation of Cr 
layer. Note the jutting part due to the expansion/growth oxide, (c) Second layer metal deposition: 
2rmiTi , ISnmAu. (d) Device showing an open gap after the selective etching of the Cr^Oy layer. 

electrodes. The deposhion results in a (sub-)monolayer coverage on the Au-electrodes 
as confirmed by AFM. 

4 . 7 . 2 . P H O T O R E S P O N S E S P A T I A L E X T E N S I O N 

Line traces taken perpendicular to the gap area in the conductance maps show the 
spatial distribution of the photoconductive response. The full width at half maximum 
of the conductance peak centered ai-ound the gap is 805 nm, consistent with the spot 
size ofthe diffracfion limhed spot (see Figure 4.5). 

FIGURE 4.5: Line-cut of the conductance map 
taken perpendicular to the nanogap (see arrow 
in inset). Same device as Figure 4.2b. The red 
daslied line is a Gaussian fit to tlie photocur­
rent response at the gap area. The fu l l widdi at 
half maximum of the fit equals 805 nm, closely 
matching the spot size of the diffraction limited 
spot of the scanning confocal microscope at X 
= 532 nm. Slight deviations to the Gaussian fit 
are observed at larger distances from the gap. 

< 

2 

Ü 

-5 0 5 
distance (|jm) 

4 . 7 . 3 . Q U A N T U M E F F I C I E N C Y C A L C U L A T I O N S 

For the device in Figure 4.3, the external quantum efficiency (EQE) is calculated 
according to equation 4.1, taking the nanogap ai-ea within the spot size of 800 nm as 
the device area (800 x 4 = 3200 nm^). The E Q E reaches a maximum of reaches 10.9 
electrons per photon at 2Wcm~^, corresponding to a responsivity of 3.9 A W " ' (see 
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Fiure 4.6). Similarly, the EQE for the device in Figm-e 4.2, in which the whole device is 
ihuminated, can be calculated taldng the ful l nanogap area into account (10,000 x 4 
= 40 • 10"̂  nm^), obtaining an EQE of 38 electrons per photon with a power density of 
1.6Wcm"2 

To determine the internal quantum efficiency (IQE) of the device we consider the 
optical cross-section ofthe sum of the maximum number of CQDs present in the gap 
area. For a 10 pm wide device and a pardcle diameter of 4 nm, the maximum number 
of CQDs that could be contacted in parallel is 2500. Taking the absorption cross-
section of each particle to be 0.102nm^ at the excitation wavelength, as reported 
in ref [20], we obtain a total optical cross section of a 10 pm wide device of 2500 x 
0.102 =255nm'^. With a surface power density of 1.6 Wcm~^ (incident photon flux 
~ 4.5 • IO'' s"̂  nm"2) and a photocurrent of 10.9 nA at 1.5 V (electron flux 68.1 • 10^ s"\ 
corrected for the dark current) we obtain an IQE of 5.9 • 10^ for the device in Figure 
4.2a. It should be noted that the estimation of the number of particles is an upper 
limit and in reality is likely to be lower as a result of the distribution of the particles 
across the gap. 

FIGURE 4 . 6 : External quantum efficiency (EQE) 
and responsivity in terms of extracted electrons 
per photon incident on the illuminated device 
area (800 x 4 nm) of the device in Figure 4.2a as 
a function of the surface power density 
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C H A P T E R 

U L T R A H I G H P H O T O R E S P O N S E O F 

F E W - L A Y E R T1S3 NANORIBBON 

TRANSISTORS 

Joshua O. Island*, Michele Buscema, Mariam Barawi, José M. 
Clamagirand, José R. Ares, Carlos Sanchez, Isabel J. Ferrer, Gary A. 
Steele, Herre S.J. van der Zant, and Andres Castellanos-Gomez* 

Molybdenum- mid tungsten-based dichalcogenides have recently received much at­
tention due to their applications as semiconducting channel materials infield effect 
transistors and photodetectors. Although these atomically thin materials are promising 
for photodetection, a combination of high sensitivit)/ and speed has yet to be shown. 
Here we explore the optoelectronic properties ofTiS^ ribbons, an almost unexplored 
layered material fivm the transition metal triclialcogenide family. TiS^ ribbons present 
a direct band gap of 1.1 eV which is well-suited for detection all across the visible and 
the near-infiwed spectrum. We isolate individual TIS^ ribbons, exfoliate them down to 
few-layer thicknesses and use them as channel material for field effect phototransistors 
(FET). We measure mobilities up to 2.6 cm^ s"' and ON/OFF ratios up to 104. Un­
der illumination, the TiS^ FETs presenta high photoresponse o/2910 A W " ' and fast 
response times of ims. In addition, we measure cutofffi-equencies (f^B) up to 1000 Hz. 
Tlie combination of large responsivit)' and fast response time all across the visible and 
near-infiared make layered TiS^ a state-of-the-art material for photodetection. 

Parts of this chapter have been published in Advanced Optical Materials 2, 641 (2014) [1]. 
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5. ULTRAHIGH PHOTORESPONSE OF FEW-LAYER T1S3. . . 

5.1. INTRODUCTION 

Transition metal chalcogenides have raised a huge interest in the nanoscience and 
material science communities. [2-5] The possibUity of isolating ultrathin layers of 
these materials opens the door to new applications and phenomena derived from the 
reduced dimensionality. Within the large family of the semiconducting chalcogenides, 
the compounds based on Molybdenum Mo and Tungsten W have received die largest 
research effort because of their electronic and optical properties. 16-12] Nonetheless, 
there are many other semiconducting chalcogenide compounds whose electronic 
properties, in atomically thin form, are thus far unexplored, 

TiSg, for instance, is one of the semiconducting members ofthe trichalcogenides 
family with a bulk optical bandgap of about 1 eV. [13] It has a structure, shown in Figure 
5.1(a), composed of parallel sheets of one dimensional chains of stacked triangular 
prisms (^83). [14] The sheets are held together by van derWaals forces and might be 
exfoliated in the same manner as graphene and other layered chalcogenide materials. 
[2-5] Although the bulk electronic properdes have been studied in fair detaU,[15-I8| 
little is known of the properties of nanostructured TiS3. WhUe Mo- and W- based 
dichalcogenides present a direct bandgap only at the single-layer limit, macroscopic 
films of TiSg ribbons (with thicknesses of hundreds of nanometers) show a direct 
bandgap of I . I eVand photocurrent response to white hght illumination. [19,20] 

Here, we isolate individual few-layer TiS3 nanoribbons (NR) by means of microme­
chanical exfoliation and use them as channel in field effect transistors (NR-FET). The 
electrical characteristics are studied finding an n-type behavior with current on/off 
ratios as high as 104 and mobUities up to 2.6 cm^ s~^ The photoresponse of the 
fabricated NR-FETs is studied at different iUumination wavelengths and powers. The 
fabricated devices show a large photoresponse up to 2910 A W " ' and they respond to 
wavelengths across the visible spectrum. In addition, these devices present rise/faU 
times of about 4/9 ms and an f-^dB frequency up to 1000 Hz. The exceUent combi­
nation of FET characteristics, large photoresponse and high cutoff frequency make 
atomically thin TiS3 NR-FETs superior to state-of-the-art phototransistors based on 
other semiconducting 2D materials.]?] 

5 .2 . GROWTH AND CHARACTERIZATION 

TiSg NRs are grown by sulfuration of bulk Ti disks at 500 °C. 120] The morphology and 
stoiclriometry of the sample can be accurately controlled by adjusting the process 
temperature and sulfur pressure. The growth resuhs in gram-scale quantities of 
NR film. The resulting NR film is characterized by electron microscopy and X-ray 
diffraction. Figure 5.1(b) shows a bright field transmission electron microscopy (TEM) 
image of a single grown TiS3 ribbon. The crystal planes are determined from the 
electron diffraction pattern (inset). Tire growth direction of the NRs is along the b-axis. 
Scanning electron microscopy (SEM) images of the film and a single NR are shown in 
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Figure 5.1(c) and Figure 5.1(d), respecdvely. As grown NRs iiave lengths of iiundreds 
of microns, widths of a few microns, and thicknesses of hundreds of nanometers. 

5 .3 . F E T FABRICATION 
To fabricate single ribbon devices, TiSg ribbons are transferred f rom tlie bulk disks 
onto degenerately doped silicon substrates with 285 nm of thermal Si02 using an 
all-dry viscoelastic stamping method. [21] Duringthe transfer, the TiSg nanoribbons 
are mechanically exfoliated, leading to a decreased thickness of the transferred NR 
with respect to the as-grown ribbons. 

To fabricate FET, ribbons whh a thickness of 10 nm to 30 nm are selected due 
to their distinct optical contrast. Standard electron beam lithography and metal 
evaporation are used to deposit gold electrodes (50 nm) with a titanium sticking layer 
(5 nm). Finally, fabricated samples are annealed at 250 °C for 2 hours in a mixture of 
argon and hydrogen (5:1). Characteristics of 10 fabricated and measured devices can 
be found in Table 5.2. For consistency all figures of the main text have been obtained 
from a single device. 

5.4 . E L E C T R I C A L CHARACTERIZATION 
In Figure 5.2 we show the room temperature electrical characterization of a fabricated 
NR-FET device. An AFM micrograph of the device is presented in Figure 5.2(a). A 
line profile taken across the NR shows a thickness of 22 nm and a width of 195 nm. 
Measurements are made between two adjacent electrodes ofthe fuh device. Figure 
5.2(b) plots the source-drain current as a function of the bias voltage (/d.s~14is) at 
different back-gate voltages (Vg). The i d s - K i s characteristics are linear and symmetric 
with respect to Vds and show a strong dependence on the back-gate voltage. This 
suggests that we can switch the device ON with the gate voltage and that the Ti/Au 
electrodes provide good contact to the TiSg NR. 

Figure 5.2(c) sliows the source-drain current versus back gate voltage (/ds~^'g) 

at constant bias voltages. The device has a clear n-type behavior. At V^s = 1V, for 
negative Vg the current through the device is ~ I.5nA in the OFF state while for 
positive Vg the current reaches ~ 1.1 pA in the ON state giving an ON-OFF ratio of 
about 700. 
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5. ULTRAHIGH PHOTORESPONSE OF FEW-LAYER T1S3 

FIGURE 5.1: (a) TiS^ nanoribbon structure composed of parallel sheets of one dimensional 
chains of stacked triangular prisms (TiSj, base shown in pink) that are held together by van der 
Waals forces across the exfoliation plane, (b) Bright field TEM micrograph and the corresponding 
electron diffraction pattern (inset) of a TiSg nanoribbon. (c) SEM image of TiSj nanoribbon film 
on the Ti growth disk, (d) FEG-SEM image ofthe edgeof oneTlSj nanoribbon. 

From the calculated transconductance (g = dl^sldVg), we estimate the mobility 
with 

L 1 
MFE = g - - - — — , (5.1) 

^ <-ox Vds 

where L is the channel length, Z is the width of the nanoribbon, and Cx is the 
oxide capacitance per unit area. The capacitance is calculated using finite element 
metiiods with COMSOL MULTIPHYSICS v4.3b to account for fringing effects derived 
from the reduced width of the TiS3 ribbon channel (comparable to the dielectric 
thickness).[22] From Equation 5.1 we estimate a carrier mobility of 1.4 cm^ V " ' s"̂  
(up to 2.6 cm^ V " ' s"' for other devices, see Table 5.2) which is an order of magnitude 
lower than the measured bulk value of SOcm^ V " ' s"'.115] Note that this estimate 
is lilcely a lower bound as h is obtained from a two terminal measurement. While 
the mobUity estimates are modest, they compare weh with recently fabricated M0S2 

78 



5.5. PHOTORESPONSE 

photodetectors whh mobihties of 4 cm^ V ' s ' and lower and may be improved by 
optimizing device geometry and dielectric material. [7, 8] 
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FIGURE 5 . 2 : (a) AFM image of t l i e FET device with electrodes spaced by 500 nm. The width of 
the TiSj NR is 195 nm. (b) Output characteristics (/ds~^ds) of the device at backgate voltages 
(Vg) f rom - 4 0 V t o -F40Vinstepsof20V. (c) Transfer characteristics (/ds-^^g) at different bias 
voltages (i/ds) (from 200 mV to I V in steps of 200 mV). 

5 .5 . PHOTORESPONSE 

The photoresponse of the TiSj NR devices is studied by measuring their electrical 
characteristics upon illumination. The optoelectronic measurements are carried 
out in a vacuum probe station equipped with 5 lasers (A = 532 nm, 640 nm, 808 nm, 
885 nni and 940 nm). Figure 5.3 shows the optoelectronic characterization of the 
same NR-FET device shown in Figure 5.2. Figure 5.3(a) shows /ds-Vg characteristics 
recorded at Vds = 500 mV in dark (solid black line) and under 532 nm laser excitation 
(sohd green line, P = 500 pW). The current increases steadily over the entire gate 
voltage range and, under illumination, the magnitude of the current is consistently 
larger than in dark. The photocurrent (/photo = ^iiium. - -fdaik) starts at 40nA in the 
OFF state (Vg = -40 V and reaches lOOnA at Vg = 40 V. The inset shows the /ds^ Vds 
characteristics (Vg = -40 V) recorded at the same power and wavelength as in the 
main panel, demonstrating linear and symmetric behavior. 

In Figure 5.3(b) we plot the /ds" Vds characteristics (Vg = -40 V) measured with 
A 640nm for several excitation powers. The /ds-Vds curves show a clear increase 
in the conductance of the NR-FET with increasing power, while maintaining the 
linear and symmetric behavior. The corresponding photocurrent, plotted in Figure 
5.3(c), increases subhnearly with respect to the incident power, /ph cx P" where 
a = 0.7 suggesting a complex process of photocarrier generation, recombination, and 
trapping. [23, 24] 

To evaluate the optical gain of the device, we calculate the responsivity from the 

79 



5. ULTRAHIGH PHOTORESPONSE OF FEW-LAYER T1S3. . . 

photocurrent, 

R-'-^, (5.2) 

where is the power of the laser which has been scaled by the ratio of the area 
of the device (195 x 470 nm) to the area ofthe laser spot (diameter 200 pm). Figure 
5.3(d) plots the responsivity as a function of the laser power. The responsivity reaches 
1030AW"' at a power of 100 nW and decreases with increasing power (the device 
with the best performance showed 2910 A W " ' , see Table 5.2). 

This responsivity is several orders of magnitude larger than intrinsic graphene 
pliotodetectors and surprisingly larger than the most recent M0S2 photodetectors 
which achieve a responsivity up to 880AW"^.[7, 25] Devices based on othermateri-
als, ZnO nanowire for example, have shown responsivities of 1 • lO'' A W " ' however, 
unlike our TiS3 NR-FETs, they operate outside the visible range of the spectrum. [26] 
Responsivhies of our TiS3 devices may be further improved by fabricating hybrid 
TiS3-quantum dot devices as already demonstrated for graphene-quantum dot photo­
detectors. [27] The decrease in responsivity with increasing power could be attributed 
to filling of the long-lived trap states at higher powers which are responsible for high 
photoconductive gain. [28, 29] Using the responsivity of 1030 A W " ' , we estimate the 
external quantum efficiency (EQE) by 

hc 
EQE = R — . (5.3) 

eA 

The EQE for this device at wavelength of 640 nm reaches 2 • 10^ % and is larger than 
the recent high gain In2Se3 nanosheet devices with an EQE of 1.6 • 10^ %.[30| 

In Figure 5.3(e) we plot the photocurrent at Vjs = I V and Vg = -40 Vfor different 
excitation wavelengths. The photocurrent increases as the photon energy increases, 
likely related to an increase in the absorption of the material with higher photon 
energies. By lineaiiy extrapolating the photocurrent vs. excitation wavelength, we can 
estimate an excitation energy for which the photocurrent would be zero, yielding a 
rough estimate ofthe bandgap. Following this methodology, we extract a bandgap 
energy of 1.2 eV (1010 nm) in close agreement with previous measurements on macro­
scopic TiSg thin films having a direct bandgap of 1.1 eV.[20] 
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0 . 0 0 0 1 0 . 0 1 1 6 0 0 8 0 0 1 0 0 0 

P(mW) ^ (nm) 

FIGURE .5.3: (a) I^^-Vg characteristics for V^^ = 500 mV in darlc (black solid line) and under 
532nm, 500|iW e.xcitation (green solid line). Inset shows the /ds-^'tis characteristics at Va 
= -40 V for tlie same excitation, (b) /ds-^'ds characteristics at V^ = -40 V in dark (black solid 
line) and under 640 nm excitation for increasing laser powers up to 3 mW. (c) Photocurrent 
extracted from panel (b) for increasing powers. The dashed line is a power law fit. (d) Log-log plot 
of the responsivity as a funcdon of e.xcitation power (A = 640 nm). (e) Photocurrent measured as 
a function of different laser wavelengths. Note that measurements for panels (c)-(e) are taken at 
l / j j , = l V a n d l / g = -40V, 
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5 .6 . T I M E RESPONSE 

The frequency response of the TiSg NR-FETs is characterized by modulating the 
intensity of the excitation laser in the time domain. In Figure 5.4, we show the photo-
switching characteristics of our NR-FET by modulating tlie 640 nm (P = 500 pW) laser 
excitadon with a mechanical chopper at Vj, = -40 V and Vjs = I V . Rehable, repeated 
cycling ofthe NR-FET at a frequency of 10 Hz is shown in Figure 5.4(a). In Figure 5.4(b), 
a zoom on one switching cycle is shown. The 10-90% rise time extracted is ~ 4 ms 
and the 10-90% fall time is ~ 9 ms. The slower fall time is most likely related to the 
relaxation of deep trap states. These time scales are an order of magnitude faster than 
the lowest rise/fah dmes measured in M0S2 devices and faster than the high gain ZnO 
nanowire devices. [8, 26] In Figure 5.4(c) we plot Üie device responsivity for increasing 
modulation frequency of the 640 nm laser at a power of 500 pW. A cutoff frequency 
ifsds) of 1000 Hz is reached which is at the limit of our measurement set-up. This f^^B 

puts TiSg NR-FETs among the best nanostructured devices for photodetection. [31] 

FIGURE 5 . 4 : Photocurrent vs. time 
under a 10 Hz mechanically modu­
lated optical excitation (A = 640 nm, 
P = 5 0 0 | i W ) . (b) Zoom on a single 
switching cycle at 10 Hz frequency. 
Rise times taken at 10% and 90% 
of the maximum photocurrent are 
~ 4 ms and fall times are ~ 9 ms. The 
solid red curve is a moving average 
of the raw data (pink circles), (c) 
Responsivity versus modulation fre­
quency for an excitation wavelengdi 
of 640nm at 500|iW. Note diat all 
measurements are taken at V^^ = 1V 
andI/g = -40V. 

5 .7 . COMPARISON WITH LITERATURE 

The direct bandgap ( I . l eV), high responsivity, and fast response make TiS3 an ideal 
material for optoelectronic apphcations. Table 5.1 summarizes the latest high respon­
sivity photodetectors. The TiSg NR-FETs have the best combination of responsivity 
and speed for visible and near-infrared hght detection. The bandgap energy of 1.2 eV 
(cutoff wavelength of 1010 nm) makes them a suitable replacement to microstructured 
Si in applications where high gain is needed. 
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Material 
Bandgap 

eV 
'^cutoff 

nm 
Responsivity 

A W " i 
Rise time 

ms 
Reference 

TiS3 Nanoribbons I . l 1130 2.9 • 10̂  4 •10" This work 
M0S2 Single Layer 1.8 690 8.8 •I02 4 •103 [7] 
WS2 Multilayer 1.96 635 9.2 •10"^ 5 •10" [12] 
ZnO Nanowires 3.4 360 4.7 •lO'' - [26] 
In2Se3 Nanosheets 1.3 955 3.9 •I02 I.E M O ' [30] 
GaTe Nanosheets 1.7 730 1 •10'' 6 •10" [321 
Si Microstructured I . l 1130 1.2 10^ — [33[ 
GaSe Nanosheets 2.11 590 2.8 10° 2 •10' [34] 
Graphene Single Layer - - 1 • 10"2 1.5 •10-9 [351 
InSe Nanosheets 1.4 885 3.5' 10-2 4.9 •10"! [36] 

T A B L E 5 . 1 : Figures-of-merit for recent higli-responsivit^'photodetectors 

5 .8 . CONCLUSIONS 
In conclusion, this work represents one of the first characterizations of the photore­
sponse of nanostructured devices based TiS3. Field-effect transistor based on few-
layer TiS3 have been fabricated and their electrical characteristic have been measured 
in dark and under ihumination at room temperature. We find an n-type semicon­
ducting behavior with mobihties of 2.6 cm^ V"-' s-' and ON/OFF ratios up to 10''. The 
NR-FETs display an ultrahigh photoresponse up to 2910AW"^ and fast switching 
times of about 4 ms with a cutoff frequency of 1000 Hz . The excehent combination 
of FET characteristics, high photoresponse and fast swhching rates make uhrathin 
TiS3 an interesting material for photodetection and photovohaic applications. This 
work opens a new avenue to exploit the family of Ti-based trichalcogenides in 2D 
electronics and optoelectronics. 
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Device 
Tliiclcness ON/OFF Mobility Responsivity Rise/fall /sdB 

Device 
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C H A P T E R 

P H O T O - T H E R M O E L E C T R I C E F F E C T IN 

S I N G L E - L A Y E R M 0 S 2 

Michele Buscema*, Maria Barkelid, Val Zwiller, Herre S.J. van der Zant, 
Gary A. Steele* and Andres Castellanos-Gomez* 

We study the photoresponse of smgle-layer molybdenum disulphide M0S2 field-effect 
transistors by scanning photocurrent microscopy. We find that, unlike in many other 
semiconductors, the photocurrent generation in single-layer MoS^ is dominated by 
the photo-thermoelectric effect and not by the separation of photoexcited electron-
hole pairs across the Schottky barriers at the MoS2lelectrode interfaces. We observe 
a large value for the Seebeck coefficient for single-layer M0S2 that, by means of an 
external electric field, can be tuned between -4-10* and - 1 • 10̂  [ iVK" ' . This large and 
tunable Seebeck coefficient ofthe single-layer MoS2 paves the ivay to new applications 
of this material such as on-chip thermopower generation and waste thermal energy 
harvesting. 

Paits of this chapter liave heen published in Nano Letters 13, 358 (2013) [1]. 
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6. PHOTO-THERMOELECTRIC EFFECT I N SINGLE-LAYER M0S2 

6.1. INTRODUCTION 
HE experimental realization of graphene [2, 3] has opened the door not only to 

J. study exciting new phenomena but also to explore a whole new family of two-
dimensional materials with complementary properties. [4, 5] For example, atomically 
thin semiconductor materials with a large bandgap are very interesting for electronic 
and optoelectronic applications where the lack of bandgap in graphene is hampering 
its applicabüity. Single-layer M0S2 presents a large intrinsic bandgap (1.8 eV) [6-10] 
large in-plane mobility of about 200 to SOOcm^V-'s"' and remarkable mechani­
cal properties. (11,12] These properties are of great interest for sensors,]13] flexible 
circuits [14,15] and optoelectronic devices. ]16-18] 

Recent works studying the optoelectronic properties of MoSj have shown that the 
photoresponse of externally biased MoS2-based photo-transistors is driven by the 
change in conductivity upon illumination. [16-181 The photovoltaic effect in M0S2 
devices has also been reported with metallic electrodes that generate large Schottky 
barriers (SBs) and poor electrical contacts. [19,20| These previous works made use of 
either an externally applied or a built-in electric field to separate the photogenerated 
carriers. 

Here, we employ scanning photocurrent microscopy to study the photocurrent 
generation mechanism in single-layer M0S2 transistors with no Schottky barriers and 
no external bias. We demonstrate that, in contrast to previous studies, the photo-ther­
moelectric effect dominates the photoresponse in our devices. From our observations, 
we estimate the electric-field modulation ofthe Seebeck coefficient for single-layer 
M0S2, finding a large value that can be tuned by more than two orders of magnitude. 

6 . 2 . FABRICATION AND E L E C T R I C A L CHARACTERIZATION 

The devices consist of a single-layer M0S2 flake, deposited onto a Si/SiOj (285 nm) 
substrate by mechanical exfoliation. [4] Electrical contacts have been fabricated by 
standard electron-beam lithography and subsequent deposition of a Ti (5 nm)/Au 
(50 nm) layer. A combination of atomic force microscopy (AFM), Raman spectrosco­
py and optical microscopy [21] (see Section 6.6) has been used to characterize the 
M0S2 samples. Figure 6.1(a) shows an AFM image of a field effect transistor (FET) 
fabricated with a single-layer MoSj flake. The line trace in Figure 6.1(b) shows that 
the height of the flake is around 0.9 nm in agreement with values previously reported 
in tiie literature. 121] Raman spectroscopy was also employed to further cliaracterize 
the deposited M0S2 layers. [22-24] As reported by C. Lee et al.]22] the frequency 
difference between the two most prominent Raman peaks depends monotonically 
on the thickness and it can therefore be used to accurately determine the number of 
M0S2 layers. The Raman spectroscopy measurements conflrm that our devices are 
single-layer M0S2 (see Section 6.6). In order to increase the quality of the electrical 
contacts, the samples were annealed at 300 °C for two hours in a A17H2 flow (500 seem 
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6.2. FABRICATION A N D ELECTRICAL CHARACTERIZATION 

/ 100 seem).[7] 

Figure 6.1(c) shows source-drain characteristics of tlie single-layer device at differ­
ent gate voltages shown in Figure 6.1(a). The current vs. voltage relationship remains 
almost linear for a broad bias range, indicating that the conduction through the device 
is not dominated by Schottky barriers (SBs), in agreement wi t l i previous resuhs by 
Radisavljevic et al. using similar electrode materials and annealing conditions. [7] 
Moreover, variable temperature transport experiments on M0S2 using low work func­
tion electrodes (Ti and Sc) demonstrated a Schottky barrier lieight slightly larger than 
fcfi T at room temperature. [25] 

This is also consistent with recent density functional theory (DFT) simulations and 
experimental work that demonstrate that Ti/MoS2 interfaces provide ohmic conta­
cts. [26, 27] Figure 6.1(d) shows various gate traces measured at different source-drain 
voltages. The device shows a pronounced n-type behavior, with a current on/off 
ratio exceeding 1 • 10^ and a mobility of ~ 0.85 cm^ V " ' s"', that is characteristic of 
single-layer M0S2 FETs fabricated on Si02 surfaces.]?, 13,16, 27-29] 

FIGURE 6 .1 : (a) Atomic force microscopy image of one of the studied devices, showing the 
MoSj flake and the electrodes used to make electrical contact, (b) Line profile over the dashed 
line in panel (a) showing the MoSj fiake height, (c) Source-drain current vs. source-drain bias 
characteristics measured at different gate voltages, (d) Electrical transport characteristic of a 
M0S2-based FET device (source-drain current vs. gate voltage) measured at different source-
drain bias. For both panels (c) and (d) die channel length is 1.6^im and width is 4.5[im. (e) 
Schematic of the scanning photocurrent microscopy (SPCM) setup showing the excitation path 
and electric circuit used to perform SPCM measurements. 
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6. PHOTO-THERMOELECTRIC EFFECT I N SINGLE-LAYER M0S2 

6 . 3 . S C A N N I N G PHOTOCURRENT MICROSCOPY 

To spatially resolve the local photoresponse of the M0S2-FET device, we performed 
scanning photocurrent microscopy (SPCM) in a homebuilt scanning confocal mi­
croscope (see Figure 6.1(e)) with excitation provided by a continuous wave (CW) 
green laser (A = 532 nm) and a supercontinuum tuneable source at A = 750 nm,(see 
Section 6.6 for details). [30] In our experimental setup, we simultaneously record the 
intensity of the reflected laser light (Figure 6.2(a)) and the photocurrent (Figure 6.2(b)) 
generated in the device at every position along the scanning of the laser spot. It 
is thus possible to superimpose the two images to accurately determine where the 
photocurrent is generated (Figure 6.2(c)). 

The gray-scale image in Figure 6.2(c) shows the reflection image and the color-
scale shows the simultaneously measured current flowing through the device at 
zero bias (electrode 3 is connected to a current-to-voltage amplifier while ah other 
electrodes are connected to ground). As it can be seen (e.g. by looking at electrode 3), 
there is photo-generated current at zero bias even when the laser spot is placed inside 
the area of the electrodes, microns away from the electrode edges, corresponding 
to distances up to 10 times larger than the full-width at half-maximum of the laser 
spot intensity profile. This is in striking contrast with several earlier findings on 
photocurrent on graphene [31, 32] which is localized at the interface between the 
graphene flake and the metal electrodes. In these previous works, the zero-bias 
photocurrent generafion mechanism was attributed to the electron-hole separadon at 
the SBs. This mechanism, however, cannot explain the presence of a photogenerated 
current when the laser is illuminating tlie metal electrodes, far f rom the electrode 
edges where SBs would be located. 

The observation of photocurrent with the laser positioned deep inside the metal 
electrode suggests that the principal photocurrent generation mechanism in our 
device is different from photocurrent generation by the separation of photoexcited 
electron-hole pairs due to the localized electric field at the metal/semiconductor 
interface. This observation is also consistent with our conclusions from the data 
in Figure 6.1 (b) that the SBs are not relevant for the transport characteristics of the 
device. 

In order to gain a deeper insight into the photoresponse mechanism of single-layer 
M0S2 FETs, we have performed scanning photocurrent measurements using differ­
ent illumination wavelengths. Figure 6.3(a) shows a photoresponse map acquired 
with green (A = 532 nm, h v = 2.33 eV) illumination. The photovoltage is obtained by 
dividing the measured photocurrent by the device resistance, measured under the 
same illuminafion conditions. A line profile of the photocurrent measured along the 
dashed green line in Figure 6.3 (a) is presented in Figure 6.3(b) as open blue circles. 
The solid red hne is a Gaussian fit to the data corresponding to a diffraction limhed 
laser spot. Notice that there is a significant photocurrent tail generated when the 
laser is scanned over the electrode (arrow in Figure 6.3(b)). This is again inconsistent 
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6.3. SCANNING PHOTOCURRENT MICROSCOPY 

FIGURE 6.2: (a) Spatial map of the intensity of the reflected light f rom tho device (white corre­
sponds to low reflection). Electrodes have been numbered for clarit)'. (b) Photocurrent image 
of the MoSj FET. The colorscale in the inset gives die photocurrent value, (c) Superposition of 
the photocurrent map (from (h), same colorscale) and contours of the electrodes as obtained 
f r o m the light reflection map. The scale bars are always 1 | jm. Reflection and photocurrent 
measurements are performed simultaneously with electrode number 3 connected to a current 
to voltage amplifier while the other electrodes are connected to ground. Excitation is given by 
a CW laser A = 532 nm, P = 1 |iW, spot waist radius ~ 400 nm. The region of the flake f r o m the 
right edge of electrode 2 to the right edge of electrode 3 is composed by multiple layers of MoSj. 
No current is seen flowing from electrode 1 or 6 because of poor contact between those with the 
underlying MoSj flake. 

with a response sliifted into tlie M0S2 region, as would be expected for a photovoltaic 
response from Schottky barriers. 

Figure 6.3(c) shows a photoresponse false-color map acquired with a red exci­
tation wavelength [X = 750 nm, hv = 1.65 eV). The photovoltage is calculated as in 
Figure 6.3(a). Note that the photovoltage under green illumination is larger because 
of the lower reflectance (and thus higher absorption) of the gold electrodes for this 
wavelength. The observation of photoresponse even for photon energies lower than 
the bandgap (Figure 6.3(c)) cannot be explained by separation of photoexcited elec 
tron-hole pairs (see Figure 6.3(e) - top panel). Moreover, previous photoconductivity 
measurements in M0S2 transistors under large source-drain bias have not shown any 
significant photoresponse for exchadon wavelength above 700 nm (or below 1.77 eV). 
[8,16] This indicates that sub-bandgap impurity states are either not present or do not 
contribute to photocurrents, even in the presence of a large extraction bias, preclud­
ing sub-bandgap states as a possible source of photocurrent in Figure 6.3(c). From 
these considerations, we conclude that the generation of photocurrent with exchation 
energies below the bandgap cannot be ascribed to a photovoltaic effect. 

Interestingly, for above-bandgap Ulumination, where pliotovoltaic effects could 
play a role, the photocurrent images show characteristics that are qualitatively very 
similar to those for below bandgap illumination. A line profile of the photocurrent 
measured along the dashed green line in Figure 6.3(c) is presented in Figure 6.3(d), 
in the same fashion as in Figure 6.3(b) to facilitate the comparison. The qualita-
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tive agreement, and in particular tiie tail of ptiotocurrent when the laser is focused 
over the metal, suggests that the photogeneration mechanism is not dominated by 
photovoltaic effects even for above-bandgap excitation. 

FIGURE 6.3: Photovoltage map of a single layer MoS2 FET using an excitation wavelengtii 
of 532nm (a) and 750nm (c). (b)/(d) Photocurrent profile across the hnecut in panel (a)/(b) 
(open blue circles). The solid red line is a Gaussian fit of the data and the arrow points at the 
photocurrent tail generated when the laser spot is scanned over the electrode. The shaded 
blue area represents the electrode area as determined by the reflection signal, (d) Schematic 
of photoresponse mechanism in a typical Metal-Semiconductor-Metal device, (e) Schematic 
of the photoresponse mechanism in a device dominated by photo-thermoelectric effect. The 
conduction band is drawn in blue while the valence band is drawn in red. 

This hypothesis is also consistent with a lack of gate dependence of the SPCM 
images at above bandgap excitation energies (A = 532 nm). In particular, the position 
of the maximum photocurrent in the photovohaic effect is expected to shift with 
the gate voltage, an effect also not observed in our devices. Figure 6.4(a) shows an 
SPCM map (at zero source-drain bias) of one of the studied devices acquired with 
the electrical circuit sketched in Figure 6.4(b). The SPCM map in Figure 6.4(a) is 
taken in a smaller area of the same device as in Figure 6.2. Since electrode 4 (not 
3) is now connected to ground via the current amplifier, as shown in Figure 6.4(b), 
the strong photocurrent inside electrode 3 is now negative. By performing SPCM 
measurements with gate voltages ranging from -1-30 V to -30 V, displayed in Figure 
6.4(c), we determine that the position of the photocurrent peaks does not change 
(within experimental resolution) with respect to gate voltage. This is in contrast with 
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earlier findings on devices in which the photocurrent is generated by the separation of 
photo-excited electrons and holes due to the electrostatic potential in p-n junctions 
or SBs whose extension depends on the charge carrier concentration. [31] 

As the charge carrier density is reduced, the potential gradient of a p-n junction or 
SB would extend deeper into the material yielding a maximum photocurrent further 
and further away from tiie electrode edges, as sketched in Figure 6.4(d).[31-36] Tliere­
fore, the absence of shift in the position of the measured photocurrent (see Figure 
6.4(c)) indicates that the dominant mechanism of photocurrent generation is not 
die separation of carriers by the built-in electrical potential along the SB near the 
electrodes and supports the proposed mechanism based on the photo-thermoelectric 
effect. As shown in Figure 6.4(e), the photo-induced temperature raise in the elec­
trodes effectively generates a difference in the chemical potential of source and drain 
electrodes that can drive current through the device. This happens only when the 
laser is focused onto the electrode surface since the absorption of laser light by the 
M0S2 flake is neghgible. This also suggests that the main mechanism for photocurrent 
generation, even with above-bandgap iUumination, is not the photovoltaic effect. 

6 .4 . P H O T O T H E R M O E L E C T R I C E F F E C T 
The negligible role of the SBs in the conductance of the devices, the strong measured 
pliotocurrent inside the area of the electrodes whose position is gate-independent 
and the observation of qualitatively identical photoresponse with below and above-
bandgap illumination all suggest that photovoltaic effects cannot be responsible for 
the photoresponse observed here. Instead, we propose that the photoresponse in 
our device arises from a strong photo-thermoelectric effect. ]37^1] In the photo­
thermoelectric effect (Figure 6.3(e) - bottom panel), a temperature gradient arising 
from light absorption generates a photo-thermal voltage across a junction between 
two materials with different Seebeck coefficient. This photo-thermovoltage can drive 
current through the device. This mechanism is consistent with our observation of 
strong photocurrents when the laser is focused on the metallic electrodes and also 
explains the presence of localized and intense photocurrent spots at the edges ofthe 
electrodes where the laser absorption is increased and tlie heat dissipation is reduced. 
Moreover, h would also explain the stronger photocurrent in the electrode area in 
Figure 6.2 where the M0S2 underneath the electrode is more than one layer thick 
which reduces the thermal coupling with the substrate and thus increases the local 
temperature of the electrode (see Figure 6.7 in Section 6.6). 

The photo-thermoelectric generation of current can be understood as fohows: 
the local absorption of the laser creates a local heating of the junction between the 
gold and the M0S2 layer This local heating of the junction is translated into a vohage 
difference (AypxE), which wiU drive current througli the device, by tlie difference 
between the Seebeck coefficients of the M0S2 flake (SM0S2) ^'^'^ electrodes (STIAU) 

and the local increase of the junction temperature (AT) (see Section 2.4.1). This AT 
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FIGURE 6 . 4 : (a) Scanning photocurrent image o fa single-layer MoSg F E T taken at A =532nm. 
Note that the current-to-voltage amplifier is connected to electrode 4, while electrode 3, 5 and 6 
are connected to ground, (b) Schematic cross-section ofthe device, shovring the electrical circuit 
used to perform the measurements, (c) Photocurrent hne profiles (along the green dashed line 
in panel (a), A = 532nm) for gate voltages of 4-30 V, +15 V, +7.5 V, OV, -7.5 V, -15 V and -30 V 
from top to bottom. Consecutive lines are shifted by 50 pA for clarity Shaded areas indicate the 
position and size of electrodes number 3,4 and 5 as determined f rom tiie reflection signal; the 
colors of tiie shading indicates the sign of the photocurrent. (d) Schematic of the energy diagram 
ofa t^Tiical Metal-Scmiconductor-Metal device (top) and of tiie magnitude of a photocurrent hne 
profile over such a device showing the expected gate-induced spatial shift in the photocurrent 
peak (bottom), (e) Schematic of die energy diagram of the single-layer M0S2 device when the 
laser spot is incident on the electrode (top) and on die M0S2 flake (bottom), i n both panels 
(d) and (e) die conduction band is drawn at different gate voltages and the valence band is not 
shown for clarity. 

J 

c a n b e m o d e l l e d as t h e t e m p e r a t u r e d i f f e r e n c e o f t h e l o c a l l y h e a t e d g o l d e l e c t r o d e 

(TAU) a n d a p a r t o f t h e M0S2 f l a k e w h i c h is d i s t a n t f r o m d i e j u n c t i o n ( T M O S ^ ) -

AypTE = A S • A r = (SMOS, - STIAU) • ( T M O S , - TriAu) (6.1) 

W e h a v e f u r t h e r s t u d i e d t h e gate d e p e n d e n c e o f t h e p h o t o - t h e r m o e l e c t r i c e f f e c t 
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FIGURE 6.5: (a) Resistance of a single4ayer 
M0S2 device as a function of gate voltage in 
dark state and with die laser spot placed on 
the MoSj/electrode interface. Two different il lu­
mination wavelengths have been used (532 nm 
and 750 nm). (b) Photo-thermoelectric voh­
age for a single-layer MoSj device measured 
with die laser spot (A = 750 nm) placed on the 
M0S2/electrode interface, (c) Estimated See­
beck coefficient vs. gate voltage. The values are 
calculated from eq. 6.1 using the measured pho­
tovoltage (sjTubols). The gray shaded area is the 
uncertainty due to the uncertainty in the esti­
mation ofthe temperature gradient The dashed 
light blue line corresponds to the Seebeck co­
efficient value of bulk M0S2 with experimental 
uncertaintj ' (shaded light blue area). The satu­
ration effect at negative gate values is due to the 
high resistance of the device, leading to a cur­
rent value below the noise floor of the current-
to-vohage amplifier 

V (V) 

in single layer M0S2 by measuring the electrical transport characteristics of single 
M0S2 devices while the laser spot is placed at a location with high photoresponse. For 
illumination wavelengths with a photon energy higher than the bandgap, the thresh­
old voltage is shifted towards very negative values (see Figure 6.5(a)}, not reachable 
without leading to gate leakage. It is therefore preferable to use illumination wave­
lengths with photon energy below the bandgap to minimize this photoconductive 
effect. 

Figure 6.5(b) plots the measured the phototliermoelectric voltage A VPTE for a 
single-layer M0S2 device at different gate voltages. The photo-thermoelectic voltage 
is the intercept whh the voltage bias (Vds) axis of the IV characteristic of the devices 
measured under sub-bandgap illumination. By decreasing the gate voltage below 
the thresliold voltage, the photo-tlieimoelectric voltage shows a substantial increase. 
As the AVpTE is proportional to the difference in the Seebeck coefficients and the 
temperatures of the AuTi electrodes and the M0S2 flake (equation 6.1), the observed 
behavior can be attributed to the expected gate dependence ofthe Seebeck coefficient 
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ofMoS2. 
As it is difficuit to experimentally determine microscopic properties such as the 

energy dependent density of states in a given sample, the Seebeck coefficient is often 
parameterized in terms of the conductivity of the sample using the Mott relation: 
[42-45] 

CD — 

3e clE 
(6.2) 

E=Ep 

where /CB is the Boltzmann constant, T the temperature, e the electron charge and a{E] 
is the conductivity as a function of energy {E), and the derivative is evaluated at the 
Fermi energy Ep. Using equafion 6.2 we estimate the maximum Seebeck coefficient in 
our device to be in the order of -2 • 10'' pVK"' , roughly an order of magnitude lower 
than the value we estimate from our measurements. This discrepancy could arise 
from the fact that equation 6.2 is based on the assumption that the conductor is a 
metal or a degenerate semiconductor, which is not the case for a single flake of M0S2 
near depletion. 

According to equation 6.1 the Seebeck coefficient of M0S2 can be determined 
from A VpTE and the estimate of the temperature gradient across the AuTi/MoS2 junc­
tion. Notice that the Seebeck coefficient of AuTi is neghgible with respect to that 
of M0S2 and no gate dependence is expected. To estimate the increase of tempera­
ture induced by the laser iUumination, we have performed a finite elements analysis 
calculation, taking into account the reflections losses in the objective and at the 
surface of the sample and the absorbed intensity through the material according 
to ƒ = lo • (1 - exp(-a • rf)) where a is the absorption coefficient of the material and 
rf is its thickness. With the employed laser excitation (A = 750 nm, IQ = 60 pW and 
^spot = 500 nm), if we assume that all the energy delivered by the laser is converted 
into heat, we obtain A T A U T I / M O S J ~ 0.13 K (see Section 6.6). Figure 6.5(c) sliows the 
estimated values: the experimental data are represented by squares whUe the shaded 
area represents the uncertainty in the estimation of the Seebeck coefficient deriving 
from an assumed uncertainty of a factor of 3 in the calculation of the temperature gra­
dient (that is A T A U T I / M O S J in between 0.04K and 0.4K). The Seebeck coefficient value 
for bulk M0S2 (between -500 pVK"' and -700 pVK"') is also plotted to facilitate tiie 
comparison. [46| A negative value of the Seebeck coefficient is expected for n-type 
semiconductors. 

The obtained value for the Seebeck coefficient is remarkably large and varies 
strongly with the gate vohage from -2 • 10^ pVK"' at high doping levels (high posi­
tive gate) to -3 • 10* pVK"' at low doping levels (high negative gate). Notice that at 
negative gate voltages, the Seebeck coefficient value saturates. This is due to the 
large resistance of the device at negative gate voltages which yields to a measured 
photocurrent that can be below the noise floor of the current amplifier (leading to the 
observed saturation in the estimated Seebeck coefficient). 
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The Seebeck coefficient that we observe for single-iayer M0S2 is orders-of-magni­
tude larger than that of graphene (+4 to ±100 pVK"') [37, 38, 47-49] semiconducdng 
carbon nanotubes (—300pVK"')[50], organic semiconductors (~1 • 10^ pVK"') ]51] 
and even than materials regularly employed for thermopower generation such as 
Bi2Te3 (+150 pVIC') 152, 53]. On the other hand the presented Seebeck coefficient 
is comparable with other materials such as Mn02 powder (20 • 10^ pVIC' ) ]54] and 
Fe203 (±1 • 10*pVK"').[55] In addition, the wide gate tunability of the Seebeck co­
efficient can be useful for applications such as on-chip power generation and ther­
moelectric nanodevices. These applications include, but are not limited to, energy 
harvesting of waste thermal energy of other processes, ]56, 57] and to the possibility 
of developing autonomously powered devices. [58, 59] In all these applications, the 
tunability of the Seebeck coefficient represents an efficient way of optimizing device 
performances. [58, 59] 

6 . 5 . C O N C L U S I O N AND OUTLOOK 
Using sub-bandap illumination, we have demonstrated a clear and strong photo­
thermoelectric effect arising from the large mismatch between the Seebeck coef­
ficients of the M0S2 and of the electrodes. Furthermore, the identical qualhative 
characteristics of the photocurrent images for above bandgap ihuminafion suggests 
tlrat the photothermal effect is also the dominant mechanism for pliotocurrent gener­
afion here as well, and that photovoltaic effects seem not to play a significant role. We 
estimated the Seebeck coefficient for single-layer M0S2, finding a large value which 
can be tuned by an external electric field between - 4 • 10^ pVIC^ and - 1 • lO'' pVIO' . 
This value is 70-25000 times larger than the values reported for graphene. From 
these results, we expect that single-layer M0S2 could be an interesting complement 
to graphene in applications requiring a material with a large and tunable Seebeck 
coefficient, such as thermoelectric nanodevices or energy harvesting. 

We acknowledge the support from the European Union (FP7) through the program 
RODIN and the Dutch organization for Fundamental Research on Matter (FOM). 

6 .6 . S U P P O R T I N G INFORMATION 

6.6.1. M A T E R I A L S A N D M E T H O D S 

We prepare M0S2 nanosheets on Si02/Si substrates by mechanical exfoliation of 
natural MoS^ (SPI Supplies, 429ML-AB) with blue Nhto tape (Nitto Denlco Co., SPV 
224P). For a detailed description oft l ie fabrication procedures see Appendix A 

To increase the charge carrier mobility in the flakes prior to electrical characteriza­
tion, the samples were annealed at 300 °C for two hours in an A17H2 flow (with a flow 
rate of 500 seem/100 sccm). The basic electronic transport cliaracterization of t l ie 
M0S2 FETs is performed at room temperature under high vacuum (< 1 • 10"^ mbar) 
in a Lakeshore Crygenics probestation. The scanning photocurrent microscopy is 
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carried out in vacuum at room temperature in a liomebuiit confocal microscope 
setup with an objective with NA=0.8 and a telecentric optical system, equipped with 
electrically movable mirrors. The excitation was provided by a continuous wave (CW) 
solid state laser (1 = 532 nm) and by a supercontinuum wliite-light source (Fianium 
Ltd) equipped with an acusto-optical tuneable filter (AOTF). 

6 . 6 . 2 . R A M A N S P E C T R O S C O P Y D A T A 

To confirm the number of layers in the selected M0S2 flakes, Raman microscopy is 
performed with a micro-Raman spectrometer (Renishaw in via RM 2000) in backscat-
tering configuration excited with a visible laser (A = 514 nm) as in ref [28]. Figure 
6.6(a) shows a collection of the Raman spectra recorded for different M0S2 flakes 
deposited on the chip and bulk M0S2. As expected, the difference between the energy 
of the peaks labeled E2g and Aig increases monotonically with thickness of the flake, 
and, therefore, it has been employed to estimate the number of layers in the flake. 
Figure 6.6(b) and (c) show optical images of the FETs characterized in the present 
work. The circles in Figure 6.6(b) indicate the positions where the Raman spectra 
were recorded. The spectra designated by I L and 2L show a difference in the energies 
of the E2g and Aig peaks of 19 cm" ' and 21 cm"' respectively These values are in 
agreement, respectively, with single-layer and bhayer-layer M0S2 spectra previously 
reported in literature. ]22] 

370 380 390 400 410 420 

Raman shift (cm~^) 

FIGURE 6.6: (a) Raman spectra of various M0S2 flakes deposited on the chip. The blue circles 
refer to the location in panel (b) (traces in lighter color have been obtained in other MoSj flakes, 
not used to fabricate the devices studied in this work). (b,c) Opdcal image of the fabricated FETs. 
The circles indicate the locadon where the indicated Raman spectra in panel (a) were collected. 

6 . 6 . 3 . L A S E R - I N D U C E D T E M P E R A T U R E I N C R E A S E E S T I M A T I O N 

To calculate the Seebeck coefficient with equation 6.1, it is necessary to estimate the 
temperature difference between the Au electrode and the M0S2 fiake induced by the 
laser heating. The heat transfer process was simulated using a commercially available 
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Finite Element Method (FEM) software package. The system is modehed as presented 
(out of scale for clarity) in Figure 6.7(a): a cross section of a single-layer M0S2 FET 
which is symmetric around the axis of the incident laser beam (z axis). The axial 
symmetry allows one to reduce the amount of mesh elements needed for a precise 
solution, whhe ensuring a reasonable solution time. 

Note that the roughness of the electrode, as determined with Atomic Force M i ­
croscopy is around 5 nm, much smaller than the excitation wavelength, and therefore 
does not play a role in the laser absorption by the electrodes. The material properties 
used for the simulation are listed in Table SL The incident laser power density is calcu­
lated from the measured power assuming a diffraction limited spot (i?spot~ 500 nm for 
A = 750 nm), a 68% transmission through the objective and the absorption through 
the thickness of the material according to / = 7o • (1 - exp(-ari)) where a is the ab­
sorption coefficient of the Au/Ti electrode and d is its thickness (a ~ 5.5 • 10^ cm" ' 
and rf = 55 nm). We assume that all the incident laser power is converted into heat. 
The boundary conditions are as follows: symmetry around the z axis (/• = 0), incoming 
heat fiux density on the area of the spot size equal to the optical power density cal­
culated above, free heat outlet for the S i 0 2 and Si free boundaries (as their in-plane 
size is mucli bigger than the one of the M0S2 and tire electrodes), room temperatm-e 
fixed at the bottom ofthe silicon chip. This is reasonable since the bottom is in good 
thermal contact with the chip carrier and the cryostat that can be modelled as a 
t l i e r i T i a i bath at constant temperature due to the much bigger mass.Radiation from 
the other surfaces is neglected. 

The calculations are performed in the time domain and the results are presented in 
Figure 6.7(b) for the two points highliglited by the green circles in Figure 6.7(a): one on 
top of the gold electrode and one on top of the M0S2 layer far from tire gold electrode. 
After 10 ms the system is in steady state and the temperature difference between the 
electrode and the M0S2 flake is around 0.13 K. The time to reach steady state is lower 
than the laser spot dweh time during the SPCM measurements, therefore the system 
can be considered to be in steady state when tlie measurements are performed. Figure 
6.7(c) shows the result of FEM simulations of the temperature difference between 
the top of the Au electrode and the M0S2 flake as a function of the flake thickness. 
The temperature difference increases linearly with the flake thickness. Referring 
to equation 6.1 in the main text, the potential difference A VPTE is proportional to 
the temperature difference. In Figure 6.2(b,c), the M0S2 underneath the electrode 
number 3 is multi-layered, which would explain the increased measured photocurrent 
when the laser is scanned over the electrode. Moreover, this can explain why the 
photocurrent inside electrode 3 in Figure 6.2(c) is larger than the one measured in 
Figure 6.3(a,c) where the flake is a single layer 

We also perform a simulation without the M0S2 flake, therefore aUowing direct 
contact between the Au/Ti electrode and the S i02 substrate. The temperature differ­
ence is calculated between the top of the Au electrode and a point on the surface of 
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d (nm) p(Jm-3) Cd lcg - iK- i ) / c ( W m " i K - ' ) 

Au 50 19300 128.74 315 
Ti 5 4500 540 21.9 
M0S2 1 5000 400 1.8 
SiO^ 285 2650 1000 1.38 
Si 500000 2330 710 149 

TABLE 6 . 1 : Material properties values employed for thermal gradient estimation 

the Si02 at the same distance of the edge of the flake. The temperature difference in 
this configuration is around 2 mK lower, indicadng the thermal sinking effect ofthe 
Si02 substrate. 

FIGURE 6 . 7 : (a) Schematic of the modelled system. The system is a 2D cross section of a single layer MoS^ 
device and is symmetric aiound the z axis which is the center of the incoming laser beam. The drawing is 
out of scale for clarity, (b) Results of the FEM simulation in the time domain for two points: one over tho Au 
electrode, one over the MoSj flake, (c) Difference in temperature between the Au electrode and the MoSg 
flake in steady state as a function of the M0S2 flake thickness 
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C H A P T E R 

F A S T AND BROADBAND P H O T O R E S P O N S E 

O F F E W - L A Y E R B L A C K P H O S P H O R O U S 

PHOTO TRANSISTORS 

Michele Buscema*, DirkJ. Groenendijk, Sofya I . Blanter, Gary A. Steele, 
Herre S.J. van der Zant and Andres CasteUanos-Gomez* 

Few-layer black phosphorus, a new elemental 2D material recently isolated by me­
chanical exfoliation, is a high-mobility layered semiconductor with a direct bandgap 
that is predicted to strongly depend on the number of layers, fi-om 0.35 eV (bulk) to 
2.0 eV (single-layer). Therefore, black phosphorus is an appealing candidate for tun­
able photodetection fivm the visible to the infiwed part of the spectrum. We study the 
photoresponse of field-eff'ect transistors (FETs) made of few-layer black phosphorus 
(3nm to 8nm thick), as a function of excitation wavelength, power and frequency. 
In the dark state, the black phosphorus FETs can be tuned both in hole and electron 
doping regimes allowing for ambipolar operation. We measure mobilities in the order 
of 100 cm^ V" ' s~' current ON/OFF ratio larger than 1-10''. Upon illumination, the 
black phosphorus transistors show response to excitation wavelengths fivm the visible 
up to 940 nm and rise time of about 1 ms, demonstrating broadband, and fast detection. 
The responsivit)' reaches 4.8 mAW"' . The ambipolar behavior coupled to the fast and 
broadband, photodetection make few-layer black phosphorus a promising 2D material 
for photodetection across the visible and. near-infrared, part ofthe electromagnetic 
spectrum. 

Parts of this chapter have been pubhshed in Nano Letters 14, 3347 (2014) [11. 

103 



7. FAST A N D BROADBAND PHOTORESPONSE OF FEW-LAYER BLACK . . . 

7.1. INTRODUCTION 
Since tlie discovery of graphene, [2,3] the research effort on 2D materials has rapidly 
increased, driven by their extraordinary optical, electrical and mechanical properties. 
[4,5] In fact, graphene, a single layer of carbon atoms arranged in a honeycomb lattice, 
has shown extremely high mobihties and impressively high breaking strength. [6, 7] 
However, the absence of a bandgap in graphene reduces its applicability in semicon­
ducting and optoelectronic devices. This has triggered substantial research interest 
in other 2D materials with an intrinsic bandgap. [4] Shicene, a 2D layer of sihcon 
atoms, has been considered as semiconducting counterpart of graphene but its en­
vironmental stability represents a key issue for further studies and its applicability. 
[8] 

Among the studied 2D semiconductors, the large family of the transhion metal 
dichalcogenides (TMDCs) shows promising properties for optoelectronic applications 
due to the direct bandgap and strong absorption. [9-13] However, tiiese materials 
have demonstrated relatively slow photoresponse and, because of the large bandgap 
of Mo- and W-based compounds, they are suited for apphcations in only part of the 
visible range of the electromagnetic spectrum. A material with a direct and smah 
bandgap together with fast photoresponse is needed to extend the detection range 
accessible with 2D materials. 

Recently, a new elemental 2D material has been isolated by mechanical cleavage 
of black phosphorus crystals, a layered ahotrope of the element phosphorus. ]14-
17] In bulk, black phosphorus is a semiconductor with a direct bandgap of 0.35 eV 
and mobilities in the order of 10000cm^V"'s~'.[I8] Exfoliated black phosphorus 
flakes have been recently used as channel material in field-effect transistors (FETs) 
showing mobility values up to 1000 cm^V"' s"' .]I4, 17] Moreover, the smah and 
direct bandgap opens the door to apphcation of black phosphorus for broadband 
photodetection where TMDCs are limited because of their large bandgap. 

In this Chapter, we fabricate few-layer black phosphorus (b-P) field-effect transis­
tors and study their optoelectronic properties as photodetectors. In the dark state, 
the b-P FETs present ambipolar behavior with mobhities of about 100 cm^ V~ ' s " ' 
and current ON/OFF ratios larger than 1 • lO'' for holes and 0.5 cm^ V" ' s"' and 10 for 
electrons. Upon iUumination, the b-P FETs show photoresponse reaching 4.8 mA W"^ 
in the visible and extending up to wavelengths in the near-infrared (940 nm). Fur­
thermore, the b-P photodetector shows time response of 1 ms (rise) and 4 ms (fall). 
These properties make few-layer black phosphorus a promising active 2D material in 
broadband and fast photodetectors across the visible and near-infrared. 

7 . 2 . FABRICATION AND E L E C T R I C A L CHARACTERIZATION 

We isolate few-layer b-P on a SiOj (285 nm)/Si substrate via a modified version of the 
mechanical exfohation method. 119] We fabricate b-P based FETS by standard e-beam 
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7.2. FABRICATION AND ELECTRICAL CHARACTERIZATION 

lithography, metal deposition (Ti/Au 5/50 nm) and lift-off in warm acetone. In Figure 
7.Ia we show an optical micrograph of the fabricated b-P FET. Tiie metallic leads 
were patterned after selection of thin regions in the flake by opdcal contrast. [20] The 
topography of the fabricated devices is studied by atomic force microscopy (Figure 
7. Ib). The measured lieight of the flake sliown in Figure 7. Ib is 8 nm, corresponding 
to 15 layers of b-R Figure 7.Ic shows a Raman spectrum ofthe flake in which the three 
peaks characteristic for pristine black phosphorus can clearly be identifled. 121] We 
performed electrical characterization in dark and under light excitation in a probe 
station at room temperature and in vacuum ( I • 10"'' mbar). Figure 7.Id shows a 
schematic of the b-P FET and the measurement circuit. 

In Figure 7.2 we present the electrical characterization (dark) of the device shown 
in Figure 7.1. The six studied devices display similar behavior. The two-terminal 
transfer characteristics (/ds - Vg at different fixed Vds) in Figure 7.2a show large currents 
at negative gate values that decrease to a minimum value at smah positive gate 
voltages and followed by a shallow increase as the gate is swept toward more positive 
voltages. The inset of Figure 7.2a shows the data in a linear scale. The measured 
transfer characteristics describe the typical behavior of an ambipolar transistor and 
demonstrate that b-P FETs can operate in both holes and electron doping regimes by 
simply controlhng the gate electric fleld, unhke M0S2-based transistors. 122, 23] 

The current minimum (flatband condition, VFB) is reached at Vg ~ 10 V, indicating 
tliat the natural doping of this b-P device is p-type and that tlie bands at Vg = 0 V 
are curved upwards at the contacts, facilitating hole conduction. In the hole doping 
regime, the current levels can be tuned by more than 3 orders of magnitude, displaying 
OFF currents around hundreds of pA and ON currents of a few hundreds of nA. Lower 
values of ON currents are achieved for electron injection.The difference in current lev­
els between p- and n-type operation can be explained by the band alignment imposed 
by the work function ofthe contacts that generates a small (large) Schottky barrier 
for hole (electron) injection (Figure 7.2d). From the measured transconductance, by 
employing the formula 

„ rf/ds L I 

dVaW Cox- Vds 

where L and W are the channel length and width respectively and Cox is the capac­
itance of the gate oxide, 124] we extract mobflhies (/./FE) of about 100 cm^ V " ' s"' for 
hole transport and 0.5 cm^ V " ' s"' for electron transport without performing any 
cleaning or annealing process after fabrication. We note that tiiese values represent a 
lower bound as the measurements were performed in two-terminal configuration, 
thus including the contact resistance. 

Tlie mobhity values compare well with recent measurements on similai-, ultra-thin 
b-P samples.[I4-I7, 25] Figure 7.2b and Figure 7.2c display the measured output 
characteristics (/ds-Vis curves affixed Vg) for hole and electron doping, respectively. 
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7. FAST A N D BROADBAND PHOTORESPONSE OF FEW-LAYER BLACK 

FIGURE 7 .1 : (a) Optical image of the black-
phosphorus (b-P) based FET The flake is located 
on a Si02/Si substrate and is contacted by Au 
electrodes wi th Ti adhesion layer, (b) Atomic 
force microscopy (AFiVI) topography of the b-P 
based FET presented in panel (a), (c) Raman 
spectrum of the few-layer b-P taken at the posi­
tion of the red dot in panel (a), (d) Schematics 
of the b-P based FET and the circuit used to per­
form two-terminal electrical measurements. 
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The /ds-Vds curves are linear and synimetric in both cases, indicadng that the Ti/Au 
electrodes make ohmic contact to the b-P flake. In the p-doped region [Vg <T7FB), a 
large current flows when applying a small bias voltage. This can be explained by having 
a small and thin Schottky barrier at the metal/b-P interface (Figure 7.2e). For electron 
doping {Vg > 17pB). only a small current flows through the device under bias, indicating 
a lai-ger contact resistance (Figure 7.2f). We note that the transfer characteristics are 
shifted towards more positive Vg values by eitiier performing consecutive gate sweeps 
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7.3. PHOTORESPONSE 

(Figure S2a) or applying a constant gate voltage in time (Figure S2b). Moreover, the 
devices relax toward their pristine behavior if the gate is grounded for a long time 
(Figure S2b). These signatures suggest that the gate electric field is also promoting a 
slowly decaying charge transfer from either charged states at the Si02/b-P interface 
or adsorbates on the b-P flake, as also obsetved in other nanodevices. [26-29] In the 
remainder of this Letter, we will discuss ineasurements performed at Vg = 0 V so that 
the gate-induced stress will not affect the measured data. 

a b c 

-30 -20 -10 0 10 20 30 -50 -25 0 25 50 -50 -25 0 25 
V, (V) V^^ (mV) V^^ (mV) 

FIGURE 7 . 2 : (a) Semi-log plot of t l i e somce-diain current ( / j , ) versus gate voltage (Vg) charac­
teristics of the b-P based FET measured at the indicated source-drain voltages (V(is)- The inset 
shows the same measurements on a linear scale, (b) /^ j j versus V j j characteristics measmed at 
gate voltages below the flatband condition (î pB ~ lOV) in steps of 5 V. (c) Source-drain cun-ent 
versus soiurce-drain voltage characteristics measured above the flatband condition (VFB~ 1 " V) 
in steps of 5 V. (d) Band diagram at zero source-drain bias showing a cartoon of the Schottkj' 
barriers at die contacts for gate voltages below and above the flatband condition. Ep denotes 
the Fermi energy. The bands are drawn for Vg < Vp^ (green lines) and for Vg > Vpu (red line). (e) 
Band diagram at Vg < Vpgfor negative (top) and positive (bottom) source-drain voltage, (f) Band 
diagram at positive Vg >VpB for negative (top) and positive (bottom) source-drain voltage. 

7 . 3 . PHOTORESPONSE 
We now turn our attention to the photoresponse of the fabricated b-P FETs. The mea­
surements are carried out by mechanically modulating the intensity of the incoming 
hght and recording the current under constant Vds = 200 mV and zero gate bias. The 
laser spot waist is 230 + 8 pm for all wavelengths and covers the wliole de-vice area. 
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7. FAST A N D BROADBAND PHOTORESPONSE OF FEW-LAYER BLACK .. . 

Figure 7.3(a) siiows tlie measured current for 940 nm, 885 nm and 640 nm excitation. 
Tiie pliotocurrent is in pfiase with the excitation modulation and decreases with 
increasing wavelength. The clear response to excitation wavelengths up to 940 nm 
shows that it is stih possible to photoexcite carriers over the b-P bandgap with low 
energy photons (1.34 eV) and extract them with a small bias voltage. Moreover, this 
demonstrates that b-P based devices can be operated in the near-infrared (NfR) part 
of the spectrum, unhke photodetectors based on other layered materials that are 
usually operated in the visible or ultraviolet due to their larger bandgap. [9, 11, 30-34] 

The responsivity (R) is calculated by dividing the photocurrent (/photo- ^photo = 

-?̂ iiium. - ^dark) by the power incident on the device area (Pd.^'d = -Pin • i ^ f f - where 
Pin is the total optical power, ^device is the area of the device and Tlspot is the area of 
the laser spot). Figure 7.3b shows that the responsivity increases as the excitation 
wavelength is decreased. The other measured devices show simhar behavior (Figure 
S6). Since the measurements were conducted at the same incident power for ah 
the different wavelengths, the increase in responsivity could be due to an increase 
in the optical absorption of the material at shorter wavelengths. By linearly fitting 
the data, we can estimate the wavelength where the responsivity is zero; we find 
this cut-off wavelength (Acut-off) to be around 997 nm (1.24 eV). The Acut-off value is 
larger than previously reported photodetectors based on MoS2,[9, 30, 35] WS2,136] 
GaSe[37] and GaS[33] indicating that b-P can be used as active material for broadband 
photodetection. Moreover, the bandgap predicted by DFT calculations (from 0.33 eV 
to 0.81 eV) ]15, 38] for this thickness of b-P is much smaller than our estimate of the 
cut-off wavelength. Further studies whh excitafion by lower energy photons should 
be carried out to measure the photoresponse up to the b-P optical absorption edge. 

We further characterize the b-P based phototransistor by varying the excitation 
power at a fixed excitation wavelength (A = 640 nm. Figure 7.3c). The photocurrent 
Increases subhnearly with increasing intensity and it reaches a few nA at high ex­
citation powers (Figure S7). We measure responsivities (R) up to 4.8 mAW" ' whh 
small source-drain bias (Vds = 200 mV). The measured responsivity decreases with 
increasing excitation power (Figure 7.3d). The responsivity vs. incident optical power 
relationship can be modeled by a power law of the fohowing type 

/?ocP^""". (7.2) 

By fitting the data whh equation 7.2, we extract a ~ 0.7, indicating that the recom­
bination kinetics of photocarriers involves both trap states and interactions between 
the photogenerated carriers. [39,40] The decrease in responsivity with incident opti­
cal power is commonly observed in photodetectors based on other nanostructured 
materials, such as MoS2,[ll, 30] and cohoidal quantum dots.141, 42] This effect can 
be associated with a reduction of the number of photogenerated carriers avaüable 
for extraction under high photon fiux due to Auger processes or the saturation of 
recombination/trap states tliat infiuence tiie lifetime of the generated carriers. [40] 

108 



7.4. T I M E RESPONSE 

640 nm • 
808 nm • 
940 nm • 

Pj= 475 nW 
Vb = OV 

V j , = 200 mV 
V, = 

475 nW 
OV 

Va, = 200 mV 

• = 997 nm 

• 

d 

400 600 800 1000 
A (nm) 

1083 nW — 
216 nW 

21.6 nW 

A = 640 nm 
V, = OV 

Va, = 200 mV 

r 

120 140 

1 ' 1 ' ' 
• 

: 

- Pi" ' 

> • -

' A = 
• v , = 

640 nm 
0 V 
200 mV 

' i . 

Pd (MW) 

FIGURE 7.3; (a) Photocurrent as a function of time under modulated light excitation (~ 20 Hz) 
with different wavelengths. The shaded areas indicate the time when the light beam is blanketed 
by the mechanical chopper. Measurements are taken at the experimental condidons indicated in 
the panel, (b) Responsivit^' (i?) vs. excitation wavelength (/I) at constant power (red squares). The 
dashed red line is a linear fit to the data, (c) Photocurrent as a funcdon of dme under modulated 
hght excitation (~ 20 Hz) widi different powers, (d) Responsivitj' (B) vs. power incident on the 
device P^. The red squares represent the measured values while the dashed red hne is a power 
law fit to the data. 

7.4 . T I M E RESPONSE 

By mechanically modulating the light intensity and recording the magnitude of Ids 
as a function of time, we measure the speed of the device response to the incoming 
excitation. The b-P FETs show a remarkably fast response: from one period of light 
excitation (Figure 7.4a), we measure the 10-90 % rise and fall time to be 1ms and 
4 ms, respectively. We measure the amplitude of the photocurrent as a function 
of modulation frequency and power (Figure 7.4b). For the highest incident power 
(Pd = 6.49 pW), the photocurrent amplitude decreases with increasing modulation 
frequency and reaches tlie -3 dB point at 3 kHz (experimental limit). Furtliermore, 
as the incident power is reduced, tlie photocurrent decreases more slowly with the 
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modulation frequency, possibly indicating that the f-^dB of the device is larger for lower 
excitation power. The reduction of f^^B at higher incident photon flux could be related 
to an increase in the rate of the recombination processes between photogenerated 
charge carriers, which is also consistent with the measured sublinear increase of the 
photocurrent with power. 

FIGURE 7.4: (a) Photocunent measured in one 
period of modulation of die liglit intensity (A = 
640nm, =6.49|JW, l^js =100mV). We can 
estimate a rise (fall) time of 1 ms (4 ms). (b) Pho­
tocurrent as a function of the modulation fre­
quency for different incident power levels. 
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7 . 5 . COMPARISON WITH L I T E R A T U R E 
In order to assess the performance of the fabricated b-P photodetector, we summarize 
in Table 7.1 the relevant figures of merit reported in Iherature for other devices based 
on semiconducting layered materials. The experimental condhions are also listed 
for ease of comparison. The measured small-bias responsivity of the fabricated b-P 
transistors is much larger than detector based on multUayer WS2. Other materials 
show higher responsivity values but much slower response times and limitation in the 
detection range. The combination of sizable {R = 4.8 mAW"' ) , broadband (Acut-off ~ 

997 nm) and fast (Tnse ~ 1 ms) photoresponse makes b-P a very promising material 
for photodetection with room for improvement through further device engineering. 

I I O 



Material 
VdsCV) 

Measurement conditions Responsivity Rise time 
K,(V) A (nm) P (mWcm"^) R (mAW"') T (ms) 

Spectral range Reference 

>lLb-P 0.2 0 640 1.6- IQi 4.8 1 Visible - NIR This work 
ILM0S2 1 50 532 8.0' 10* 7.5 5 10' Visible [9] 
ILM0S2 8 -70 561 2.4- 10-1 8.8 • 10^ 6 10^ Visible [30] 

>lLMoS2 1 -2 633 5.0- 10' 1.1' 102 1 •lO^ Visible - NIR [35] 
>lLWS2(a) 30 0 458 2.0 2.1' 10-2 5.3 Visible [36] 
>1LIn2Se3 5 0 300 2.1- 10-1 3.9 10^ 1.8 •10' UV - NIR [34] 
>ILGaTe 5 0 532 3.0' 10"^ 1 10^ 6 Visible [43] 
>1L GaSe 5 0 254 1.0 2.8 10^ 3 102 UV - Visible [37] 
>lLGaS 2 0 254 2.6' 10"2 4.2 10^ 3 •10' UV - Visible [33] 

(a) P in mW 

T A B L E 7 .1 : Figures-of-merit for 2D-material-based pliotodetectors 
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7 .6 . CONCLUSION AND OUTLOOK 
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C H A P T E R 

P H O T O V O L T A I C E F F E C T IN F E W - L A Y E R 

B L A C K P H O S P H O R U S P N J U N C T I O N S 

D E F I N E D B Y L O C A L E L E C T R O S T A T I C 

GATING 

Michele Buscema,"'' DirkJ. Groenendijlc,"'' Gary A. Steele, Herre S.J. van 
der Zant and Andres Castellanos-Gomez* 

In conventional photovoltaic solar cells, photogenerated carriers are extracted by the 
built-in electric field, ofa semiconductor PN-junction, defined, by ionic dopants. In 
atomically thin semiconductors, the doping level can be controlled by the field-effect, 
enabling the implementation of electrically tunable PN-junctions. However, most 2D 
semiconductors do not show ambipolar transport, necessaiy to realize PN-junctions 
Few-layer black phosphorus (b-P) is a recently isolated 2D semiconductor with direct 
bandgap, high mobilit}', large current on/off ratios, and ambipolar operation. 

Here, we fabricate few-layer b-P field-effect transistors with split gates and hexagonal 
boron nitride dielectric We demonstrate electrostatic control ofthe local charge carrier 
t}ipe and density in the device. Illuminating a gate-defined PN-junction, we observe 
zero-bias photocurrents and. significant open-circuit voltages due to the photovoltaic 
effect. The small bandgap ofthe material allows power generation for illumination 
wavelengths up to 940 nm, attractive for energy harvesting in the near-infrared. 

t These authors contributed equally. Parts of this chapter have been published in Nature Communications 
5, 4651 (2014) [1]. 
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8. PHOTOVOLTAIC EFFECT I N FEW-LAYER BLACK PHOSPHORUS . . . 

8.1. INTRODUCTION 
In the past few years the research effort on two-dimensional (2D) materials has in­
creased rapidly driven by the great variety of layered materials and their excepdonal 
properties when reduced to few atomic layers. [2-4] Due to their remarkable mechani­
cal, [5, 6] electrical [7, 8| and opdcal properdes [9-11] layered materials have proven 
to be promising candidates for many apphcadons such as mass sensing, [I2| transistor 
operation, [8[ opdcal communication[I3] and photodetecdon.] 14-17] 

The field of electronics now has access to a large library of 2D materials, rang­
ing from elemental gapless semiconductors (graphene), semiconducting and super­
conducting chalcogenides (e.g. transidon metal dichalcogenides, TMDCs) to large 
bandgap insulators (e.g. hexagonal boron nhride, h-BN). The combined use of 
their exceptional properties has recently been made possible due to advancements 
in transfer techniques. [7,18,19] Different 2D materials can now be used as compo­
nents of a single device such as a field-effect transistor, where a gate dielectric and a 
semiconducting channel material are needed. 

Due to its atomically flat surface and its disorder-free interface with other 2D 
materials, h - B N is weU-suited to be used as a gate dielectric material.[7,20, 21] Few-
layer black phosphorus (b-P), a recently isolated 2D material, has shown promising 
characteristics for hs use as channel material, such as high mobhity, good current 
ON/OFF ratios and ambipolarity. 122-29] Especially the ambipolarity and the direct 
bandgap (optimum for visible and near-infrared applications) make b-P an interesting 
candidate for electrostatically tuneable optoelectronic devices. 

Here, we transfer h - B N and few-layer black phosphorus onto a pair of local 
gates to define PN junctions. The electrostatic control of the charge carrier type in 
different regions of a few-layer b-P flake allows us to tune the electronic behavior 
from metafile to diode-like. Under illumination, the PN junctions show pliotovoltaic 
effect, demonstrating that a large internal electric field can be obtained by local 
gating. Beyond fabricating a locally-gated PN junction based on a van der Waals 
heterostructure of 2D materials, our results set the ground for further research towards 
photodetection and energy harvesting based on few-layer black phosphorus devices. 

8 . 2 . FABRICATION OF LOCALLY GATED D E V I C E S 

To efficiently control the doping level in different regions of the b-P flake, we fabricate 
apair oflocal gates (Ti/AuPd, 5nm/25nm) separated byaSOOnm gap on a Si02/Si 
substrate by standard e-beam lithography and metal deposhion techniques (Figure 
8.Ia). The schematics below each panel of Figure I show a cross section ofthe device 
after each fabrication step. On top of the local gates, we first transfer a thin (~ 20 nm) 
h - B N fiake for use as gate dielectric (Figure 8.Ib). 

We select, by optical inspection, h - B N fiakes free of large winkles and folds 
that could hamper subsequent transfer and fabrication steps. Then, we transfer a 
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FIGURE 8 .1 : (a) Local gales (Au/Pd) patterned on the surface of a Si02/Si substrate. The gap 
between the gates is 300 nm wide, (b) After the transfer of a di in h - B N flake on top of the split 
gates, (c) yVfter the transfer of a thin b-P flake on top of the h - B N and the split gate region, (d) 
The final device after fabricadon ofthe contacts (Ti/Au). The schematics below each panel show 
a cross section of the device after each fabrication step. The scale bar is 5 |.im for all panels. 

few-layer (6 to 7 nm) b-P flake on top of the thin h - B N such that It Is well centered 
with respect to the local gates (Figure lc) . Both transfer steps are performed via 
a recently developed deterministic dry-transfer method. [19] The b-P flake is then 
contacted with two leads (Ti/Au 2nm/60nm), fabricated by e-beam Ihliography 
metal deposition and lift-off (Figure 8.Id). All electrical measurements are performed 
in a probe station in vacuum (1 • IQ-^ mbar) to minimize degradation ofthe b-P flakes 
in ambient condhions. [25, 30] 

8 . 3 . TRANSISTOR OPERATION 
Figure 8.2a shows the electrical transfer characteristics of a locally gated b-P flake; 
the source-drain current Uds) is recorded at constant source-drain bias (Vds) whhe 
the two local gates act as a single back-gate (Vig = Vig = Vg). The inset shows the data 
on a linear scale. The source-drain current is strongly modulated as Vgis swept from 
negative to poshive vohages: I^s varies from a few pA at Vg = -10 V to a minimum 
of ~ 100 pA at Vg = 5 V and increases to tens of nA for larger Vg values. The non­
monotonic transfer curve is a clear signature of ambipolar transport, indicating that 
both liole and electron doping can be achieved, as expected for few-layer b-P. [27, 30] 

From the Figure, we derive that the b-P transistor on h - B N is naturally P-doped 
with an unintendonal doping level larger than devices fabricated on Si02. [22-27, 30] 
The field-effect mobility is in the order of 25 cm^ V^^ ŝ ^ and the current modulation 
is more than a factor 1 • 10* for holes (0.12 cm^ V " ' s"' and 1 • 10^ for electrons). We 
observe similar behavior in three fabricated locahy gated b-P devices (See Figures 8.7 
and 8.8). Interestingly, the current values in the hole- and electron-doped regimes at 
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the same carrier concentration differ iess than one order of magnitude for ali devices. 
This stronger ambipolar behavior is most likely due to a more efficient gate coupling 
provided by the high quality (i.e. high breakdown voltage) of the ultrathin h - B N . 

Figure 8.2b and Figure 8.2c show the conductance of the device in P- and N-type 
operation respectively. The measured /ds -VdsCurves are hnear for both operation 
modes over a wide range of gate vohages, indicating that the Schottky barriers do 
not dominate the transport and diat the Ti/Au leads make good ohmic contact to the 
b-P flake. The current in the hole-doped regime is higher than in the electron-doped 
regime, indicating that the Fermi energy of the contacts is closer to the valence band 
of b-P simUar to previous devices contacted with the same metals. [27] 

a b c 
10* 

FIGURE 8 . 2 : Transfer characteristic at V^^ = 500 mV. The inset shows the data in linear scale, (b) 
Output characteristics for Vg f rom -10 to 4 V l n steps of 2V. (c) Output characterishcs for Vg 
fromOto 10Vinstepsof2V. 

8 .4 . P N JUNCTION OPERATION 
The multiple gates in our device ahow us not only to make an ambipolar transistor, as 
in Figure 8.2a, but also to locally induce hole and electron doping in different parts 
of the channel. Figure 8.3a and Figure 8.3b sliow false-color maps ofthe magnitude 
of /ds at a flxed bias voltage as the split gates are independently swept from 7 to 12 V. 
The gate voltage values are chosen to be close to the flatband condhion as determined 
from the transfer characteristics measured in single back-gate conflguration (Figure 
8.2a). In both maps, it is possible to distinguish four distinct regions where current 
flows, separated by regions where only a smaU current is measured (the OFF state of 
the device). The previously reported effect of gate-induced stress for devices on Si02 
is drastically reduced by choosing a h - B N flake as gate dielectric because it provides a 
more stable dielectric environment. Moreover, the shift in the gate voltage is constant 
over several days, in contrast with the much shorter time scales (minutes) of devices 
fabricated on Si02.127] 

The cross of suppressed conductance ahows us to identify four distinct regions 
of doping, indicating the good control of the gates over the doping type and concen-
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tration in tlie b-P flake. In Figure 3a, the NN (V|g = Vig = 12 V] and PP (Vig = Kg = 7 V] 
quadrants show the highest current values, as expected from the transfer characteris­
tics in Figure 8.2a. On the other hand, the measured current in the NP (Vrg = 7 V, l^g 
= 12 V) region is much higher than in the PN (V^g = 12 V, Kg = 7 V) region, suggesting 
the formation of a junction diode when the gates are biased with opposite polarities. 
To confirm that the asymmetry in the current is due to the formation of a PN or NP 
junction, we repeat the measurement at negative bias (Figure 8.3b). Again, the NN and 
PP region show the highest current. However, the current in the NP configuration is 
now much smaher than the current in the PN configuration, confirming the formation 
of a junction diode as different type of charge carriers are accumulated in the channel. 

The origin of the strong current modulation induced by the local gates can be 
explained by the band diagrams in Figure 8.3c. In the NN and PP regions, tiie electric 
field generated by the two gates is homogeneous and favors either electron (NN) or 
hole (PP) conduction. As the gates are biased in opposite polarities (PN or NP config­
uration), a strong horizontal electric field is also present in the b-P region bridging the 
gates. This large horizontal electric field contributes to charge accumulation in the 
two different regions of the b-P fiake, giving rise to an asymmetric energy landscape. 
Therefore, the horizontal electric field generated by the local gates and the charge 
accumulation in the different regions of the b-P fiake generate a PN or NP junction, 
which is then responsible for the measured rectifying output characteristics. This is 
simUar to a PN junction in bulk-doped materials in which the dopant cliarges are now 
located at the surface of the gates rather than in the bulk ofthe semiconductor itself 

The control of the electrical response of the device with the local gates is even 
more evident by looking at the measured output characteristics in the different doping 
configurations (Figure 8.3d). In the NN and PP configuration, the /ds^Ks curves are 
hnear, as expected from Figure 8.2b and 8.2c. In the PN and NP configuration, the 
Ids ~ K s curves are highly non-linear and the device shows rectifying beliavior, wliose 
direction can be controUed by the gate bias polarity. In the PN configuration, the 
reverse-bias current is in the order of I nA (Vds = -500 mV), whhe the reverse-bias 
current in the NP configuration is around 5 nA ( K s = +500 mV). 

To extract the diode parameters, we fit the I^s - Vds curves to a modified version of 
tlie Shockley equation which includes parasitic resistances in parallel and in series to 
the junction (see Section 8.7.2) .[31] The results are summarized in Figure 8.9 and Table 
8.2. The ideality factors and the series resistances are comparable with PN junctions 
based on single layer WSCj. [32, 33[ However, our devices show lower values for the 
parallel resistance that model the non-zero reverse-bias current. We can attribute this 
to leakage current due to thermally excited carriers. Given the small bandgap of few-
layer b-P the leakage current is higher than in PN juncfions based on larger-bandgap 
single layer WSe2. [21, 32, 33[ 
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FIGURE 8.3; (a) False color map of the magnitude of the source-drain current at constant bias 
voltage (-1-100 mV) as die voltage on the two local gates is changed independendy. (b) False 
color map of the magnitude of the source-drain current al constant bias voltage (-lOOmV) as 
the voltage on the two local gates is changed independendy (c) Band diagrams corresponding 
to the different device configurations (d) Output characteristics of the device in different gate 
configurations (PP: Vig= Vrg = - l O V , NN: Vig= Vrg = 10V, NP: ^g = lOV, Vrg = - l O V , PN: l^g 
= -10V, 17 =10V). 

8 .5 . PHOTOVOLTAIC E F F E C T 
A characteristic feature of PN junctions is the large buih-in electric field that can 
be used to separate photoexcited carriers via the pliotovoltaic effect. [32-34] Upon 
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illumination, the internal electric field at the junction separates photogenerated 
carriers and gives rise to a photocurrent at zero external bias (sliort-circuit current, 
7sc) and a photovoltage with no current flowing (open circuit voltage, Voc)- Figure 
8.4a shows a false-color map of fc of the device under illumination (A = 640 nm, P = 
3.9 pW) as the gates voltages are swept independently. Four regions are clearly visible: 
high photocurrent in PN and NP configuration and no photocurrent in the PP and 
NN configuration. Figure 8.4b displays the measured pliotovoltage ( VQC); again four 
distinct regions appear: large VQC in PN and NP configuration and zero Kc in PP and 
NN configuration. 

The photocurrent and photovoltage are only generated when the local gates are 
oppositely biased, indicating that the mechanism is photovoltaic originating f rom 
the formation of a PN or NP junction in the channel. Figure 8.4c shows schematically 
that when the gates are biased in opposite polarities, the internal electric field in 
the b-P channel separates the photogenerated carriers under above-bandgap illumi­
nation, generating a photocurrent. f f the circuh is kept open, the photogenerated 
carriers accumulate in distinct parts of the fialce, giving rise to a photovoltage. This 
demonstrates that the b-P PN junction can be used for energy harvesting. 

4c (nA) V„c(mV) 

% \ \ PN 

9 10 11 12 

(V) 

FIGURE 8.4; (a) False colormap ofthe short circuit current (4c, l^is = 0 V) as the voltages on the 
tvvo local gates are changed Independendy. (b) False color map of the open circuit voltage [Vac, 
i(js = 0 A) as the voltages on the tvvo local gates are changed independently, (c) Band diagrams 
illustraring the photovoltaic mechanism in PN and NP configuration: an impinging photon (red 
arrow) generates a electron-hole pair that is swept away f rom die the junction region by die 
built-in electric field. 

In Figure 8.5a, we characterize the optoelectronic properties of few-layer b-P junc­
tion diodes by measuring the output characteristics under illumination with varying 
incident power. As the power is increased, the /ds - Ks cliaracteristics shift towards 
more negative current values. This is consistent with a photocurrent generation mech-
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anism wliere the separation of the electron-hole pairs is driven by the internal electric 
field at the junction region: the photocurrent has the same sign as the reverse-bias 
current; therefore, under illumination and reverse-bias, the total measured cuirent is 
larger than in dark. Thus, an additional forward-bias is required to compensate the 
photogenerated reverse-current, giving rise to a non-zero open-circuh voltage. The 
measured fc is in the order of 1 nA and Voc ~ 50mVat the highest incident power 
and both fc and VQC are linear as function of the incident power (Figure 8.6). 

a b 

-100 -50 0 50 100 -20 -10 0 10 20 
^ds ("IV) ^ds ("iV) 

FIGURE 8.5: (a) I^^ - V^^ curves in the PN configuration as a function of the incident optical 
power (1 = 640 nm). The inset shows the electrical power that can he harvested at die maximum 
employed illumination power, (h) Output characteristics in the PN configuration in daric (black 
solid line) and under illuminafion of different wavelengths e.xcitation wavelength at fixed power 
(P = 0.33 pW). The inset shows the schematics of the equivalent circuit. 

Moreover, we can evaluate the electrical power harvested by the b-P PN junction 
by Pel = Vds • Ids (Figure 8.5a, inset) and find that the maximum Pgi is in the order of 
13 pW, in good comparison with other electrostatically defined PN junctions based 
on WSe2. [32, 33] While the photocurrent is in the same order of magnitude as simhar 
devices realized with single layer WSe2 [32, 33], the open circuit vohage is lower, due 
to the smaller bandgap of few-layer b-R We note that the measured Kc is significantly 
lower than the predicted bandgap of few-layer b-P (~ 300 meV). We attribute this to a 
resistance in parahel (i?p) to the junction (see inset of Figure 8.5b) which limhs Kc 
by leakage of photogenerated carriers across the junction. The slope of the I^s - Ks 
curve at Ks = 0 V (in dark. Figure 8.5b) is a signature of this parallel resistance. 

The b-P PN junctions show photovoltaic effect up to the near-infrared (NIR) part 
of the electromagnetic spectrum. Figure 8.5b plots the I^s - K s curves in PN configu­
ration in dark (solid black line) and with exchation wavelengths of 808 nm, 885 nm 
and 940 nm (Pdevice = 0.33 pW). Under illumination, the output characteristics con-
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firm tliat the photocurrent generation mechanism is dominated by the photovoltaic 
effect. As the photon energy is increased, both fc and Kc increase, consistent whh 
increased absorption in the b-P flake at shorter wavelengths. 

The measured photovoltaic effect up to 940 nm illumination indicates that the 
bandgap of the b-P flake is smaher tlian 1.31 eV and demonstrates energ)' harvesting 
in NIR part of the spectrum. This consthutes a strong advantage with respect to 
other 2D semiconductors such as M o - or W - chalcogenides whose large bandgap 
(> 1.6 eV) limits theh applicabilit^nn the NfR.[f4, 32, 33] 

Figure 8.6 plots the Kc (left vertical axis) and Isc (right vertical axis) against the 
total optical power incident on the device, fc is linear with the excitation power for 
the whole range of incident optical power, indicating that the recombination rate 
of the photogenerated carriers is not related the rate of incoming photons. This is 
usually associated with monomolecular recombination processes: the recombination 
rate is linearly proportional to the density of photogenerated caiiiers. J32, 35] Also Kc 
increases linearly with the incident optical power In an ideal case, the open-circuh 
voltage should increase logarithmically with the optical power incident on the device. 
The deviation from the ideal behavior can be attributed to parasitic resistive losses in 
our device (see Figure 8.9 and Table 8.2). 

P(uW) 

FIGURE 8.6: Open circuit voltage (lel^ axis, blue dots) and short-circuit current (right axis, red 
dots) as function of total incident excitation power. 

We measure fc under modulated excitation (A = 640 nm, P 2.7 pW) in the time 
domain. We find a short response dme of about 2 ms coupled to a high signal to noise 
ratio provided by the extremely small dark current (~ 100 pA), making few-layer b-P 
PN junctions promising as fast and sensitive photodetectors. 
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X (nm) V„c (mV) /sc (nA) FF (-) FQF (%) 

532 11 0.090 0.28 0.283 0.064 
640 16 0.168 0.80 0.298 0.102 
808 8 0.080 0.19 0.295 0.038 
885 3 0.025 0.03 0.333 0.011 
940 2.8 0.021 0.02 0.391 0.009 

TABLE 8.1: Figures-of-merit for bp PN junction. 

To further evaluate the performance of the devices, we calculate figures-of-merit 
such as the external quantum efficiency {EQE) and the fill factor {FF = P"^^^ / {Voc-he)) 
as a function of wavelength (see Table 8.1), We compare the BQ/ï values to those of 
PN juncfions based on single layer WSe2 [33] and find that the EQE for our devices is 
lower for 532 nm illumination and larger for longer wavelengths. 

8 .6 . D I S C U S S I O N 
We have fabricated PN junctions based on van der Waals heterostructures of two 
different 2D materials: h - B N as gate dielectric and b-P as ambipolar semiconducting 
channel material. We demonstrate fuh electrostatic control of the device by means 
of local gating which ahows us to tune the electrical behavior of the device f rom 
metaUic to rectifying. We obseive a strong photocurrent and a significant open-circuit 
photovoltage, which we attribute to electron-hole separation at the PN junction from 
the photovoltaic effect, which extends even up to the NIR. Our work sets the ground 
for further research towards broad-band energy' harvesting devices based on few-layer 
black-phosphorus. 
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8 . 7 . SUPPORTING INFORMATION 

8 . 7 . 1 . T w o OTHER FABRICATED DEVICES 

We measured two other locally gated b-P devices. Figure 8.7a shows an optical mi­
crograph of the second device, highlighting the simUar geometry to the device in the 
main part of this Chapter. Figure 8.7b displays the measured Ids-Vg traces at fixed 
Vds- The two local gates are linked together, so they act as a single backgate {Vg). This 
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second device also displays strong ambipolar behavior, with I^s varying from a few pA 
with Vg =-15 Vto ~ 500 nA at with Vg = 15 V. The inset shows the data in a linear scale. 
We extract a field effect mobihty of 17 cm^ V" ' s^'. The Ids - VdsCurves of tire device in 
different gate configurations are shown in Figure 8.7c. The /ds - Vds curves are linear in 
pp ( Vig = Vrg = -15 V) and NN (V|g = Kg = 15 V) configuradon and strongly rectifying 
behavior when the gates are biased at different polarities (PN and NP configurations). 

PN 

PP / / 

NN / ƒ 

-500 -260 0 250 500 
V (mV) 

FIGURE 8.7: (a) Optical micrograph of the device, (b) Transfer cliaracteristic at = lOO mV. 
The inset shows die data in a linear scale, (c) Output characteristics of the device in different 
gate configurations {PP: = Vrg = -15 V, NN: l/,g = Vrg = 15 V, NP: V,g = 15 V Vrg = -15 V , PN: 
V|g = -15V, \/rg = 15V). 

Figure 8.8a sliows an optical micrograph of tlie third locally gated PN junction. The 
lighter diagonal line across the channel is a part of the flake which is folded or elevated 
from the liBN. Figure 8.8b displays the measured I^s-Vg traces atflxed Vds- The two 
local gates are linked together, so they act as a single backgate (Vg). The inset shows 
the data in a linear scale. We extract a field effect mobhity of 0.27 cm^V"' s"̂  for holes. 
Figure 8.8c shows tlie /ds-VdsCharacteristics for different gate conflgurations. The 
PP and NN conflguration show linear behavior, whereas the PN conflguration shows 
diode-like behavior. In the NP configuration, the rectifying behavior is suppressed; 
this might be related to imperfections of the b-P flake that can be seen in Figure 8.8a. 

8 . 7 , 2 . D E T E R M I N A T I O N O F T H E D I O D E P A R A M E T E R S W I T H S H O C K L E Y 

M O D E L 

In this Section, we model the / d s "Ks characteristics in the PN and NP configuration 
of ah the measured devices with a modified form of the Shockley equation. In an ideal 
case, the relationship between the current Uds) and the voltage bias (Ks ) across a PN 
diode is described by the Shockley model: 

/ds = / s | e x p f - ^ l - l l , (8.1) 
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b c 

-10 -5 0 5 10 -500 -250 0 250 500 
Vg (V) V^^ (mV) 

FiGuni; 8 . 8 : (a) Optical micrograph of the device, (b) Transfer characteristic at V^^ = lOOmV. 
The inset shows the data in a linear scale, (c) Output characteristics of the device in different 
gate configurations (PP: V|g = Vrg = -10 V, NN: î ig = Vrg = lOV, NP: Vjg = lOV, Vrg = -10 V , PN: 
Vig = -10V, Vrg = 10V). 

/s(nA) 77 Rp (Mn) 

Device 1 
PN 0.998 1.288 13.3 347.8 

Device 1 
1.288 13.3 347.8 

Device 1 
NP 0.279 1.960 11.6 67.7 

Device 2 
PN 1.95 1.019 2.2 124.3 

Device 2 
NP 

1.95 1.019 2.2 124.3 
Device 2 

NP 6.39 1.87 0.327 oo^ 

Device 3 
PN 0.539 2.459 25.5 989.6 

Device 3 
NP 1.211 

Device 3 
NP 1.211 0.203 9.8 6.5 

a: Rp > 1 • 10^ MC 

TABLE 8 . 2 : Diode parameters ofthe measured devices determined f rom fitting to equation 8.3. 

where Is is the saturation current, 7? is the ideality factor, Vj = (ATB is the Boltz­
mann constant in eVK^^ and T is the temperature in K) is the thermal voltage. The 
ideality factor is related to the carrier recombinadon mechanisms at the PN junction; 
77 = 1 indicates that there is only band-to-band recombination of minority carriers, 
which is the ideal case. A more realistic model should include current losses due to 
parasitic resistances in parallel [Rp) and in series {Rs) with the junction. A schematic 
ofthe model circuit is presented in Figure 8.9. The series resistance Rg models the 
voltage losses due to e.g. contact resistance and the resistance of the degenerately 
doped regions ofthe b-P flake. The parallel resistance Rp models addhional carrier 
recombination mechanisms that drain current f rom the junction. The slope of the 
measured /ds-Kscurves at V ŝ = 0 V (see Figure 8.9) indicates a non-infinite Rp. To 
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include these effects, we can rewrite equation 8.1 as 

Ids = Is i exp 
Vds-Ids Rs Vds-IdsRs 

Rn 
(8.2) 

An analytical expression can be obtained in the foUowing form: [31] 

Ids 
I I V T 

li7 
11' 

IsRs Rp 

nVj{Rs + 
— exp — 
Rs) [ n 

{Rp{Vds + lsRs)\\ Rp[Vds-IsRp 

VT[RS + RS) Rs + Ru 
(8.3) 

where 7// is the Lambert 7//-function. 

The measured Idg-VdsCurves and the model described in expression 8.3 are in 

good agreement (Figure 8.9). We summarized the extracted model parameters in 

Table 8.2. 

Main text device Device S1 

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 

Device S2 

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 

FIGURE 8.9: Sliacldey fits of tfie IV-cliaracterisdcs in PN and NP configuralion for the measured 
devices . (a- c) /js-V^jjcurves in PN configuration (red dots) and model (black solid line). The 
inset of (a) shows the circuit model schematics, (d-f) /jjj-F'ijsCurves in the NP configuration 
(blue dots) and model (black sohd line) 
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C H A P T E R 

E X P E R I M E N T A L M E T H O D S 

The fabrication ofthe devices used in this tliesis is introduced, with a special focus 
on the method used to transfer the different two dimensional layered materials on a 
varietj' of substrates The setups used to characterize both the materials and the devices 
are described, briefly highlighting their working principle. 

Parts of this chapter have been published in 2D Materials, 2014, 1 011002 [1]. 
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A. EXPERIMENTAL METHODS 

A.1 . FABRICATION T E C H N I Q U E S 

A . 1 . 1 . E L E C T R O N B E A M L I T H O G R A P H Y 

Electron beam lithography is used to fabricate the majority of the devices presented 
in this thesis. In electron beam hthography, an electron beam patter generator (EBPG) 
scans a focused beam of electrons onto a substrate covered with an electron-sensitive 
resist {exposure, see Figure A.Ia). The scanning of the electron beam follows a user-
defined pattern. The EBPG used in this thesis is a Vistec EBPG5000-t with an accel­
eration voltage of 100 kV. The chemical modifications induced in the resist by the 
electron beam allow the pattern to be transferred on the substrate. We use a positive 
tone resist: the exposed resist can be selectively dissolved in certain solvents, exposing 
the surface of the substrate only along the pattern fohowed by the electron beam 
{development, see Figure A. Ib). Then, metals are deposited {deposition, see Figure 
A.lc) and the unexposed resist is dissolved in warm (54 °C) acetone, l if t ing off the 
metal layer on top {lift-off, see Figure A.ld). Effectively, the unexposed resist is a mask, 
allowing metal deposition only where the pattern has been written. Therefore, after 
lift-off, the pattern written by the electron beam is covered widi metal. This sequence 
can be repeated several times (lithographic layers) to fabricate complex devices. To 
ensure that every lithographic layer is weh-aligned with the first, alignment markers 
need to be deposited in the first layer. These markers will then be recognized by the 
EBPG and used to align the patterns. 

e"-beam 

1 
resist ^ 

SiOs/Si 

SiVllBK : 1IPA 90s 
IPA 60s 

Au (AuPd) 
Ti 

Acetone 54 °C 

exposure development deposition lift-off 

FIGURE A . 1; (a) Exposure. The bi-layer resit stacie is e.xposed by the electron beam. The shape of 
the exposed area is due to thebackscattered electrons from the Si02/Si surface, (b) Development. 
The exposed resist is removed with organic solvents (positive tone development), (c) Metal 
deposition. A thin layer of metals is deposited via electron-beam deposition in high vacuum 
conditions. Ti is used as sticking layer, on top of which either Au or AuPd are deposited, (d) 
Lift-off. The unexposed resit is removed in warm (54 °C) acetone, leaxnng the deposited structure 
on the substrate surface. 
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A . 1 . 2 . E X F O L I A T I O N 

Micromechanical exfoliation represents the starting point of the research on two 
dimensional materials, as pioneered by Novoselov et al [2]. We use blue Nitto tape * to 
peel off flakes from bulk crystals, either natural or synthetic^ The lateral dimensions 
of the crystal are in the order of few millimeters. We start exfoliation by preparing 
about 10 smah strips 2 x 5 cm of blue Nitto tape. With one strip, we peel off flakes 
from the bulk crystal (see Figure A.2a). Afterwards, we use the other clean strips to 
successively peel off flakes from the first strip, unth the density of material on the 
strip is reduced and uniform (see Figure A.2b-c). The two strips are carefully brought 
in contact (Figure A.2b), slight pressure is applied with a cotton swab (Figure A.2c) 
and the two strips are peeled off f rom each other (Figure A.2d). Usually, five to six 
exfoliation times are enough to achieve the correct material density. 

FIGURE A . 2 : (a) Strip of blue Nitto tape after repeated peeling off f rom a natural layered crystal, 
(b) Two strips of blue Nitto tape are brought in contact, (c) Slight pressure is applied with a 
cotton swab on the two joined strips, (d) The two strips are peeled off each other. Note the 
material transfer to the clean strip. 

To deposit the material on the Si02 /Si sample, the strip prepared at last is brouglit 
into contact with a freshly cleaned * 4 x 4 mm piece of Si (covered with 285 nm ther­
mally grown Si02), pressure is applied with a cotton swab and the strip is peeled 

*Nitto Denko Corporation, SFV224P 

^various suppliers, including SPI and webelements.com 

^sonication in H N O j for several minutes and ~ 30 min in an ozone cleaner right before exfoliation 
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off relatively fast. The amount of pressure applied and the speed of removal of the 
strip affect the yield of monolayers present on the surface of the SiOj/Si piece. Every 
material studied in this thesis presents its own optimal amount of exfoliation cycles, 
pressure and removal speed. Empirically we noted a decrease in the yield of single 
layers once the surface of strip containing the material looked dull or the substrate 
was not properly cleaned. 

The exfoliated flakes are inspected via optical microscopy*. For M0S2, we routinely 
find single layers of about 5 to 20 pm. The optical contrast of the flakes with respect to 
the substrate is enhanced by the thin-fUm interference effect given by the thickness 
ofthe Si02 layer on top ofthe Si. As shown already forthe case of graphene [3] and 
other layered compound[4, 5], a thickness of 285nm provides about 12% contrast 
difference at A = 550 nm, enough to rapidly locate single layers. 

The devices studied in this thesis are fabricated on substrates diced from 100 mm 
wafers of B-doped Si with 285 nm thermally grown, dry chlorinated 8102"''. 

A . l . S . F A B R I C A T I O N O F E L E C T R I C A L D E V I C E S B A S E D O N 2 D M A T E R I ­

A L S 

The fabrication of electrical devices based on 2D materials starts with micromechan­
ical exfoliation (see section A.1.2) of the selected material on the 285 nm Si02/Si 
substrates with optical markers defined by e-beam lithography. The reference mark­
ers will be used to accurately locate the flakes with the right characteristics for device 
fabrication and to design the electrical connections. 

The reference markers are written together with large bonding pads with a stan­
dard double-layer resist* on the 285 nm SiOj/Si substrates. A dose of 900pCcm^^, 
beam currents of ~ 250 nA and beam spot size of ~ 100 nm are typically used. The 
pattern is then developed in a solution of I MIBK: 3 IPA for 90 s and rinsed in pure 
IPA for at least a minute. Before metal deposition in high vacuum, a short O2 descum 
is performed. We usually deposh thick (> 80 nm) bonding pads of AuPd with a ~ 5 nm 
Ti sticking layer. Both the metal alloy and the thickness are chosen to improve the 
wire-bonding success ofthe flnal device. After lift-off, the substrate is sonicated in 
HNO3 and ozone cleaned just before exfohation. 

The electrical connections (leads) to the selected flakes are patterned follow­
ing a simhar recipe with a smaller beam spot size (about 20 nm) and higher dose 
(1200 pC cm"^). The metals used as contact materials provide low contact resistance 
with the studied materials; usually a stack of ~ 2 nm of Ti as sticking layer and ~ 60 nm 
ofAu is used. 

* Olympus BX 51 equipped with a Canon GOOD digital camera 

Resistivity 0.01 to 0.05 O c m " ' NOVA electronic materials 

*FMMA A3 495 kDa - bottom and FM^LA A3 950 kDa - top, bodi f rom MicroChem, previously spun 
(3000 m i n ~ ' ) and baked (175 °C for 12 min) 
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A.1 . FABRICATION TECHNIQUES 

A . 1 . 4 . A L L D R Y , D E T E R M I N I S T I C T R A N S F E R M E T H O D 

The micromechanical exfohation method outlined in Section A. 1.2, coupled to the 
possibihty of fast and reliable optical identification, represents the starting point of the 
entire 2D material research field. [2,4, 6-13] This simple method enables the reliable 
fabrication of electrical devices based on layered materials with thickness down to the 
single layer. However, the scotch-tape exfoliation is intrinsically limited by the random 
location of the deposited fiakes, hampering the realization of more complex devices, 
such as locally bottom-gated transistors and vertical heterostructures of different 
2D materials. The probability of creating artificial heterostructures by randomly 
exfohating 2D crystals onto the same substrate is vanisfungly small. 

Deterministic transfer techniques overcome this limitation and allow for con­
trolled poshioning of the exfoliated fiakes to fabricate devices with complex geome­
tries. [14-17] All these methods involve a wet chemical step, namely the dissolufion 
of a sacrificial layer with solvents after the fiake of interest has been successfully 
transferred. This step can leave residues on the transferred fiake and does not ahow 
the fabrication of freely suspended structures due to the capihary forces. 

In this secfion, we present a determinisfic transfer method based on a viscoelastic 
stamp that does not require any wet cliemistry step. We transfer atomically thin 2D 
fiakes on arbitrary substrates and fabricate freely suspended devices. 

The main components of the setup used to accomplish the dry deterministic 
transfer are a zoom lens attached to a camera, an XYZ micromanipulator, an XY0 
sample stage all fixed to a magnetic optical breadboard (see Figure A.3 and Table 
A.1 for a fuh list of components and part numbers). The viscoelastic stamp used to 
transfer the flakes is obtained from a commercially available PDMS-based polymer 
(Gelfilm from GelPack - WF-30-X4 or PF-30-X4) and it is placed at the end of a clean 
glass slide to allow handling. 

The two-dimensional fiakes to be transferred are exfoliated onto the viscoelastic 
stamp (Figure A.2 and Figure A.4a). The prepared stamp is inspected under an optical 
microscope* in refiection and transmission. Both optical contrast and transmission 
are used to determine the number of layers and select the flake (s) to be transferred. 
Raman spectroscopy can be also carried out on the surface of the stamp to confirm 
tlie thickness of the fiake. [12,18] Once a thin fiake has been identified, the acceptor 
substrate (sample) is fixed in the center of the XY0 sample stage using double sided 
tape. Placing the acceptor substrate in the center of the sample stage allows to use 
the rotation degree of freedom to facilitate alignment. The glass slide containing tlie 
stamp is then mounted onto tlie XYZ micromanipulator upside down, so that the top 
surface of the viscoelastic stamp - carrying the fiakes - faces the sample (Figure A.4b). 
The sample and the stamp are then ahgned under the zoom lens (Figure A.4c). While 
keeping the focus on the surface of the sample, the stamp is slowly lowered. As the 
stamp is transparent, i t is possible to ahgn the selected flake on the desired locafion 

• Olympus BX51 wi th a Canon GOOD camera 
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FIGURE A . 3 : Picture of the setup used for die dry transfer of two dimensional materials wi th 
indication ofthe main components. 

of the acceptor surface with sub-micrometer resolution. This is facilitated by tlie 
extended depth of field (DOF) provided by the low numerical aperture of the zoom 
lens. The large DOF allows to have both the desired location and flake in focus before 
they are in contact. This allows to reflne the in-plane ahgnment. Another benefit 
of a zoom lens is the possibUity to smoothly change the size of the field of view of 
the transfer area and correcting for focus shifts without affecting the sample-fiake 
distance. 

Once the selected flake is precisely aligned on and very close to the desired lo­
cation, the transfer is inhiated by slowly lowering the stamp and pressing it against 
the sample surface (Figure A.4d). The worldng principle of the transfer is based on 
viscoelasticity: the stamp behaves as an elastic solid at short timescales while it can 
slowly flow at long timescales. [19] As the stamp slowly come in contact wi th the 
sample surface, h will start flowing over h. The contact area will change color and 
a clear boundary with the non-contact area wiU be formed. Tliis boundary and the 
color changes are used to monhor the extent of the contact area as the poshion of 
the stamp is adjusted during the stamping process. The stamp is lowered with the 
micromanipulator untU the desired flake is fully in contact with sample surface. Then, 
the stamp is slowly peeled off (A.4e). During the slow removal of the stamp, a smah 
shear strain is impai'ted by a small adjustment of the XY micrometric screws. A slow 
releasing speed prevents the formation of bubbles and wrinkles in the transferred 
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Flakes are transferred 
onto the stamp by exfoliation 

with tape 

b 

The stamp is turned 
upside down 

The flake is alligned on top 
of the target substrate 

video 

The stamp is pressed 
against the substrate 

The stamp is peeled off 
very slowly 

The flake has been 
transferred 

FIGURE A . 4 : (a) Flakes are exfoliated on the viscoelastic stamp, (b) The stamp is turned upside 
down and affixed to the XYZ micromanipulator, (c) The flake on the stamp is aligned wi th the 
target area on tbe substrate (in this case anodier 2D flake), (d) The stamp is pressed onto the 
target surface, (e) The stamp is slowly released, (f) Schematic of die obtained heterostructure. 
(g) QR code linking to a real-time video of the dry transfer process explained in panels a-f Video 
link h t t p : / / g o o . gl/tNZQmN 

flake. The release of the flake is monitored by the change in its optical contrast and 
apparent color. After the desired flake is transferred, the stamp can be peeled off 
quicldy, leaving tlie desired flake on the acceptor surface (Figure A.4f). A real-time 
video of the dry transfer process is available at h t t p : / / goo . gl/tNZQmN which can 
be quickly accessed by scanning the QR code in Figure A.4g. 

This procedure is used to fabricate the devices studied in Chapter 8 by sequential 
transfer of hexagonal boron nitride (hBN) and few-layer black-phosphorous (bP), see 
Figure 8.1. 

We also fabricated heterostructures based on MoSj and other layered compounds. 
Figure A.5a shows a vertical stack of single and few-layer MoSj on a few-layer grapliene 
(FLG) flake on the 285 nm 8102/Si substrate. Figure A.5b sliows a vertical stack of single 
and bhayer M082 on a mica flake, on the usual 8103/81 substrate. These heterostruc­
tures are just examples that conflrm the possibhity of transferring M0S2 flakes on 
top of arbitrary substrates and have been used to study die effect of the substrate on 
the Raman and luminescence of single and few-layer Mo82.[20] Fabrication of sus­
pended structure is also possible, allowing the study of their properties as mechanical 
resonators both at room temperature [21] and at low temperature, approaching the 
quantum limit (see Figure A.6). [22] The transfer method can be applied to ah exfo-
liable layered crystals, opening the door to the realization of artificially engineered 
materials. 
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Description Part number Supplier 

Zoom lens MVL12X3Z Thorlabs 
Extension tube MVL20FA Thorlabs 
Magnification lens MVL12X20L Thorlabs 

Lens and vision D S R L Camera Canon EOS600D Canon 
Canon to F-mount - eBay 

32-inch TV screen - Samsung 
HDMI cable - Samsung 

Magnetic breadboard 55-227 Edmund Optics 
Magnetic clamp 62-272 Edmund Optics 
Table clamp 54-262 Edmund Optics 

Meclianics Steel bar 39-353 Edinund Optics 
Rack and pinion 03-609 Edmund Optics 
Steel bar 39-353 Edmund Optics 
Post bases (2x) BA2/M Thorlabs 

1\/T?i n ï n i i l a t i n n 
XY0 sample stage XYRl/M Thorlabs 

IVlCl l 11 U L U d L I U l 1 XYZ micromanipulator RB13M/M Thorlabs 

TABLE A . 1: Full list of components of the setup for the dry transfer of 2D materials. Notes: 

The fiber-coupled illuminator and M6 capped screws were already present in the lab. 

An adaptor for the zoom-lens to fit in the rack-and-pinion mount and an adaptor for the sample 
stage were machmed in the faculty workshop by Ing. Ron Hoogeheinde. 

Exfi-a M6-threaded holes were machined in the post bases to allow mounting of the steel clamp and 
centering of the zoom lens. 
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FIGURE A. 5: (a) Heterostructure composed of a MoSj flake on top of few-layer graphene (FLG) 
flake on the 285 nm SiOg/Si substrate, (b) Heterostructme composed of a single and bi-layer 
M0S2 flake on top of Mica flake on 285 n m SiOj /Si substrate. In both panels, the contours of the 
flakes are higliUghted for clarity. 

A . 2 . CHARACTERIZATION T E C H N I Q U E S 

A . 2 . I . A T O M I C F O R C E M I C R O S C O P Y 

Atomic force microscopy (AFM) is used to characterize the height profiles of. The 

AFM used in this work is a Veeco D3I00 with a Nanoscope Ilia controller or a Veeco 

Multimode with a Nanoscope Illa controller. The canthever used in this Thesis are 

standard Si canthevers for tapping mode (Olympus, OMCL-ACI60TS-R3,/resonance 
= 300 kHz, /Cspring 

= 26.1 N m )̂ Usually, the AFM is operated in amplhude modula­
tion (tapping mode): the cantUever is kept in oscihation close to its resonant frequency 
and the oscUlation amplitude of the cantUever is used as feedback variable. A change 
in the amplitude is directly related to a topographic feature. A simple introduction to 
the worldng principle of AFM and over scanning probe techniques can be found at 
h t tp : / /www.ntmdt .com/spm-pr inc ip les . 

A . 2 . 2 . R A M A N M I C R O S C O P Y 

Raman microscopy is extensively used to reliably determine the number of layers 
in flakes of the transhion metal dichalcogenides. [18, 23-25[ Raman spectroscopy 
is based on inelastic scattering of an incoming photon and the lattice of material 
under study. The small momentum of the incoming pliotons ahows only momentum-
preserving (vertical) transitions ofthe excited electrons, to either a virtual or a real 
electronic state. The exched electron exchanges energy with allowed vibrational 
modes (phonons) and then radiatively recoinbines, emitting a photon of a different 
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10 jim 

10 nm 

FLG flake 

Cavity 

Gate 

Feedline , — 2 p m 

FIGURE A . 6 : (a) and (b) Optical micrographs of single and few-layer M0S2 transferred on holes 
etched i n a 285 nm Si02/Si substrate. Image courtesy of Andres CasteUanos-Goniez.[211 (c) 
Tilted-angle SEM image of a multilayer (iO nm) graphene flake embedded in a microwave cavity. 
Image courtesy of Vibhor Singh. [22] 

energy compared witl i the excitation photon. The energy difference between the 
emitted photon and the excitation photon is the energy of the vibrational mode. The 
most probable process is tliat the excited electron loses energy' to phonons, resulting 
in the emission of a lower energy photon (Stokes process). However, the electron can 
also gain energy from the phonon bath and emit a higher energy photon (anti-Stokes 
process). Stokes Raman emission is more intense and the ratio between Stokes and 
anti-Stokes emission is related to the population of the phonon bath, given by the 
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lattice temperature. 

A.2,3. O P T O - E L E C T R O N I C C H A R A C T E R I Z A T I O N S E T U P 

We have developed a setup to perform electrical characterization under exchation 
at optical frequencies. The setup is sketched in Figure A.7 and the components/part 
numbers are hsted in Table A.2. 
The optical excitation is provided by nine diode pumped solid state lasers (DPSSL), 
mounted on a vibrationally damped optical table, emitting from 405 nm to 940 nm. 
A system of mirrors in kinematic mounts allows for rapid wavelength selection. The 
laser light is directed onto a parabohc mirror which focuses it into a multimode fiber. 
The free space coupling scheme allows to easily control the hght intensity via neutral 
density filters and frequency modulation by mechanical chopper, before coupling 
the liglit to the fiber We chose a parabohc mirror as a coupler since its refiected focal 
length is independent of tiie wavelength. At the end of the fiber, an identical parabolic 
mirror coUimates the light into the viewing system of the probe station and, ultimately 
on the sample space through the cryostat window. The spot diameter on the sample 
is about 230 pm. 

FIGURE A . 7 ; (a) Home-built measurement electronics, (b) Schematic o f a Lakeshore probe 
station (from lakeshore.com). (c) Schemahc ofthe laser setup used to provide optical excitation. 
The main components are defined in the panel. 

The design principle of the system providing optical exchation is to balance the 
optical power and the coverage of the visible-infrared part of the electromagnetic 
spectrum. The current solution provides power densities of about lOWcm"^ on 
sample and covers the electromagnetic spectrum with eight wavelengths. Using a 
monochromator coupled to a white hght source would allow to continuously cover 
the UV-visible-NlR region of the electromagnetic spectrum but offer significantly 
lower power densities, especially after fiber couphng. Employing supercontinuum 
generafion coupled with acusto-opfical tuneable filters would provide a higher power 
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densities (compared wit l i the monochromator design) but limits the shortest wave­
length to about 500 nm and considerably increases the cost of the setup. 

Electrical measurements are performed using home built electronics (IWI-rack 
and modules) that allow to apply and read analog currents and voltages. Tlie digital 
conversion is performed by an Adwin, operated as both a digital to analog converter 
(DAC) to apply the input signal and as a analog to digital converter (ADC) to read 
the output signal f rom the device. The Adwin is computer controhed via Labview 
routines. 
The measurements are usually performed in vacuum (pressure ~ 10"^ mbar) and at 
room temperature. The noise floor is in the order of tenths of picoamperes. 
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Lasers 

Description Part number Supplier 

A: = 405 nm, Power = = 20mW MDL-III-405-20mW CNI Lasers 
A = 442 nm, Power = 20mW MDL-III-442-20mW CNI Lasers 
A = 473 nm. Power = 20mW MBL-III-473-20mW CNI Lasers 
A - 532 nm. Power = 20mW ]VIGL-III-532-20mW CNI Lasers 
A = 640 nm, Power = 20mW MRL-III-640-20mW CNI Lasers 
A = 808 nm. Power = 20mW MDL-III-808-20mW CNI Lasers 
A = 885 nm, Power = 20mW MDL-III-885-20mW CNl Lasers 
A = 940 nm. Power = 20mW MDL-III-940-20mW CNI Lasers 

Circular flat mirrors (I8x) 
0 =25.4 mm 
90° off-axis parabolic mirrors (2x) 

Optics 0 = 12.7 mm , RFL = 25.4 mm 
Graded index multimode optical fiber 
0 = 62.5 pm, NA = 0.275, length = 5 m 
Mounted round variable ND filter 

PFI0-03-P0I Thorlabs 

MPD127I27-90-P01 Thorlabs 

M3IL05 

NDC-50C-4M 

Thorlabs 

Thoriabs 

Optical table, 1.2 x 2 x 0.21 m TI220CK 
Aluminum breadboard, 200 x 900 x 12.7 mm MB2090/M 
Kinematic mount for 0 = 25.4 mm optics (I8x) KMIOO 

Mechanics Flip mount adapter (8x) FM90/M 
6-Axis kinematic optic mount K6X 
30-mm cage rotation mount for 0 = 25.4 mm optics (2x) CRMl /M 
SMI-threaded fiber adapters {2x) SMIFC 

Thorlabs 
Thorlabs 
Thoriabs 
Thoriabs 
Thoriabs 
Thoriabs 
Thoriabs 

> 

n 
= 
> 
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= 
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TABLE A . 2 : Key components of optical excitation setup. Note tliat posts, post holders, cage rods and M6/M4 screws are not listed. The mechanical 
chopper was already present in the lab. 
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of monolayer M0S2, MoSe^, and TVSê , Optics express 21 4908 (2013). 
[25[ M. Buscema, M . Barkelid, V Zwiller, H. S. J. van der Zant etal. Large and Tunable Photothermoelectric 

Effect in Single-Layer MoS^, Nano Lett. 13 358 (2013). 

144 



SUMMARY 

This Thesis describes explorative experimental work on the opto-electronic properties 
of novel, nano-scale semiconducting materials. The reduced dimensionality of tiiese 
semiconductors makes them interesting from a fundamental as weh as f rom an 
applied standpoint. 

Chapter 1 introduces the field of opto-electronics and photodetection, giving a 
sliort overview of the current limitations of sihcon and Ill-V technologies, motivating 
the need for the study of novel materials. 

Chapter 2 gives a brief overview of the principal photocurrent generation mecha­
nisms. We first review the meclianisms that are based on the separation ofa photo­
generated electron-hole pair by an electric field (photoconduction and photovoltaic). 
Then, we review the mechanisms based on a gradient or change in temperature 
(photo-themoelectric and photo-bolometric). 

In Chapter 3 the state-of-the-art photodetectors based on tw'o-dimensional lay­
ered materials are reviewed. Graphene-based photodetectors reach responsivities 
in the order of few mA W"^, a bandwidth of a few tens of GHz and absorb very-low-
energy photons. Semiconducting transition metal dichalcogenides (TMDCs) have 
a large (> 1.5 eV) and direct bandgap once exfohated to a single layer. Photodectors 
based on TMDCs can achieve responsivities up to thousands of A W " \ orders-of-
magnitude higher compared to graphene, sUicon and InGaAs detectors. This large 
photoresponse stems from (i) efficient absorption due to the direct bandgap and 
(ii) trap states with long decay time, providing a large optical gain. Other layered 
semiconductors, such as GaS and TiSg, are also being explored for photodetection 
applications and show characteristics that are similar to the TMDCs. Few-layer black 
phosphorus (bP) has already shown both sizable responsivity and high bandwidth. A 
future researcii direction is represented by the fabrication of artificial heterostructures 
by using deterministic transfer methods to stack several layers of different materials. 

Chapter 4 shows the fast and efficient photoresponse of a detector based on a 
single row of cohoidal quantum dots (PbSe). The electrical characteristics of the 
fabricated devices show signatures of blockaded transport, which is lifted under 
iUumination. Scanning photocurrent spectroscopy measurements reveal that (i) 
the photoresponse is located at the separation between tlie electrodes and (ii) the 
photoresponse spectra follow the absorption spectra ofthe PbSe quantum dots. Under 
pulsed light excitation, the devices show a fast rise time of about 200 ns. 

Chapter 5 is dedicated to the study of the photoresponse of single, ultrathin TiSg 
nanoribbons (NR). Mechanical exfoliation and deterministic transfer allow us to 
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reduce the NR thickness down to 15 nm. Without illumination, the fabricated NR-
transistors show mobilities of about 2.6 cm^V^^ s"̂  and and ON/OFF ratio of 1 • 10*. 
Under illumination, the responsivity reaches values larger than 1 • 10^ A W " M n the 
OFF state and a photoresponse up to 940 nm. Even though trap states are involved in 
the photoresponse, the devices show response dmes in the ms range. 

In Chapter 6 we study the photocurrent generadon mechanism in mechanicahy 
exfoliated single-layer M0S2. Under zero external bias, we measure the photocurrent 
whhe scanning a diffraction-limited laser spot over the device. We observe that (i) 
the photocurrent is generated when the laser spot is placed within the area of the 
electrodes, (11) the photocurrent location shows no gate dependence and (iii) the 
photocurrent persists under below-bandgap illuminadon. These three main findings 
strongly suggest that the photothermoelectric effect is the main photocurrent genera­
tion mechanism. From these measurements, we can derive the Seebeck coefficient of 
single-layer M0S2 which can be tuned from -4 • 10'' pVK"' to - 1 • 10^ pVK"' with an 
applied gate electric field. 

Chapter 7 and Chapter 8 are dedicated to the study of few-layer black phosphorus 
(bP), a novel layered semiconductor. We first study the photoresponse of phototran­
sistors based on few-layer bP (Chapter 7). Without illuminafion, few-layer bP devices 
show mobilities in the order of 100 cm^ V" ' s"\ an ON/OFF ratio of about 1 • 10^ 
and ambipolar behavior. Under illumination, few-layer bP demonstrates sizable 
responsivides (4.8 mA W"' ) and fast response times (~ 1 ms). 

Next, motivated by the ambipolarity and strong field effect, we define PN junctions 
in few-layer bP by local electrostatic gating (Chapter 8). The bP channel is separated 
from two bottom split gates by a thin hexagonal boron nitride (h-BN) layer. Both the 
bP and the h-BN fiakes have been deterministically transferred on top of the gates. 
Without illumination, the devices display a versatile electrical behaviour, controUed 
by the gates' electric field. When the gates are biased in the same polarity, tiie devices 
show linear IVs. With opposite gate polarity, the devices show rectifying IVs, suggesting 
the formation of a PN junction. In PN gate configuration, illuminating the devices up 
to A = 940 nm results in a sizable short-circuit current and open-circuit voltage, clear 
signatures of photovoltaic photocurrent generation mechanism. 

At last. Appendix A describes in detail the experimental methodologies and setups. 
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SAMENVATTING 

Dit Proefsclirift besclirijft exploiatief experimenteel werk aan de opto-elektronisclie 
eigenschappen van nieuwe halfgeleidende materialen op nanoschaal. De geredu­
ceerde dimensionaliteit van deze halfgeleiders maakt lien interessant vanuit zowel 
fundamenteel als toegepast standpunt. 

Hoofdstulc 1 introduceert verschillende opto-elektronica en fotodetectie-tech-
nieken. Daarnaast wordt een kort overzicht gegeven van de huidige beperkingen 
van silicium en III-V technologie, lietgeen de noodzaak voor de studie van nieuwe 
materialen motiveert. 

Hoofdstulc 2 geeft een kort overzicht van de belangrijkste fotostroom-generatie 
mechanismen. We bespreken eerst de mechanismen die gebaseerd zijn op de schei­
ding van een fotogegenereerd elektron-gat paar door middel van een elektrisch veld 
(fotogeleiding en het fotovoltaïsch effect). Hierna bespreken we mechanismen die 
gebaseerd zijn op een verloop of op een verandering in temperatuur (foto thermo-
electrisch en foto-bolometrisch). 

In Hoofdstulc 3 bespreken we de huidige generatie fotodetectoren gebaseerd 
op gelaagde twee-dimensionale materialen. Grafeen fotodetectoren bereiken een 
responsiviteit in de orde van enkele mA W " ' en een bandbreedte van enkele tientallen 
GHz. Daarnaast reageren ze op fotonen met een zeer lage energie. Halfgeleidende 
overgangsmetaal dichalcogenides (OMDCs), geëxfolieerd tot een enkele laag, hebben 
een grote (> 1.5 eV) en directe bandgap. Photodectoren gebaseerd op OMDCs kunnen 
een responsiviteit bereiken tot duizenden A W " ' die velen malen groter is dan grafeen, 
silicium en InGaAs detectoren. Deze grote fotoresponse komt voort uit (i) de efficiënte 
absorptie van licht als gevolg van de directe bandgap en (ii) trap states met een lange 
verval tijd, die zorgen voor een grote optische versterking. 

Andere gelaagde halfgeleiders, zoals GaS en TiSg, worden ook onderzocht voor 
fotodetectie toepassingen. Ze tonen eigenschappen die vergelijkbaar zijn met de 
OMDCs; bijvoorbeeld, multi-laag zwart fosfor (bP) - een nieuw type gelaagde half­
geleider - heeft al een meetbare responsiviteit en hoge bandbreedte laten zien. Een 
toekomstige onderzoeksrichting zal de fabricage van kunstmatige heterostructuren 
zijn, gebruikmakend van deterministische overdraclitsmethoden om verscheidene 
lagen van verschihende materialen op elkaar te stapelen. 

Hoofdstulc 4 behandelt de snehe en efficiënte fotorespons van een detector op 
basis van een enkele rij van PbSe quantum dots. De elektrische eigenschappen van 
de gefabriceerde structuur tonen een blolckade van de stroom, die opgeheven kan 
worden indien beschenen met hclit. Uit plaatsafliankelijke fotostroom spectroscopie 
metingen blijlct dat (1) de fotorespons zijn oorsprong vindt in het gebied tussen de 
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electroden en (ii) dat het fotorespons spectrum het absorptiespectrum van de PbSe 
quantum dots volgt. Onder gepulseerde lichtexcitaties laten de devices een snelle 
verandering van de stroom zien, op een tijdschaal van ongeveer 200 ns. 

In Hoofdstuk 5 wordt de fotorespons van enkele, ultradunne TiS3 nanolinten be­
handeld. Door middel van exfoliade en determinidsche overdracht is de nanohntdikte 
verkleind tot 15 nm. Zonder lichtexcitatie vertonen nanohnt-transistors een mobiliteit 
van2.6cm2V"' s"' en een ON/OFF verhouding van I •'10'*. Onder invloed van lichtex­
citaties, bereiken de nanolint-ti-ansistors reactiewaardes groter dan I • 10^ A W"' in de 
OFF state en een fotoresponse tot golflengtes van 940 nm. Ondanks de aanwezigheid 
van trap states, tonen de devices reactietijden van rond de mUlieconde. 

In Hoofdstuk 6 bestuderen we het ontstaan van fotostromen in mechanish ge­
ëxfolieerd enkellaags M0S2. Zonder een externe spanning aan te leggen, meten we 
de fotostroom terwijl het device gescand wordt mét een diffractie gehmiteerde laser­
straal. We zien dat (i) een fotostroom gegenereerd wordt waneer de laserstraal op de 
electrodes schijnt (ii) de fotostroom geen gate afliankelijkheid vertoont en (iii) dat 
de fotostroom stand houdt onder excitatie van fotonen met een energie lager dan de 
bandgap. Deze drie bevindingen laten zien dat fotothermoelectrische effecten het 
belangrijkste mechanisme van fotostroomgeneratie zijn. Door het electrlsch veld van 
de gate te varieren, kan de Seebeck coëfficiënt van enkel-laags MoS^ ingesteld worden 
van-4 • 10" p V I C ' t o t - I • 10^ pVK"i . 

Hoofdstuk 7 en Hoofdstuk 8 zijn gewijd aan het bestuderen van enkele lagen 
zwart fosfor (bP). Eerst bestuderen we de fotoreactie van fototransistors gebaseerd 
op enkele lagen bP (Hoofdstuk 7). Zonder belichting vertonen de bP devices een 
mobititeh van rond de lOOcm^V^'s"', een ON/OFF verhouding van I-IO^ en am-
bipolair gedrag. Onder behchting laat enkel-laags bP een meetbare responsivheit 
(4.8 mAW"' ) en snelle reactietijden (~ I ms) zien. 

We hebben ook een PN junctie in enkellaags bP ontworpen gebruikmakend van 
het ambipolaire gedrag en het sterk electrische veldeffect (Hoofdstuk 8). Het bP kanaal 
wordt gescheiden van de twee afzonderlijke gates door middel van een dunne laag 
hexagonaal boron nitride (h-BN). Zowel het bP als het h-BN zijn deterministisch ge­
plaatst op de gates. Zonder behchting laten de devices verschillend electrlsch gedrag 
zien, afhankelijk van het electrische veld op de gates. Wanneer dezelfde spanning op 
de gates woidt aangelegd, laat het device lineaire stroom-voltage characteristieken 
(IVs) zien. Bij een tegengestelde polariteit van het aangelegde veld op de gates, zijn de 
IVs asymmetrisch met een duidelijk rectificerend karakter Dh duidt op de formatie 
van een PN junction. Belichting van deze PN junctie tot goldfiengtes van 940 nm 
levert een meetbare kortsluitstroom en een open klemspanning. Dit zijn duidelijke 
indicaties van een photovoltaïsche fotostroom generatiemechnisme. 

Ten slotte. Appendix A beschrijft de experimentele methoden en opsteUingen. 
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