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CHAPTER 1

INTRODUCTION

1.1. OPTO-ELECTRONICS

The field of opto-electronics bridges electronics and optics by using electronic signals
to generate, detect and control light. 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 as y and X-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 light are at the heart of modern consumer society. In 2014, the Nobel
prize for physics has been jointly 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 1.1a), a solid-state laser (SSL) (Figure
1.1b), solar cells (Figure 1.1c) and the image sensor of a digital single-lens reflex (DSLR)
camera (Figure 1.1d). LEDs generate light that can be used for illumination while SSLs
emit laser light that can be used to provide optical excitation for scientific purposes or
generate high power for industrial applications. Solar cells are widespread generators

“Quote from the press release of the Royal Swedish Academy of Sciences, 7 October 2014.
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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) Light emitting
diodes (LEDs) array converting elec-
trical current in incoherent photons.
(b) Green laser pointer converting
electrical current in coherent pho-
tons. (c) Solar cell, converting light
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 (Vys) drives current through the device and
separates the photogenerated electron-hole pairs.

A photodiode is based on a junction between a p-doped and and n-doped semi-
conductor. At the junction, 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

Most photodetectors that operate in the visible or near-IR (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 0.6 AW™!, coupled with fast, low-noise and multi-
plexed readout, as exemplified by the CMOS image sensor of many DSLRs (see Figure
1.2).

FIGURE 1.2: (a) Si-based image sensor (from Nikon D800, imaging.nikon. 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 1100 nm. 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 silicon 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 1um) to the surface of the detector. Thus, the generated electron-
hole pairs will 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 application in transparent devices. Finally, silicon
is also brittle, allowing for tensile strains below 1% before rupture. This reduces its
applicability in wearable and flexible device concepts.
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1.4. NON-SILICON BASED OPTO-ELECTRONIC DEVICES

Exotic materials have been studied and implemented to increase absorption 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 Si
fabrication technology.

Also, alloys of elements belonging to the III 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.

Also II-VI and IV-VI compounds have been studied and present some advan-
tages compared to both Si and III-V compounds. A limitation of these compounds
is the growth process, usually performed via Molecular Beam Epitaxy (MBE). MBE
growth 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. NEED 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. THIS THESIS

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-
dimension (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 TiS, nanoribbons in nanostructured devices. Chapter 6 deals

4
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with the interplay between optical and thermal effects in single and few-layer Mos,.

Chapter 7 shows the fast and broadband photoresponse of photodetectors based
on few-layer black phosphorus. At last, Chapter 8 builds on the results presented in
Chapter 7 by fabricating a versatile device based on a locally gated few-layer black
phosphorus flake. In Appendix A we describe in detail the experimental methods
used to fabricate and characterize the studied devices.
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CHAPTER 2

PHOTODETECTION MECHANISMS

This Chapter introduces some fundamental aspects of photodetection that are relevant
for the interpretation of the 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-thermoelectric 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.



2. PHOTODETECTION MECHANISMS

2.1. TYPICAL DEVICE ARCHITECTURE

Figure 2.1 shows the schematics of typical devices used for photodetection: a field-
effect transistor (FET, Figure 2.1a) and a photodiode based on a PN 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 2.1b. An applied source-drain bias (Vgs) of either polarity
generates a current (Igs) whose magnitude is controlled by the voltage applied on the
gate electrode (V). At low applied Vg, the Iqs—Vqys curve is usually linear. The applied
Vys is also responsible for the separation of the photo-generated electron-hole (e-h)
pairs.

For a PN 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 2.1d, 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-
ydoped regions, as evident from the location of the Fermi energy (Er) 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 Vg and I4g 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 Vys. 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 Er 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
localized 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-
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& FET a PN Junction
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FIGURE 2.1: Device schematics and band diagram for a field-effect transistor (FET) and a PN
junction. (a) FET device schematics. A channel of an n-type semiconductor (SC) is contacted
by two metals (M), forming the source and drain electrodes. A dielectric separates the channel
from 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. Ef is the Fermi
energy.(c) PN-junction device schematics. A channcl of a semiconducting material has a gradual
change in the doping profile from p-type (red shade) to n-type (blue shade), resulting in a PN
junction. (d) Band diagram for the device in panel (c). The Ef is equal on both sides as a result
of charge 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 — depletion region.

linearities in the Igs—Vys 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 negligible compared to
the electron momentum. Thus, this 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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of the incoming photon usually 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.

CB
phonon
absorption

Y

m ’ m

& photop o photo.n

=) absorption o absorption

® E, S

T 9 0 Epn 2 Eyg
i Epn 2 By ﬁ

VB e - VB / w -

Momentum (k) Momentum (k)

FIGURE 2.2: Schematics of photon absorption processes in semiconductors. (a) Photon ab-
sorption process for direct bandgap semiconductors. A photon with energy (£, larger than
the bandgap (Epg) delivers its energy 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 kppoton << ke. The promoted electron then thermalizes to the
conduction band (CB) edge by intra-band phonon scattering. In the 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 Epp, > Epg delivers its energy to an electron in the VB.
The electron undergoes a vertical transition and, to find available states in the CB, absorbs a
lattice phonon (phonon emission is also possible). The promoted electron then 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, excitons. 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]

10



2.3. PHOTOCURRENT GENERATION DRIVEN BY ELECTRON-HOLE SEPARATION

2.3. PHOTOCURRENT GENERATION DRIVEN BY ELECTRON-

HOLE SEPARATION
Photodetectors produce electrical signal by separating the photo-generated e-h pairs
and collecting the resulting current/voltage. The underlying mechanisms are 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 of the semiconductor (see Figure 2.3).[9-11] Figure 2.3a
sketches the band diagram of an FET device. In dark and under an applied bias (Vy;),
a small source-drain current can flow (Igay). Under illumination, the absorption of
photons with energy higher than the bandgap (E,p, > Epg) generates a e-h pairs which
are separated by the applied Vg (Figure 2.3b). The photogenerated free electrons
and holes drift in opposite directions towards the metal leads, resulting in a current
(Iphoto)- This photogenerated current adds to the dark current, reducing the electrical
resistance of the device, as measured via I4s—V; or Iys—Vys 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
(TuwansiO):[11]

12
T transit Vi ) 2.1)

where L is the length of the transistor channel, iz the charge carrier mobility and Vg
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 neutrality, 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).[11] Effectively, this means that more electrons can be extracted from a single
photon, resulting in a quantum efficiency larger than one. The photoc

Tphotocarriers Tphotocarriers * H* 14
G= = z 3 (2.2)
Ttransit L

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 frapped in localized states, they act as a local gate, effectively modulating the re-
sistance of the material. In this case, Tphotocarriers i only limited by the recombination
lifetime of the localized trap states, leading to larger G.[11] The trap states where
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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 (Iqa). (b) Band alignment under illumination with photons of energy
higher (Epp) than the bandgap (Epg). The absorption of a photon generates an e-h pair that
is separated by the external applied bias, resulting in a photocurrent (Ippoto) which adds to
the Igak. (c) Igs—Vg traces in dark (solid black line) and under illumination (solid red line).
[llumination results in an increase in the conductivity (vertical shift) and a positive photocurrent
across the entire gate voltage range. (d) Igs—Vys curves in dark (solid black line) and under
illumination (solid red line). Illumination results in an increase in the conductivity and a positive
photocurrent.

carriers can reside for long times are usually located at defects or at the 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 45—V 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 VB band edge. The electric
field-effect of the trapped holes shifts the Fermi level which induces more electrons.
The increased electron density reduces the resistance of the device, allowing more
current to flow (Ipporo). Under illumination, the I4s— Vg trace will be horizontally
shifted (AVg) with respect to the dark trace due to the effective gate electric field of
the trapped charges. The sign of AV, indicates the polarity of the trapped carrier.
Photogating can also result in negative Iphoto, as sketched in Figure 2.4¢,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
al..[12]

2.3.2. PHOTOVOLTAIC EFFECT
In the photovoltaic effect, the photogenerated e-h pairs are separated by an internal

electric field. The origin of the internal electric field could be a PN junction or a Schot-
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2.3. PHOTOCURRENT GENERATION DRIVEN BY ELECTRON-HOLE SEPARATION
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FIGURE 2.4: Photogating schematics. (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 (Igqrk). The solid dark line segments represent trap states at the valence band edge. (b)
Band alignment under illumination with photons of energy higher (Epn) than the bandgap (Epg)-
The absorption of a photon generates an electron-hole pair. 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 (Ippoo) which adds to the Iy (c) Iys—Vg traces in dark (solid black line)
and under illumination (solid 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) Iqs— Vg
curves in dark (solid black line) and under illumination at the gate value marked by a triangle in
panel ¢ (solid red line) and at the gate voltage marked by a square in panel c (solid blue line).
Tllumination results in positive photocurrent for one gate value (triangle 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 nonlinear Is— Vs characteristics. In the case of PN junctions, the
forward source-drain current Iy, scales exponentially with the source-drain voltage
Vs as Igs o< exp(Vys) — 1; the reverse current, on the other hand, is negligibly small
until junction breakdown.[1] Under illumination and zero external bias (Vgs = 0),
the internal electric field separates the photoexcited e-h pairs thereby generating a
sizable photocurrent (short-circuit current, Iy). Keeping the circuit open leads to the
accumulation of carrier of opposite polarities in distinct parts of the device, gener-
ating a voltage (open circuit voltage, V,¢). Under illumination and reverse bias, the
magnitude of the 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
Voc-

Figure 2.5b plots the I4s—Vys 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 Iys—Vys under illumination appears shifted downwards,
with respect to the dark curve. The part of the Is—Vgs curve that lays in the fourth
quadrant is used in solar cells to generate electrical power (PEI“L‘).

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

13
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FIGURE 2.5: Photovoltaic effect schematics. (a) Band alignment in a PN junction. The dashed
line represents the common Fermi energy Er for the P-doped and N-doped semiconductor.
The absorption of a photon with Epp > Epg 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) Iqs—Vgs curves in dark (solid black line) and under illumination
(solid red line). The illumination results in a short-circuit current Isc and an open-circuit voltage
Voe. The device produces electrical power when operated in the fourth quadrant. The point of
maximum power generation is indicated as P

In the photovoltaic mode, the dark current is the lowest, improving the detectivity
(see Section 2.5) of the detector. However, the absolute responsivity (see Section 2.5)
is usually smaller 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 capacitance,
increasing the speed of the photodiode. 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 photodiode - 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, Iphoto, in @ photoconductive detector can be estimated

with the following formula:
Iphoto = lilumination = Idark =T *1- € G, (2.3)

where T is the number of absorbed photons per unit time, 1 the efficiency of the
conversion of the absorbed photons to electrons and e the electron charge. The
parameter 7 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 now rewrite equation 2.3 as:[13]

Tphotocarriers * H* V'

12 (2.4)

[photo:r'n'e'G'

From Equation 2.4 we see that Iy is linearly dependent on the photon flux (i.e., the
excitation power), the photogenerated carrier lifetime, the electron mobility 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 of the
photocurrent on the excitation power (usually it becomes sub-linear) and the carrier
lifetime (usually it increases). Engineering trap states is a viable way to achieve ultra
high gain, usually at the expense of a slower time response of the detector.

2.4. PHOTOCURRENT GENERATION DRIVEN BY THERMAL
MECHANISMS

Temperature gradients induced by non-uniform heating under illumination can also
generate a photocurrent or photovoltage 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. PHOTO-THERMOELECTRIC EFFECT

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 of the semiconductor channel display a temperature difference AT. This AT is
converted into a voltage difference (AV) 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]

AV =S-AT, (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 difference in the absorption in distinct parts of the 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 steady state temperature gradient along a conductor. As electrons
carry a charge, their diffusive flux will generate an electric field in an open conductor;
in turn, this electric field 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

FIGURE 2.6: Thermoelectric effect.
A steady-state temperature gradient
X VT is converted into a voltage differ-
ence AV at the end of a conductor.

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

dE,

Se x rra X Ce, (2.6)
where E, is the electron energy, T the temperature and c. the specific heat of the
electrons.

The second process is the variation of the chemical potential u 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 in 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:

1du
Hear’ 2
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 (Siaiice) Which is proportional to
the electron-phonon coupling and the specific heat of phonons:

Clattice ‘ 2.8)
eN

where « is the electron-phonon coupling, cjatice the specific heat of the phonons and

N the electron concentration.

Slattice X @
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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]

5. Tk T din(o(E)

) 21
3e dE S

E=Ep

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

AVpre

FIGURE 2.7: Photo-thermoelectric

effect. (a) Schematic of a field-effect

transistor locally illuminated by a

Metal Metal focused laser spot on one of the

— metal contacts to the semiconduct-

ing channel. The circuit is open

and a thermoelectric voltage AVprg

b develops across the contacts. (b)

Thermal circuit corresponding to the

device depicted in (a). The two

metal/semiconductor junctions are

kept at a steady-state temperature

difference AT, generating a photo-
thermoelectric voltage A Vprg.

AVpre

Semiconductor

The photo-thermoelectric effect (PTE) generates a voltage difference that can
drive a current through a device at zero Vgs. 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 (A Vprg):

AVprg = (Ssemiconductor —Smetal) AT = Ssemiconductor AT, (2.10)

In this equation, the term Sy - AT can usually be neglected because the Seebeck
coefficients of pure metals are in the order of 1 uWWK™!, smaller than typical values
for semiconductors. AT can be estimated via finite element simulations [16, 23, 24]
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2. PHOTODETECTION MECHANISMS

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

Figure 2.8 shows a typical Iys— Vg curve of a device where the photoresponse is
dominated by the photo-thermoelectric effect. In dark, Iy, is linear with Vg indicating
that the Schottky barriers are small. Under illumination, the photo-thermoelectric
effect generates a current at zero bias, without changing the resistance of the device.
AVprE can be read off from the intersection with the zero-current axis, as illustrated
in Figure 2.8.

FIGURE 2.8: Iq5— Vg characteristics
vice whose photoresponse is domi-
— — p p :
nated by the photo-thermoelectric ef-
/ Vds
at zero bias and a thermoelectric volt-
AVpTE age AVprg develop across the con-

in dark (black solid line) and under
/illuminalion illumination (red solid line) of a de-
fect. lllumination results in a current
/ tacts when the circuit is kept open.

2.4.2. PHOTO-BOLOMETRIC EFFECT

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 (dG/dT)
and the homogeneous temperature increase (A7) 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 determination 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 with temperature, it will only modify the magnitude of the current flowing
under external bias and illumination.

The sign of the 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 junction and, ultimately, 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 FIGURES-OF-MERIT

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-merit. In the following discussion, we will briefly introduce the general
meaning of each figure of merit and give a reference to commercial silicon and recent
graphene-based detectors, as a benchmark.

Responsivity, 9, measured in AW™!.  The responsivity is the ratio between the
photocurrent and the incident optical power on the photodetector. It is an indication
of the achievable electrical signal under a certain illumination 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:

I T iersttV. A
%= photo = P photocarriers 1 ) _
L2 The
(2.11)
el uv
= ke 1+ G * Tphotocarriers * N

where 1 is the photon wavelength, 1 Planck’s constant and ¢ the speed of light in
vacuum. Equation 2.11 shows that the responsivity still depends on the external
bias (V) or geometrical factors, at least in the simplified model presented here. For
commercial silicon photodiodes, the responsivity is in the order of 500 mAW~! at a
wavelength of 880 nm and becomes negligible for wavelengths shorter than 405 nm
and larger than 1100 nm. For graphene photodetectors, the responsivity is about
10mAW™! 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 another graphene sheet separated by a tunnel barrier[33] have achieved much
larger responsivities: 1-107 AW~! and 110> AW, respectively.

External quantum efficiency, EQE. The external quantum efficiency is the ratio
of the number of the charge carriers in the photocurrent ., and the total number of

impinging excitation photons ”;%lglwn‘ It is closely related to the responsivity 93:
e he
EQE=—Xt— =0 —, 2.12)
plota el
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 photodiode the EQE is in the order of
6-10° and for a graphene detector is about 1- 102,131, 34]

Internal quantum efficiency, IQE =17. The internal quantum efficiency is number

of measured charge carriers 1, divided by the number of absorbed photons ng‘;‘f)mn.

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 (124ps) as:

abs total

photon = 1 -1 -exp W7 2.13)

" ‘photon

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

cal thickness. The optical thickness can be enhanced by substrate-induced optical
exp“(")’z

interference effects.[35-37] The IQE can be expressed as EQE - —

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

NEP = o (2.14)
= % ) .

where the PSD is the current noise power spectral density in dark (in AHZ*%) at
1 Hz bandwidth. Under the assumption of a shot-noise limited detector, the PSD is
proportional to the square root of the dark current. Thus a detector with a small dark
current and large responsivity will have a small NEP. Commercial silicon photodiodes

have a NEP in the order of 1-10"14 AHz" 2 while graphene detectors reach values
about 1-10712 AHz" 2, being limited by the high dark current.
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Time response, measured ins. The 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 silicon photodiodes show rise times of about 50 ps while graphene detectors
can already reach hundreds of picoseconds.[31, 34]

Bandwidth, B, measured in Hz. The bandwidth of a photodetector is defined as
the modulation frequency ( finodulation) of the incoming light excitation at which 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.[38]

Detectivity, D*, measured in cm\)ém . The detectivity (D¥) is a figure-of-merit

derived from the NEP that enables comparison between photodetectors of different
geometries: a higher detectivity indicates a better photodetector performance. It is

defined as:
. VAB
D =—— (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 1-101? %‘A/,H_Z while for hybrid graphene-PbS

systems can reach about 1-10'3 ﬂ\‘([—@ , similar to commercial detectors based on
TII-V materials.[32]
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CHAPTER 3

TWO-DIMENSIONAL MATERIALS FOR
PHOTODETECTION

Michele Buscema, Joshua O. Island, Dirk J. Groenendijk, Sofya I.
Blanter, Gary A. Steele, Herre S.J. 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 fundamental standpoint. For electronic applications, semicon-
ducting 2D materials benefit from sizable mobilities and large on/off ratios, due to the
large achievable field effect. Moreover, being mechanically strong and. flexible, these ma-
terials can withstand large strain (> 10%) before rupture, making them interesting for
strain engineering and flexible devices. Even in their single layer form, semiconducting
2D materials have demonstrated efficient light absorption, enabling large responsivity
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 phosphorus, novel
van-der-Waals materials and heterostructures.
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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 the out-of-plane
direction with weak van-der-Waals (vdW) interactions. This vdW stacking allows 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, from both a practical and a fundamental standpoint. The
atomic thickness makes layered materials almost transparent (and yet present strong
light-matter interaction), which is of high interest for novel applications, e.g. photo-
voltaics integrated in fagades 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 excitons.[12-14] 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 ultimate 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 with
novel functionalities, like exciton funnelling.[28, 29]

THIS 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 with 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
the recent experimental findings for the novel compound black phosphorus. Last we
review the recent advances in artificially stacked van der Waals heterostructures.

3.2. GRAPHENE-BASED 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 allows the absorption of photons of very
small energy: recent reports show photodetection for Eppoton ~ 10 meV, correspond-
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ing to a wavelength of about 120 pm.[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
3.1areveal that the photocurrent is generated when the focused laser spot is illumi-
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 et al. performed gate-dependent SPCM measurements on a similar graphene
device.[7] The reflectance image of the gFET in Figure 3.1c allows one to locate the
electrodes. The white dashed line corresponds to the location where the linecuts in
Figure 3.1d were collected. While applying a gate voltage, the peaks in the photocur-
rent shift away from the center of the flake and get closer to the electrodes edges with
respect to their position at the flatband condition (Vg = 15V). Moreover, the intensity
of the peaks increases when the 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 field at the Schottky Barriers (SBs): applying a
gate bias changes the slope of the bands at the metal/graphene interface, changing
the location of the maximum electric field. A larger gate voltage results in steeper
bands at the interface, pushing the SBs electric field maximum towards the metal
edge.[7] At the highest gate voltage (V; = 45V), 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 photo-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
of the same gFET from Figure 3.1a. In their study, the authors report photocurrent
driven by the electric field at the SBs by illuminating with A = 780 nm, see Figure 3.1b.
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¢, the local illumination provides a temperature difference between the two
contacts AT that can generate a thermoelectric current in the device (for more details,
see Section 2.4.1).

Contacts also play a major role when the devices are globally illuminated. Mueller
et al.[8] contacted a singe-layer graphene flake with interdigitated electrodes made
of titanium and palladium (see inset of Figure 3.3a). The Iys— Vg are linear both in
dark and under illumination and intersect at the point where the external Vg bias is
equal to the built-in electric field induced by the different metals. This built-in electric
field separates the photogenerated electron-hole pairs and drives photocurrent at
zero Vgs. Figure 3.3b shows the band diagrams as a function of the applied Vy,. 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 et al.[37]. The scale bar is 2 um. (b) Scanning photocurrent map. The colorscale represents
the measured photocurrent while 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 of the 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 um. The
dashed white line indicates the location where the gate dependent linecut shown in panel (c)
are taken. (d) Gate-dependent SPCM linecuts (1 = 632.8 nm, Pjpcident = 30HW.) Panels a,b are
adapted from ref. [37] Panels c,d are adapted from ref. [7]

due to their difference in workfunction. 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 (photovoltaic 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 al.[37). The scale bar is 2um. (b) SPCM map of the device presented in panel a
collected with A =410 nm, P = 1 mW, Vg = -9V and lock-in detection. (c) Band schematics of
the device under localized illumination highlighting the temperature difference A7 that drives
the thermoelectric current. All panels from 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 mech-
anisms, owing to the interaction with the metallic contacts. While operation wave-
lengths can be up to 120 um 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. PHOTODETECTORS BASED ON TRANSITION METAL DI-

CHALCOGENIDES
Transition metal dichalcogenides (TMDCs) are layered compounds with 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) Igs— Vg 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: device schematics and optical micrograph - scale bar is 5 pm (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 of the electrical response
to repeated pulses at a rate of 10Gbits~! (eye diagram). The empty 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

MoS, is the most studied semiconducting TMDC, especially in its single-layer form. Its
large and direct bandgap (1.8 eV)[12, 15, 17, 18], its mobility[16, 40] above 100 cm? V™! 57!
and its remarkable mechanical properties[22, 24] make single and few-layer MoS, an
interesting material for optoelectronic and flexible devices.[41-52]

TMDCs show a variety of electronic transport phases: metallic, superconducting,
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
MoS,, MoSe,, WS, and WSe, 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. MoS, shows a transition from a direct, 1.89 eV bandgap in single layer to
an indirect 1.6 eV bandgap in two layers. [12-18] In the single-layer form, the direct
bandgap is located at the K point of the Brillouin zone while in a few-layer sample
the fundamental transition is indirect from the I 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.[12, 17] This direct-to-indirect bandgap transition
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FIGURE 3.4: (a) Artist impression of a layered transition metal dichalcogenide in its 2H phase.
The black dots are the metallic atoms; the yellow dots are the chalcogen atoms. (b) Typical
micrograph of an MoS, flake exfoliated in SiO, /Si substrate. The arrow points at the single-layer
part. Panel (a) is adapted from [9]

Bandgap 1L (eV) Bandgap bulk (eV) Ref

Mos, 1.89 1.20 [12-18]

MoSe, 1.51 1.10 [563]
WS, 1.90 1.40 (54]
WSe, 1.65 1.30 [53]

TABLE 3.1: Bandgap of Mo and W based TMDCs

drastically reduces the luminescence intensity for multilayer samples (see Figure
3.5b).[17] This effect is found to be common for MoS,, MoSe,, WS, and WSe,.[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 MoS, flakes.[44]

The symmetry of the unit cell (i.e. the crystalline phase) has also a large influence
on the electronic properties.[18, 55] Figure 3.6a,b shows the 1T and the 2H phase
for MoS,.[18] The 1T phase has a octahedral symmetry and makes MoS, metallic
while the 2H phase is trigonal prismatic and makes MoS, a semiconductor with a
1.89 eV bandgap.[18, 55] The absence of a bandgap in the metallic (1T) phase results
in a suppressed photoluminescence intensity (see Figure 3.6¢).[18, 55] It was recently
shown that a chemical treatment can induce the phase transformation.[55] The region
where the phase transition takes place can be defined by means of electron-beam
lithography, allowing for on-demand realization of metallic 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 (1L) MoSZ.
The red (blue) solid line highlights the conduction (valence) band edge. Arrows indicate the
lowest-energy transition. (b) Luminescence spectra for 1L (blue solid line), 2L (green solid line),
6L (red solid line) and bulk (black solid line) MosS,,. The intensity is normalized to the AjgRaman
mode. Both panels are modified from ref. [17]

(=60%) the contact resistance of FETs based on single layer MoS,.[55]

We will now turn our attention to the photodetectors based on TMDCs, starting
from biased and unbiased detectors based on MoS,. We will briefly describe the
recent results on MoSe, and WS,.

./\

2
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O:Mo :S

FIGURE 3.6: (a) Trigonal prismatic symmetry of the 2H unit cell. (b) Octahedral symmetry of
the 1T 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 MoS, composed of 2H phase
and 1T phase. The 2H phase appears brighter due to the higher luminescence efficiency of the
2H-semiconducting phase. Panels (a) and (b) are modified from ref. [18]. Panel c is adapted
from ref. [55]
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EXTERNALLY BIASED PHOTODETECTORS.
Photodetectors based on single- and few-layer MosS, are usually in the form of photo-
FETs (see Figure 3.7a). Yin er al.[43] first reported a photo-FET based on single
layer MoS, (Figure 3.7a) reaching a responsivity of about 7.5mAW™! 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]
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FIGURE 3.7: (a) Optical image of a typical device based on single layer MoS,. (b) Time response of the
device in panel (a). (c) Photoresponsivity as a function of illumination wavelength, evidencing 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 the trap-assisted recombination model. Hole traps are the only relevant
traps due to the large effective mass of the holes (open dots) compared to the electrons (closed dots) (f)
Responsivity as a function of excitation power for Vs = —5V (blue dots) and Vis =5V (red dots). Panels
a,b are adapted from ref. [43]. Panels c,d are adapted from ref, [46]. Panels e,f adapted from ref. [52].

Recently, a similar study by Lopez-Sanchez et al.[46] reported a low-bound re-
sponsivity for exfoliated 1L MoS, photo-FET 880 AW™! in depletion and a cut-off
wavelength of 680 nm (see Figure 3.7¢).[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.[46] With increasing power, the photocurrent raises sublinearly
(Figure 3.7d). The time response is in the order of 4 s and it could be reduced to 600 ms
with the help of a gate pulse to reset the dark conductivity of the FET.[46] 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 ef al. is
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1

1.8-101°> WHz 2.[46] This remarkably low NEP stems from the low magnitude of the
dark current in electron depletion, achievable due to efficient field-effect tunability
in single-layer MoS, and the 1.8 eV bandgap of 1. MoS, that suppresses thermally
activated carriers.[16]

In case of 1L MoS, grown by chemical vapor deposition (CVD), Zhang et al. re-
ported responsivities in the order of 2200AW™! in vacuum and 780 AW~ in air,
highlighting the importance of the 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 MoS, display large responsivity (large optical
gain), sub-linear Ippoto With incident optical power and ms-to-s response times; all
these properties point to a photogeneration mechanism in which trap states play a
major role. In particular, the photocurrent generation mechanism is a combination
of both photoconductance (PC) and photogating (PG), as recently reported in ref
[52]. Furchi et al.[52] study the photoresponse of single and bilayer MoS, 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)
facilitates 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 of the
trap states involved in the photoconduction process.[52]

MULTILAYER MOS, PHOTODETECTORS.

Multilayer MoS, photodetectors benefit from the decrease in bandgap, allowing for
extended detection range, (44, 45] larger absorption due to increased thickness, [50]
and achieve responsivity similar to single-layer photodetectors, even if their ban-
dagap is indirect.[52, 60] The photodetection mechanism in multilayer MoS, is still
dominated by trap states.

HYBRID M0S,—PBS QUANTUM DOTS PHOTODETECTORS.

Very recently, Kufer ef al.[61] have realized hybrid photodetectors based on bilayer
MosS, and lead sulfide (PbS) quantum dots. The final device was fabricated in two
steps; first the bilayer MoS, was patterned into an FET and, second, the PbS quantum
dots were deposited on top via a layer-by-layer and ligand 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 MoS, bilayer. The deposition of the
QDs affects the Igs—Vj characteristics of the bilayer MoS,, reducing the ON/OFF ratio
and mobility. This is a strong indication that the QD deposition increases the charge
carrier concentration in the MoS, flake by charge transfer and makes it more metallic.
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This hybrid photodetector shows high responsivity (6- 103 AW™), detection up
to A =1500nm and a time response in the order of 350 ms. Moreover, by tuning
the MoS, in the OFF state, the dark current can be suppressed, decreasing the NEP
and increasing the detectivity 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 photovoltaic and photo-
gating. The electric field at the interface between the n-type MoS, and the p-type
PbS quantum dot film separates the electron hole pairs that are generated by photon
absorption in either of the two materials (photovoltaic). 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 MoS, 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 AND PHOTO-THERMOELECTRIC EFFECTS IN MOS,,.

In a recent study, Fontana et al.[48] reported PV effect in a photo-FET based on a thin
(~50nm) MoS, flake where the source/drain contacts were made from gold and pal-
ladium, respectively.[48] The workfunction difference between Au and Pd promotes a
small difference in local doping of the MoS, 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 (7spot > Ldevice). An independent study on a similar device
based on single-layer MoS, with Au and Pd contacts has demonstrated that the SB
height for Pd contacts is larger than for Au.[64]

Figure 3.8a shows a micrograph of the device by Fontana et al.,[48] highlighting
the asymmetric metalization of the contacts. The measured I4s— Vg characteristics
are plotted in Figure 3.8b and show diode-like behavior in the dark and a clear PV
photocurrent generation under illumination. For different devices, the short-circuit
current Isc ranges from 0.2 to 2 nA and the open-circuit voltage V, from 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 MosS,
photo-FET.[47] 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 MoS, /electrode interfaces. We observe a large value for the Seebeck
coefficient for single-layer MoS, that, by means of an external electric field, can be
tuned between —4-10* and —1-10% pVK!. This value is in reasonable agreement with
recent estimates made with electrical measurements.[65] We finally note that, under
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FIGURE 3.8: (a) Optical image and
circuit schematic of a typical ultra-
thin MoS, device contacted with
different metals (Au and Pd). (b)
Iqs—Vgs characteristics of the device
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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 MoS,, devices.[50]

In summary, devices based on MoS, 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
MosS, drives current under focused illumination while, for devices based on multi-
layer MoS, 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 (MoSe,) has been grown via CVD techniques by several
groups,[66-73] 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 silicon wafer to fabricate photo-FETs.

Typical CVD grown MoSe, photodetectors show responsivity between 0.26 mAW™1[67]
and 13mAW~1.[73] Recently, a photo-detector based on a ~20nm MoSe, exfoliated

flake, deterministically stamped on Ti electrodes, demonstrated a responsivitiy up to
97.1 AW~1.[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 (WS,) has also been employed for photodetection.[75, 76] In their
recent study, Huo ef al.[76] show a significant dependence of the photoresponse on
the gaseous environment in which the measurements were performed. [76] At low
excitation powers, the responsivity ranges from ~ 13 AW~ in vacuum to 884 AW~-! in
aNH, atmosphere. The increase of responsivity in the NH, atmosphere was attributed
charge transfer from the absorbed molecules to the WS, flake, which affects the WS,
doping level, as seen in luminescence experiments.[59] As a result of 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 MoSe, and WS, photodetectors are summarized
in Table 3.2 to facilitate a direct comparison between photodetectors based on Mos,,
MoSe, and WS,

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 AW! with 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 it 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 MosS,, MoSe, and WS, de-

vices based on WSe, readily demonstrate ambipolar transport via electrostatic gating.[81-

86] Exploiting this property, locally-gated PN junctions have been realized with single-
layer WSe,.[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 of the locally-gated PN junction devices in references [78-80] are
presented in Figures 3.9a,b,c. The fabrication of these PN junctions relies on the
deterministic transfer of single-layer WSe, on top of two local gates covered with a
dielectric, which can be made from a conventional (HfO, [78] or SigN, [79]) or lay-
ered (hBN)[80, 87] material. The single-layer WSe, is then contacted with 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
WSe, channel and, thus, can induce different carrier types in adjacent parts of the
channel, giving rise to a PN junction. Looking at the I4s— Vs characteristics highlights
the effect of the local gates on the electrical transport, as Figures 3.9d,e,f illustrate. As
a function of the gate configuration, the Ig,—Vys curves range from metallic (PP or
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FIGURE 3.9: (a) to (c) Device schematics: panel (a) from ref.[78], panel (b) from [79] and panel (c) from
ref. [80]. (d) to (f) Iys— Vg, characteristics measured in different gate configurations; (d) from ref.(78], (e)
from [79] and (f) from ref. [80]. (g) SPCM map of the photocurrent of the device in (a) in PN configuration.
(h) Iys—Vys characteristics measured in PN and NP configuration under white light illumination for the
device in (b). Inset: electrical power (Pg)) extracted from the device. (i) Voc (eft axis) and ¢ (right axis)
as a function of excitation power for the device in (c). Panels (a), (d) and (g) are adapted from reference
[78]. Panel (b),(e) and (h) are adapted from ref [79]. Panels (c),(f) and (i) are adapted from ref. [80]. For the
Igs—Vgs in panels (d) to () the gate configurations are as follows: PP (both gates with negative bias), PN
and NP (gate at opposite bias), NN (both gates at positive bias). The specific values of the gates voltages
differ per device.

NN) to rectifying with opposite direction (PN or NP).

Consistently accross three independent studies, the Igs—Vgs curves in PN and
NP configuration present a high resistance in parallel to the device (Rpar) and a low
saturation current (Isy), both indicating nearly ideal diode behavior. This favorable
behavior can be attributed to the large bandgap of single-layer WSe, which reduces
parallel 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 I4s between these studies
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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. Figure 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 limited by the long wavelength of the excitation laser, the
photocurrent peaks at the depletion region (separation between the gates), suggesting
that the photocurrent generation is indeed dominated by the PN junction electric
field.

In Figure 3.9h we show the I4s—Vys 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-circuit current I and an open-circuit voltage Vo. 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).[78, 80]

Figure 3.9i plots the V;, (left axis) and Iy (right axis) for increasing excitation
power. The Is increases linearly while the V, 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
Isc and it is in the order of 0.1 ~ 0.2% at A = 532 nm (see Figure 3.9f, left axis).[78, 80]
The NEP of detectors based on locally gated single-layer WSe, 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
TRICHALCOGENIDES.

In the previous Section, we reviewed the state-of-art in photodetection with layered
semiconducting TMDCs which demonstrate large responsivities in the 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 trichalcogenides family (general formula MX,)
present a layered, chain-like structure. Each chain is formed by the repetition of the
trigonal-prismatic unit cell along the direction of the b crystallographic axis. The
chains extend in one preferential direction, resulting in elongated, ribbon-like sheets.
In bulk crystals, these sheets are held together by van der Waals interaction in the
out-of-plane direction, facilitating mechanical exfoliation.[88]

In this Section, we review the latest literature on photodetectors based on transi-
tion metal #richalcogenides materials: TiS, (Chapter 5)[88] HfS,,[89] and ZrS4.[90] In
Chapter 5 we present the photoresponse of ultrathin TiS, nanoribbons (NR). Devices
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made with ultrathin TiS; NR achieved responsivity up to 2910 AW~! at 640 nm illumi-
nation wavelength, photoresponse to wavelengths up to 940 nm and short response
times (fall time ~ 5 ms).

To obtain single HfS; ribbons, Xiong er al.[89] dispersed part of the as-grown
material in ethanol and drop-cast it onto a 300 nm SiO, /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 illumination, the current reached up to 200 pA; the respon-
sivity is about 110 mAW~! and the time response is about 0.4 s. The measured light
absorbance extends up to about 650 nm.[89]

Tao et al.[90] studied the photoresponse of a network of ZrS, ribbons transferred
onto flexible substrates, polypropylene and paper. Electrical devices were fabricated
by shadow-mask evaporation and, under illumination, demonstrate a responsivity of
about5-10"2mAW™!, a photoresponse to excitation wavelengths up to 850 nm and
a time response of 13 .[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 (Ryos, ~ 1000 AW™1) and faster
response times (Tyos, ~ 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, highlighting the need
for further studies.

3.5.III-VI AND I'V-VI LAYERED COMPOUNDS.

Besides the transition metal dichalcogenides, also III-VI and IV-VI compounds are
interesting for application as photodetectors.[91-98] They are usually stoichiometric
compounds between elements from group III (e.g. Ga and In) or IV (usually Sn) and
a chalcogen (S, Se or Te). Similarly 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 following repeating unit: S—Ga—Ga-S (Figure 3.10a, top
part).

The schematic in Figure 3.10a represents the 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.[94] For GaS and GaSe, this crystal structure
leads to a band structure with dominant indirect transitions (indirect: 2.59 eV, direct
3.05eV for GaS;indirect: 2.11 eV, direct 2.13 eV for GaSe).[99-103] The structure of
GaTe is slightly different, leading to a dominant direct transition (1.7 eV). [104] Com-
pounds with different stoichiometry (like In, Se,) 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). [105-107]
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FIGURE 3.10: (a) Atomic structure schematics 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 realized with multilayer flakes
of these materials on regular SiO, /Si substrates and on flexible substrates (see Fig-
ure 3.10b), showing similar performances. Direct bandgap materials (GaTe and
In,Se,)[95, 108] show responsivities of about 1-10* AW~! while GaSe and GaS[91, 94]
reach about 4 AW™1, in the UV-visible range. The photocurrent raises sublinearly as a
function of excitation power, indicating that trap states play an important role in the
photoconduction mechanism.[91, 94, 95, 108] The time response ranges from ms 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.[96] The performance of photodetectors based on 10-nm-
thick InSe flakes have been studied independently by Lei ef al.[97] and Tamalampudi
et al.[98]. In their detailed study, Lei and colleagues[97] report photocurrent spec-
tra of 4-layer-thick InSe under excitation wavelength up to 800 nm. The tail of the
photocurrent vs. wavelength spectra is well fitted by a parabolic relation, strongly
suggesting the indirect nature of the bandgap in ultrathin InSe. The responsivity of
these devices is about 35 mA W~! and the response time is in the order of 0.5ms. In
their study, Tamalampudi and colleagues(98] 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 AW~ and time response in the order 4s. Both
the larger responsivity and the much longer response time compared with the study
of Lei et al.[97] indicate that long-lived trap states enhance the photoresponse in the
devices studied by Tamalampudi[98].

Very recently, also IV-VIlayered compounds have been used in photodetectors ap-
plications. Specifically, SnS, has attracted recent attention as semiconductor material
for transistors and photodetector. Exfoliated 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 Sns,
have already shown promising photoresponse.[110] Su ef al.[111] have grown flakes
of SnS, via a seeded CVD technique and used them as channel material for photoFET.
SnS,-based photodetectors show gate-tunable responsivity up to about 8 mAW~! and
response time of ~ 5s, indicating a very fast photoresponse. Table 3.4 summarizes
the main figures-of-merit of detectors based on III-VI and IV-VI materials.

In conclusion, III-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 transition for the
bandgap when its thickness is reduced below 6 nm, resulting in a parabolic absorption
tail up to 1.4 eV photon energy. Thicker InSe flakes show large responsivity (about
160 AW™1) and response time in the order of few seconds, indicating a strong effect
of trap states on their photoresponse. Detectors based on SnS, can reach responsivity
of about 8mAW! and fast response time, making them promising as fast detectors.

3.6. FEW-LAYER BLACK PHOSPHORUS

The recently re-discovered few-layer black phosphorus (bP) is an interesting material
for photodetection especially due to its intermediate bandgap between graphene 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 achievable
with 2D materials. Black phosphorus is an elemental layered compound composed of
phosphorus atoms arranged in a puckered unit cell.(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 mobilities[113] in the order of 10000 cm? V~!s~! and a bandgap of about 0.35 eV.
Once exfoliated to thin layers, it shows ambipolar transport [114-121], mobilities[117,
120] up to 1000 cm? V-1 s! and absorption edge around 0.3 eV in 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 bB as evidenced by the anisotropic
mobility 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 exfoliated down to the single layer (see
Figure 3.11c).[114, 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
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FIGURE 3.11: (a) Perspective view of
the puckered structure of few-layer bP.
(b) Top view of the puckered structure
of few-layer bP. (c) Bandgap energy
as a function of the number of layers
calculated with different formalisms.
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ultrathin bP devices. Hong er al.[126] performed scanning photocurrent microscopy
(SPCM) on a 8 nm high bP transistor with a diffraction limited 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 Mott formalism (Equation 2.9) the authors estimate
a maximum Seebeck coefficient of ~ 100 VK ™!, which is reduced by a factor 10 with
increasing gate bias.

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

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 er 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 um wide metallic squares
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FIGURE 3.12: (a) Scanning electron micrograph of the target image object. The scale bar is 2 um.
(b) Image of the object in (a) obtained under focused illumination with A = 532 nm and reading
the reflected signal with a photodetector based on 120 nm thick bP. (c) Image of the object
in (a) obtained under focused illumination with A = 1550 nm and reading the reflected signal
with a photodetector based on 120 nm thick bP. (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 from ref. [124]. Panels (d),(e) are adapted from
ref. [125].

deposited on glass and separated 'by 2um. 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 from 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
1 pm with A =532 nm and decreases by less than 20% with A = 1550 nm. [124]

Another study by Youngblood et al.[125] shows the photoresponse fora ~ 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
130mA WL, 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 (similar 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 W1, slightly lower compared with TMDCs.
The response time is in the order of few ms for simple photo-FETs and the operation
frequency can be pushed up to 3 GHz by device engineering, demonstrating a faster
response to light 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. DEVICE COMPARISON

In the previous Sections we have reviewed photodetectors based on a large variety of
semiconducting layered materials. In this Section, we summarize and compare the
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 MoS,, MoSe,, WS, and WSe,. Within devices based on the same
material, there is a large variability in the responsivity and rise time figures-of-merit,
likely indicating that the device fabrication, measurement conditions and contact
metals have a large effect on the photoresponse. It is worth mentioning that, in gen-
eral, photodetectors based on MoS,, present orders-of-magnitude larger responsivity
and response times than photodetectors based on MoSe, or WS,, possibly indicating
that trap states in MoS, are longer-lived than in the other compounds. All these
compounds show a remarkable effect of the environment in which the measurements
are performed, suggesting their potential application as light-sensitive gas detectors.

PN-junctions based on single-layer WSe, 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 1 to 10 mA W~! when operated
in the photovoltaic mode and shows a small increase when operated in the photocon-
ductive mode. The reported responsivity for the WSe, PN junctions (see Table 3.2) is
generally lower than photodetectors based on other TMDCs, especially in comparison
with MoS,, indicating that the internal gain mechanism (trap states) is suppressed.
This is expected for photodetectors working with the photovoltaic principles. How-
ever, locally-gated WSe, devices show versatile behavior, combining a photo-FET
with a gate-controlled photodiode 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 TiS, ultrathin nanoribbons achieve both
slightly higher responsivity and faster response than detectors based on MoS,. This
good performance, coupled to the reduced dimensionality, make TiS, nanoribbons
a promising material for nanostructured photodetection applications. On the other
hand, both ZrS,- and HfS;-based detectors show poor responsivity and a slow re-
sponse.

Both the semiconducting 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 (f3qgg ~ 3 GHz) under A = 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 WSe,. This makes few-layer bP a
promising candidate for fast and broadband detection 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 multilayers
of these materials show responsivities from tens to thousands AW~! and response
time between few and hundred ms. GaTe photodetectors outperform detectors based
on single-layer MoS, reaching responsivities of 1-10* AW™! and response time as
short as 6 ms. Photodetectors based on In,Se,, GaSe and GaS show responsivities
and response times that are slightly better than most detectors based on MoS,. 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 1 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 all but one
of the reviewed devices show response times larger than ~ 1-1072 ms. This long re-
sponse time can be attributed to the presence of long-lived trap states (in devices with
responsivity above 1-10% mA W) or to the limitation of the 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 silicon 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
from 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 3.13: 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 MoS,, WSe,, InSe,
In,Se,, GaTe and TiS, 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 ultrasensitive applications in the visible, for which the
response times in the order of ms may be acceptable.

3.8. FUTURE 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 techniques[10, 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 built on conventional (3D) materials (like
Si[133-135] and InAs[136]) or on other two dimensional materials and have triggered
a great deal of experimental work on their electrical[137-148], optical[149-155] and
mechanical properties.[156] In this Section, we review the recent experimental work
aimed to establish the opto-electronic performances of devices based on these van-
der-Waals heterostructures.

MoOS,/STHETEROSTRUCTURES.

A device based on single-layer MoS, on p-doped Si has been fabricated by Lopez-
Sanchez eral.[133, 134] and Li et al.[135]. Figure 3.14a shows a typical device geometry:
single-layer MoS, is transferred on top of a highly p-doped Si substrate and charge
transport occurs across the MoS, /Si interface. In dark, the resulting I4s- Vs character-
istics are diode-like (Figure 3.14b), evidencing the formation of a PN junction between
the n-type MoS, and the p-doped Si.

Under illumination, the Iys—Vg4s curves show an increased reverse-bias current
and Iy (Figure 3.14b), strongly suggesting that the photogenerated carriers are sepa-
rated by the electric field generated at the interface between the single-layer MoS, and
the 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 only single-layer MoS,,, the EQE is much lower; however, the wavelength detection
range is extended due to the lower bandgap of silicon, enabling detection of NIR
photons.

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

GRAPHENE/TMDCS 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 multilayer MoS, resulted in
photodetectors with drastically enhanced responsivity (~ 5- 108 AW™!) at the expense
of an extremely slow response times (> 1- 1035).[139] The large responsivity stems
from a strong photogating effect on the single-layer graphene channel induced by
the localized states in the MoS, layer. Under illumination, the photogenerated holes
are trapped in localized states in the MoS, while the photogenerated electrons are
transferred to the graphene, free to circulate. The trapped holes reside longer in the
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FIGURE 3.14: (a) Device schematics. (b) Iys— Vg5 characteristic in dark showing diode-like behavior. (c)
I4s— Vgs under illumination with A = 541 nm and varying optical power, indicated in the panel. (d) External
quantum efficiency as a function of excitation wavelength. All panels are adapted from ref. [133]

Mos,, flake and thus act as a local gate on the graphene channel. Their long lifetime 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 MoS, covered by a single layer graphene, both grown by CVD techniques.[140]
Under illumination, the 45—V, characteristics shift horizontally, clearly indicating
that the photoresponse mechanism is dominated by the photogating 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 MoS, 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] For this device, the respon-
sivity is also very high (about 1-107 AW™!) at low illumination power and response
times from tens to hundreds of seconds (both values for the device in air).

47



3. TWO-DIMENSIONAL MATERIALS FOR PHOTODETECTION

a b c 0.1 d
Optical =27 | o
0.020{"\_ ,Power  Tmpc 7 . : //// ¥ 1
) o OC _ Scwp 2/ S aser o
S e R 7 I 1/ _ 7[)
z D s e DL P 2 A e 87 \Fe
< oo16f YN S g 7/ V=200’
= AN § [ 7/ :e /
Nk /,// /’_\f‘r‘;
A 4
0.012 2 i:'f'/ - : 7[ Jé
i 3
0 5 %0 04 D02 00 02 o4 L‘m

Bias votags, V

0
v, )

FIGURE 3.15: (a) Device schematics for graphene/TMDC heterostructures. Note that charge transport
is measured across the graphene layer. (b) Ijs—Vg characteristics for the device in panel (a) in dark
(solid black line) and under varying illumination intensities (1 = 650nm). (c) Device schematics for
graphene/TMDC/graphene heterostructure. Note that electrical transport is measured across the two
graphene layers, across the TMDC. (d) Igs—Vgs characteristics for device in panel (c) as a function of
gate. The right (left) y-axis gives the current magnitude for measurements in dark, green traces (under
illumination, blue to red traces). (e) Schematic band alignment in equilibrium. (f) Schematic band
alignment under gate bias or chemical doping. Panels (a) and (b) are adapted from ref. [140] Panel (c) is
adapted from ref. [138] Panels (d), (e) and (f) are adapted from ref. [137]

GRAPHENE/TMDCS/GRAPHENE HETEROSTRUCTURES.

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

In similar studies, Britnell et al.[137] and Yu et al.[138] fabricated vertical stacks of
graphene, a ~ 50 nm thick TMDC and another graphene layer on various substrates,
including SiO,, indium-tin-oxide (ITO) and poly-(ethylene terephthalate) (PET, a
flexible and transparent polymer). Figure 3.15¢ shows a schematic of a typical device.
In the dark, such devices behave as tunnel transistors in which the current can be
controlled by the gate electric field (see Figure 3.15d, green traces).[137, 138] Under
illumination, the Igs—Vys characteristics become linear (until saturation) and show a
gate-tunable Ig indicating that the photovoltaic effect dominates the photocurrent
generation (see Figure 3.15d, blue to red traces).[137, 138]

The emergence of the photovoltaic effect can be understood by looking at the band
diagram schematics presented in Figure 3.15e and Figure 3.15f. In an ideal case (Figure
3.15e) 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) will result a misalignment between the bands
and, thus, in a built-in electric field. This built-in electric field separates the e-h pairs

48



3.8. FUTURE DIRECTIONS

and generates the I (see Figure 3.15f). As a consequence, the sign and magnitude of
I5c 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 realized.

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

TMDC/TMDC HETEROSTRUCTURES.
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FIGURE 3.16: (a) Device schematic. Top: schematic representation of 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. D1 and D2 (S1 and S2) indicate the contacts to
the WSe, (MoS,). The scale bar is 2pum. (b) Iys—Vgscharacteristics under illumination at different gate
voltages. Inset: false color map of the current under illumination as a function of Vs and Vg. Panels (a)
and (b) are adapted from ref. [142]

Very recently, heterostructures based on single-layered semiconducting TMDCs
have also been studied. For example, heterostructures of single-layer MoS, and single-
layer WSe, have been fabricated by several groups.[141-144] Figure 3.16a shows an
example of such a heterostructure from the Columbia group.[142] The WSe, and MoS,
single layers have been chosen because of their natural tendency to display p- and
n-type conduction respectively. In Figure 3.16a, single-layer MoS, and single-layer
WSe, 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, WSe, /MoS, heterostructures show gate-tunable rectifying behavior.[142,
143] Under illumination, these heterostructures show a gate-dependent photovoltaic
effect as evidenced by the Iys—Vys characteristics in Figure 3.16b. The Is; and V, reach
amaximum at Vg =0V, the position at which the rectifying ratio is the highest.[142,
143] The inset of Figure 3.16b shows a colormap of the measured current as a function
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of Vg and Vg, highlighting the reduction of I as the magnitude of the gate voltage
increases. Through spatial photocurrent and photoluminescence maps the authors
ascribe the origin of this photovoltaic effect to charge transfer between the WSe, and
MoS,.[142-144]

Huo eral.[145] have recently fabricated heterostructures based on multilayer MoS,,
and WS, 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 MoS, /WSe, heterostructure
will likely lead to a larger rectification and stronger photovoltaic effect. In conclusion,
TMDC/TMDC heterostructures present gate-tunable and strong photovoltaic power
generation (~ 6 W) coupled to the possibility of direct CVD growth; these properties
make them hold promise for large-area flexible and transparent solar cells.

BP/TMDC HETEROSTRUCTURES.

Also heterostructures comprising few-layer bP (p-type) and single layer MoS, (n-
type) have recently 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 MoS,, 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. MoS, also possesses a large Seebeck coefficient, making it a promising
material for thermal energy harvesting. Novel materials, such as tri-chalcogenides
(TiS,) nanoribbons, ITI-VI and IV-VI compounds (e.g. GaTe or SnS,), show both large
responsivities (larger than MoS, photodetectors) and fast response times, making
them promising candidates for fast and sensitive photodetection applications. Few-
layer black phosphorus and single-layer WSe, show ambipolar transport and have
been employed in the realization of electrical devices that can be controlled via local
electrostatic gating. Black phosphorus has shown sizable and very fast photoresponse
at telecommunication wavelengths with orders-of-magnitude 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 tailor the resulting opto-electronic
properties for a specific application. This has led to ultra-high responsive photode-
tectors (albeit very slow) based on graphene/MoS, vertical stacks. Moreover, het-
erostructures of different TMDCS and/or graphene show great potential for solar
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energy harvesting in flexible and transparent 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 application 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 relies 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 challenge. Especially the work from
Lopez-Sanchez et al.[133, 134] demonstrates that coupling MoS, to silicon can be
highly beneficial. Again, CVD growth may help in integrating MoS, and other TMDCs
in CMOS fabrication.
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[as]

g Measurement conditions Responsivi Rise time

Material V) V() Amm) PmWem?) R (;ij)y - Spectral range Reference
1L Mos, 1 50 532 8.0-10* 7.5 5 -10! Visible [43]
1L MoS, 8 70 561 2.4-1071 8.8-10° 6 -10? Visible (46
1L MoS, 1 41 532 1.3-107! 2.2-10° 5 -10° - (51]

>1L MoS, I -2 633 5.0-10' Tod~ 1 1 -103 Visible - NIR [45]
2L MosS, 5 100 WL 5nW 6.2-10° 2 -10 - (52]
3L MoS, 10 0 532 2.0-103 5.7-10? 7.0-1072 A <700 nm [49]
1LMoSe, 10 0 532 1 -10% 1.3-10! 6 -10' - 73]
1L MoSe, 1 0 650 5.9-10° 2.6-10™1 25.10" - [67]

20LMoSe, 20 0 532 4.8 9.7-10* 3.0-10! - (74]
1LWS,a 30 0 458 2.0 2.1-1072 53 Visible (75]
1L WS,b 30 0 633 5.0-1072 1.3-10* 2.0-10 - [76]
1L WSe, 2 —60 650 3.8-107! 1.8-10° 1.0-10* - (77]
1L WSe, 0 PN  WLe 4.5-10! 1.0-10' - - (79]
1L WSe, 0 PN 522 1 -1072 8.4-107! - A < 820nm (78]
1L WSe, 0 PN 532 8.4-107" 4 -107 1.0-101 A< (770+35)nm (801

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

TABLE 3.2: Figures-of-merit for MoS,, MoSe,, WS, and WSe, based photodetectors
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Stellingen
behorende bij het proefschrift
PHOTODETECTION WITH NOVEL MATERIALS:
COLLOIDAL QUANTUM DOTS, NANORIBBONS AND LAYERED MATERIALS
door
Michele BUSCEMA

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

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

. Lokale elektrostatische gating van atomair-dunne ambipolaire materialen maakt het
mogelijk om een fotostransistor, een zonnecel en een LED [1] 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 enkellaagshalfgeleidende 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-
georiénteerde programmeertaal (b.v. LabView).

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

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

10. In tegenstelling tot wat algemeen geloofd wordt, waarderen Italianen de Nederlandse
snackbarcultuur.

Ref.
[1] Bauger BWH, et al., 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)

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



Propositions
accompanying the 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 MoS, 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 cells.

6. Valleytronics is the new, rising spintronics.

7. A programming language with high code readability (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 belief, Italians do appreciate Dutch street-food culture. [2]

Ref.
[1] Bauger BWH, et al., 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 have been approved as
such by the supervisor prof. dr. ir. H. S. J. van der Zant.
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Material Measurement conditions Responsivity  Rise time T P T
Vas(V)  Ve(V) A (nm) P (mW cm™?) RmMAW) 7 (ms) p =

TiS, 1 —40 640 3 -107! 2.9-10° 4 A<940nm  Chapter5

ZrS, 5 - 405 5 ~164 5 -1072 13 -10° A < 850nm (90]

HfS, 5 - 405 13 1.1-10° 4 -10° A < 650nm (89]

TABLE 3.3: Figures-of-merit for TiS,, ZrS, and HIS, based photodetectors

Matorial Measurement conditions Responsivity  Rise time VR R ——
VasV)  Vg(V) A(mm) P(mWem™2) R(@mAW) 7 (ms) P 5
GaTe 5 0 532 3.0-107° 1 -107 6 Visible (108]
GaSe 5 0 254 1.0 2.8-10% 3 -10% UV - Visible [91]
GaS ) 0 254 2.6-1072 4.2-10° 3 -10! UV - Visible [94]
In, Se, 5 0 300 2.1-1071 3.9-10° 1.8-10! UV - NIR (95]
InSe 10 80 633 3.5-10% 1.6-10° 4.0-10° Visible - NIR (98]
InSe 3 0 532 2.5-10? 3.5-10! 5.0-107!  Visible - NIR [97)
SnS, 3 0 457 2 -10° 9 5 -107%  Visible - NIR (111]
(a) P in mW ’

TABLE 3.4: Figures-of-merit for photodetectors based on III-VI compounds
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i2°]

3 Measurement conditions Responsivity ~ Rise time
Thickness (nm) Ves) VgV) A(nm) P @mWem=2) R (mAW-Y M Spectral range  Reference
8 0.2 0 640 1.6-10! 4.8 1 Visible - NIR ~ Chapter 7
6 0 PN 532 1.9-10° 5 1071 1.5 Visible - NIR  Chapter 8
6 -05 PN 532 1.9-10° 2.8-10! - Visible-IR  Chapter 8
120 0 0 1550 3 -108 5.0 - Visible - IR [122, 124]
120 0 0 532 1 -107 2.0-10! - Visible - NIR ~ [122, 124]
11.5 04 -8 1550 1.91 1.3-10% a Visible - NIR [125]b

a. fagg =3 GHzb. Power in mW.

TABLE 3.5: Figures-of-merit for few-layer bP based photodetectors
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CHAPTER 4

FAST AND EFFICIENT PHOTODETECTION
IN NANOSCALE QUANTUM-DOT
JUNCTIONS

Ferry Prins*, Michele Buscema, Johannes S. Seldenthuis, Samir Etaki,
Gilles Buchs, Maria Barkelid, Val Zwiller, Yunan Gao, Arjan J. Houtepen,
Laurens D. A. Siebbeles, Herre S. J. van der Zant*

We report on a photodetector in 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 junctions as
charge extraction requires only two individual tunnel events. We find an efficient
photoconductive gain mechanism with external quantume-efficiencies of 38 electrons-
per-photon in combination with response times faster than 300ns. This compact
device-architecture may open up new routes for improved photodetector performance
in which efficiency and bandwidth do not go at the cost of one another.

Parts of this chapter have been published in Nano Letters 12, 5740 (2012) [1].
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4. FAST AND EFFICIENT PHOTODETECTION IN NANOSCALE QUANTUM ...

4.1. INTRODUCTION

Colloidal quantum dots (CQDs) profit from the quantum size effect,[2] which givesrise
to a variety of unique phenomena such as size-tunability, multi-exciton processes[3-5]
and slow carrier-relaxation.[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 mobility, which in CQD-films is
generally described and limited by hopping through interparticle barriers. Techniques
to enhance the electronic coupling between the CQDs and thus improve the film-
mobility include the use of short linkers, [11] 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.[14, 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 followed by the trapping of one of the charge carriers. If the
trap life-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 milliseconds.[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 Figure
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 allows for direct charge extraction,
which is both fast and efficient.

4.2, FABRICATION AND ELECTRICAL CHARACTERIZATION

Nanometer-spaced electrodes are fabricated by a self-aligned fabrication scheme,
consisting of a two-step lithography process.[16-18] On top of a Si/SiO, substrate,
the first electrode is defined vie electron-beam lithography and evaporation in high
vacuum (~ 1-10~8 mbar, consisting of a 2 nm thick Ti adhesive layer, with 24 nm Au
on top as the electrode material, and 10 nm of Cr. Upon removal from the evaporation
chamber, the Cr forms a natural Cr,0, layer which overhangs the Au as a shadow
mask. In the second step, the second electrode of 2nm Ti with 20nm Au on top
is defined, overlaying the first Ti/Au/Cr/Cr,0, electrode, while the shadow mask
protects a few nanometers around the first electrode. In the third step, a selective wet
Cr-etchant (Cyantek, Cr-10, 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. PHOTORESPONSE

Before use, the samples are O,-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 substitution step with 1,2 —ethanedithiol increases the coupling
to the electrodes. Electrical contact of the particles to the electrodes is confirmed by
performing 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 2.5V, 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 all devices, we found a strong photoconductive effect when irradiating them with
visible light. Current-voltage (Is — Vgs) characteristics taken under laser light irradi-
ation (A =532nm, and a power density, Pq = 0.16 Wcm 2, see Figure 4.2a) display a
linear dependence with the applied voltage in the low-bias regime; at higher bias the
I4s — Vys 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. While scanning a diffraction limited laser spot
(A =532 nm, spot size of ~ 800nm) across the device, the current is measured as a
function of the spot position. 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 of the particles to the electrodes. The full
width at half 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 position of maxi-
mum response and measure the current at Vg =750 mV and constant optical power,
P=15uW, 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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before deposition
after deposition &

A 0 1
V (V)

FIGURE 4.1: (a) Schematic of the device architecture and measurement circuitry, illustrating the
one-dimensional CQD array geometry. The green shaded area represents the laser excitation
impinging on the device. (b) Colorized scanning electron micrograph of an empty 10 um 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 PbSe CQDs. The device width is 10pm. 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 DEPENDENCE

We have also recorded the photocurrent at A =532 nm at different optical powers
(P4 between 2W cm 2 and 2000 Wcem ™2, shown in Figure 4.3a). At low powers (P4
< 50W cm™?), the current scales linearly with the laser power, while at higher powers
(Pq >50 Wem™2) the current saturates. The saturation at high powers is likely the
result of the increasing Auger recombination rate. [19, 20] At lower powers the effi-
ciency is highest. The external quantum efficiency (EQE), i.e. the number of extracted
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FIGURE 4.2: (a) Igg — Vg characteristics in the dark (solid black line) and under laser illumina-
tion (solid green line, A = 532 nm, and a power density, Py = 0.16 W cm™2, spot size = 150 um).
(b) Photocurrent map of a different device (corrected for Ig,= 0.8 nA) as a function of the
position of the diffraction-limited spot from a different setup with a spot size of about 800 nm
(A =532 nm). Dashed white lines indicate the electrode edges determined from the reflection
image. (c) Wavelength dependence of the 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 film 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

Ioh hv
EQE = Bh . (4.1)
e Pg-A

where Ipp is the photocurrent (Ipp = fjjum. — ldark) and A is the illuminated device
area (4 x 800nm?). For the device in Figure 4.3a, the efficiency reaches 10.9 electrons
per photon at 2Wcm™2 with a bias of 750 mV (see Section 4.7). At higher bias the
photon-to-electron conversion is even more efficient; for example in the Iqs — Vg
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) of the detector.
Assuming a maximum CQD coverage of 2000 4-nm-sized particles across the 10 um
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 1ps laser pulse, measured using a low-noise amplifier and a 600 MHz oscillo-
scope. The observed rise and fall time of our device are approximately 200 and 300 ns,
respectively, likely limited 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 dwell-times in the order of
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FIGURE 4.3: (a) Photocurrent I}, as a function of surface power density (blue open circles) for
the device in Figure 4.2b and c. (b) I, response (bottom panel) of a different device to a 1ps

square-wave pulsed laser illumination (top panel, A = 670 nm, 0.85 W cm ™2, spot size = 150 pm).
The rise and fall time of the laser signal is < 20 ns.

100 ns are required. [22]

High efficiencies in CQD-photodetectors are usually achieved by trapping of one
of the charge carriers, which is photoinduced by the incident light. If the lifetime of
the trap state exceeds the carrier transit-time, the opposite charge carrier can circulate
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
107t em?V-1s™! and 1073 cm? V-!s7! and channel lengths of about a micron, the
transit time is hundreds of nanoseconds or longer. [13, 14]. Attaining an appreciable
gain therefore requires trap-state life times as long as milliseconds, 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 fall time, and would thus require sub-nano-
second transit 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
(< 200ns) 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. Sincé 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 facilitates electron transport through the device until 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 of the 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 collection 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. CONCLUSION AND OUTLOOK

In conclusion, the presented architecture offers a promising route towards solution
processable, low-cost, nanoscale devices with ultrafast 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 colloidal quantum dots
only, but applicable to a variety of nanomaterials. In addition, 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 will therefore
be interesting to investigate devices with smaller widths which could profit from
both efficient carrier extraction, as well as optimized light absorption by resonant
plasmonic field enhancement.
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4,7. SUPPORTING INFORMATION

4.7.1. FABRICATION OF THE SELF-ALIGNED QD DEVICES

Lithography To obtain ~ 5nm 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
highly doped Si substrate covered with thermally grown SiO,. The first lithographic
layer pattern consists of 32, 200 x 300 um pads arranged in a square; these pads will
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 1 MIBK :
31PAT, a stack of metals is deposited in high vacuum (HV) conditions* in the following
order: 2nm 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,O,) 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 mild 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 small CrXOy layer(see Figure 4.4c). After lift-off in warm (54 °C) acetone, the

gap is opened by removing of the Cr, O, 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 N,-atmosphere. First, the
devices are immersed in a methanol (MeOH) solution of ethylenedithiol for 3h to
mediate a chemical linkage 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 (1 min). Finally, the devices are once more immersed in a MeOH
solution of ethylenedithiol (1 min, followed by 1 min in pure MeOH), to substitute
the long oleylamine ligands and minimize the barrier between the particles and the

*17.5 % in weight of a co-polymer methyl methacrylate (MMA):methacrylic acid (MAA) in ethyl-lactate -
bottom, and poly-methyl methacrylate (PMMA) A2 950 kDa from Microchem - top

TMIBK is 4-methyl-2-pentanone, also called methy isobutil ketone
IPA is 2-propanol, also called iso-propyl-alcohol

fAJA International electron beam evaporation, main chamber pressure about 5-10~8 mbar

$30s 0, plasma, flow = 50 mLmin~!, power =50 W

I Cyantek, Cr-10, ~ 5 min immersion
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FIGURE 4.4: (a) First layer metal deposition: 2 nm Ti, 20 nm Au, 10 nm Cr. (b) Oxidation of Cr
layer. Note the jutting part due to the expansion/growth oxide. (c¢) Second layer metal deposition:
2nmTi, 18 nm Au. (d) Device showing an open gap after the selective etching of the CrcOy layer.

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

4.7.2. PHOTORESPONSE SPATIAL EXTENSION

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 around the gap is 805 nm, consistent with the spot
size of the diffraction limited 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
dashed line is a Gaussian fit to the photocur-
rent response at the gap area. The full width 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 A
=532 nm. Slight deviations to the Gaussian fit
are observed at larger distances from the gap. -5 0 5 10

V=750 mV
I

distance (um)

4.7.3. QUANTUM EFFICIENCY CALCULATIONS

For the device in Figure 4.3, the external quantum efficiency (EQE) is calculated
according to equation 4.1, taking the nanogap area within the spot size of 800 nm as
the device area (800 x 4 = 3200nm?). The EQE reaches a maximum of reaches 10.9
electrons per photon at 2Wcm™2, corresponding to a responsivity of 3.9AW™! (see
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Fiure 4.6). Similarly, the EQE for the device in Figure 4.2, in which the whole device is
illuminated, can be calculated taking the full 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 of the sum of the maximum number of CQDs present in the gap
area. For a 10 um wide device and a particle 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 um wide device of 2500 x
0.102 = 255 nm?. With a surface power density of 1.6 Wcm ™ (incident photon flux
~4.5-10* s"' nm~2) and a photocurrent of 10.9nA at 1.5V (electron flux 68.1-10%s71,
corrected for the dark current) we obtain an IQE of 5.9- 103 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.
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CHAPTER 5

ULTRAHIGH PHOTORESPONSE OF
FEW-LAYER T1S; NANORIBBON
TRANSISTORS

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

Molybdenum- and tungsten-based dichalcogenides have recently received much at-
tention due to their applications as semiconducting channel materials in field effect
transistors and photodetectors. Although these atomically thin materials are promising
for photodetection, a combination of high sensitivity and speed has yet to be shown.
Here we explore the optoelectronic properties of TiS, ribbons, an almost unexplored
layered material from the transition metal trichalcogenide 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-infrared 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®V~'s™! and ON/OFF ratios up to 104. Un-
der illumination, the TiS, FETs present a high photoresponse of 2910 AW™! and fast
response times of 4 ms. In addition, we measure cutoff frequencies (fzqg) up o 1000 Hz.
The combination of large responsivity and fast response time all across the visible and
near-infrared 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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5.1. INTRODUCTION

Transition metal chalcogenides have raised a huge interest in the nanoscience and
material science communities.[2-5] The possibility 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 the largest
research effort because of their electronic and optical properties. [6-12] Nonetheless,
there are many other semiconducting chalcogenide compounds whose electronic
properties, in atomically thin form, are thus far unexplored.

TiS,, for instance, is one of the semiconducting members of the 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 (TiS,).[14] The sheets are held together by van der Waals forces and might be
exfoliated in the same manner as graphene and other layered chalcogenide materials.
[2-5] Although the bulk electronic properties have been studied in fair detail,[15-18]
little is known of the properties of nanostructured TiS,. While Mo- and W- based
dichalcogenides present a direct bandgap only at the single-layer limit, macroscopic
films of TiS, ribbons (with thicknesses of hundreds of nanometers) show a direct
bandgap of 1.1 eV and photocurrent response to white light illumination. [19, 20]

Here, we isolate individual few-layer TiS; 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 mobilities up to 2.6 cm? V- s~!. The photoresponse of the
fabricated NR-FETs is studied at different illumination wavelengths and powers. The
fabricated devices show a large photoresponse up to 2910 AW™! and they respond to
wavelengths across the visible spectrum. In addition, these devices present rise/fall
times of about 4/9ms and an fiqp frequency up to 1000 Hz. The excellent combi-
nation of FET characteristics, large photoresponse and high cutoff frequency make
atomically thin TiS; NR-FETs superior to state-of-the-art phototransistors based on
other semiconducting 2D materials.[7]

5.2. GROWTH AND CHARACTERIZATION

TiS, NRs are grown by sulfuration of bulk Ti disks at 500 °C. [20] The morphology and
stoichiometry of the sample can be accurately controlled by adjusting the process
temperature and sulfur pressure. The growth results 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 TiS, ribbon. The crystal planes are determined from the
electron diffraction pattern (inset). The 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), respectively. As grown NRs have lengths of hundreds
of microns, widths of a few microns, and thicknesses of hundreds of nanometers.

5.3. FET FABRICATION

To fabricate single ribbon devices, TiS, ribbons are transferred from the bulk disks
onto degenerately doped silicon substrates with 285 nm of thermal SiO, using an
all-dry viscoelastic stamping method.[21] During the transfer, the TiS, nanoribbons
are mechanically exfoliated, leading to a decreased thickness of the transferred NR
with respect to the as-grown ribbons.

To fabricate FET, ribbons with 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. ELECTRICAL 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 of the full device. Figure
5.2(b) plots the source-drain current as a function of the bias voltage (I4s—Vgs) at
different back-gate voltages (V). The Iys—Vys characteristics are linear and symmetric
with respect to V4s 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 TiS, NR.

Figure 5.2(c) shows the source-drain current versus back gate voltage (I4s—Vg)
at constant bias voltages. The device has a clear n-type behavior. At V45 =1V, for
negative Vg the current through the device is ~ 1.5nA in the OFF state while for
positive Vg the current reaches ~ 1.1 A in the ON state giving an ON-OFF ratio of
about 700.
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-}
A

FIGURE 5.1: (a) TiS; nanoribbon structure composed of parallel sheets of one dimensional
chains of stacked triangular prisms (TiS;, 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 TiS; nanoribbon. (c) SEM image of TiS, nanoribbon film
on the Ti growth disk. (d) FEG-SEM image of the edge of one TiS; nanoribbon.

From the calculated transconductance (g = dlqs/d Vg), we estimate the mobility
with
L 1.

MFE=g"— -

) (5.1)
Z Cox Vds

where L is the channel length, Z is the width of the nanoribbon, and Cyy is the
oxide capacitance per unit area. The capacitance is calculated using finite element
methods with COMSOL MULTIPHYSICS v4.3b to account for fringing effects derived
from the reduced width of the TiS, ribbon channel (comparable to the dielectric
thickness).[22] From Equation 5.1 we estimate a carrier mobility of 1.4 cm? V=15~
(up to 2.6 cm? V157! for other devices, see Table 5.2) which is an order of magnitude
lower than the measured bulk value of 30 cm? V! s~1.[15] Note that this estimate
is likely a lower bound as it is obtained from a two terminal measurement. While
the mobility estimates are modest, thgy compare well with recently fabricated MoS,
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photodetectors with mobilities 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 the FET device with electrodes spaced by 500 nm. The width of
the TiS; NR is 195 nm. (b) Output characteristics (I4s—Vys) of the device at backgate voltages
(Vg) from —40V to +40V in steps of 20 V. (c) Transfer characteristics (I3s— Vg) at different bias
voltages (Vgg) (from 200 mV to 1V in steps of 200 mV).

5.5. PHOTORESPONSE

The photoresponse of the TiS; 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,
885nm and 940nm). Figure 5.3 shows the optoelectronic characterization of the
same NR-FET device shown in Figure 5.2. Figure 5.3(a) shows I4s—V; characteristics
recorded at Vs = 500 mV in dark (solid black line) and under 532 nm laser excitation
(solid green line, P =500uW). 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 (Iphoto = Littum. — Idark) Starts at 40nA in the
OFF state (Vg = —40V and reaches 100 nA at Vg =40V. The inset shows the Igs—Vgs
characteristics (Vg = —40V) 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 Iys—Vys characteristics (Vg = —40V) measured with
A 640nm for several excitation powers. The I4s—Vys 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 sublinearly with respect to the incident power, Ip, < 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
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photocurrent,

R= Ip_h’ (5.2)

Py

where Py 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 of the laser spot (diameter 200 um). Figure
5.3(d) plots the responsivity as a function of the laser power. The responsivity reaches
1030 AW™! at a power of 100nW and decreases with increasing power (the device
with the best performance showed 29 10AW™L, see Table 5.2).

This responsivity is several orders of magnitude larger than intrinsic graphene
photodetectors and surprisingly larger than the most recent MoS, photodetectors
which achieve a responsivity up to 880 AW™'.[7, 25] Devices based on other materi-
als, ZnO nanowire for example, have shown responsivities of 1- 10* AW™! however,
unlike our TiS,; NR-FETs, they operate outside the visible range of the spectrum.[26]
Responsivities of our TiS, devices may be further improved by fabricating hybrid
TiS,-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 AW ™!, we estimate the
external quantum efficiency (EQE) by

hc
EQE=R—. (5.3)
el
The EQE for this device at wavelength of 640 nm reaches 2-10° % and is larger than
the recent high gain In,Se, nanosheet devices with an EQE of 1.6 - 10° %.[30]

In Figure 5.3(e) we plot the photocurrent at Vs = 1V and Vg = 40V for 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 linearly extrapolating the photocurrent vs. excitation wavelength, we can
estimate an excitation energy for which the photocurrent would be zero, yielding a
rough estimate of the bandgap. Following this methodology, we extract a bandgap
energy of 1.2 eV (1010 nm) in close agreement with previous measurements on macro-
scopic TiS, thin films having a direct bandgap of 1.1 eV.[20]
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FIGURE 5.3: (a) I4s— Vg characteristics for Vg3 =500 mV in dark (black solid line) and under
532nm, 500 pW excitation (green solid line). Inset shows the Ijs—Vys characteristics at Vg
=—40V for the same excitation. (b) Ijs—Vys characteristics at Vz =—40V in dark (black solid
line) and under 640 nm excitation for increasing laser powers up to 3mW. (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 function of excitation power (1 = 640 nm). (e) Photocurrent measured as
a function of different laser wavelengths. Note that measurements for panels (c)-(e) are taken at
Vgs =1Vand Vg =—-40V.



5. ULTRAHIGH PHOTORESPONSE OF FEW-LAYER T1Sg3 ...

5.6. TIME RESPONSE

The frequency response of the TiS, 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 the 640 nm (P = 500 uW) laser
excitation with a mechanical chopper at Vz = —40V and Vg, = 1V. Reliable, repeated
cycling of the 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/fall times measured in MoS, devices and faster than the high gain ZnO
nanowire devices.[8, 26] In Figure 5.4(c) we plot the device responsivity for increasing
modulation frequency of the 640 nm laser at a power of 500 yW. A cutoff frequency
(f3ap) of 1000 Hz is reached which is at the limit of our measurement set-up. This f3qp
puts TiS; 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 =640nm,
P =500puW). (b) Zoom on a single
switching cycle at 10 Hz frequency.
Rise times taken at 10% and 90 %
06  of the maximum photocurrent are

Time (s)
. ~4ms and fall times are ~9ms. The
(C)30 N = i solid red curve is a moving average
g e of the raw data (pink circles). (c)
<, By Responsivity versus modulation fre-
-§ e e quency for an excitation wavelength
g 10k of 640 nm at 500pW. Note that all
= 9 & measurements are taken at Vgg =1V
PR R gl . | andvg=-s0vV.
410 420 ‘) 460 470 10 100 1000
Time (ms) Freq (Hz)

5.7. COMPARISON WITH LITERATURE

The direct bandgap (1.1eV), high responsivity, and fast response make TiS, an ideal
material for optoelectronic applications. Table 5.1 summarizes the latest high respon-
sivity photodetectors. The TiS; NR-FETs have the best combination of responsivity
and speed for visible and near-infrared light 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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Bandgap Acuorr Responsivity Rise time

Material oV iy AW ms Reference
TiS, Nanoribbons 1.1 1130 2.9-10° 4 -10°  Thiswork
MoS, Single Layer 1.8 690 8.8-10? 4 103 (7]
WS, Multilayer 1.96 635 92:10° 5 -10° - [12]
ZnO Nanowires 3.4 360 4.7-10* - [26]
In,Se, Nanosheets 1.8 955 3.9-10% 1.8-10! (30]
GaTe Nanosheets 1% 730 1 104 6 -10° (32]
Si Microstructured 1.1 1130 1.2-10? = (33]
GaSe Nanosheets 2.11 590 2.8-10° 2 .10t [34]
Graphene Single Layer - — 1 1072 1.5-107° (35]
InSe Nanosheets 1.4 885 3.5-102 4.9-107! (36]

TABLE 5.1: Figures-of-merit for recent high-responsivity photodetectors

5.8. CONCLUSIONS

In conclusion, this work represents one of the first characterizations of the photore-
sponse of nanostructured devices based TiS,. Field-effect transistor based on few-
layer TiS3 have been fabricated and their electrical characteristic have been measured
in dark and under illumination at room temperature. We find an n-type semicon-
ducting behavior with mobilities of 2.6 cm? V™1 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 excellent combination
of FET characteristics, high photoresponse and fast switching rates make ultrathin
TiS, an interesting material for photodetection and photovoltaic applications. This
work opens a new avenue to exploit the family of Ti-based trichalcogenides in 2D
electronics and optoelectronics.
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Thickness ON/OFF Mobility Responsivity Rise/fall  f3gp

Devioe nm cm?Vv-ls! AW! timems Hz
JI7B1 20 850 2.6 320

JI7B4 28 315 0.5 660 12/15 500
JI9A2 22 730 1.4 1030 4/9 1000
JI9A3 15 400 1.6

JI9A4 36 90 1.3 530

JI9A5 15 75 2.0 2590

JI9A6 19 725 0.8 430

JI9B3 22 740 1.5 2910

J19B4 27 12300 0.5 110

TABLE 5.2: Summary of main characteristics of the measured devices.
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CHAPTER 6

PHOTO-THERMOELECTRIC EFFECT IN
SINGLE-LAYER MOS,

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

We study the photoresponse of single-layer molybdenum disulphide MoS, 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 MoS,/electrode interfaces. We observe
a large value for the Seebeck coefficient for single-layer MoS, that, by means of an
external electric field, can be tuned between —4-10* and —1-10° uWK™'. This large and
tunable Seebeck coefficient of the single-layer MoS, paves the way to new applications
of this material such as on-chip thermopower generation and waste thermal energy
harvesting.

Parts of this chapter have been published in Nano Letters 13, 358 (2013) [1].
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6.1. INTRODUCTION

T HE experimental realization of graphene [2, 3] has opened the door not only to
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 applicability. Single-layer MoS, presents a large intrinsic bandgap (1.8 eV)[6-10]
large in-plane mobility of about 200 to 500 cm? 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 MoS, have shown that the
photoresponse of externally biased MoS,-based photo-transistors is driven by the
change in conductivity upon illumination.[16-18] The photovoltaic effect in MoS,
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 MoS, 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 of the Seebeck coefficient for single-layer
MoS,, finding a large value that can be tuned by more than two orders of magnitude.

6.2. FABRICATION AND ELECTRICAL CHARACTERIZATION

The devices consist of a single-layer MoS, flake, deposited onto a Si/SiO, (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
(50nm) 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
MoS, samples. Figure 6.1(a) shows an AFM image of a field effect transistor (FET)
fabricated with a single-layer MoS, 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 the literature. [21] Raman spectroscopy was also employed to further characterize
the deposited MoS, 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
MoS, layers. The Raman spectroscopy measurements confirm that our devices are
single-layer MoS, (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 Ar/H, flow (500 sccm
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/ 100 sccm).[7]

Figure 6.1(c) shows source-drain characteristics of the 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 with previous results by
Radisavljevic et al. using similar electrode materials and annealing conditions.[7]
Moreover, variable temperature transport experiments on MoS, using low work func-
tion electrodes (Ti and Sc) demonstrated a Schottky barrier height slightly larger than
kg T at room temperature.[25]

This is also consistent with recent density functional theory (DFT) simulations and
experimental work that demonstrate that Ti/MoS, 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 ~ 0.85cm?V~1s™!, that is characteristic of
single-layer MoS, FETs fabricated on SiO,, surfaces.[7, 13, 16, 27-29]

(e)
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FIGURE 6.1: (a) Atomic force microscopy image of one of the studied devices, showing the
MoS, flake and the electrodes used to make electrical contact. (b) Line profile over the dashed
line in panel (a) showing the MoS, flake height. (c) Source-drain current vs. source-drain bias
characteristics measured at different gate voltages. (d) Electrical transport characteristic of a
MoS, -based FET device (source-drain current vs. gate voltage) measured at different source-
drain bias. For both panels (c) and (d) the channel length is 1.6 pm and width is 4.5um. (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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6.3. SCANNING PHOTOCURRENT MICROSCOPY

To spatially resolve the local photoresponse of the MoS,-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 all 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 generation mechanism was attributed to the electron-hole separation at
the SBs. This mechanism, however, cannot explain the presence of a photogenerated
current when the laser is illuminating the metal electrodes, far from 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
MoS, FETs, we have performed scanning photocurrent measurements using differ-
ent illumination wavelengths. Figure 6.3(a) shows a photoresponse map acquired
with green (A =532nm, hv = 2.33 eV) illumination. The photovoltage is obtained by
dividing the measured photocurrent by the device resistance, measured under the
same illumination 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 line is a Gaussian fit to the data corresponding to a diffraction limited
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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FIGURE 6.2: (a) Spatial map of the intensity of the reflected light from the device (white corre-
sponds to low reflection). Electrodes have been numbered for clarity. (b) Photocurrent image
of the MoS,, FET. The colorscale in the inset gives the photocurrent value. (c) Superposition of
the photocurrent map (from (b), same colorscale) and contours of the electrodes as obtained
from the light reflection map. The scale bars are always 1pm. 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 CWlaser, A =532nm, P = 1 W, spot waist radius ~ 400 nm. The region of the flake from the
right edge of electrode 2 to the right edge of electrode 3 is composed by multiple layers of MoS,.
No current is seen flowing from electrode 1 or 6 because of poor contact between those with the
underlying MoS,, flake.

with a response shifted into the MoS, 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 (1 =750 nm, hv = 1.65 V). 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 MoS, transistors under large source-drain bias have not shown any
significant photoresponse for excitation 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 excitation
energies below the bandgap cannot be ascribed to a photovoltaic effect.

Interestingly, for above-bandgap illumination, where photovoltaic 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-

91



6. PHOTO-THERMOELECTRIC EFFECT IN SINGLE-LAYER MOS)

tive agreement, and in particular the tail of photocurrent when the laser is focused
over the metal, suggests that the photogeneration mechanism is not dominated by
photovoltaic effects even for above-bandgap excitation.
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FIGURE 6.3: Photovoltage map of a single layer MoS2 FET using an excitation wavelength
of 532nm (a) and 750 nm (c). (b)/(d) Photocurrent profile across the linecut 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 photovoltaic 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 +30V to —30V, 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 the electrode edges, as sketched in Figure 6.4(d).[31-36] There-
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
the 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
Mos, flake is negligible. This also suggests that the main mechanism for photocurrent
generation, even with above-bandgap illumination, is not the photovoltaic effect.

6.4. PHOTOTHERMOELECTRIC EFFECT

The negligible role of the SBs in the conductance of the devices, the strong measured
photocurrent 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. [37-41] 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 of the
electrodes where the laser absorption is increased and the heat dissipation is reduced.
Moreover, it would also explain the stronger photocurrent in the electrode area in
Figure 6.2 where the MoS, 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 follows:
the local absorption of the laser creates a local heating of the junction between the
gold and the MoS, layer. This local heating of the junction is translated into a voltage
difference (A Vprg), which will drive current through the device, by the difference
between the Seebeck coefficients of the MoS, flake (SMOSZ) and the electrodes (Stiau)
and the local increase of the junction temperature (AT) (see Section 2.4.1). This AT

93

&



6. PHOTO-THERMOELECTRIC EFFECT IN SINGLE-LAYER MoS,

(a) (c) 350 (d)schottky Barrier device

| E Vg=-30V |

[ ? vg =+30V |
A — -l

f M ntypeSC M |
Distance [

| o ;

| 5 N\ | Vg=-30V f

[ N Vg=+30V|
op— A— — — |

1 |

5 Distance J

(e) Photo-thermoelectric device
‘ Vg=-30V

: E Tar™ T mos, i

| g - |

| £, |

E.| . E 'Esa"kaT é

| | Au Au |

Ti MoS, Ti
Distance

L

Tau ™ Thtos, !

0 1 2 3 5\ Distance
Distance (um) )

FIGURE 6.4: (a) Scanning photocurrent image of a single-layer MoS, FET 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 of the device, showing the electrical circuit
used to perform the measurements. (c) Photocurrent line profiles (along the green dashed line
in panel (a), A =532 nm) for gate voltages of +30V, +15V, +7.5V, 0V, =7.5V, —=15V and =30V
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 from the reflection signal; the
colors of the shading indicates the sign of the photocurrent. (d) Schematic of the energy diagram
of a typical Metal-Semiconductor-Metal device (top) and of the magnitude of a photocurrent line
profile over such a device showing the expected gate-induced spatial shift in the photocurrent
peak (bottom). (e) Schematic of the energy diagram of the single-layer MoS, device when the
laser spot is incident on the electrode (top) and on the MoS, flake (bottom). In both panels
(d) and (e) the conduction band is drawn at different gate voltages and the valence band is not
shown for clarity.

can be modelled as the temperature difference of the locally heated gold electrode
(Taw) and a part of the MoS, flake which is distant from the junction (Tnvios,)-

AVprg = AS-AT = (Spos, — Stiau) - (Tnmos, = TriAu) (6.1)

We have further studied the gate dependence of the photo-thermoelectric effect
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in single layer MoS, by measuring the electrical transport characteristics of single
MoS, devices while the laser spotis 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 photothermoelectric voltage AVprg for a
single-layer MoS, device at different gate voltages. The photo-thermoelectic voltage
is the intercept with the voltage bias (Vys) axis of the IV characteristic of the devices
measured under sub-bandgap illumination. By decreasing the gate voltage below
the threshold voltage, the photo-thermoelectric voltage shows a substantial increase.
As the AVprg is proportional to the difference in the Seebeck coefficients and the
temperatures of the AuTi electrodes and the MoS,, flake (equation 6.1), the observed
behavior can be attributed to the expected gate dependence of the Seebeck coefficient
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of MoS
s
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:
[42-45]

s & ST A )
3e dE E:EF, |

where kg is the Boltzmann constant, T the temperature, e the electron charge and o (E)
is the conductivity as a function of energy (E), and the derivative is evaluated at the
Fermi energy Er. Using equation 6.2 we estimate the maximum Seebeck coefficient in
our device to be in the order of —2 - 10* uWWK™1, 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 MoS,
near depletion.

According to equation 6.1 the Seebeck coefficient of MoS, can be determined
from AVprg and the estimate of the temperature gradient across the AuTi/MoS, junc-
tion. Notice that the Seebeck coefficient of AuTi is negligible with respect to that
of MoS, and no gate dependence is expected. To estimate the increase of tempera-
ture induced by the laser illumination, 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 I =1Iy- (1 —exp(—a-d)) where «a is the absorption coefficient of the material and
d is its thickness. With the employed laser excitation (1 =750 nm, Iy =60puW and
Rspot = 500 nm), if we assume that all the energy delivered by the laser is converted
into heat, we obtain ATputi/Mos, = 0.13K (see Section 6.6). Figure 6.5(c) shows the
estimated values: the experimental data are represented by squares while 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 TayTi /Mos,, in between 0.04 K and 0.4 K). The Seebeck coefficient value
for bulk MoS, (between —500 VK ™! and —700 VK ™) is also plotted to facilitate the
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 voltage from —2-102 uWWK™! 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-layer MoS, is orders-of-magni-
tude larger than that of graphene (+4 to +100 vV K™1)[37, 38, 47-49] semiconducting
carbon nanotubes (~—300uVK™1)[50], organic semiconductors (~1-103 uyVK!) [51]
and even than materials regularly employed for thermopower generation such as
Bi, Te, (150 HVK™1) [52, 53]. On the other hand the presented Seebeck coefficient
is comparable with other materials such as MnO, powder (20- 103 VK™ [54] and
Fe, 04 (+1- 10* uVK™1).[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. CONCLUSION 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 MoS, and of the electrodes. Furthermore, the identical qualitative
characteristics of the photocurrent images for above bandgap illumination suggests
that the photothermal effect is also the dominant mechanism for photocurrent gener-
ation here as well, and that photovoltaic effects seem not to play a significant role. We
estimated the Seebeck coefficient for single-layer MoS,, finding a large value which
can be tuned by an external electric field between —4- 10> pVK~! and —1-10° pVK .
This value is 70-25000 times larger than the values reported for graphene. From
these results, we expect that single-layer MoS, 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. SUPPORTING INFORMATION

6.6.1. MATERIALS AND METHODS
We prepare MoS, nanosheets on SiO,/Si substrates by mechanical exfoliation of
natural MoS, (SPI Supplies, 429ML-AB) with blue Nitto tape (Nitto Denko Co., SPV
224P). For a detailed description of the 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 Ar/H, flow (with a flow
rate of 500 sccm/100 sccm). The basic electronic transport characterization of the
MoS, 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 homebuilt 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 (A = 532 nm) and by a supercontinuum white-light source (Fianium
Ltd) equipped with an acusto-optical tuneable filter (AOTF).

6.6.2. RAMAN SPECTROSCOPY DATA

To confirm the number of layers in the selected MoS, 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 MoS, flakes
deposited on the chip and bulk MoS,. As expected, the difference between the energy
of the peaks labeled E;g and Ajg 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 1L and 2L show a difference in the energies
of the E%g and A peaks of 19 cm~! and 21 cm™! respectively. These values are in
agreement, respectively, with single-layer and bilayer-layer MoS, spectra previously
reported in literature.[22]
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FIGURE 6.6: (a)Raman spectra of various MoS, flakes deposited on the chip. The blue circles
refer to the location in panel (b) (traces in lighter color have been obtained in other MoS2 flakes,
not used to fabricate the devices studied in this work). (b,c) Optical image of the fabricated FETs.
The circles indicate the location where the indicated Raman spectra in panel (a) were collected.

6.6.3. LASER-INDUCED TEMPERATURE INCREASE ESTIMATION

To calculate the Seebeck coefficient with equation 6.1, it is necessary to estimate the
temperature difference between the Au electrode and the MoS, flake 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 modelled as presented
(out of scale for clarity) in Figure 6.7(a): a cross section of a single-layer MoS, 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, while ensuring a reasonable solution time.

Note that the roughness of the electrode, as determined with Atomic Force Mi-
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 S1. The incident laser power density is calcu-
lated from the measured power assuming a diffraction limited spot (Rspot~ 500 nm for
A =750nm), a 68% transmission through the objective and the absorption through
the thickness of the material according to I = Iy - (1 — exp(—ad) ) where « is the ab-
sorption coefficient of the Au/Ti electrode and 4 is its thickness (a ~5.5- 10° cm™t
and d = 55nm). We assume that all the incident laser power is converted into heat.
The boundary conditions are as follows: symmetry around the z axis (r = 0), incoming
heat flux density on the area of the spot size equal to the optical power density cal-
culated above, free heat outlet for the SiO, and Si free boundaries (as their in-plane
size is much bigger than the one of the MoS, and the electrodes), room temperature
fixed at the bottom of the 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
thermal 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 highlighted by the green circles in Figure 6.7(a): one on
top of the gold electrode and one on top of the MoS, layer far from the gold electrode.
After 10 ms the system is in steady state and the temperature difference between the
electrode and the MoS,, flake is around 0.13 K. The time to reach steady state is lower
than the laser spot dwell time during the SPCM measurements, therefore the system
can be considered to be in steady state when the 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 MoS, 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 AVprg is proportional to
the temperature difference. In Figure 6.2(b,c), the MoS, 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 MoS, flake, therefore allowing direct
contact between the Au/Ti electrode and the SiO, 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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dmm) p(0m™>) CUkg'KhH) kWmIK?
Au 50 19300 128.74 315
Ti 5 4500 540 21.9
MosS, 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 SiO,, at the same distance of the edge of the flake. The temperature difference in
this configuration is around 2 mK lower, indicating the thermal sinking effect of the
SiO, substrate.
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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 around 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 the Au
electrode, one over the MoS, flake. (c) Difference in temperature between the Au electrode and the MoS,
flake in steady state as a function of the MoS,, flake thickness
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CHAPTER 7

FAST AND BROADBAND PHOTORESPONSE
OF FEW-LAYER BLACK PHOSPHOROUS
PHOTO TRANSISTORS

Michele Buscema*, Dirk J. Groenendijk, Sofya I. Blanter, Gary A. Steele,
Herre S.J. van der Zant and Andres Castellanos-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, from 0.35eV (bulk) to
2.0eV (single-layer). Therefore, black phosphorus is an appealing candidate for tun-
able photodetection from the visible to the infrared part of the spectrum. We study the
photoresponse of field-effect 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-1 s™! current ON/OFF ratio larger than 1-10%, Upon illumination, the
black phosphorus transistors show response to excitation wavelengths from the visible
up to 940 nm and rise time of about 1 ms, demonstrating broadband and fast detection.
The responsivity 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 of the electromagnetic
spectrum.

Parts of this chapter have been published in Nano Letters 14, 3347 (2014) [1].
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7.1. INTRODUCTION

Since the 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 mobilities 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] Silicene, a 2D layer of silicon
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 transition metal
dichalcogenides (TMDCs) shows promising properties for optoelectronic applications
due to the direct bandgap and strong absorption.[9-13] However, these materials
have demonstrated relatively slow photoresponse and, because of the large bandgap
of Mo- and W-based compounds, they are suited for applications in only part of the
visible range of the electromagnetic spectrum. A material with a direct and small
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 allotrope of the element phosphorus.[14-
17] In bulk, black phosphorus is a semiconductor with a direct bandgap of 0.35eV
and mobilities in the order of 10000 cm? V=1 s71.[18] Exfoliated black phosphorus
flakes have been recently used as channel material in field-effect transistors (FETs)
showing mobility values up to 1000cm?V~!s1.[14, 17] Moreover, the small and
direct bandgap opens the door to application 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 mobilities of about 100 cm? V1 s~1
and current ON/OFF ratios larger than 1-10° for holes and 0.5cm?V~!s™! and 10 for
electrons. Upon illumination, the b-P FETs show photoresponse reaching 4.8 mA W1
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 ELECTRICAL CHARACTERIZATION

We isolate few-layer b-P on a SiO,, (285nm)/Si substrate via a modified version of the
mechanical exfoliation method.[19] We fabricate b-P based FETS by standard e-beam
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lithography, metal deposition (Ti/Au 5/50 nm) and lift-off in warm acetone. In Figure
7.1a we show an optical micrograph of the fabricated b-P FET. The metallic leads
were patterned after selection of thin regions in the flake by optical contrast.[20] The
topography of the fabricated devices is studied by atomic force microscopy (Figure
7.1b). The measured height of the flake shown in Figure 7.1b is 8 nm, corresponding
to 15 layers of b-P. Figure 7.1c shows a Raman spectrum of the flake in which the three
peaks characteristic for pristine black phosphorus can clearly be identified.[21] We
performed electrical characterization in dark and under light excitation in a probe
station at room temperature and in vacuum (1- 107° mbar). Figure 7.1d 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 (/gs— Vg at different fixed Vys) in Figure 7.2a show large currents
at negative gate values that decrease to a minimum value at small 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 controlling the gate electric field, unlike MoS, -based transistors.[22, 23]

The current minimum (flatband condition, Vgg) is reached at Vg ~10V, indicating
that the natural doping of this b-P device is p-type and that the bands at Vg =0V
are curved upwards at the contacts, facilitating hole conduction. In the hole doping
regime, the currentlevels 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 of the contacts that generates a small (large) Schottky barrier
for hole (electron) injection (Figure 7.2d). From the measured transconductance, by
employing the formula

dlgs L 1
dVg W Cox- Vgs'

Upg = (7.1)
where L and W are the channel length and width respectively and Cyy is the capac-
itance of the gate oxide,[24] we extract mobilities (urg) of about 100 cm? V-1s~! for
hole transport and 0.5cm? V-!s~! for electron transport without performing any
cleaning or annealing process after fabrication. We note that these values represent a
lower bound as the measurements were performed in two-terminal configuration,
thus including the contact resistance.

The mobility values compare well with recent measurements on similar, ultra-thin
b-P samples.[14-17, 25] Figure 7.2b and Figure 7.2c display the measured output
characteristics (Iqs—Vgs curves at fixed V) for hole and electron doping, respectively.
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FIGURE 7.1: (a) Optical image of the black-
phosphorus (b-P) based FET. The flake is located
on a Si0, /Si substrate and is contacted by Au
electrodes with Ti adhesion layer. (b) Atomic
force microscopy (AFM) 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 I4s—Vgs curves are linear and symmetric in both cases, indicating that the Ti/Au
electrodes make ohmic contact to the b-P flake. In the p-doped region (Vg <Vtg), 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 7.2¢). For electron
doping (Vg >Vgg), only a small current flows through the device under bias, indicating
alarger contact resistance (Figure 7.2f). We note that the transfer characteristics are
shifted towards more positive Vg values by either performing consecutive gate sweeps
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(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 SiO, /b-P interface
or adsorbates on the b-P flake, as also observed in other nanodevices.[26-29] In the
remainder of this Letter, we will discuss measurements performed at Vg =0V so that
the gate-induced stress will not affect the measured data.

b (o

0.8

Vo< Ves ; Vo> Ves

l4s (BA)

FIGURE 7.2: (a) Semi-log plot of the source-drain current (I4s) versus gate voltage (Vg) charac-
teristics of the b-P based FET measured at the indicated source-drain voltages (Vys). The inset
shows the same measurements on a linear scale. (b) I35 versus Vg characteristics measured at
gate voltages below the flatband condition (Vg ~ 10V) in steps of 5 V. (c) Source-drain current
versus source-drain voltage characteristics measured above the flatband condition (Vgg~ 10V)
in steps of 5V. (d) Band diagram at zero source-drain bias showing a cartoon of the Schottky
barriers at the contacts for gate voltages below and above the flatband condition. Er denotes
the Fermi energy. The bands are drawn for Vg <Vgg(green lines) and for Vg > Vg (red line). (c)
Band diagram at Vg <Vgglor negative (top) and positive (bottom) source-drain voltage. (f) Band
diagram at positive Vg >Vgpfor 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
light and recording the current under constant Vgs = 200 mV and zero gate bias. The
laser spot waist is 230 + 8 um for all wavelengths and covers the whole device area.
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Figure 7.3(a) shows the measured current for 940 nm, 885 nm and 640 nm excitation.
The photocurrent is in phase with the excitation modulation and decreases with
increasing wavelength. The clear response to excitation wavelengths up to 940 nm
shows that it is still 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 (NIR) part
of the spectrum, unlike 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 (Iphoto, Iphoto =

At
device yyvhere
Aspot

Liilum, — Idark) by the power incident on the device area (Pq,Pq = Pin -
Pin is the total optical power, Agevice is the area of the device and Agpo: 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 similar behavior (Figure
S6). Since the measurements were conducted at the same incident power for all
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 (A¢y(—off) to be around 997 nm (1.24 eV). The Acut—ofr value is
larger than previously reported photodetectors based on MoS,,[9, 30, 35] WS,,[36]
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 with excitation 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 (1 = 640 nm, Figure 7.3c). The photocurrent
increases sublinearly 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~! with
small source-drain bias (Vgg = 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 following type

Rox PYV, (7.2)

By fitting the data with equation 7.2, we extract @ ~ 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 MoS,,[11, 30] and colloidal quantum dots.[41, 42] This effect can
be associated with a reduction of the number of photogenerated carriers available
for extraction under high photon flux due to Auger processes or the saturation of
recombination/trap states that influence the lifetime of the generated carriers.[40]
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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 conditions indicated in
the panel. (b) Responsivity (R) vs. excitation wavelength (1) at constant power (red squares). The
dashed red line is a linear fit to the data. (c) Photocurrent as a function of time under modulated
light excitation (~ 20 Hz) with different powers. (d) Responsivity (R) vs. power incident on the
device Pq. The red squares represent the measured values while the dashed red line is a power
law fit to the data.

7.4. TIME RESPONSE

By mechanically modulating the light intensity and recording the magnitude of Iy
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 1 ms and
4ms, respectively. We measure the amplitude of the photocurrent as a function
of modulation frequency and power (Figure 7.4b). For the highest incident power
(Pq = 6.49uW), the photocurrent amplitude decreases with increasing modulation
frequency and reaches the —3 dB point at 3 kHz (experimental limit). Furthermore,
as the incident power is reduced, the photocurrent decreases more slowly with the
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modulation frequency, possibly indicating that the f34p of the device is larger for lower
excitation power. The reduction of f34p 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.
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FIGURE 7.4: (a) Photocurrent measured in one 0 v : :
period of modulation of the light intensity (A = 0 = 5 : 1 0'
640nm, Pyq =6.49pW, V45 =100mV). We can t (ms)
estimate a rise (fall) time of 1 ms (4 ms). (b) Pho- b
tocurrent as a function of the modulation fre- R AL T
quency for different incident power levels. 2
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7.5. COMPARISON WITH LITERATURE

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 literature for other devices based
on semiconducting layered materials. The experimental conditions 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 multilayer WS,. 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 (Acyi—off ~
997 nm) and fast (7ise ~ 1 ms) photoresponse makes b-P a very promising material
for photodetection with room for improvement through further device engineering.
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Matesial Measurement conditions Responsivity  Rise time Spectral range  Reference
Vgs(V)  Vg(V) A(mm) PmWem?) R(mAW™) 7 (ms) 2

>1Lb-P 0.2 0 640 1.6-10! 4.8 1 Visible - NIR  This work

1L MoS, 1 50 532 8.0-10* 75 5 -10! Visible 9]

1L Mos, 8 -70 561 2.4-1071 8.8-10° 6 -10 Visible (30]
>1L MosS, 1 ~2 633 5.0-10" 1.1-10% 1 -10°  Visible - NIR 35]
>ILWS,(a) 30 0 458 2.0 2.1-1072 5.3 Visible (36]
>1L In,Se, 5 0 300 2.1-107! 3.9-10° 1.8-10° UV - NIR (34]
>1L GaTe 5 0 532 3.0-107° 1 -107 6 Visible 43]
>1L GaSe 5 0 254 1.0 2.8-10% 3 -10? UV - Visible [37]
>1L Ga$S 2 0 254 2.6-1072 4.2-10° 3 -10 UV - Visible (33]

(@) P in mW

TABLE 7.1: Figures-of-merit for 2D-material-based photodetectors
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7.6. CONCLUSION AND OUTLOOK

In conclusion, we have characterized the opto-electronic properties of b-P based
FETs. In the dark state, the b-P FETs show ambipolar behavior and good mobility
values in the hole doping regime. The ambipolarity opens the door to the realization
of electrostatically defined PN junctions with great promise for both electronics and
optoelectronics. We measure a broadband response to light excitation from the
visible up to the NIR region, in contrast to photodetectors based on TMDCs and other
semiconducting layered materials that are limited to the visible part of the spectrum.
Our results show the potential of black phosphorus as active material for high-speed
NIR detectors.
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CHAPTER 8

PHOTOVOLTAIC EFFECT IN FEW-LAYER
BLACK PHOSPHORUS PN JUNCTIONS
DEFINED BY LOCAL ELECTROSTATIC
GATING

Michele Buscema, Dirk J. Groenendijk,’ 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 of a 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, necessary to realize PN-junctions.
Few-layer black phosphorus (b-P) is a recently isolated 2D semiconductor with direct
bandgap, high mobility, 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 of the local charge carrier
type 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 of the 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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8.1. 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 exceptional
properties when reduced to few atomic layers.[2-4] Due to their remarkable mechani-
cal, [5, 6] electrical [7, 8] and optical properties [9-11] layered materials have proven
to be promising candidates for many applications such as mass sensing,[12] transistor
operation, [8] optical communication[13] and photodetection.[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. transition metal dichalcogenides, TMDCs) to large
bandgap insulators (e.g. hexagonal boron nitride, 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—BN is well-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 its use as channel material, such as high mobility, good current
ON/OFF ratios and ambipolarity. [22-29] 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—BN 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 metallic to diode-like. Under illumination, the PN junctions show photovoltaic
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 DEVICES

To efficiently control the doping level in different regions of the b-P flake, we fabricate
a pair of local gates (Ti/AuPd, 5nm/25nm) separated by a 300 nm gap on a SiO,/Si
substrate by standard e-beam lithography and metal deposition techniques (Figure
8.1a). The schematics below each panel of Figure 1 show a cross section of the device
after each fabrication step. On top of the local gates, we first transfer a thin (~ 20 nm)
h—BN flake for use as gate dielectric (Figure 8.1b).

We select, by optical inspection, h—BN flakes free of large wrinkles and folds
that could hamper subsequent transfer and fabrication steps. Then, we transfer a
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=
Ti/Au  TilAu

Au/Pd  Au/Pd

Sio,

FIGURE 8.1: (a) Local gates (Au/Pd) patterned on the surface of a SiO, /Si substrate. The gap
between the gates is 300 nm wide. (b) After the transfer of a thin h—BN flake on top of the split
gates. (c) After the transfer of a thin b-P flake on top of the h—BN and the split gate region. (d)
The final device after fabrication of the contacts (Ti/Au). The schematics below each panel show
a cross section of the device after each fabrication step. The scale bar is 5 pum for all panels.

few-layer (6 to 7nm) b-P flake on top of the thin h—BN such that it is well centered
with respect to the local gates (Figure 1c). 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 lithography,
metal deposition and lift-off (Figure 8.1d). All electrical measurements are performed
in a probe station in vacuum (1-10~° mbar) to minimize degradation of the b-P flakes
in ambient conditions.[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 (I4) is recorded at constant source-drain bias (Vgs) while
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 positive voltages: Igs varies from a few uA at Vg = —10V to a minimum
of ~100 pA at V; =5V and increases to tens of nA for larger V; values. The non-
monotonic transfer curve is a clear signature of ambipolar transport, indicating that
both hole and electron doping can be achieved, as expected for few-layer b-R[27, 30]

From the Figure, we derive that the b-P transistor on h—BN is naturally P-doped
with an unintentional doping level larger than devices fabricated on Si0,.[22-27, 30]
The field-effect mobility is in the order of 25 cm? V-1 s7! and the current modulation
is more than a factor 1-10* for holes (0.12cm?V-!s~! and 1-10? for electrons). We
observe similar behavior in three fabricated locally 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 less than one order of magnitude for all 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—BN.

Figure 8.2b and Figure 8.2c show the conductance of the device in P- and N-type
operation respectively. The measured Iqs —Vgscurves are linear for both operation
modes over a wide range of gate voltages, indicating that the Schottky barriers do
not dominate the transport and that 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, similar to previous devices contacted with the same metals.[27]

10°
10° 3 10V
5|
z 10° -
g g
3 10! 3 6V
E
E -5
1wl 10
F Vi =500 mVv
10 5 5 100 0 0
-10 -5 0 10 = 5 100 -100 -50 0 50 100
(A Ve (V) Vi V)

FIGURE 8.2: Transfer characteristic at Vgg = 500 mV. The inset shows the data in linear scale. (b)
Output characteristics for Vg from —10 to 4V in steps of 2V. (c) Output characteristics for Vg
from 6 to 10Vinstepsof2V.

8.4. PN JUNCTION OPERATION
The multiple gates in our device allow 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 show false-color maps of the magnitude
of I4s at a fixed 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 condition as determined
from the transfer characteristics measured in single back-gate configuration (Figure
8.2a). In both maps, it is possible to distinguish four distinct regions where current
flows, separated by regions where only a small current is measured (the OFF state of
the device). The previously reported effect of gate-induced stress for devices on SiO,
is drastically reduced by choosing a h—BN 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 SiO,.[27]

The cross of suppressed conductance allows 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 the b-P flake. In Figure 3a, the NN (Vjg = Vig =12V) and PP (Vjg = Vig =7V)
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 (Vig =7V, Vg
=12V) region is much higher than in the PN (Vg = 12V, g = 7V) 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 smaller 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, the 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 flake, 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 flake generate a PN or NP junction,
which is then responsible for the measured rectifying output characteristics. This is
similar to a PN junction in bulk-doped materials in which the dopant charges are now
located at the surface of the gates rather than in the bulk of the 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 Iqs—Vys curves are
linear, as expected from Figure 8.2b and 8.2c. In the PN and NP configuration, the
Iqs— Vys curves are highly non-linear and the device shows rectifying behavior, whose
direction can be controlled by the gate bias polarity. In the PN configuration, the
reverse-bias current is in the order of 1 nA (Vgs = —500 mV), while the reverse-bias
current in the NP configuration is around 5nA (Vg = +500 mV).

To extract the diode parameters, we fit the I4— Vs curves to a modified version of
the 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 WSe,.[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 junctions based on larger-bandgap
single layer WSe,. (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 (+100mV) as the voltage on the two local gates is changed independently. (b) False
color map of the magnitude of the source-drain current at constant bias voltage (—100 mV) as
the voltage on the two local gates is changed independently. (c) Band diagrams corresponding
to the different device configurations (d) Output characteristics of the device in different gate
configurations (PP: Vig= Vig = =10V, NN: Vjg= Vig =10V, NP: Vg =10V, Vig =10V, PN: Vg
=-10V, Vg =10V).

8.5. PHOTOVOLTAIC EFFECT
A characteristic feature of PN junctions is the large built-in electric field that can
be used to separate photoexcited carriers via the photovoltaic 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 (short-circuit current,
Ic) and a photovoltage with no current flowing (open circuit voltage, V;¢). Figure
8.4a shows a false-color map of I of the device under illumination (A = 640nm, P =
3.9 uW) 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 photovoltage (V,); again four
distinct regions appear: large V; in PN and NP configuration and zero V. 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 from
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. If the circuit is kept open, the photogenerated
carriers accumulate in distinct parts of the flake, giving rise to a photovoltage. This
demonstrates that the b-P PN junction can be used for energy harvesting.

9 10 11 12
Vig (V) Vig (V)

FIGURE 8.4: (a) False color map of the short circuit current (Is¢, Vgs = 0V) as the voltages on the
two local gates are changed independently. (b) False color map of the open circuit voltage (Voc,
145 = 0A) as the voltages on the two local gates are changed independently. (c) Band diagrams
illustrating the photovoltaic mechanism in PN and NP configuration: an impinging photon (red
arrow) generates a electron-hole pair that is swept away from the the junction region by the
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 Ijs— Vg characteristics shift towards
more negative current values. This is consistent with a photocurrent generation mech-
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anism where 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 current 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-circuit voltage. The
measured I is in the order of 1 nA and V,,c ~ 50 mV at the highest incident power
and both /¢ and V¢ are linear as function of the incident power (Figure 8.6).

a b
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FIGURE 8.5: (a) Igs — Vys curves in the PN configuration as a function of the incident optical
power (A = 640 nm). The inset shows the electrical power that can be harvested at the maximum
employed illumination power. (b) Output characteristics in the PN configuration in dark (black
solid line) and under illumination of different wavelengths excitation wavelength at fixed power
(P = 0.33pW). The inset shows the schematics of the equivalent circuit.

Moreover, we can evaluate the electrical power harvested by the b-P PN junction
by Py = Vys - Igs (Figure 8.5a, inset) and find that the maximum Py is in the order of
13 pW, in good comparison with other electrostatically defined PN junctions based
on WSe,.[32, 33] While the photocurrent is in the same order of magnitude as similar
devices realized with single layer WSe, [32, 33], the open circuit voltage is lower, due
to the smaller bandgap of few-layer b-P. We note that the measured Vj is significantly
lower than the predicted bandgap of few-layer b-P (~ 300 meV). We attribute this to a
resistance in parallel (R},) to the junction (see inset of Figure 8.5b) which limits Vy
by leakage of photogenerated carriers across the junction. The slope of the Iy — Vy;
curve at Vygs = 0V (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 I4s —Vys curves in PN configu-
ration in dark (solid black line) and with excitation wavelengths of 808 nm, 885 nm
and 940 nm (Pevice = 0.33 uW). Under illumination, the output characteristics con-
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firm that the photocurrent generation mechanism is dominated by the photovoltaic
effect. As the photon energy is increased, both Iy, and V. increase, consistent with
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 smaller than 1.31 eV and demonstrates energy harvesting
in NIR part of the spectrum. This constitutes a strong advantage with respect to
other 2D semiconductors such as Mo— or W— chalcogenides whose large bandgap
(> 1.6 eV) limits their applicability in the NIR.[14, 32, 33]

Figure 8.6 plots the V; (left vertical axis) and Iy (right vertical axis) against the
total optical power incident on the device. I 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 carriers.[32, 35] Also V¢
increases linearly with the incident optical power. In an ideal case, the open-circuit
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).
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A =640 nm
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FIGURE 8.6: Open circuit voltage (left axis, blue dots) and short-circuit current (right axis, red
dots) as function of total incident excitation power.

We measure I under modulated excitation (1 = 640 nm, P 2.7 pW) in the time
domain. We find a short response time 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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Amm) Voo (mV) I @A) PY™ (W) FF(-) EQE (%)

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 Isc))
as a function of wavelength (see Table 8.1). We compare the EQE values to those of
PN junctions based on single layer WSe, [33] and find that the EQE for our devices is
lower for 532 nm illumination and larger for longer wavelengths.

8.6. DISCUSSION

We have fabricated PN junctions based on van der Waals heterostructures of two
different 2D materials: h—BN as gate dielectric and b-P as ambipolar semiconducting
channel material. We demonstrate full electrostatic control of the device by means
of local gating which allows us to tune the electrical behavior of the device from
metallic to rectifying. We observe 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. TWO 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 similar geometry to the device in the
main part of this Chapter. Figure 8.7b displays the measured I4s— Vj traces at fixed
Vas- The two local gates are linked together, so they act as a single backgate (V). This
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second device also displays strong ambipolar behavior, with g varying from a few pA
with Vg =—15V to ~ 500 nA at with Vg = 15V. The inset shows the data in a linear scale.
We extract a field effect mobility of 17 cm? V™! s™!. The I45— Vgscurves of the device in
different gate configurations are shown in Figure 8.7c. The I4s—Vyscurves are linear in
PP ( Vig = Vig = —15V) and NN (Vig = Vig = 15'V) configuration and strongly rectifying
behavior when the gates are biased at different polarities (PN and NP configurations).

Cc

250

-500 -250

0
v, (mv)

FIGURE 8.7: (a) Optical micrograph of the device. (b) Transfer characteristic at Vg = 100 mV.
The inset shows the data in a linear scale. (c) Output characteristics of the device in different
gate configurations (PP: Vg = Vig = =15V, NN: Vg = Vig = 15V, NP: Y =15V, Vg =-15V, PN:
Vig =—15V, Vyg = 15V).

Figure 8.8a shows an optical micrograph of the 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 hBN. Figure 8.8b displays the measured Iys—V; traces at fixed Vys. The two
local gates are linked together, so they act as a single backgate (V;). The inset shows

the data in a linear scale. We extract a field effect mobility of 0.27 cm? V= s™! for holes.

Figure 8.8c shows the I4s—Vyscharacteristics for different gate configurations. The
PP and NN configuration show linear behavior, whereas the PN configuration 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. DETERMINATION OF THE DIODE PARAMETERS WITH SHOCKLEY

MODEL
In this Section, we model the I4s—Vjs characteristics in the PN and NP configuration
of all the measured devices with a modified form of the Shockley equation. In an ideal
case, the relationship between the current (/4s) and the voltage bias (Vgs) across a PN
diode is described by the Shockley model:

IdS:IS{eXp(VdS)—l}, 8.1)

nVr
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FIGURE 8.8: (a) Optical micrograph of the device. (b) Transfer characteristic at Vgg = 100 mV.
The inset shows the data in a linear scale. (c) Output characteristics of the device in different
gate configurations (PP: Vig = Vig = =10V, NN: Vjg = Vig =10V, NP Vig=10V, Vg =—-10V, PN:
Vig=-10V, Vig =10V).

Is (nA) n Ry MQ) R, (MQ)

Device 1 PN 0998 1.288 13.3 347.8
NP 0.279 1.960 11.6 67.7
T PN 195 1.019 2.2 124.3
NP 6.39 1.87 0.327 co?
Device 3 PN 0539 2.459 255 989.6
NP 1.211 0.203 9.8 6.5

a: Ry >1-10° MQ

TABLE 8.2: Diode parameters of the measured devices determined from fitting to equation 8.3.

where I is the saturation current, n is the ideality factor, Vi = kg T (kg 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 recombination mechanisms at the PN junction;
n =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
of the model circuit is presented in Figure 8.9. The series resistance Ry models the
voltage losses due to e.g. contact resistance and the resistance of the degenerately
doped regions of the b-P flake. The parallel resistance R, models additional carrier
recombination mechanisms that drain current from the junction. The slope of the
measured I4s—Vgscurves at Vys = 0V (see Figure 8.9) indicates a non-infinite Ry. To
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include these effects, we can rewrite equation 8.1 as

Vs — Ias R Vs — Igs R
fgs =k {exp (7‘“ ds S) - 1} IS, 8.2)
nVr Ry
An analytical expression can be obtained in the following form:[31]
e, o B { IsRsR,, (Rp (Vo + LRs) )} Ry (Vas — IsRp) B
4= R " 1 nVr (R + Ry) nVr (Rs + Ry) Re+R, '

where 7 is the Lambert 7/ -function.

The measured I4s—Vyscurves 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 Device S2
14 100 6
a 12 O  Measurement b O  Measurement C O  Measurement
——  Model 80 —— Model - 5[ —— Model
10 4
= 8 —_
-] ™ R
80 3
=y R Vi =°2
IﬂS
2 1
0 T 0
-2 -20 o\
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VieV) VW) VysV)
f 30
20
10
<
£ 0
o
-10
-8 (o] Measurement ~300 (o] Measurement -20 o] Measurement
-10 —— Model —— Model —— Model
-12 -350 =30
-03 -02 -01 0 01 02 03 -03 -02 -014 0 041 02 03 -03 -02 -04 0 01 02 03
Ve Vi) V)

FIGURE 8.9: Shackley fits of the IV-characteristics in PN and NP configuration for the measured
devices . (a- c) Igs—Vgscurves in PN configuration (red dots) and model (black solid line). The
inset of (a) shows the circuit model schematics. (d-f) Ijs—Vgscurves in the NP configuration
(blue dots) and model (black solid line)
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CHAPTER A

EXPERIMENTAL METHODS

The fabrication of the devices used in this thesis is introduced, with a special focus
on the method used to transfer the different two dimensional layered materials on a
variety 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 TECHNIQUES

A.1.1. ELECTRON BEAM LITHOGRAPHY

Electron beam lithography is used to fabricate the majority of the devices presented
in this thesis. In electron beam lithography, 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.1a). The scanning of the electron beam follows a user-
defined pattern. The EBPG used in this thesis is a Vistec EBPG5000+ with an accel-
eration voltage of 100kV. 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 followed by the electron beam
(development, see Figure A.1b). Then, metals are deposited (deposition, see Figure
A.1c) and the unexposed resist is dissolved in warm (54 °C) acetone, lifting off the
metal layer on top (lift-off, see Figure A.1d). 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 with metal. This sequence
can be repeated several times (lithographic layers) to fabricate complex devices. To
ensure that every lithographic layer is well-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.

a b C d
i S 3MIBIP|<3/"A1£A 0s Au (AuPd) Acetone 54 °C
S Ti
e ) B —
SiO,/Si
exposure development deposition lift-off

FIGURE A.1: (a) Exposure. The bi-layer resit stack is exposed by the electron beam. The shape of
the exposed area is due to the backscattered electrons from the SiOZ/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, leaving the deposited structure
on the substrate surface.
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A.1.2. EXFOLIATION

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 small 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, until 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 from 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 from 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 SiO, /Si sample, the strip prepared at last is brought
into contact with a freshly cleaned f4x4mm piece of Si (covered with 285 nm ther-
mally grown SiO,), pressure is applied with a cotton swab and the strip is peeled

*Nitto Denko Corporation, SPV 224P
fvarious suppliers, including SPI and webelements.com
*sonication in HNOj, 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 SiO, /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 MoS,, 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-film interference effect given by the thickness
of the SiO, layer on top of the Si. As shown already for the case of graphene [3] and
other layered compound|4, 5], a thickness of 285 nm 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 SiOZT.

A.1.3. FABRICATION OF ELECTRICAL DEVICES BASED ON 2D MATERI-
ALS

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 Si0, /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 Si0,/Si substrates. A dose of 900 uCcm™2,
beam currents of ~ 250 nA and beam spot size of ~ 100 nm are typically used. The
pattern is then developed in a solution of 1 MIBK : 3IPA for 90s and rinsed in pure
IPA for at least a minute. Before metal deposition in high vacuum, a short O, descum
is performed. We usually deposit thick (> 80 nm) bonding pads of AuPd with a ~ 5nm
Ti sticking layer. Both the metal alloy and the thickness are chosen to improve the
wire-bonding success of the final device. After lift-off, the substrate is sonicated in
HNO, and ozone cleaned just before exfoliation.

The electrical connections (leads) to the selected flakes are patterned follow-
ing a similar recipe with a smaller beam spot size (about 20 nm) and higher dose
(1200uC cm™2). 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
of Au is used.

*Olympus BX 51 equipped with a Canon 600D digital camera

1LResistivity 0.01 to 0.05Q cm™! NOVA electronic materials

FPMMA A3 495kDa - bottom and PMMA A3 950kDa - top, both from MicroChem, previously spun
(3000 min~!) and baked (175 °C for 12 min)

134



A.1. FABRICATION TECHNIQUES

A.1.4. ALL DRY, DETERMINISTIC TRANSFER METHOD

The micromechanical exfoliation method outlined in Section A.1.2, coupled to the
possibility 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 flakes, 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
exfoliating 2D crystals onto the same substrate is vanishingly small.

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

In this section, we present a deterministic transfer method based on a viscoelastic
stamp that does not require any wet chemistry step. We transfer atomically thin 2D
flakes 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 XY®
sample stage all fixed to a magnetic optical breadboard (see Figure A.3 and Table
A.1 for a full 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 flakes 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 reflection 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
the thickness of the flake.[12, 18] Once a thin flake has been identified, the acceptor
substrate (sample) is fixed in the center of the XY® 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 the
stamp is then mounted onto the XYZ micromanipulator upside down, so that the top
surface of the viscoelastic stamp - carrying the flakes - faces the sample (Figure A.4b).
The sample and the stamp are then aligned 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, it is possible to align the selected flake on the desired location

*Olympus BX51 with a Canon 600D camera
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FIGURE A.3: Picture of the setup used for the dry transfer of two dimensional materials with
indication of the main components.

of the acceptor surface with sub-micrometer resolution. This is facilitated by the
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 refine the in-plane alignment. Another benefit
of a zoom lens is the possibility to smoothly change the size of the field of view of
the transfer area and correcting for focus shifts without affecting the sample-flake
distance.

Once the selected flake is precisely aligned on and very close to the desired lo-
cation, the transfer is initiated by slowly lowering the stamp and pressing it against
the sample surface (Figure A.4d). The working 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 with the
sample surface, it will start flowing over it. The contact area will change color and
a clear boundary with the non-contact area will be formed. This boundary and the
color changes are used to monitor the extent of the contact area as the position of
the stamp is adjusted during the stamping process. The stamp is lowered with the
micromanipulator until 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 small
shear strain is imparted by a small adjustment of the XY micrometric screws. A slow
releasing speed prevents the formation of bubbles and wrinkles in the transferred

136



A.1. FABRICATION TECHNIQUES

a b c g

Flakes are lransferrgd. The stamp is turned  The flake is alligned on top
onto the stamp by exfoliation upside down of the target substrate

- B
d e f
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The stamp is pressed The stamp is peeled off The flake has been
against the substrate very slowly tansforred

g

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 with the
target area on the substrate (in this case another 2D flake). (d) The stamp is pressed onto the
target surface. (e) The stamp is slowly released. (f) Schematic of the obtained heterostructure.
(g) QR code linking to a real-time video of the dry transfer process explained in panels a-f. Video
linkhttp://goo.gl/tNZQmN

video

e

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
quickly, leaving the desired flake on the acceptor surface (Figure A.4f). A real-time
video of the dry transfer process is available at http: //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 MoS, and other layered compounds.
Figure A.5a shows a vertical stack of single and few-layer MoS, on a few-layer graphene
(FLG) flake on the 285 nm SiO, /Si substrate. Figure A.5b shows a vertical stack of single
and bilayer MoS, on a mica flake, on the usual SiO, /Si substrate. These heterostruc-
tures are just examples that confirm the possibility of transferring MoS, flakes on
top of arbitrary substrates and have been used to study the effect of the substrate on
the Raman and luminescence of single and few-layer MoS,.[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 all 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
Magnificationlens MVL12X20L Thorlabs
Lens and vision DSRL 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
Mechanics Steel bar 39-353 Edmund Optics
Rack and pinion 03-609 Edmund Optics
Steel bar 39-353 Edmund Optics
Post bases (2x) BA2/M Thorlabs
Mzmipulation XY6 sample stage XYR1/M Thorlabs
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 machined in the faculty workshop by Ing. Ron Hoogeheinde.

Extra 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 MoS$,, flake on top of few-layer graphene (FLG)
flake on the 285 nm SiO, /Si substrate. (b) Heterostructure composed of a single and bi-layer
MosS, flake on top of Mica flake on 285 nm SiO, /Si substrate. In both panels, the contours of the
flakes are highlighted for clarity.

A.2. CHARACTERIZATION TECHNIQUES

A.2.1. ATomMmIC FORCE MICROSCOPY

Atomic force microscopy (AFM) is used to characterize the height profiles of . The
AFM used in this work is a Veeco D3100 with a Nanoscope I1Ia controller or a Veeco
Multimode with a Nanoscope I1Ia controller. The cantilever used in this Thesis are
standard Si cantilevers for tapping mode (Olympus, OMCL-AC160TS-R3, fresonance
=300kHz, kspring =26.1N m~!) Usually, the AFM is operated in amplitude modula-
tion (tapping mode): the cantilever is kept in oscillation close to its resonant frequency
and the oscillation amplitude of the cantilever is used as feedback variable. A change
in the amplitude is directly related to a topographic feature. A simple introduction to
the working principle of AFM and over scanning probe techniques can be found at
http://www.ntmdt.com/spm-principles.

A.2.2. RAMAN MICROSCOPY

Raman microscopy is extensively used to reliably determine the number of layers
in flakes of the transition 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 photons allows only momentum-
preserving (vertical) transitions of the excited electrons, to either a virtual or a real
electronic state. The excited electron exchanges energy with allowed vibrational
modes (phonons) and then radiatively recombines, emitting a photon of a different
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FIGURE A.6: (a) and (b) Optical micrographs of single and few-layer MoS, transferred on holes
etched in a 285 nm Si0, /Si substrate. Image courtesy of Andres Castellanos-Gomez.[21] (c)
Tilted-angle SEM image of a multilayer (10 nm) graphene flake embedded in a microwave cavity.
Image courtesy of Vibhor Singh. [22]

energy compared with 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 that 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. OPTO-ELECTRONIC CHARACTERIZATION SETUP

We have developed a setup to perform electrical characterization under excitation
at optical frequencies. The setup is sketched in Figure A.7 and the components/part
numbers are listed 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 parabolic mirror which focuses it into a multimode fiber.
The free space coupling scheme allows to easily control the light intensity via neutral
density filters and frequency modulation by mechanical chopper, before coupling
the light to the fiber. We chose a parabolic mirror as a coupler since its reflected focal
length is independent of the wavelength. At the end of the fiber, an identical parabolic
mirror collimates 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.

mirror - %mirror
chopper
ND filters
optical fiber y, Mmirror
@ parabolic f,”p
¢ mirror

mirror

electrical optical DPSSL

signals ~S——>» device <€— excitation

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

The design principle of the system providing optical excitation 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 10 Wcm™2 on
sample and covers the electromagnetic spectrum with eight wavelengths. Using a
monochromator coupled to a white light source would allow to continuously cover
the UV-visible-NIR region of the electromagnetic spectrum but offer significantly
lower power densities, especially after fiber coupling. Employing supercontinuum
generation coupled with acusto-optical tuneable filters would provide a higher power
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densities (compared with 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 (IVVI-rack
and modules) that allow to apply and read analog currents and voltages. The 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 from the device. The Adwin is computer controlled 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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Description Part number Supplier
A=405nm, Power =20 mW MDL-III-405-20mW  CNI Lasers
A =442 nm, Power = 20 mW MDL-III-442-20mW  CNI Lasers
A =473 nm, Power = 20 mW MBL-III-473-20mW  CNI Lasers

Lhsers A =532nm, Power =20 mW MGL-III-532-20mW  CNI Lasers
A =640 nm, Power =20 mW MRL-III-640-20mW  CNI Lasers
A =808 nm, Power =20 mW MDL-III-808-20mW  CNI Lasers
A =885 nm, Power = 20 mW MDL-III-885-20mW  CNI Lasers
A =940 nm, Power = 20 mW MDL-III-940-20mW  CNI Lasers
Circular flat mirrors (18x) PF10-03-P01 Thorlabs
Z =25.4mm
90° off-axis parabolic mirrors (2x)

Opties & =12.7mm , REL = 25.4mm MPD127127-90-P01 Thorlabs
Graded index multimode optical fiber
@ =62.5um, NA = 0.275, length = 5m Bk L Toneulates
Mounted round variable ND filter NDC-50C-4M Thorlabs
Optical table, 1.2 x2 x 0.21 m T1220CK Thorlabs
Aluminum breadboard, 200 x 900 x 12.7 mm MB2090/M Thorlabs
Kinematic mount for & =25.4 mm optics (18x) KM100 Thorlabs

Mechanics Flip mount adapter (8x) FM90/M Thorlabs
6-Axis kinematic optic mount _ K6X Thorlabs
30-mm cage rotation mount for & = 25.4 mm optics (2x) CRM1/M Thorlabs
SM1-threaded fiber adapters (2x) SMIFC Thorlabs

TABLE A.2: Key components of optical excitation setup. Note that 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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