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We dedicate this review to Prof. Dr. Nazario Martin on the occasion of his 60th birthday.

Carbon-based organic electronics are a technology, with the potential of
complementing and substituting opto-electronic devices based on inorganic
semiconductors and metals. In the group of organic semiconductors, carbon
allotropes come with outstanding opto-electric properties and are remark-
able candidates for novel applications like printed electronics via solution-
processing on mechanically flexible, robust and light weight substrates,
while reducing the environmental impact. Carbon allotropes like fullerenes,
graphene quantum dots (GQD), carbon nanotubes (CNT), graphene and

also diamond are especially interesting for photodetectors due to their tun-
able bandgap, high absorption coefficients and high charge carrier mobi-
lites. These unique opto-electric properties of the allotropes, which strongly
depend on their molecular dimensionality (0D, 1D, 2D and 3D), allow each
allotrope to be used in a preferential range. Hence, relying on the intrinsic
properties of carbon allotropes or by hybridization, carbon-based photodetec-
tors are built for a spectral bandwidth, reaching from gamma-rays to THz
radiation. This review highlights the recent advances in photodetectors based
on fullerenes, GQDs, CNTs, graphene and diamond, with the focus on room
temperature-operated devices. The versatility of multi-dimensional carbon

photovoltaic technology is making a
big impact by reallocating the electric
power, which mankind consumes in the
21st century, to a more sustainable and
environmental friendly technology. For
solar cells, the power conversion effi-
ciency of sun light is of importance and
benefits from a broad optical absorption
and a high photocurrent and photo-
voltage.l!l On the other hand, photode-
tectors are employed with the primary
goal of delivering a precise electrical
signal, photocurrent or photovoltage,
most representative for the detected illu-
mination event. Thereby, they serve as
interface between optical information
and electronic circuitries. Hence, pho-
todetectors find nowadays application in
consumer electronics (digital imaging,
contactless thermometers, self-driving
cars) medical care, environmental moni-
toring, industrial automation, digital

allotropes is outstanding, and promising results outline the maturing of all
carbon-based photodetection across the technologically relevant wavelengths.

1. Introduction

The conversion of light, which is electromagnetic radiation
that carries energy and can be defined by a wavelength or fre-
quency, became essential to the technological age. In modern
societies, it is impossible not to encounter at least one photo-
detecting device or component on a daily basis. Currently, the
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communication, quality control, secu-
rity and astronomy.

For an optimal performance, the
spectral sensitivity and response speed
of photodetectors are chosen to meet the
demands and can be tailored over several orders of magnitude
by adopting the material and device architecture. Two detector
types can be distinguished. i) Photonic detectors (e.g., photo-
conductors, photodiodes, phototransistors) rely on the direct
conversion of absorbed photons to charge carriers, whereas
ii) thermal detectors rather exploit electrical changes upon a
temperature change in the absorber material. Ultimately, the
light matter interaction inside the detector must lead to the gen-
eration of an electric signal and depends on the photon energy
E;, and wavelength A, respectively. For high energy photons,
gamma rays (Ep, > 100 keV, 4 < 12 pm) and X-rays (Ey, > 1 keV,
A < 1 nm), effects like the photoelectric effect, Compton scat-
tering or pair production determine the electric response and
increase with the atomic weight of the photoactive material uti-
lized in the detector. Commonly used for direct X-ray detectors
are photoconductors like amorphous selenium (a-Se) or cad-
mium telluride (CdTe).2?! For photodetection of longer wave-
length and smaller photon energies, semiconductors are suit-
able, as the photoresponse is rather based on electron-hole pair
generation by optical excitation across the bandgap. Preferred
detector materials for ultraviolet (UV) light, which is defined
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from extreme UV to the UV-A band (124 eV > E,, > 3.1 eV,
10 nm < A < 400 nm), are wide-bandgap semiconductors such
as GaN, AIN or ZnO.* Furthermore, nano-scale transition
metal oxides and alloys are gaining significant attention for
their potential use in novel printable and flexible ultra-compact
and self-powered photoelectrochemical UV photodetectors.>*!
With increasing wavelength across the visible range (VIS) of
the spectrum from 380 nm to 780 nm the required bandgap
has to decrease in order to shift the absorption onset to 1.6 eV
(=780 nm). Here, silicon (Si) is the common semiconductor
found in respective photodetectors. Entering the near infrared
(NIR) spectrum (1.24 eV > E,, > 0.41 eV, 1 pm < A < 3 pm),
photodetection in Si is limited by its absorption edge at
1.1 um, hence material combinations like Si/Ge heterojunc-
tions!”l or T11-V (e.g., indium gallium arsenide, InGaAs) semi-
conductor alloys, with even smaller bandgaps, have to be used.
For instance, InGaAs photodetectors can be used up to a wave-
length of 2.6 um at room temperature, and the integration of
Ge photodetectors on Si helps to enable on-chip optical com-
munication around 1.5 pm.”#!

For the detection of mid infrared (MIR) light
(0.41 eV > Ey, > 25 meV, 3 um < 4 < 50 um), one material that
stands out is the ternary II-VI alloy mercury cadmium telluride
(HgCdTe). Depending on the composition, the bandgap can be
tailored for light absorption from 1 um up to 12 pm.B® How-
ever, it must be noted here, that the photon energy approaches
the thermal energy at room temperature of kpT = 25 meV,
where kp is the Boltzmann constant and T the temperature in
Kelvin. Hence, at room temperature for MIR detection >3 pum,
the detectors are often cooled below 300 K to improve the detec-
tivity and reduce the thermal noise.

With the transition from the MIR spectrum to the far infrared
(FIR) spectrum (25 meV > E,, > 1.2 meV, 50 um < A < 1 mm)
the detection mechanism changes more and more from a
photonic to thermal nature. Additionally, the wavelength selec-
tive detection is not as critical anymore to applications, so that
thermistor-based bolometers (e.g., with vanadium oxide) and
thermopiles are used for photodetection. In between the MIR
and FIR spectrum the THz technology has manifested the
nomenclature of the THz spectrum which is widely accepted
to be within the wavelengths of 30 um to 3 mm, corresponding
to a frequency range of 0.1-10 THz. Due to the partial overlap
with the MIR and FIR spectrum, the definitions are often used
interchangeably.

One common analogy shared by all commercially available
photodetectors, covering the electromagnetic spectrum as intro-
duced above, is that the utilized photoactive materials are inor-
ganic. The manufacturing process of all these semiconductors
and complex alloy systems require at some point a high tem-
perature (several hundred°C), high energy consuming step.1%
The growth processes are facilitated in elaborate processes
like metalorganic chemical vapor deposition (MOCVD) and
various other epitaxial growth methods, which are complex,
sensitive to process fluctuations (e.g., material purity, atmos-
phere) and have in general a high technological demand.l'!
Owing to the processing methods, the maximal size of detector
arrays and imagers is limited by the substrate size, which in
many cases are Si wafer with currently 12 inch (300 mm) in
diameter. Moreover, the processes and the photoactive mate-
rial itself often contain hazardous elements like Pb, Hg, Cd,
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Figure 1. Reported, spectrally resolved responsivites for carbon allotrope based photodetectors are summarized. Data is extracted from literature
and is introduced within the scope of this review.?02136-4 The broad coverage of the electromagnetic spectrum by photoactive carbon is remarkable.

and As. Nevertheless, the advantageous properties prevail, and
inorganic semiconductors for photodetectors have been devel-
oped for many years with great advances on miniaturization,
increased response speed and responsivity, a large dynamic
range, and low noise operation. They are often motivated by
compatibility with industrial complementary metal oxide semi-
conductor (CMOS) standards.['2-14

Anyhow, since the 1960s, the emerging field of organic elec-
tronics has developed tremendously in pursuit of the inorganic
semiconductor technology and nowadays offers alternatives to
many opto-electric applications, so far dominated by inorganic
semiconductors or metals, like transparent electrodes,'” thin
film transistors,[% solar cells!'”"'® and also photodetectors.['’]
The development is driven by several advantages over inorganic
counterparts and gains more momentum with increasing sci-
entific and industrial advances. The processing methods for
organic components are in general milder than for inorganic
ones, and reach from thermal evaporation to high throughput
roll-to-roll printing on flexible substrates. The strong light inter-
action of organic semiconductors, especially in the NIR, attrib-
uted to absorption coefficients of >10° cm™, requires only film
thicknesses of some hundred nanometers for sufficient light
absorption. These make organic, opto-electric materials very
attractive for large area device fabrication, with very little mate-
rial consumption. Eventually, inexpensive, printed electronics
are anticipated for applications where a reduced weight and
flexibility are inevitable, and already show the potential of com-
plementing or even replacing some of the existing inorganic
semiconductor technologies.?*-%°]

Besides the variety of available semiconducting, conjugated
polymers and small molecules,?® over the last two decades
three new carbon allotropes where discovered, namely fuller-
enes, carbon nanotubes (CNTs) and graphene. Fullerenes, the
smallest allotrope, can be considered a quasi zero-dimensional
(0D) spherical molecule due to its diameter of less than one
nanometer.”’ CNTs on the other hand have a tremendous
aspect ratios of >10° and therefore can be viewed as one-dimen-
sional (1D) structures. By covering macroscopic areas, despite
being atomically thin, graphene represents a two-dimensional
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(2D) structure of carbon. Stacking several graphene layers
results in graphite, as one of the three-dimensional (3D) carbon
allotropes. The second one, diamond, consists of tetrahedrally
bond sp*hybridized carbon atoms. Despite sharing one and
the same element, the allotropes’ structures and dimensionali-
ties determine quite diverse opto-electric and thermo-electric
properties. Great advances in research demonstrate how these
allotropes can be in fact used in their pristine or chemically
modified configuration to harvest a photocurrent,['®28] generate
a thermal- or photovoltage,??% emit light,3%3! respond to a
field effect®233] and efficiently conduct high currents.[">343% All
of these properties give rise to future, environmental friendly,
highly functional all carbon electronics.

Highlighting the unique, structure related, opto- and thermo-
electric properties, we summarize various works on photodetec-
tors within this review paper, incorporating 0D, 1D, 2D, and 3D
carbon allotropes. We emphasize the latest achievements from
literature, in which the opto-electric properties of the carbon
component are responsible for the core functionality of the
photodetector device. That means, the light absorption as well as
the electric signal generation is enabled by the carbon allotrope
within the photoactive layer. As long as this prerequisite holds
and they lead to performance enhancing effects we briefly intro-
duce organic/organic and organic/inorganic hybrid structures as
well. It is evident from the spectral responsivity of various carbon-
based photodetectors, summarized in Figure 1, that carbon allo-
tropes are more than suitable to facilitate room-temperature
photodetection across an amazingly broad electromagnetic spec-
trum, reaching from gamma rays to THz radiation.

2. Photodetector Figures of Merit

In this review, a broad variety of photodetectors with different
working principles will be introduced. Therefore, this section
provides a brief explanation of the key parameters, which define
the photodetector performance in the respective cases.

The most fundamental performance metric is the respon-
sivity R of a detector. It relates the photocurrent I, or
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photovoltage V,;,, generated upon irradiation, with respect to
the incident illumination power P, according to

R,=IﬂorRV=@ (1)
0 0

with units of A W and V WL

Whenever the photoresponse of the detector is about the
photogeneration of free charge carriers which will be collected
as photocurrent, the internal (IQF) and external quantum effi-
ciency (EQE) can be additionally used to quantify it. The IQE is
defined by the number of collected charge carriers per absorbed
photons at a specific wavelength A and does not exceed unity.
The EQE on the other hand is defined by the number of
collected charge carriers per total incident photons. Hence the
EQE is usually found to be smaller than the IQE due to trans-
mission and reflection losses and/or due to a small absorp-
tion cross section of the photoactive device. Because the EQE
is a function of the wavelength it is also related to the photon
energy Ejj, and the illumination power, respectively. Therefore,
it can be converted to R; according to

lq q I;,
R =EQE ~A=FQF 1 =2
1 =FQE - Q ) )

where g is the elementary charge, h Planck’s constant and ¢ the
speed of light.*”] However, exceeding unity EQF is possible for
photoconductors. That means, per photo-generated electron-
hole pair several more carriers are detected, which is feasible if
one carrier type is being trapped after generation, allowing the
other carrier type to transit the photodetector for several times
before recombination.**% The mechanism is described as
photoconductive gain and typically seen in systems with unbal-
anced electron-hole mobilities. Photoconductive gain manifests
as a factor G on the photocurrent and is defined as the ratio of
the charge carrier life time 7 and their transit time 7,,:

G=— (3)

Since the photodetector’s temporal response is proportional
to the transit time, it is always a trade-off between a higher gain
and a faster operation speed. The bandwidth limitation f;, due
to the transit time follows

oV 11
"o &2 2w,

“)
and shows that by either decreasing the device thickness d or
increasing the carrier mobility u it is possible to optimize the
detector bandwidth.*’] Eventually a transit time and RC time
component limit the overall photodetector bandwidth, which
is expressed in form of the cut-off frequency determined per
definition to be the upper bandwidth limit, where the signal
amplitude dropped by 3 dB (=70%) with respect to its max-
imum. Alternatively, the detector response to a light pulse can
be recorded. The time it takes the signal to rise (fall) from 10%
to 90% (90% to 10%) is determined as rise time ¢, (fall time
t). A high response speed is desired, e.g., for communication
purposes within the GHz bandwidth.>"

wileyonlinelibrary.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

Next to the quantum efficiency and speed it is equally impor-
tant for photodetectors to detect low light intensities and to
maximize the signal-to-noise ratio (SNR). The noise equiva-
lent power (NEP) defines the smallest detectable signal which
gives a SNR =1 at one Hertz output bandwidth B. It therefore
defines the smallest detectable signal according to

(I;)/B

LV

NEP= (5)

where \/{I%) is the root-mean-suqare of the noise current I,. Unit-
wise, the NEP is expressed in W Hz /2. The noise current of a
detector is composed of frequency independent noise sources
such as white thermal noise and frequency dependent sources
like the shot noise and the 1/f noise. Shot-noise I occurs due
to fluctuations in the current density by the nature of the charge
transport and is proportional to the DC current Ic. It is given by:

(Ii,) =2qBI s (0)

The low frequency 1/f noise often has the major contribu-
tion. Nevertheless, it is often easier to reduce the electronic
noise by annihilating the high dark current, which flows in
absence of illumination, by e.g., operating the photodetector in
the photovoltaic (PV) mode. The disadvantage is that in the PV
mode the gain is per definition smaller than unity and detector-
technologies with good photovoltaic properties often feature a
high, speed limiting capacitance.

Normalizing the NEP to the device area yields the so-called
specific detectivity D* (hereafter referred to as detectivity if not
stated otherwise) in the units of cm Hz/2 W~! or Jones respec-
tively. The detectivity of a photodetector describes the SNR for
a photoactive area A of 1 cm? under an optical illumination
power of 1 W at a bandwidth of 1 Hz. Thus it can be used to
quantitatively compare different devices. Nevertheless, it should
be noted here, that the noise current is occasionally estimated
by the shot noise and thermal noise only, without relying on
the actual frequency range of the measurements. This generally
leads to an over estimation of the detectivity and complicates
direct device comparison nonetheless.?

D* is defined according to

JA

D>‘< —
NEP

)

Slightly different key parameters are defined for thermo-
electric detectors. In case of contactless temperature sensing
the change of electrical resistance within an absorber material,
hence referred to as thermistor, is detected upon a temperature
change, recognized as the bolometric effect. To evaluate the per-
formance of a thermistor the temperature coefficient of resist-
ance (TCR) is defined as
TCR= l d—Z (8)

Z dT
where Z is the electrical resistance and dZ/dT the change
in resistance with temperature. The TCR is given in units
of % K-1. Similar to the NEP, for thermal sensors the noise
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Table 1. A list of photonic detectors based on various carbon allotropes as active material.
Active Material Detector Type Wavelength Responsivity EQE Gain Specific Detectivity brise tay  Year/Ref

[nm] [%] [cm HZ'/2 W] [ms] [ms]

[A/W] [V/W]
C60 photodiode 340-470 0.37% - 3.2x 10" @ 35 Hz 0.031 0.037 201306
C60 phototransistor 470 1047 - 2762 - - - 201454
C60-ribbon photoconductor 350-360 90.4 - 316 - 500 500  2013B%
450-750 75.3 - 161 -

GQDs photodiode 254 0.0021 <5.9 - 9.59x 10" @ 1.5 kHz 64 43 201508
GQDs/Graphene phototransistor 325 4x107 ~26 3.75%10° - 5 13 2013149
GQDs photoconductor 405 325 - - - 201467

980 4.79 - - - 50000 -
GQDs/Graphene photoconductor 400-800 0.2-0.43 719 - 9.5% 10" @ 10 kHz =10° 0.080 20145
SWCNTs/Graphene phototransistor 650 120 <34 ~10° - ~0.1 ~0.1 201567
SWCNTs/C60 phototransistor ~ 1000-1400 220 - 3-4x10* 12x10° @ 1 kHz 2-4 2-4 2015068
MWCNTs/Graphene photoconductor ~ 1000-1300 3065°) - - 1.5%x10” @100 Hz 1.5 1.5 201369
SWCNTs photodiode 1800 1.5%x10% - - 1.25x10" @ 1 Hz 20 20 20160
Graphene pn-junction photodiode 600-1000 0.552 852) - 9.7 % 10" =11.7x 1073 2014431
Graphene phototransistor 1550 0.006 - - - =2x 107 201020
Graphene/SiO,/Graphene  phototransistor 1300 4 - - - 201444

3200 1.1 - - -
Polycrystalline diamond photoconductor 157 ~0.077 - - - 12.3 x 107%0) 2001 1461
Polycrystalline diamond photoconductor 200 - - - 1% 108 - 1000°) 8800°)  1998l60
Single crystal diamond photoconductor 220 0.2 - - - 0.02 1 2015061

340 0.048 - - - - -

AThis value is an averaged of the spectral data provided within the original publication; ®Value was not specifically named by the authors, however could be extracted from

their data. Not available data is marked by a dash sign -.

equivalent temperature difference (NETD) is used to describe
the smallest detectable temperature difference. The NETD is
also susceptible to frequency dependent and independent elec-
tronic and thermal noise.

The second type of thermal detectors, exploiting the pho-
tothermoelectric (PTE) effect as detection mechanism, and
rquires another figure of merit, ZT.P¥ The ZT factor, is
determined according to

_S’T
K

zZT

©)

where S is the Seebeck coefficient, o the electric conductivity
and x the thermal conductivity of the active material. Mini-
mizing ZT is important as it correlates inversely to the NEP of
thermo-electric detectors according to

2
NEP— Wk, T’ WLVH 0
N (10)

with W being the active layer width, L the thermal length over
which the temperature decays within the active film and H the
heat transfer coefficient to the substrate. Equation (10) applies
if the device is limited by thermal Johnson noise only.
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A summary of the so far highest reported device perfor-
mances, with regard to the spectral sensitivity, can be found in
Table 1 for photonic and in Table 2 for thermoelectric carbon
allotrope-based detectors. The particular devices and underlying
working principles will be discussed in more detail.

3. Zero-Dimensional Carbon Allotropes
for Photodetection

Particles or molecules, that are made up of only a few atoms,
have a spatial extent of not more than a nanometer. Therefore,
they are considered as materials with zero dimensionality. The
most famous carbon allotrope of the 0D class is the fullerene.
It is a sphere like cage of pentagonal and hexagonal rings of
sp>hybridized carbon atoms, resembling the pattern of a
football. The fullerenes or buckyballs were first discovered in
1985 by R. Curl, H. Kroto and R. Smalley, and rewarded by the
Nobel prize in chemistry in 1996.1! The molecules have been
heavily researched ever since for a variety of properties such as
high electron affinity, high charge transport and high degree
of surface sensitivity.) Besides in photodetecting devices,
which will be introduced in more detail below, they addition-
ally found application for these molecules in electronic devices

wileyonlinelibrary.com
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Table 2. A list of thermoelectric detectors based on various carbon allotropes as active material.

Active Material Detector Type Wavelength Responsivity TCR @ 300K NETD trise Year/Ref.
[um] [V/W] [96/K] [K] [ms]
SWCNTs bolometer 0.3-3 48 10 - 83 2013062
MWCNTs + antennae bolometer 10.6 800 0.3 - 25 2013163
MWCNTs bolometer 6-14 138 2.1 1.1 - 2013064
NEP
W Hz /7]
SWCNTs thermocouple 0.66-3.3 1 - 600 20131401
SWCNTs thermocouple 96.5 2.5 20 % 10° - 201421
119 2.4 - -
215 1.7 - —
Graphene thermocouple 119 10 16x 102 110x107° 20140421

like photovoltaicsl®”! and organic field-effect transistors, 36869

which demonstrate the versatility of the material class. How-
ever, their most prominent application today is as an electron
accepting semiconductor in heterojunction organic solar cells.

Carbon nanoparticles are a rather young discovery of the year
2004 and can be considered, next to fullerenes, another 0D form
of carbon.”” Although the morphology of the particles can vary
quite a lot, they were assigned to the class of carbon allotropes,
since their main constituent is fragmented graphene. Due to the
variety in morphologies, there are different terminologies used
interchangeably in literature. Within the scope of this review,
we will address carbon nanoparticles independent of their struc-
ture and chemical modifications as graphene quantum dots
(GQD). The individual graphene layers can be nicely visualized
under TEM, as exemplarily depicted in Figure 2.

a)

2800

Over the last decade carbon nanoparticles gained a lot atten-
tion by researchers across different communities, because
of their various exciting properties such as remarkable
photoluminescence, low photobleaching, chemical stability,
low toxicity, bio compatibility, dispersability in water, and last
but not least carbon as abundant low cost core element. Hence,
GQDs are readily used in a huge variety of opto-electronic appli-
cations like photodetectors, solar cells, organic light-emitting
diodes but also lithium-ion batteries, supercapacitors, catalysts,
chemical sensor (ion detection) and fluorescent biomarkers./?
Recent advances in material design, device architecture and
processing methods have demonstrated both 0D materials
as suitable alternative, perhaps even replacements, for some
inorganic photodetector technologies in the UV-NIR spectrum.

3.1. Fullerene-Based Photodetectors

'L
"

e
e wed Fullerenes, and some derivatives thereof,
show a dominant absorption below 400 nm.
Hence, using them as the sole photoactive
material in a UV detector system is a straight
forward approach. The absorption spectra
of pristine Cg molecule and derivatives,
such as e.g., PC¢;BM, ICBA or PC;BM, are

fairly similar. Since PC;;BM incorporates a

Figure 2. a) and b) TEM and HRTEM images of PANI-GQDs, respectively. b) The atomic
planes exhibit a spacing of 0.21 nm, corresponding to a lattice spacing typical for graphite.
Reproduced with permission.”!l Copyright 2015, The Royal Society of Chemistry. c) and
d) HRTEM of a single nitrogen-doped GQD with a lattice plane spacing of 0.38 nm. The func-
tional groups induced increased lattice constant. Reproduced with permission.’”) Copyright

2014, American Chemical Society.
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larger Cy, fullerene cage with greater elec-
tron delocalization, the absorption is slightly
extended to visible light. Unlike pristine
Cgo molecules which need to be thermally
evaporated onto the substrate of choice due
to their high crystallinity, fullerene deriva-
tives aim basically for enhanced solubility
in organic solvents through covalently
attached functional groups to enable solu-
tion processing/printing. Despite the more
elaborate process, Cg molecules are pre-
ferred for manufacturing homojunction
photodetectors, mostly due to their superior
electrical properties in comparison with the
derivatives.
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Ma et al. could demonstrate the electronic potential of Cgq
in electronic devices, by creating a Cqp-diode of rather simple
architecture.®® Cg, was sandwiched between an ohmic Cu
(cathode) and an Al (anode) contact, creating a diode sustaining
an extremely high current density of 363 A cm™. The electric
response speed of this diode to an AC voltage signal reached
1 MHz, which is very high for an organic diode. The bandwidth
was thought to be increased further by decreasing the device
capacitance and area respectively.>* Hence, it is strongly pre-
sented that Cg alone fulfills the required opto-electric proper-
ties to build a potentially high performance UV detector.

Sufficient bandgap irradiation generates excitons, i.e., a
bound form of an electron-hole pair, which need to be sepa-
rated via an external electrical field. The intrinsic n-type nature
of Cgy implies the use of rectifying contacts in order to prevent
undesired charge recombination and injection at the elec-
trodes. With rectifying contacts, it is possible to reduce the
dark or leakage current and minimize the noise equivalent
power and improve the detectivity. Often aluminum is used as
cathode since its work function of —4.2 eV forms a good contact
to the lowest unoccupied molecular orbital (LUMO) of C60 at
LUMOc¢gy = —4.5 €V. On the other hand, the anode is often a
combination of indium-doped tin oxide and a hole transport
layer (e.g., poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate — PEDOT:PSS) due to the need for transparency, which
at the end forms a selective contact to the highest occupied
molecular orbital (HOMO) of C60 at HOMOcg = —6.1 €V.1]

Within this concept, the importance of the quality of selec-
tive contact formation was demonstrated by the work of Guo
and coworkers.*®l In order to reduce the dark current, a cross-
linkable  4,4"-bis[(p-trichlorosilylpropylphenyl)-phenylamino}-
biphenyl (c-TPD) layer was introduced as an additional hole
transport layer with better electron blocking properties on top
of PEDOT:PSS (Figure 3a). Since ¢-TPD introduced a large
electron injection barrier at the anode side, as illustrated in the
energy diagram in Figure 3D, the dark current was reduced to
the order of magnitude of the shot noise limit, enabling a NEP
of only 0.55 pW, which resulted in a remarkable linear dynamic
range of 90 dB of the detector. Nevertheless, a drawback of the
more effective hole blocking layer was the reduction in EQE
down to 40%, averaged over the spectral range from 340 nm
to 470 nm. However, within the same spectral range, the mean
specific detectivity of 2.5 X 10'! Jones was reached, as plotted in
Figure 3c. The on and off current transient had a rise (fall) time
of 31 us (37 us) and was actually limited by the measurement
equipment. Hence, the operation bandwidth of the detector was
determined approximately 20 kHz but was expected to be even
faster.13%

Similar interface modifications presented in Cq, photodetec-
tors have been further investigated in phototransistor devices.
R. Ahmed et al. presented that the evaporation of parylene
on Cg, (top-gated) introduces free radicals at the interface.’>¥
These radicals acted as hole-traps, whereby the light-induced
threshold voltage shift became strongly influenced by the
wavelength and the incident light intensity. Operated as photo-
detector, the device showed a photoresponse at 470 nm of 1000,
a remarkable responsivity of 1047 A W~! and a photoconduc-
tive gain of more than 2700. Starting from the absorption edge
of Cg at 550 nm, the spectral response of the device increased
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Figure 3. a) Layer stack of a Cg photodiode. The PEDOT:PSS hole
transport layer was supported by an additional electron blocking layer of
c-TPD, which dramatically reduced the dark current of the diode. The elec-
tron injection barrier through c-TPD becomes clear in the energy diagram
b). c) Shows the spectral detectivity of the Cgy photodiode. Reproduced
with permission.[l Copyright 2013, Wiley.

further for smaller wavelengths in agreement with the absorp-
tion coefficient.’

Another phototransistor device was reported by Luo et al.,
where a very thin layer of polyvinyl alcohol (PVA) and octa-
decyltrichlorosilane (OTS) was used to modify the interface
between Cgo and the SiO, dielectric.”? This interfacial modifi-
cation was claimed to reduce interface trap states, which led to
an increased responsivity of 234 A W~ under a weak (2 nW)
405 nm light pulse for a gate voltage of 50 V and a source-drain
field of 10* V cm™. Hence, the detectivity reached 8.1 x 10'?
Jones, and the EQE was exceeding 70000%. The response
time was reported as 210 ps (140 us) rise (fall) time, which is
faster than the response time observed for the detectors based
on inorganic compound semiconductors in belt or ribbon
configuration.”?!

As an alternative to the thermal evaporation of Cgy molecules,
L. Wei et al. have developed a way to control the self-assembly
of Cgy molecules from solution into - stacked 1D Cg, chains
which further aggregate into single-crystalline ultra-thin 2D
microribbons.P% For this process, Cq, was dissolved in CS,
under the presence of a poor solvent like iso-propanol (IPA).
This allowed the stabilization of the crystallizing microribbon
structure by the CS,. Subsequently, the obtained solvated mon-
oclinic microribbons of Cgye3CS, were converted into pure,
densely packed fcc Cgy microribbons via sublimation of CS,
at 120 °C as illustrated in Figure 4a. A TEM image of some
Cgo microribbons in the fcc form is depicted in Figure 4b.
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Figure 4. a) After precipitating C60 molecules from a CS2 solution,
monoclinic solvated microribbons are obtained. Upon heating, microrib-
bons transform into fcc structure due to CS2 sublimation. b) TEM image
of C60 microribbons on a lacey carbon grid. c) Contacted by two Au elec-
trodes, rather symmetric IV curves indicate an on/off ratio of more than
one order of magnitude for UV and VIS illumination. Reproduced with
permission.’S! Copyright 2013, American Chemical Society.
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Both microribbon structures exhibit a high photoconductivity,
demonstrated by a simple device of one ribbon contacted by
symmetric gold electrodes. The performance was evaluated
under UV (350-360 nm) and VIS (450-750 nm). For the mono-
clinic (fcc) microribbon the on/off ratio under UV illumination
was 250 (69) and thereby slightly higher than the on/off ratio
under VIS light with 200 (40), as seen by the corresponding
IV curve, plotted in Figure 4c. Mainly due to an elevated dark
current caused by the heat-induced defects, the on/off ratio
decreased with the fcc transformation. Nonetheless, since
the fcc transformation increased the light current as well, the
responsivity improved from 25 to 90 A W' under broadband
UV illumination and from 24 to 75 A W' in broadband VIS
illumination.>

As mentioned above, Cq, can be made soluble in organic
solvents by functionalization. The increased solubility addi-
tionally enabled the direct mixture of fullerene derivatives like
PCBM with semiconducting absorber polymers and small
molecules: a concept which was first introduced in 1995 and
named bulk-heterojunction.”* The intermixing of both compo-
nents tremendously increases the contact surface between the
electron accepting PCBM and the hole conducting (electron
donating) organic semiconductor phase. Devices comprising

wileyonlinelibrary.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

such a bulk-heterojunction typically establish a build-in elec-
trical field, due to the high electron affinity of fullerenes. Thus,
the dissociation of photogenerated excitons is facilitated much
more efficiently reaching internal quantum efficiencies of
about 100% without external bias.””) Therefore, the bulk-heter-
ojunction active layer blends led organic solar cells to become a
competing technology with recently certified record efficiencies
of 11.5%.%] Tt should be noted that in the bulk-heterojunction
concept the main light absorption is determined by the donor
material rather than the fullerene. A more detailed comparison
of absorber polymers and small molecules can be found sum-
marized in detail elsewhere.l’778l

3.2. Fullerene Hybrid Photodetectors

As the fullerene component in a bulk-heterojunction layer plays
a crucial role on the functionality, and the operating voltage
itself can determine the difference between a solar cell and a
detector, the application of fullerene-based bulk-heterojunction
blends has additionally established the field of organic photo-
diodes. The spectral response of a bulk-heterojunction blend
is usually tailored by the bandgap of the selected donor mate-
rial. While a broad absorption is appreciated for solar cells (i.e.,
small bandgap between 1.4 eV and 3 eV), a narrow absorption
can be desired for organic photodiodes, especially for color
detection and imaging.’>798% With respect to the spectral sen-
sitivity, we want to introduce a few successful hybrid devices
which expand the detection limits beyond VIS-NIR region
and still take the advantage of a fullerene-based organic bulk-
heterojunction host matrix.

Lead sulfide (PbS) for instance is an IR absorber which is
successfully synthesized as quantum dots and can be pro-
cessed from solution similar to fullerene derivatives. More-
over, the absorption edge of PbS quantum dots can be tuned
over particle size-induced quantum confinement effects
from 850 to 3500 nm, which makes these quantum dots very
promising as direct converter or sensitizer.B183 During the
synthesis, ligands are required to facilitate the particle growth
and prevent particle agglomeration. These rather insulating
ligands (usually long oleic acid molecules) remain inside the
layer after PbS quantum dot solution is coated on a substrate,
thus preventing sufficient electrical transport and good detector
performance. One way to recover device performance is to
exchange long ligands like oleic acid with shorter molecules,
which might diminish device lifetime due to particle degrada-
tion.®¥ Instead, Rauch et al. embedded PbS quantum dots,
with ligands still attached, into a poly(3-hexylthiophene-2,5-diyl)
(P3HT) and [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM)
bulk-heterojunction matrix.®>#l Upon IR irradiation free elec-
trons and holes would be generated in the PbS quantum dots
and extracted over the organic matrix. Electrons were prefer-
ably transferred from the lowest unoccupied state of the PbS
nanocrystal to the LUMO of PCBM at =4.3 eV.*8] P3HT, on
the other hand, with its HOMO level at =5.2 eV underwent an
energy alignment with the highest occupied state of the PbS
nanocrystals. Hence electrons were transferred and extracted
along the connected PCBM pathways, whereas holes traveled
within the P3HT phase. It should be noted that the quality of
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the energy alignment between PbS and the organic matrix is
usually quantum dot size dependent.l®”] The best performance
was achieved with 4.5 nm PbS quantum dots. At 1200 nm
illumination, the detectors showed an EQE of 16% and respon-
sivity of 0.16 A W~'. The detectivity was determined as 2.3 x 10°
Jones. By increasing the quantum dot size to 5.2 nm, the device
sensitivity could be even extended to 1850 nm, far beyond the
silicon edge of 1100 nm.[®°]

In a related approach of hybridization, Biichele et al. achieved
the sensitization of a bulk-heterojunction matrix to the com-
plete opposite side of the electromagnetic spectrum, namely
X-rays.®8 They dispersed um-sized terbium-doped gadolinium
oxysulfide particles within the photoactive P3HT:PCBM. Under
X-ray excitation the gadolinium oxysulfide particles would emit
green light at 545 nm, close to the absorption maximum of
P3HT. Once the emitted light was absorbed by the P3HT:PCBM
matrix, the exciton dissociation was facilitated at the interface
between both organic components and extracted by an external
electrical field. The specific X-ray sensitivity of the detectors
reached 5.76 uC mGy™! cm™, which reads as generated charge
per absorbed X-ray dose and detector volume. The value is not
as high as the well-established commercial detectors made
from amorphous selenium (up to 17 pC mGy ' cm=),% how-
ever the advantages of solution processing, low-cost fabrication
and the possibility of a curved and high enduring X-ray detector
were maintained.

Essentially, fullerenes themselves can potentially serve as the
photoactive material in UV and deep UV photodetectors, and
recent works have proven that by further optimization of device
architectures highly sensitive photodetectors can be achieved.
Nonetheless, fullerene derivatives which can be intermixed
with other organic, solution-processed semiconductors and
act as electron acceptor demonstrate a broader potential of this
zero- dimensional class of carbon allotropes. Eventually organic
photodetectors were achieved with a sensitivity from X-rays to
IR by utilizing Cgy molecules.

3.3. Graphene Quantum Dot-Based Photodetectors

A planar infinite graphene sheet has, due to its linear energy-
momentum relationship, a zero bandgap. As absorption and
emission are very little, which strongly limit the range of pos-
sible optical applications, the bandgap engineering is very much
desired and can in fact be achieved by introducing defects in
the graphene sheet or confining it in size. Both of which are
employed in the course of making graphene quantum dots.
The formation of the optical band is heavily influenced by
surface and edge modifications, heteroatom doping, quantum
confinement, shape and conjugation of the single and stacked
graphene layers.’¥ In this manner, bandgap tuning and tai-
loring has been explored and is considered as a major advantage
over plane graphene in opto-electronic applications.

All GQDs show a major absorption in the UV region. Two
strong and frequently observed contributions have been
assigned to the m—m* transition of C=C bonds and the o&-7*
transition of C=0 bonds at around 230 nm and 280 nm, respec-
tively. Due to the chemical origin of these absorption bands,
they are particle size independent.3”) Since the absorption
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spectrum of the photo-active material is decisive for the area
of application, it is crucial to determine and understand the
origin of all possible absorption bands in GQDs. Most knowl-
edge on this matter originates from the elaborate investigations
of the excitation wavelength-dependent photoluminescence of
GQDs.PU It should be noted that within each batch of GQDs,
the structure and morphology of particles are statistically dis-
tributed. Hence, the optical properties of GQDs are often a
combination of many overlapping effects. Although this ham-
pers the investigation of the origin of the optical transitions, it
can be deliberately used to extend the absorption range of the
active material. For graphene flakes or graphene oxide, it is well
accepted that localized sp? clusters inside a sp® carbon matrix
are subjected to quantum confinement.”!! This clarifies that
they hold a bandgap which gets smaller with increasing cluster
size and vice versa. Eventually the size distribution of sp? clus-
ters leads to PL emissions at 480-650 nm, which are weak
optical transitions, contributing to the absorption spectrum as
well.P2

Equally important are the electrical properties in GQD
films with respect to an efficient charge extraction from the
opto-electric device. Nevertheless, conclusive property rela-
tions of electrical transport with the heterogeneous GQD mor-
phologies need to be established in future investigations. First
incorporation of GQDs in e.g., FET devices demonstrate an
intrinsic p-type character of GQDs with a hole channel mobility
0f 0.01 cm? V1 g1

Recently, Zhang et al. reported a high performance, GQD
based, solar blind, deep UV photodetector taking advantage of
the UV absorption bands.®¥ The GQDs were synthesized via
a hydrothermal route with an average particle size of around
4 nm, consisting of 1 to 4 graphene layers. Quantum confine-
ment effects opened a wide band gap of 3.8 eV in the GQDs
(absorption spectra is shown in Figure 5b), leading to an absorp-
tion edge around 320 nm for particles with an average diameter
of 4.5 nm. The GQDs were coated across a gap between an Ag
and Au electrode (Figure 5a), resulting in an effective device
area of 0.1 cm?. The difference in work function of the two
metal electrodes created a build-in field which turned out to be
the major driving force for the efficient photocurrent extraction.
Maximizing the built-in field improved the detectivity of almost
3 orders of magnitude. Under air, however, the detector device
was found to exhibit almost no photo-response upon UV irradi-
ation. This effect has been reported in literature before and was
attributed to the photogenerated holes under irradiation which
caused the reduction and subsequent desorption of oxygen and
water molecules from the GQDs surface.” Owing to strong
electronegativity of the adsorbants, GQDs are deplete of free
electrons, hence they became slightly p-conductive due to the
accumulated holes.*® Consequently photo-electrons recombine
with holes, eventually canceling out the net photo-current.

In order to observe the impact of device degradation under
air, the devices were measured intentionally under vacuum,
resulting in a photodiode-like IV curve, as depicted in Figure 5c.
Upon desorbing most of adsorbant molecules, the dark current
reduced dramatically by almost 5 orders of magnitude. In the
same course, the on/off photo-response improved to a factor of
2000 under 254 nm irradiation with 8 uW cm™2 and 5900 for
high light intensity of 42 uW c¢cm™2. The photo-current response

wileyonlinelibrary.com

(9 of 34) 1601574



1601574 (10 of 34)

ADVANCED
ENERGY
MATERIALS

ADVANCED
SCIENCE NEWS

www.advenergymat.de

a)

DUV Light

In vacuum

254 nm @ 42 pWiem’

302 nm @ 42 uWicm®

Dark

s
(=]
[53

5432401
Voltage (V

MR 0.
>34
)

www.advancedsciencenews.com

&

— 2.5-6nm

G — 5-10 nmM
:! — 8-16 NM
L

|

§e]

=

(o]

w)

L0

{ R -

200 400 600 800 1000

Wavelength(nm)

ki
w

Voltage (mV)
o

Figure 5. a) lllustration of a photodiode structure based on GQDs. b) The absorption behavior of GQDs can be tailored by the particle size. c) IV curve
of the Au/GQDs/Ag diode. With decreasing wavelength, the photocurrent increased as well as the rectification behavior. d) In response to a light pulse
at 254 nm, the photo voltage had a rise- (fall-) time of 64 ms (43 ms). Reproduced with permission.*® Copyright 2015, American Chemical Society.

was linear for the mentioned intensity range. Suppressing the
dark current in this photodiode-like detector, the responsitivity
was improved to 2.1 mA W at +5 V and the detectivity to
9.59 x 10! Jones. The increase in the performance was mostly
attributed to the very low dark noise of 2 pA Hz '/ which is
comparable to silicon diodes.®! On the other hand, the photo-
voltage rise and fall time under 254 nm (42 pW cm™2) was deter-
mined as fast as 64 ms and 43 ms, respectively (Figure 4d). One
performance limiting factor of the utilized GQDs of the deep
UV photodetector is the IQE of only 6%. It was shown that the
GQD absorption can be increased by increasing the particle
size. However, that would also lead to a more prominent gra-
phene characteristic which means stronger carrier recombina-
tion due to shorter carrier lifetimes.[389697]

Tang et al. introduced a microwave-assisted synthesis route
for n-doped GQDs (N-GQD).’”) The N-GQDs showed remark-
ably broad absorption ranging from 300 nm to >1000 nm
(Figure 6g), covering the UV, VIS and NIR range. The UV
absorption was similar to what has been observed previously
and was attributed to the transitions in C=C, C=N and C=0
bonds. Extended partial conjugated n-electrons in the single
graphene layers are responsible for the VIS absorption, and
a more extensive m-electron delocalization due to the layered
structure is the source of the NIR absorption. The optical tran-
sitions are illustrated in detail in Figure 6a-f in correspondence
to their structural origin. To demonstrate the photosensitivity
of the material, Tang and coworkers prepared a photocon-
ductive detector device by drop casting the N-GQDs on an
interdigitated gold finger substrate. Interestingly, the observed
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photocurrent was negative under illumination, similar to what
was later observed as well by Lai et al.”! The authors suggested
a transport mechanism in which the photoinduced trap-states
dominate. These states manifest due to the surface passivation
of the GQDs, preventing a barrier free transport between indi-
vidual QDs. As a consequence, the charge carriers transported
across the GQDs were heavily restricted, thus it was necessary
to increase the required bias voltage in order to maintain a
constant current. In this case, the photovoltage was taken as a
measure, and the responsivity was determined as 4.79 V W
(at 980 nm), 10.91 V W1 (at 808 nm), 325.00 V W~ (at
405 nm), and 1.14 V W~ (at 365 nm) for the different excitation
wavelengths. The response times for all wavelengths were on
a seconds time scale, and the photocurrent did not saturate.l’!

The presented devices show that GQDs can be precisely
tailored in their absorption behavior and harvest photons all
the way into the NIR. Nevertheless, due to various defects
and surface passivation, the energetic landscape of the parti-
cles is rather complex, and the relation to electrical transport
still needs to be established. In order to make up for the yet
impaired charge transport properties in GQDs but still bene-
fiting from their broadband absorption hybrid structures are a
viable alternative.

Cheng and coworkers for instance could demonstrate how
graphene can be used for a successful exciton separation in
GQDs.l They manufactured an all carbon phototransistor of
graphene quantum dots (average diameter of 6 nm, consisting
of 10-15 graphene sheets) dispersed on a single graphene layer,
supported by a Si/SiO, substrate. The drain and source contacts
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Figure 6. a)-f) Illustrations of the broadband absorption and emission in N-GQDs: a) deep UV absorption by carbon based double bonds.
b) VIS absorption by partially conjugated sp?-carbons in the layered N-GQD structure. c) NIR absorption by a more global, hence larger, delocalized
m-electron system across the N-GQDs. c) Possible vibrational relaxation and interband transitions, being responsible for the also broadband photolumi-
nescence of N-GQDs. d)—f) Suggested transitions from the valence (v) to conduction band (c). In agreement with these suggested optical transitions,
the absorption spectrum in g) increases in the VIS-NIR region with increasing particle size. Reproduced with permission.’l Copyright 2014, American

Chemical Society.

on the graphene were made from a carbon conducting paste,
in a way that the channel dimensions resulted in a width and
length of 8 pm and 100 pum, respectively. Without the GQDs
dispersed on the graphene, the photocurrent was not observ-
able. However, with the GQDs dispersed on graphene, the
photocurrent and spectral responsivity followed the absorp-
tion spectrum with a dominating UV absorbance at 360 nm
(bandgap E, = 3.44 eV) and an additional peak at 470 nm. Evi-
dently, the number of graphene layers inside the GQD lead
here as well to a partially extended sp? conjugation, creating
photoactive defect states within the bandgap. Nevertheless,
photocurrent gain and responsivity were determined at 325 nm
in the order of 10° and 4 x 107 A W', respectively. Rapid PL
quenching in GQDs was taken as an additional proof for a suc-
cessful charge transfer to graphene. Increasing p-type doping
of the graphene layer in contact with GQDs, even in the dark,
indicated a hole transfer from the GQDs to the graphene.
Under illumination, the transfer was further facilitated, and
subsequently increased the hole accumulation in graphene. An
explanation for this behavior could be that the GQDs have an
estimated HOMO (LUMO) at —6.14 eV (-2.7 eV) and are intrin-
sically p-doped.*! Hence, their Fermi energy must be above
6 eV but below the Dirac-point of graphene at —4.5 eV. This
results in a band alignment, thus hole transfer from the GQDs
to the graphene. It is suggested that this charge carrier transfer
could account for the initial faster photoresponse with a time
constant of 5 s when the light is on and 13 s when the light is
off. Latter would correlate with a slower recombination rate of
spatially separated electrons and holes.*’]

Alternatively, reduced graphene oxide (rGO) can be used for
charge separation from GQDs as well. The photoconducting
device presented by Tam et al. was based on a rGO sheet con-
tacted by two gold electrodes.’® The rGO was decorated with
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GQDs of 4.4 nm, consisting of 1-3 graphene layers exhib-
iting a bandgap of 3.1 eV. Under 325 nm (20 uW cm™) UV
illumination, they achieved an optimal detector performance
with a responsivity of 870 A W' and a detectivity of 7.7 x 1013
Jones. The signal scaled linear with the increasing intensity, and
the lowest detectable intensity was determined at 0.4 uW cm2.
Unlike Cheng and co-workers, the proclaimed mechanism
behind the photo-response was attributed to a photo-electron
transfer from the GQD to the rGO, instead of a hole transfer. To
support their statement, they determined the LUMO (HOMO)
of the GQDs at —3.76 eV (—6.85 eV), thus suspected an electron
transfer from the LUMO to the rGO which has a workfunction
at —4.5 eV. Interestingly, the response speed was much slower
than the response speed measured for Cheng’s device. The
rise (fall) time at 1 UW cm™ was 40 s (24 s) and increased with
increasing light intensity.

Graphene does not only facilitate exciton separation in
GQDs but can also be used as an ambipolar contact material
for GQDs. Kim et al. presented another carbon-carbon hybrid
photoconducting detector by sandwiching GQDs in between
two graphene sheets (Figure 7a) and thereby realizing a broad-
band detector bridging the spectrum from UV (300 nm) to NIR
(1000 nm).P® The synthesized GQDs had an average diameter
of 17 nm and were incorporated with a layer thickness of 45 nm
in between two graphene sheets. A Si/SiO, wafer served as sub-
strate, and two Ag electrodes were evaporated onto the bottom
and top graphene for an improved connectivity. Despite the
symmetric device architecture, an asymmetric IV behavior was
observed, which was attributed to the doping or charging effects
in the graphene layer at the bottom and in contact with the
SiO,. The potential barrier between the Fermi energy level of
the bottom graphene/GQD contact and the LUMO of the GQDs
was determined as 2.2 eV and 1.4 eV in between the Fermi
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Figure 7. a) lllustration of GQDs sandwiched in between two graphene
sheets. The contact interface of the bottom graphene with the SiO,
substrate leads to a different contact barrier, as compared to the top
graphene layer. When the device is positively biased, the energy level
of GQDs and the graphene contacts align beneficially, and a photocur-
rent can be extracted. c) The absorption bandwidth of GQDs is exploited
and results in a good detectivity, spanning from the UV to NIR, at room
temperature. Reproduced with permission.¥ Copyright 2014, Macmillan
Publishers Ltd.

energy of the top graphene and HOMO of the GQDs. This indi-
cated that the photogenerated electrons and holes could only
be extracted via a forward bias over the top and bottom gra-
phene, respectively, when the extraction barrier was minimized
(Figure 7b). This is usually observed if an external electric field
exceeds the potential barrier height, and an additional thermi-
onic emission process over the contacts starts to dominate the
device current. Hence the photo-response measured was also
bias dependent, showing an optimum only between 1.6 V-2.1 V
with an on/off ratio of almost one order of magnitude. Conse-
quently, the detectivity was measured the highest at 2 V bias,
peaking at 900 nm with 2.4 x 10 Jones and remained above
1 x 10! Jones from 300-1100 nm. As the spectrally resolved
detectivity at Figure 7c shows, an increasing bias is detrimental
for the graphene-GQDs-graphene photodetector performance.
The responsivity at 2 V bias peaked with 0.36 A W~ at 800 nm
and dropped below 0.2 A W' for wavelengths below 500 nm
and above 1000 nm. Highest responsivity was achieved with
0.5 A W' at 800 nm and 5.5 V bias. The overall performance
of the detector could be improved by cooling it below 200 K at
which the thermionic emission cease, and the leakage current
reduced to small tunneling currents. Nevertheless, the photo-
response of the detector at room temperature was linear from
10 nW cm™ to 1 mW cm™2 giving a linear dynamic range of
95dB. At higher intensities, the photo-response became bias
dependent due to the charge carrier extraction across the
bottom and top graphene layer, both having different barrier
heights, leading to an accumulation of carriers and saturation

wileyonlinelibrary.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

of the photocurrent. The device response speed, investigated
by ps-pulse experiments with a 532 nm laser, showed very fast
turn-on transient with a time constant in ns regime. The fall
time, on the other hand, showed two mechanisms, at which the
slower was attributed to the carrier drift under the decreasing
internal field with a time constant of 80 us (at 2 V bias).

The overall progress in GQD-based photodetector devices
has demonstrated that GQDs can serve as photoactive mate-
rial for UV-VIS-NIR detection applications. A comparison with
C60-photodetectors, as provided by Table 1, reveals that the
device performance is already comparable. Moreover, for GQDs
the optical properties of the particles can be tailored through
synthesis, doping and surface modifications. That makes them
a material class highly appealing for further research and devel-
opment of solution-processed broadband detectors. Equally
important, but little addressed so far, is the electrical transport
and accessibility of GQDs in order to extract or separate pho-
togenerated charge carriers to an external circuit. Fortunately,
GQDs carry some of the electrical properties of their graphene
or graphene oxide constituents. Nevertheless, the moderate
reaction times observed in GQD devices are indicating a strong
influence by e.g., reoccurring trapping and de-trapping events
on the electrical transport. Since some energetic defects are also
responsible for optical band transitions it remains a future task
to understand and optimize these interconnected properties
even further.

4. One-Dimensional CNTs for Photodetection

The first published observation of a carbon nanotube like struc-
ture dates back to 1960 by Roger Bacon.” He described a
tubular structure of a scrolled-up sheet of graphene with some
micrometers in diameter. Much later in 1991, Sumio lijima
published on nanometer-sized hollow carbon tubes, which are
more accurately described by a rolled-up sheet of graphene.['%!
Ever since the invention of CNTs, as they are used nowadays
by many scientific communities, is credited to him. Since
CNTs also are sp? hybridized carbon atoms, they were actu-
ally assigned to the class of fullerenes which were discovered
six years earlier. Nevertheless, the name ‘CNT’ became the
established name in literature, since their gigantic aspect ratio
gives them a rather one-dimensional character, in contrast to
0D fullerenes. In the meantime, the chemical synthesis as well
as the physical understanding of various CNT types advanced
tremendously.'%1%] Especially after 2004 when the first prepa-
ration of a single graphene sheet succeeded, the investigation
of some of its properties helped also to understand CNTs even
better.32l Unique for CNTs is the 1D quantization of the elec-
tron wave function around the single-walled carbon nanotube
(SWCNT) circumference leads to the formation of an elec-
tronic band-structure, not inherent to graphene. Whether this
band-structure provides the SWCNT with a metallic or semi-
conducting nature depends on the so-called chirality which is
indicated by two indices, n and m. Each of which stands for
a pre-factor of the unit vectors a; and a, of the hexagonal gra-
phene lattice. On this basis, the chiral vector Cy, can be deter-
mined according to C, = n a; + m a, and unambiguously
describes the chiral angle 6 and the CNT’s final structure. Since
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Figure 8. All given pairs of indices in a) indicate the possible chiral or roll-up vectors for semi-
conducting SWCNTSs on a flat graphene segment. b) Tube structures of SWCNTs. Adapted with

permission.['®, published under the CC-BY license.

the length of the chiral vector stands for the circumference of
the SWCNT, the diameter is easily derived from it as well.

In Figure 8a, the unit vectors and several chiral vector points
for semiconducting SWCNTs are indicated on a graphene
segment. For n = m, the SWCNT exhibits an arm-chair like
structure at both of its ends and is always metallic. The zig-
zag structure emerges for all SWCNTs with m = 0 and can
be metallic or semiconducting. SWCNTs with an arm-chair
and zig-zag structures are considered achiral. Hence, chiral
SWCNTs only exists when n # m # 0. In Figure 8b, one SWCNT
is illustrated representative for each structural type. To distin-
guish the nature of the SWCNT, two mathematical rules can
be applied. If (m-n)mod(3) = 0 holds the SWCNT is metallic,
whereas for (m-n)mod(3) = 1 or 2 semiconducting properties
can be ascribed to the SWCNT. Thereof, statistically 1/3 of all
SWCNTs within one synthesis batch is metallic. Thus, in order
to access the full potential of semiconducting SWCNTs ideally
the metallic ones should be removed from the batch since they
lead to shunts and increased charge recombination in opto-
electronic devices.'%%]

As previously mentioned, the 1D confinement in SWCNTs
results in a quantization of the wave-vector perpendicular to the
SWCNT axis. This leads to a characteristic distribution of den-
sity of states in k-space per energy level. The emerging sharp
features in the distribution, so-called van Hove singularities
(Figure 9a), represent the occupied (valence) and unoccupied
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transitions can be optically excited or charge
recombination may lead to photolumines-
cence.l'% Hence, the transitions S;;, S5 S33
and so on represent the bandgap E, and sub-
bandgaps, respectively, in semiconducting
SWCNTs. The bandgap is defined as E, =
2hvp/3md and scales inversely with the tube
diameter d; vp stands for the Fermi velocity.
Most of the electronic transitions in CNTs
with different chiralities can be identified by
the means of spectroscopic methods. Plot-
ting the transitions versus the tube diameter
results in the Kataura plot (Figure 9b).[19%106]
Basically, for semiconducting SWCNTs with
diameters in the range of 0.7-2 nm, the tran-
sition S;; scales from 1.1 eV to 0.4 eV and the
S,, transition from 2.2 eV to 0.7 eV, covering
the VIS and NIR parts of the spectrum. All
transitions can be clearly identified as sharp
peaks in the absorption spectrum.!'®28] Fur-
thermore, each sub-bandgap has a specific
angular momentum, again attributed to
the 1D confinement, which makes the elec-
tronic transitions in SWCNTs susceptible to
polarized light. In case the direction of light
polarization is parallel to the tube’s c-axis, the
extinction coefficient gets maximized and can
approach to 10° cm™"[21:107-109]

Another effect of 1D confinement in
SWCNTs is an enhanced Coulomb interac-
tion between charge carriers. After optical
excitation, electrons and holes remain in an
excitonic state with high binding energies of about 0.4-0.5 eV,
depending on the tube diameter.''%11] Hence, charge separa-
tion into free carriers can be only achieved through an external
bias or an internal electrical field via Schottky-barrier or pn-
junction.6-1181 After charge separation, free charge carriers
can have mobilities reaching from 10% to 10° cm? V™' s7! in
semiconducting SWCNTs. The actual mobility strongly depends
on the CNT batch quality, method of preparation and tube
alignment.['1-121] Despite these extraordinary electrical proper-
ties, the optical absorption cross section of a single CNT is very
small. In order to achieve photodetector sensitivities relevant
to practical applications, CNT networks and films are more
of interest. Therefore, our focus in the following section will
include devices comprising CNT layers rather than single CNT
devices.l'22]

In a single semiconducting CNT, the exciton lifetime can be
in the order of ns, hence the expected diffusion length along
the CNT is, with respect to the high mobilities, up to hundreds
of nanometers.'?3] Within a CNT film, the electrical transport
is strongly influenced by CNT-CNT junctions and defects.
Moreover, with the presence of metallic CNTs, the non-radiative
charge recombination time is drastically reduced to 1 ps and
potentially restricting applicable device dimensions.'22124 As
part of the non-radiative nature of charge recombination of
metallic CNTs or CNT defects (junctions), the exciton energy
is transferred to the carbon lattice in the form of heat. Because

-
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Figure 9. a) Schematic of a typical distribution of the density of states found in semiconducting SWCNTs. S;; and S,; indicate excitonic transitions
between the bandgap and sub-bandgap, respectively. b) Kataura-plot shows the electronic transitions in semiconducting SWCNTs in dependence of
the tube diameter. Solid symbols represent measured values, and open symbols are empirical extrapolations thereof.'%! Adapted with permission.['%¢l
Copyright 2003, American Chemical Society. c) Absorption spectrum of a mixture of semiconducting SWCNTs of various chiralities, dispersed with
poly(9,9-dioctylfluorene) in toluene. Adapted with permission.l'®l, published under the CC-BY license.

CNTs hold significant Seebeck coefficients of 40 uV K=! and
=200 uV K! for metallic and semiconducting SWCNT, respec-
tively, they show a thermoelectric and bolometric effects as
well.[2953125.126] Hence, a photocurrent, due to separated elec-
trons and holes, is always accompanied by thermoelectric and
bolometric effects, if not otherwise controlled. By blending
different chiralities into a CNT film, one can tailor the super-
position of many individual VIS and IR absorption features
and even reinforce THz interaction by an increasing degree of
alignment.

4.1. CNT Photodetectors

It was shown by several groups that a photocurrent can be gen-
erated in a single CNT, which is in contact with a metal elec-
trode, when illuminated.'””]' A Schottky barrier, established at
the metal/CNT interface, provides a sufficient internal electrical
field for charge separation. The work closest to showing photo-
conductivity in a pure CNT film was published by Rao.'?®l They
grew SWCNTs via CVD process on a Si/SiO2 substrate across a
trench, etched into the SiO, layer. Approximately 8-20 SWCNTs
bridged the trench and were symmetrically contacted by two alu-
minum electrodes. In order to exclude uncontrolled doping by
adsorbed oxygen or thermal effects, the IR detection experiments
were conducted under vacuum at 77 K. The electrical resistance
decreased by 45 kOhm at 50 mV under IR irradiation (4 mW,
spectrum not provided), providing a low frequency S/N ratio of
45 at best. Actual band to band excitation was held responsible
due to different reasons: the high intrinsic thermal conductivity
in single SWCNTs was not restricted by CNT-CNT junctions, and
the photovoltage response was found to be only 500 us. For bolo-
metric effects, the time constants are usually much slower in the
order of a few ms. On the other hand, the authors also reported a
significant TCR of —1.23% K! for their detector which is under-
lining the difficulty of allocating the origin of a photoresponse.
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An alternative approach to achieve charge separation in
CNTs is to establish a pn-junction. Chemical doping and
split-gate structures have been applied for that reason. Whereas
the former can be detrimental to the CNT lattice, degrading
the intrinsic properties of SWCNT, the latter is more suitable
for conducting fundamental studies rather than building easy-
to-process and miniaturized photodetectors. A third possibility
is to apply asymmetric metal contacts to the CNTs. In this
geometry, p- and n-regions are automatically formed in prox-
imity to either of the contacts. In particular, the metals Sc and
Pd have been demonstrated to establish perfectly ohmic con-
tacts by promoting energy level alignment between the Pd (Sc)
work function and the HOMOcyr (LUMOcyy) of a SWCNTs.
Accordingly, such devices are described as barrier-free-bipolar
diode (BFBD) which can exhibit a photovoltage ultimately
limited by the bandgap of the CNTs.l!?! Building a BFBD
type photodetector Liu and co-workers utilized highly purified
semiconducting SWCNTs, which were deposited from liquid-
phase on an n-Si/SiO, substrate, forming a homogeneous film
(Figure 10a).3% As described above the film was contacted by
asymmetric, metal contacts of Sc and Pd. The IV curve of the
device was modeled in good agreement with the standard diode
equation, and the overall good diode performance was attrib-
uted to the reduced amount of defects in the SWCNTs due to
the mild processing conditions. Looking into the definition of
the open circuit voltage V,. of a photodiode (Equation (11)), it
can be deduced that even for undetectable short circuit currents
I a V, can be still generated, provided that the dark current
or saturation current I, (at 0 V bias) is small enough. Liu et
al. could further amplify the V,, photoresponse by applying
repeatedly virtual contacts of Sc/Pd across the SWCNT film
(Figure 10b). The virtual contacts did not have any physical
contact to the main electrodes, thus the photodetector behaved
like several photodiodes connected in series, and the V,, scaled
linearly from 0.26 V for a single diode to 2.12 V for ten virtu-
ally connected diodes. The charge transport and the cascaded
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One disadvantage which comes with such
cascade detector design, operated under open
circuit conditions, is that V,. scales logarith-
mically with light intensity. In fact, this effect
was also observed here, as the detectivity
dropped three order of magnitude for light
intensities exceeding 3 W cm™. Neverthe-
less, the cascade detector showed remarkable
temperature and high power illumination
stability, exceeding those of InGaAs detectors.
For several million switching cycles under
100 kW cm™2 illumination at 785 nm, no deg-
radation of the photocurrent was observed.
Thermal excitation of carriers as the origin
of the IR response was excluded via low tem-
perature experiments, at which the detector
performed even better. Despite the cascade
detector’'s outstanding performance, the
possibility of broadening the good device
detectivity seems to be limited by the metal
contacts. Nevertheless, Liu et al. determined

#

L=3 ym g Lo i
10°{ T=300K o 107 T=300K
§ 3
10 -9 £ w0 —Q
> Q@
2 8§ e
-
10 o

and maximized the generated photovoltage,
without relying on even scarcer metals.[*’!
However, as soon as the band alignment with
the SWCNT5s cannot be established anymore
by the metal contacts, the BFBD concept
loses its effectiveness.

The transition from photonic detection
to temperature sensing is seamless and can

1200 1400 1600 1800 2000 121
Wavelength (nm)

Figure 10. a) 3D rendering of the SWCNT cascade-detector with two virtual contacts. The inset
shows the TEM Image of the morphology of SWCNT film as deposited from the liquid phase.
b) Shows the energy band alignment of CNT BFBDs, in conjunction with the metal contacts.
The total V,. of the cascade detector increases linearly with the number of virtually series-
connected photodiodes. The graphs c) and d) show the spectral responsivity and detectivity
of a detector with ten virtually connected photodiodes, respectively. Reproduced with permis-

sion.*] Copyright 2016, Wiley.

band diagram of such device are depicted in Figure 10c for
N = 3 diodes.

Vocznk—Tln(I—“+1) (11)
q Iy

Under open circuit conditions, the detector was Johnson or
thermal noise limited. Whereas the S/N ratio scaled with the
expected factor of VN, the voltage noise increased less than
expected. Hence, for a ten-diode detector with a length of 3 um,
the peak responsivity under a light intensity of 670 mW cm™
at 1800 nm reached to 1.5 x 108 V W~! and stayed above
107 V W1 for the wavelength range of 1200 nm-2100 nm. The
spectral detectivity remained above 10'° Jones in the same spec-
tral range with its maximum peak at 1800 nm with 1.25 x 10
Jones (Figure 10d).*! The highest sensitivity of the cascade
detector at 1800 nm was ascribed to the average SWCN'T5s diam-
eter inside the film, which was 1.5 nm. The signal response
time of =20 ms, together with all other measurements were
acquired at room temperature.
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only be distinguished by the underlying
physical effect leading to a signal generation,
especially for broadband detectors. In case of
contactless temperature sensing, bolometers
are used where the change of electrical resist-
ance within an absorber material is detected
upon a temperature change, recognized as
the bolometric effect. As introduced earlier,
CNTs are ideal IR absorbers, and the bolo-
metric effect is observed whenever photogen-
erated excitons lose their energy to lattice phonons, instead
of being dissociated into free carriers. The heat dissipated in
that process leads to a significant TCR in CNTs, even at room
temperature. Thus, CNTs are especially interesting as absorber
material for room temperature-operated bolometers and ther-
moelectric detectors and were extensively investigated by the
scientific community. In this review, we only want to highlight
some works and refer to others for a broader overview on that
matter,[62-64122,130]

Within the temperature detection approach, Narita et al.
developed a plastic IR bolometer suitable to an all printed man-
ufacturing process.[* They embedded an MWCNT-based ther-
mistor (500 x 500 pm) with asymmetric contacts of Au and Ti
into an insulating matrix of parylene, sandwiched between an
Al reflector and an additional CNT-based top absorber. A TCR
of —2.1% K! was reported at 300 K. The responsivity reached
to 138 V W1 (at 2 V bias), and NETD was as low as 1.1 K. The
response time was fast enough to realize an array sensor with a
readout speed of 30 frames s}, enough to track the blackbody
source which was used for irradiation.[**l

wileyonlinelibrary.com
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Figure 11. a) Schematic drawing of a thermoelectric photodetector based on two overlapping p- and n-doped highly aligned SWCNT films. b) The on

and off IV curve of a p-n junction photodetector under 660 nm illumination.

c) Broadband photovoltage response of the detector under an illumination

power of 1 mW. Inset shows the linear power dependency of the photovoltage for three different wavelengths. d) The polarization sensitivity towards
660 nm and 3300 nm. Reproduced with permission.l“sl Copyright 2013, American Chemical Society.

In order to enhance the bolometric response in single CNTs
even further, plasmonic nanostructures were integrated into the
devices. In the work of Mahjouri-Samani and co-workers small
diamond-shaped nanometer-sized antennas were prepared on a
Si/SiO, substrate.)l MWCNTs were grown by a laser-assisted
CVD process in between the antenna tips. The diamond shape
lead to a strong heating effect at the tips of the antennas,
due to a strong enhanced optical field. Despite a rather small
TCR of 0.3% K1, they were able to record a photoresponse of
800 V W~! under an illumination power of 10 mW mm™ at
10.6 um. The detectivity was determined as 1 x 107 Jones, and
the response time was as fast as 25 ms. So far, this responsivity
belongs to one of the highest reported for CNT-based bolom-
eters, operated at room temperature.[®]

A higher detectivity of 1.22 X 108 Jones has been reported for
SWCNTs in a polyvinylpyrrolidone matrix, though only within
a narrower absorption bandwidth of 300 nm-3 um.3% The
highest TCR reported so far is about 10% K~ for SWCNTS in
a matrix of poly(N-isopropylacrymide). This value was achieved
by increasing the activation energy within the SWCNT film
through an increased inter-tube distance, triggered by a volume
phase transition of the polymer. However, the transition was
irreversible depending on the temperature and humidity,
which makes further improvement in the bolometer design
necessary.[%?]

Alternatively, accessing the thermo-electric properties of
CNTs seems to be an equally viable approach for the exten-
sion of absorption towards long wavelength THz radiation. The
group of J. Kono introduced such a photodetector made from
CVD grown, mixed metallic and semiconducting SWCNTs
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(Figure 11a).4%l The vertically-grown SWCNTs were flattened
into a macroscopic band of highly aligned SWCNTs. By over-
lapping two such SWCNT bands, one of which was kept
intrinsically p-doped and the other n-doped through benzyl
viologen addition during growth, a pn-junction was generated.
The device was completed by two gold electrodes evaporated
separately on each band, which was previously evaluated as the
best choice.'3!] Figure 11b shows how the linear IV curve of the
device experienced a parallel shift under illumination, showing
a minor photovoltaic response with V,, =2 mV and a J, =25 uA
for a wavelength of 660 nm and illumination power of 10 mW.
Under an illumination power of 1 mW, the photovoltage
response (Figure 11c) of the device was essentially constant
at 60 uV, ranging from 700 nm to 3300 nm. Additionally, the
polarization angle dependent photovoltage response in Figure
11d informed on a much higher sensitivity towards radiation,
which is parallel polarized with respect to the CNT’s c-axis. The
longer the wavelength, the higher the sensitivity becomes. By
performing scanning photovoltage microscopy, the photother-
moelectric effect was found to be strongest at the edges of the
n- and p-doped SWCNT-bands. Therefore, for a very narrow
pn-junction, both voltage maxima V,, and V,, at the edges over-
lapped and generated the largest signal. This excluded a junc-
tion induced, photovoltaic-like effect and supported the PTE
effect, which could be based on the difference in Seebeck coef-
ficients S, and S, for differently doped SWCNTs.
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The device behavior could be modeled with respect to
Equation (12) which gives the total photovoltage AV in
dependence of the exponentially decaying temperature pro-
file T,,, away from the heating light spot position x, and the
respective SWCNT band edges L/2. Basically, the PTE depends
on the thermal length scale for optical heating ¢. Because of the
very low heat capacity in CNTs, ¢ is predominantly determined
by the thermal conductivity of the device substrate. Accordingly,
He et al. observed for a Teflon substrate, which has a lower
thermal conductivity, the highest photovoltage responsivity
of 1 V W~LI For a better thermal conducting substrate, like
AIN, the heat dissipation away from the pn-junction was much
faster, resulting in a lower photovoltage. On the other hand, the
heat conduction scaled inversely with the time, thus the tem-
poral response with an AIN substrate (t,;, = 90 Us, tgy = 84 Us)
was much quicker than on Teflon (t,, = 600 ms).[*"]

Shortly after, the same group improved the detector perfor-
mance even further by growing the highly aligned SWCNTs
perpendicular to the current direction between the two gold
contacts (Figure 12a).2l As mentioned above, half of the
intrinsically p-doped SWCNTs were n-doped to establish the
pn-junction. This time however, the differently doped SWCNT
arrays were just touching each other at the very edge with
minimal overlapping. Experimentally, significant Seebeck coef-
ficients of the p-SWCNTs (S, = 75.2 uV K™') and n-SWCNTs
(S, ==71 uV K7 could be derived and led to a thermovoltage
of AV = 1.53 V WL For the photoresponsivity under THz

a) / Polarized
THz laser

beam

(=
Rt
b
o

T T T T

'y
wt
I
1

Parallel

Absorbance
=
I
1

Ao Perpendicular

0.0 e e Ty
1 10 100

Frequency (THz)

Figure 12. a) Device schematic of a THz detector based on highly aligned
CNTs. b) Absorbance spectrum for highly aligned SWCNTs under differ-
ently polarized THz radiation. Reproduced with permission.?'l Copyright
2014, American Chemical Society.
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irradiation, similar values were found. Basically, the highly
aligned SWCNTs led to an extended absorption spectrum
(Figure 12b), covering the range from 0.1 THz up to >100 THz
(or from 3 um up to 3 mm in wavelength). For a polarization
sensitive THz detector, the responsivity values are the highest
reported yet with 2.5 V. W~! at 3.11 THz (96.5 um), 2.4 V W
at 2.52 THz (119 um) and 1.7 V W' at 1.39 THz (215 um). The
NEP of the detector was determined as 20 nW Hz /2 which
is promising, as compared to the existing room temperature-
operated THz detectors with NEP of 1 nW Hz /2132 The
anisotropic optical absorption behavior in CNTs had an extra
strong reinforcing effect on not only THz absorption but also
the polarization sensitivity. Under irradiation with a linearly
polarized THz laser, the absorption was increased up to 60%,
and the generated thermovoltage was five times larger, when
the plane of polarization was parallel to the SWCNTs. The mag-
nitude of the effect can be understood from the absorbance
spectrum in Figure 12b. Nevertheless, the figure of merit ZT
for the thermoelectric detector was determined as 2.6 x 107,
leaving room for future improvement. Since a ZT value of
~0.08 was already reported for doped-SWCNT, further engi-
neering of the thermo-electric properties in CNT films is con-
sidered crucial.[33]

4.2. CNT-Carbon Heterojunctions for Enhanced Photodetection

Implementation of heterojunctions pursues primarily the goal
of facilitating a better charge carrier separation to increase
the photocurrent generation in detector devices, especially for
organic materials, where strong Coulomb attractions due to a
low dielectric constant lead to high exciton binding energies.
This concept has been already successfully applied in combi-
nation with 0D carbon allotropes and has been proven viable
for CNTs as well. In the following we want to highlight a few
photodetectors which establish a beneficial heterojunction from
one carbon allotrope to another.

Bindl and co-workers demonstrated a photovoltaic detector
device by utilizing a planar SWCNT/Cg, heterojunction, sand-
wiched between a transparent ITO bottom and BCP/Ag top
contact (Figure 13a).'" They took special care of removing all
metallic SWCNTs from the mixture, using poly(9,9-dioctylflu-
orene) as a wrapping agent for the SWCNTs. The remaining
SWCNT chiralities were (7,5), (7,6), (8,6), (8,7) and (9,7). Each
chirality expresses a distinct absorption peak in the NIR due
to S;; band excitation. The peak intensity strongly increased
upon removing the metallic SWCNTs as potential recombi-
nation centers. SWCNT purification also helped the diode
performance of the device by decreasing the dark current to
0.2 mA cm™2 at 1 V reverse bias and increasing the rectification
ratio to =103. The evaporation of Cg, on the SWCNT layer led to
an efficient PL quenching in the CNTs and resulted with >90%
IQE for the (7,6) and (8,6)-SWCNTs (Figure 13b). The driving
force for charge separation was calculated based on the energy
offset between the LUMO(g at —4 eV and the expected SWCNT
work function for each chirality. A positive driving energy
was a sign of improved charge separation and was in agree-
ment with the observed trend in the EQE. Hence, the Cg, layer
was proven to be an effective electron acceptor with sufficient
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Figure 13. a) The layer stack of a CNT/Cg planar heterojunction photodiode and solar cell. The charge splitting at the interface is illustrated in the
magnification. b) The IQE (circle) for CNTs with different chiralities and diameter and the excessive driving energy (triangles) for exciton dissociation.
c) The spectral detectivity and the IV curve (inset) of the photodiode. Reproduced with permission."?l Copyright 2011, American Chemical Society.

energy offset to spontaneously separate electron-hole pairs gen-
erated on semiconducting SWCNT.'3 The EQE of the devices
had to be optimized by adopting an optimal layer thicknesses.
This required the consideration of a trade-off between maximal
absorption and efficient charge carrier extraction, a similar chal-
lenge known from many organic opto-electronic devices.!'3
Bindl et al. determined the effective diffusion length within
the SWCNT/Cg heterojunction as Lp = 0.13L, =3 nm, where
L, is the estimated absorption depth (21 nm) at 1205 nm. The
maximized EQE finally reached around 13% at 1205 nm (cor-
responding to the (8,6)-SWCNT absorption). Under broadband
NIR irradiation (1000-1360 nm) with a power of 17 mW cm™2,
the presented device showed a solar cell performance with
a power conversion efficiency of 0.6% (Jsc = 0.8 mA cm™,
FF = 51%, V,. = 0.25 V). Operated as a detector in the photo-
voltaic mode at 0 V bias, the specific detectivity peaked at
1205 nm with 6 x 10M Jones and stayed in average over 10!
Jones within the wavelength range of 1000 nm-1300 um
(Figure 13c). Despite the improved CNT detector performance,
the device was still limited by the effective exciton diffusion
length across the SWCNT layer. Since the intratubular dif-
fusion was determined as 100 nm,['?3 the bottleneck is more
likely the intertubular diffusion in isolated CNTs (exciton
hopping from nanotube to nanotube mediated by thermally
assisted scattering or Férster dipole-dipole coupling!'3*}). A pos-
sible reason suggested by the authors were the (8,7) and (9,7)
SWCNTs incorporated in the CNT mixture. Both chiralities
have diameters >1 nm and therefore smaller bandgaps, which
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could act as exciton traps. Additionally, due to the bandgap of
<1 eV, the conduction band offset to Cg, was not able to bring
the necessary electronegativity for the exciton dissociation. This
was evident by an up to 40%-reduced EQE at the absorption
maxima, corresponding to the (8,7) and (9,7)-SWCNT contri-
butions.'?l However, the overall success of the principle led to
further explorations of CNT/Cg, and CNT/PCBM heterojunc-
tions for solar cells and photodiodes.[18:28:109.134.136]

Park et al. demonstrated a phototransistor by utilizing the
CNT/Cq, heterojunction concept.”®! The CNT absorption was
in the same spectral range from 1000-1400 nm. A negative
gate voltage was necessary to achieve good band alignment
between the CNTs and Cg,. After photoexcitation and charge
dissociation, the holes were trapped on the CNTs, allowing a
photoconductive gain in the order of 10%. Hence, a maximum
responsivity of 220 A W' could be achieved. The detectivity was
based on noise current measurement up to 1 kHz and reached
to 1.17 x 10° Jones. Furthermore, it is interesting to note that
the presented CNT/C60 phototransistor did not suffer from per-
formance losses even under a bending radius of 4 mm, when
processed on a flexible substrate.>®!

Not only carbon allotropes from the 0D family showed the
potential for improved charge carrier separation but also gra-
phene from the 2D family was found to be a sufficient junc-
tion-forming material when combined with CNTs. Unlike
Cgo, Which is absorbing partially into the VIS spectrum, gra-
phene is not used for the expansion of the absorption spec-
trum, but rather a sufficient charge dissociation layer at the
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CNT/graphene interface. In a proof-of-concept phototransitor
Liu and co-workers coated a few monolayer thick layer of mixed
SWCNT on a n-Si/SiO, substrate.’”] Subsequently, a CVD-
grown graphene sheet was transferred on top of the SWCNTs.
The SWCNTs had various diameters within the range of
1-1.6 nm with 1.4 nm in average, accounting for the absorp-
tion from 300 nm to 1600 nm. The positive Dirac point of the
transistor’s transfer curve indicated electrostatic p-doping of
the graphene channel, suggesting a build-in field at the junc-
tion. Under illumination, the photogating effect led to a nega-
tive shift in the Dirac point, confirming an electron transfer
from the SWCNTs to the graphene, while the holes remained
trapped on the CN'Ts. The transfer is expected only for SWCNTs
with a higher work function than that of graphene (—4.5 eV).
Only a downward band bending towards graphene would lead
to spontaneous exciton splitting and could be further supported
by an applied negative back gate voltage. The device EQE for
intensities <1 WW was 34% and decreased with increasing illu-
mination power. Therefore, the highest device responsivity of
120 A W~! was reached with an illumination power of 0.2 uW
at 650 nm and =40 A W' at 1550 nm. These high values were
supported by a photoconductive gain estimated in the order of
10°. Consequently, the response time of 100 ps was attributed
to the fast charge transfer and high carrier mobilities (>10> cm?
v-1 Sfl).[57]

The device presented above incorporated a planar graphene/
SWCNT heterojunction which remains challenging to prepare
on a larger manufacturing scale. An alternative approach which
can be applied to large scale production was demonstrated by Lu
et al.’”) A mutual suspension of MWCNTs (40-60 nm in diam-
eter) and 2 um-sized graphene flakes, was coated on a Si/SiO,
substrate with pre-deposited Au contacts. The formation of a
type-II bulk-heterojunction was expected even for MWCNTs
with a diameter of tenth of nanometers, as long as their work
function is above —4.5 eV, creating enough driving force for
exciton splitting. Moreover, having some metallic MWCNTSs in
the bulk-heterojunction is considered beneficial as they do not
shunt the junction but rather improve the free carrier trans-
port across the layer. The photoresponse of the photodetector
to NIR illumination (1-1.3 pm with 0.3 mW mm™) increased
by 400% compared to the reference device without graphene
flakes. The responsivity was improved eightfold and satu-
rated close to 10* V W~! for a bias current of 3 mA. Since the
device was determined to be 1/f noise limited, the detectivity
increased with increasing frequency and saturated, despite the
fast response time of 1.5 ms, at 100 Hz with 1.5 x 107 Jones, a
fivefold improvement compared to the reference.l>”!

4.3. CNT-Polymer Heterojunctions in Photodetectors

Pradhan et al. was one of the very first works, in which a strong
increase of the infrared photoresponse by embedding SWCNTs
in a thermally and electrically insulating matrix polymer was
observed.’”] A concentration of only 5% SWCNT in a poly-
carbonate matrix showed a strong photoconductivity upon IR
illumination, while in pristine SWCNT films the response was
low and mainly due to thermal effects. For pristine films, the
photoconductivity usually follows the substrate temperature
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closely, and the photoeffect is negligible. Numerous intertube
junctions act as exciton traps that increase the probability of
non-radiative recombination and decrease the free charge
carrier collection.'?? On the other hand, in blend films, the
nanotubes are insulated from each other by the matrix, and
the photoeffect dominates the infrared photoresponse of the
device, resulting in a photoconductivity that is largely inde-
pendent of temperature.l'”] Besides, a local enhancement of
the electric field at the CNT-insulating polymer interface may
increase exciton splitting efficiencies, leading to activated tun-
neling through the polymer.'¥”) This effect was additionally
discussed as further mechanisms for photoconductivity in
composites with an insulating matrix.'3¥ Furthermore, by com-
parison of carbon nanotubes grown with different techniques,
a high purity of semiconducting SWCNTs with a low content
of metallic nanotubes was found to significantly increase the
photoeffect.[138]

A very effective approach to separate excitons in carbon
nanotube devices and increase the detectivity is the imple-
mentation of type II heterojunctions with semiconducting
polymers.13-121 Using a semiconducting polymer with
an appropriate LUMO can form a donor-acceptor system,
where the SWCNTs act as acceptor due to its higher electron
affinity.'3% The energetic offset then provides the driving force
to split the bound excitons. The exciton binding energy is rela-
tively high (0.5 eV) in CNTs due to enhanced Coulomb interac-
tion in quasi-1D materials.'¥] A photocapacitor measurement
technique that is insensitive to thermal effects was utilized
by Bindl et al. to investigate exciton dissociation in compos-
ites with a variety of polymers.'*% For poly(3-hexylthiophene-
2,5-diyl) (P3HT) and poly(3-octylthiophene-2,5-diyl) (P30T), the
effective exciton dissociation at the interface with SWCNTs has
been observed, while poly[2-methoxy-5-(3’,7-dimethyloctyloxy)-
1,4-phenylenevinylene] (MDMO-PPV), polycarbonate and
poly(9,9-dialkylfluorene) (PFO) show band offsets insufficient
for exciton dissociation by charge transfer to the SWCNT.[140.144]

Detailed studies on the SWCNT-P3HT system, performed
by Lu et al., highlight the importance of using sorted semicon-
ducting SWCNTs to avoid exciton quenching by charge transfer
from metallic nanotubes into the highest occupied molecular
orbital of P3HT.13%14] Ultrafast spectroscopic studies on sys-
tems with a single molecular P3HT layer around SWCNTs
shows an electron transfer to a nanotube within 400 femtosec-
onds, forming a charge transfer complex across the interface.['*’]
Free charge carriers are formed upon the introduction of excess
P3HT that allows hole transport away from the interface.*% In
such experiments, an individual wrapping of the SWCNTs with
P3HT before forming a bulk heterojunction is important to pre-
vent bundling of the nanotubes that leads to unfavorable mor-
phologies.'"*”] Applying those design principles, devices with a
detectivity of 2.3 x 10® Jones are achieved in uncooled SWCNT/
P3HT detectors, exceeding the performance of pristine nano-
tube films by two orders of magnitude.['3’)

A novel approach to further improve the performance of CNT-
polymer photodetectors was presented by Hou et al.'*8 Well-
defined chains of P3HT were successfully grown on the sur-
face of MWCNTS via surface-initiated Kumada catalyst-transfer
polycondensation. By controlling the chain length, the forma-
tion of highly ordered P3HT aggregates on large diameter
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MWCNTs was achieved. While other approaches of CNT func-
tionalization result in amorphous P3HT, polymer aggregation
by surface-initiated polycondensation could be observed by a
clear red shift (indicator for crystallinity) of the optical absorp-
tion. Furthermore, the polymer aggregation causes a shift of
the highest occupied molecular orbital, leading to an energetic
driving force away from the interface into the aggregates.[!+’]
Theoretical calculations estimated an energetic offset of 0.5 V
between the sheet-like P3HT at the nanowire interface and the
aggregated P3HT in the bulk phase.'* These considerations
explain the findings of Stranks et al. who observed the free car-
rier formation only in the presence of pristine and aggregated
P3HT domains next to the P3HT-wrapped SWCNTs.[140]

To avoid metallic carbon nanotubes that can severely limit
the performance of SWCNT photodetectors, highly selective
dispersion of carbon nanotubes using aromatic polymers like
PFO were used to obtain nanotubes of a single chirality in high
purity.13%14150] While this high purity is very desirable, the
polymer PFO forms a type I heterojunction with the carbon
nanotubes. Hence, no free charge carriers were formed. How-
ever, the energy transfer from the polymer to carbon nanotubes
was observed by time-resolved photoluminescence spectros-
copy.®!l In order to obtain charge separation but still benefit
from the highly selective sorting process with PFO, a polymer
exchange method was presented by Stranks et al.l'l After CN'Ts
of one chirality were purified using PFO, P3HT that binds more
strongly to the carbon nanotubes was added to start a polymer
exchange process under ultrasonication. Interestingly, the weak
bonding of PFO results in its high selectivity as it only binds
sufficiently to the SWCNTs of one chirality. P3HT, on the other
hand, binds strongly to all tubes with less selectivity. Using a
second semiconducting polymer like poly(9,9-dioctylfluorene-
alt-benzothiadiazole) (F8BT) further allows the formation of
multilayer coaxial nanostructures that enable direct control of
charge transfer processes.[>?l

Despite recent progress for SWCNT-polymer photodetectors,
the mobilities of such devices as well as the effective exciton
diffusion length in CNT heterojunctions are still far below the
limits of the carbon nanotubes themselves.'>31>* One hope
is that with optimized device morphology or maybe highly
ordered arrays of SWCNTs, it will be possible to exploit the
exceptionally high exciton diffusion length and charge carrier
mobility in individual nanotubes and improve future detector
performance.[*]

5. Two-Dimensional Graphene for Photodetection

A single layer of sp? hybridized carbon atoms, connected and
arranged in a honeycomb lattice structure, similar to multiple,
attached benzene rings, was first identified as the building
block for layered graphite crystals. The theoretic frame work
for the electronic structure of a 2D single layer graphite crystal
was pioneered by Wallace in 1947, even before the first TEM
study and observation of graphene was reported by Boehm and
Hofmann and in 1962.'°¢57] The actual name graphene was
given again by Boehm et al. in 1986.1'°% Nevertheless the sci-
entific breakthrough of graphene has been achieved by Novo-
selov and Geim who introduced the first mono-layer graphene
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preparation by mechanical exfoliation and thereby made it
accessible for experimentation in 2004.32 In combination with
the observation of an ambipolar field effect in graphene, their
work encouraged a new field of scientific explorations reaching
from fundamental studies of 2D electron gas systems over
potential opto-electronic applications. For these achievements,
they were awarded in 2010 with the Nobel Prize in Physics.

The sublattice of graphene can be considered as a benzene
ring, in which the p,-electrons form m-bonds between the sp?
carbon atoms and additionally experience a unique degenera-
tion due to the lattice symmetry. In the Brillouin zone, this
degeneration leads to a linear dispersion of the conduction
and valence states at the K and K’ points. In other words, the
conduction and valence band meet at the Dirac point, which
is why graphene is a zero-bandgap semiconductor or semi-
metal. 1> The band diagram of graphene is often illustrated
by a planar representation of the Dirac cone close to the Dirac
point as shown in Figure 14a. Graphene is mostly found with
an intrinsic p-type character due to atmospheric adsorbates,
through which the Fermi level is shifted slightly under the
Dirac point at —4.5 eV below the vacuum level, as illustrated in
Figure 14a.l'% With respect to the application of graphene in
photodetectors, the electrical and optical properties are crucial
and will be shortly addressed in the following.

The gapless electronic structure of 2D graphene crystal also
determines the optical absorption. Two mechanisms must be
differentiated. At first, interband transitions, that is when an
electron is excited from the valence band into the conduction
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Figure 14. a—d) Show the energy diagram of graphene with its charac-
teristic linear band dispersion around the Dirac point. Depending on the
Fermi level interband transitions upon light absorption are allowed or
Pauli-blocked. Intraband transitions are only facilitated over scattering
processes of hot carriers. e) Shows an absorption scheme for a single-
layer graphene across the relevant electromagnetic spectrum. Adapted
with permission.['8' Copyright 2014, American Chemical Society.
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band (as depicted in Figure 14b), determine the absorption of
graphene within the range of 0.5 eV-3 eV (corresponding to
wavelengths of 2.5 um—-400 nm). Attributed to the linear dis-
persion relation, the absorption behaves nearly constant across
the mentioned spectral range and could be described in terms
of the fine structure constant ¢, which describes the coupling
between light and relativistic electrons. The correlation is estab-
lished according to Equation (13) over the universal dynamic
conductivity @ for Dirac fermions which is equal to oc/4, where
o can be expressed as g*/fic, and q stands for the elementary
charge, 7 for the reduced Planck constant and ¢ for the speed
of light.[162

-2 -2
TE(H@) :(Hza)
c 2

Thereby the absorption of an atomic thin layer of graphene
is defined over the transmission T according to 1-T? = 7a,
which correlates with the experimentally determined, wave-
length independent, constant light absorption of 2.3%.[162
This number is very impressive for a single layer of atoms and
renders graphene an exceptional broadband absorber. Never-
theless, for longer wavelengths, the absorption decreases and
deviates from the universal value. The deviation is caused by
the unintentional doping effects which shift the Fermi level.
Thereby optical transitions with photon energies smaller than
2|Eg| are not allowed anymore, due to the so-called Pauli-
blocking.['®3] The band diagram at Figure 14c illustrates this
effect representative for a p-doped graphene. Since graphene
is susceptible to electrostatic doping, an external gate field can
be used to shift the Fermi level up to several hundred meV.
Using an electrolyte with high breakdown voltage like ionic
liquids, the carrier density can reach 10'* cm™ which allows the
modulation of the graphene absorption in the VIS range.['%]
The mechanism behind the FIR absorption (Epygon < 2|Ep|) in
graphene is mediated by intraband optical transitions of free
electrons. Since the Fermi velocity of free charge carriers in
graphene is only a fraction of the speed of light, direct absorp-
tion of photons is not allowed due to the required momentum
conservation. Additional scattering with phonons or defects is
necessary for an intraband excited optical response, as depicted
in Figure 14d. Intraband absorption is affected by the charge
carrier density (i.e., the number of occupied states). Therefore,
low energy photon absorption scales with the Fermi level very
closely. The simplest description of an intraband absorption
is found in the Drude model for frequency-dependent sheet
conductivity.'631¢4 Similarly, the excitation of plasmons in gra-
phene, which are collective oscillating free electrons, cannot be
facilitated directly due to the momentum mismatch. Neverthe-
less, plasmon excitation in the THz regime becomes accessible
when the graphene is patterned into features approaching the
size of the wavelength.[*1:161]

For a better comprehension, the complete broadband absorp-
tion of a single graphene layer is schematically illustrated
in Figure 14e. In VIS and NIR region of the spectrum, the
optical conductivity limits the absorption, thus leads to inter-
band optical transitions. Depending on the doping level this
absorption behavior is dominant for photon energies larger
than 2|Ey|. At 2|Ey, a thermal smearing mediates the transition

(13)
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from interband to intraband optical transitions. The absorption
then undergoes a minimum in the MIR region where disorder
takes influence on the momentum for optical transitions and
increases again for intraband absorption of small energy pho-
tons in the FIR/THz regime.[161:165.166]

The charge carrier lifetime after photoexcitation in a single
layer graphene is governed by electron-electron and electron-
phonon scatter processes. Loss mechanisms like thermalization
and Auger recombination take place on a ps time scale.[67-171]
As a matter of the linear dispersion relation of the band struc-
ture in graphene, electrons can be considered Dirac fermions
with a vanishing effective mass. Hence, the Fermi velocity is
as high as 10° m s7!, and even under ambient conditions, very
high charge carrier mobilities i, , of up to 20 x 10> cm* V' 57
for electrons and holes can be achieved with a theoretical limit
at =10° ¢cm? V- g 1B2159172-174 Therefore a moderate elec-
tric field is mostly sufficient for a photocurrent extraction
and allows the operation of graphene photodetectors up to an
intrinsic bandwidth of 262 GHz with almost 40 % internal
quantum efficiency.”"

The aforementioned set of properties of graphene makes it
uniquely interesting for complementary use in opto-electronic
applications. The high transmission and electrical conduc-
tivity make atomically thin graphene layers extremely prom-
ising as future transparent electrode material, replacing the
industry standard ITO and competing with polymeric (e.g.,
PEDOT:PSSI'”?)) and silver nanowire based electrodes!’® for
ridged and flexible device designs. Organic and inorganic LEDs,
solar cells and detectors incorporating a graphene electrode
have already been demonstrated.'’”’ Remaining challenges
lie within large area fabrication of defect-free graphene layers.
On the other hand, when incorporating graphene as absorber
medium in photodetectors, its unique 2D nature enables the
use of various physical effects in order to gain a photoresponse.
Detection mechanisms based on photonic electro-hole genera-
tion, thermal effects or plasmonic resonances can be exploited.
Each of those mechanisms offers individual advantages during
the tuning and adapting the photoresponse of the detector. In
this chapter, we introduce and elaborate reported graphene
detectors with different device architectures and working prin-
ciples, which includes high performance photodetectors for
room-temperature applications in broadband detection, digital
communication and FIR/THz technologies.[101.178-180]

5.1. Graphene Single-Layer Based Photodetectors

Graphene has a broad but very low absolute absorption in mon-
olayers. Ultimately this limits the responsivity of single-layer
graphene devices. Hence, it is a straight forward approach
to increase the absorption in graphene by using few-layer
graphene stacks as absorber medium. Due to the additive
absorption per layer, less light for detection would be lost to
transmission.'%2] Despite the benefit of increased absorption, to
the best of our knowledge, there is not any multilayer photo-
detector which could outperform single-layer (SLG) or bi-layer
(BLG) graphene devices.['®:182] Therefore, we focus on various
SLG/BLG photodetectors, emphasizing the detector principles
as a whole.
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Yet, Kang and co-worker showed another possibility to
increase the absorption in a single-layer graphene.'83] The
layer itself was grown via CVD process and subsequently, trans-
ferred on a stretchable acrylic substrate which was 350% pre-
strained along the x-axis and 250% along the y-axis. Relaxing
the substrate led to crumpling of the graphene layer with
a texture of various feature heights (100 nm-500 nm) and
operation over a wavelength range from 100 nm to 800 nm.
The effective surface area increased by over 200%, and com-
pared to a flat graphene, the light extinction of the crumpled
graphene layer increased by a factor of 12 (measured in the
range of 350 nm-700 nm). However, since the light scattering
by the crumpled graphene increased concurrently by a factor
of =3.2, the effective improvement of absorption per unit area
due to the texturing remained around 3.7 fold. The latter also
coincides with the enhanced photocurrent in the prototype-
photodetector, with simply two gold contacts on the crumpled
graphene layer. The photoresponse remained stable for simple
bending of the substrate and lost about 50% in signal strength
upon a 200% stretch. When a small voltage bias was applied to
the graphene photodetector, the responsivity was estimated at
405 nm (20 mW) to be =0.11 mA W~ and the response time
with =270 ms. Eventually, the concept demonstrates one way
to enhance the photoabsorption and responsivity in SLG based
detectors, whether rigid or stretchable.[!83]

More commonly though, graphene photodetectors are pre-
pared from flat graphene flakes of several um in size, spread
on a Si/SiO, substrate. The Si substrate is often heavily doped
and used as back-gate in a field-effect transistor (FET) con-
figuration. The graphene itself is contacted by metal contacts,
applied via e-beam lithography. In the area below metal con-
tacts, the Fermi level of graphene is pinned. However, due to
the metal work function being below or above —4.5 eV, gra-
phene becomes p- or n-type, respectively. The doped regions
extends by around 100-200 nm into the metal-free graphene
channel and thus, the Fermi level is gradually restored to its
original value. The “intrinsic” Fermi level in graphene can be
additionally controlled by a back-gate voltage. Therefore, it is
possible to influence the doping nature under the metal con-
tact, thus create pn-, nn*- or pp*-junctions.l'¥-1%] By inducing
a pn-junction in the graphene, the internal electrical field can
be used to separate charge carriers in absence of an external
bias. This greatly improves the photoresponse, since virtually
no dark current is present.

In order to benefit from this effect, Mueller et al. placed a
BLG on a Si/SiO, substrate and applied two narrow interdigi-
tated finger electrodes on top to increase the nearby electrode
area.’% They chose the electrode distance to be as small as
1 um to allow the internal field at the contacts to bridge most
of the distance and to harvest a photocurrent throughout the
channels. A schematic of the device architecture is illustrated
in Figure 15a. Both metal electrodes were chosen asymmetric
in order to break the mirror symmetry of the junction profile
and ensure a net photocurrent. Pd and Ti were used, where
former causes stronger p-type doping than the latter. The cor-
responding zero bias band diagram is depicted in Figure 15b.
It was found that at a gate voltage of —15 V, the photocurrent
polarity across the graphene/metal junctions would flip and
thereby allowing the current flow in the same direction. Without
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Figure 15. a) Shows a metal-graphene-metal photodetector. The SLG
is contacted with asymmetric, interdigitating metal contacts. The inset
shows an colored SEM micrograph of the actual device (scale: 5 mm). The
band diagram of the detector is depicted at b) and c), without and with
external bias, respectively (adapted from ref. [20,179]). Reproduced with
permission.2%17% Copyright 2010 and 2014, Macmillan Publishers Ltd.

any source-drain bias (Vgp), the detectors showed a linear pho-
toresponse for 1.55 um MIR irradiation up to an illumina-
tion power of 10 mW. The responsivity reached 1.5 mA W
In theory, VIS light should have led to a comparable response,
however it was not presented by the authors. In terms of the
response speed, the detector was able to follow a 16 GHz signal
at its —3 dB limit and was used for an error-free data transmis-
sion at a rate of 10 Gbit s7. Compared to previous reports of
a 40 GHz bandwidth!'88l in a similar detector, the bandwidth
was sacrificed by the large device area, which on the other
hand brought the improved responsivity. By applying a positive
source drain voltage to improve the carrier extraction (see band
diagram in Figure 15c), the responsivity was increased even
further to 6.1 mA W1, though it was limited by the increasing
ohmic dark current.?l An increasing photocurrent with applied
bias is a common indicator for a photovoltaic current being
generated and extracted from the photodetector. Later, how-
ever, the intrinsic photogeneration of hot carriers in graphene
has been proven.!® This greatly supported the assumption
of a photocurrent being generated by a PTE effect as well.']
Basically the PTE effect establishes a photovoltage Vprg across
a pn-junction by light-induced heating, which also leads to a
charge carrier drift and separation, respectively, similar to the
PV current. Both current types have the same polarity which is
why they cannot be explicitly distinguished in many device con-
figurations.'®" Experimentally, the PTE current can be isolated
in pp+ or nn+ junctions where it changes the polarity due to a
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change in the transconductance.'8¢) However, to the best of our
knowledge, there is not any device reported so far, which exclu-
sively utilized the PV current for photodetection.

Within this concept, Cai et al. presented later a THz gra-
phene photodetector using a very similar device architecture
like Mueller et al., and demonstrated the PTE effect as the
driving force, by comparing the photoresponse of light induced
heating with joule heating.*¥l They prepared metal stripes of
Cr and Au as contacts on an exfoliated SLG which was placed
on a Si/SiO, substrate. The channel width was set to 3 um in
order to remain below the electron diffusion length.'*] Due
to the different metal work functions, the graphene close to
the contacts was p- and n-doped differently with an associated
asymmetric shift in the Fermi level. Concurrently, the Seebeck
coefficients of each half of the graphene channel were altered
and of opposite sign. The Seebeck coefficient S can be related
to the conductivity ¢ and charge carrier density according to
Mott’s formula:

B k" T 1 do
39 o duc

S= (14)

where kg stands for the Boltzmann constant, T for the abso-
lute temperature, q for the elementary charge and uc for the
chemical potential of the majority carrier. When the pn-junc-
tion is heated in the middle of the graphene channel a decaying
temperature profile AT towards the contacts builds up a photo-
voltage response Vprg according to:
Vorg =(Sa = S,) AT (15)

In the aforementioned device, the highest photoresponse
was recorded close to the charge neutrality point for a
minor, gate voltage-induced, p-type doping. Considering the
impinging light power (17 mW) of the 2.52 THz (119 pm)
beam, the responsivity was as high as 10 V W~1. Despite being
one of the highest reported responsivities for room-temper-
ature operated graphene THz detectors so far, the absolute
THz absorption in the SLG channel was low. It was suggested
to improve the absolute THz absorption by means of multi-
layer graphene, antennae or structure-wise tailored plasmonic
resonances. Anyhow, in order to estimate the potential of
a SLG, the responsivity was also determined with respect to
the absorbed illumination power which makes it more repre-
sentative for the intrinsic material properties. Thus, an impres-
sive peak value of 715 V W' was obtained. The theoretical
maximum for a SLG on SiO, was derived to be in the order
of 10° V W~1. Additionally, the NEP was determined as low as
16 pW Hz /2, which is comparable with other room-tempera-
ture-operated THz detectors.’!] The electrical response time
was recorded with 110 ps.[*?l Especially for thermal detectors
such a detection speed is outstanding, and in case of graphene,
it originates from intrinsic ultrafast hot carrier generation
upon light excitation. The generation of hot electrons takes
place within several fs. In the hot state, electron-electron scat-
tering dominates photocarrier equilibration at an elevated
electron temperature T,.1% Eventually, in steady state condi-
tions, the photo-induced hot carrier density (of carriers which
can be extracted by an internal or external field) depends on

Adv. Energy Mater. 2017, 7, 1601574

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advenergymat.de

T.. Total relaxation of hot electrons is facilitated over scattering
processes with acoustic phonons, increasing the phonon tem-
perature and ultimately the lattice temperature of graphene.
The interaction with phonons is an inefficient decay route.
Therefore, it is possible for the electron temperature to remain
high for a few ps, enabling a fast photoresponse before com-
plete thermalization.[169:18%]

In order to increase the active area of a pn-junction to maxi-
mize the photoresponse, an application of a vertical pn-junction
was demonstrated by Kim et al. via chemically doped, overlap-
ping SLG, contacted by two silver electrodes.**192] However,
the applied dopants benzyl viologen and AuCl; remained at the
surface of each graphene layer establishing a thin tunnel bar-
rier between the graphene layers. Hence, the device was best
modeled by a metal-insulator-metal diode instead of by a ther-
mocouple. The dark current under forward bias was suppressed
due to a reduced number of joint states between both graphene
layers. Under illumination, hot holes, rather than electrons,
could tunnel the barrier and contribute to a photocurrent. In
Figure 16, the bias dependent responsivity and specific detec-
tivity are plotted for the visible spectrum. The responsivity was
highest at 900 nm with 0.7 A W' at 6 V. The detectivity on the
other hand peaked at 1.0 X 10'? Jones at 900 nm under a bias of
2V, which coincides with the highest on/off ratio of the device.
Under various illumination power, the detector showed a linear
dynamic range of 90 dB from 10 nW cm ™ to 100 pW cm™2 with
a roll-off at higher intensities due to increased charge carrier
recombination. The —3 dB cut-off frequency was determined
at 30 kHz and considered to be limited by the tunneling time
through the barrier and residual trap states at p- and n-graphene
interlayer.[*3]

A similar detector principle was applied by Liu and
co-workers by introducing a graphene double-layered het-
erostructure for broadband photodetection. The absorption
properties of one graphene layer was additionally utilized to
act as a photo-gate on the graphene FET channel.*] For that,
they built a graphene transistor on a Si/SiO, substrate, where
the exposed graphene channel was subsequently covered by a
5-nm thin Ta,0s tunnel barrier and then covered by a second
CVD grown graphene layer. In this layer configuration, it was
found that the top graphene layer was slightly more p-doped
and had a 0.12 eV lower Fermi energy than the bottom gra-
phene. In order to equilibrate the Fermi level, the energy band
of the tunnel barrier was slightly tilted, leading to a thinning
of the tunnel barrier for photo excited hot electrons in the top
graphene layer. Under operation the top graphene was used
as an electrical floating absorber which injects hot electrons
through the tunnel barrier into the bottom graphene channel,
where the change in conductance was monitored. Photo excited
holes remained in the top graphene layer, accumulated, and
in combination with the high interlayer dielectric capacitance
led to a strong photo-gating effect on the bottom graphene
channel. A strong negative shift of the Dirac point, increasing
with illumination power, supports the suggested mechanism.
The device responsivity was determined for a wavelength of
532 nm and found to increase from 8 to >1000 A W~! with
decreasing excitation power from 0.1 uW to 1 nW and a NEP of
1 x 107" W Hz /2. The device electrical bandwidth seemed
to have an upper limit of 1 kHz and ought to improve with
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Figure 16. a) An illustration of a vertical pn-junction of two chemically-
doped graphene layers. The residual dopants act as interlayer. Latter
was found to act as tunneling barrier in the photodiode detector build
by Kim et al. The spectrally resolved responsivity and specific detectivity
are plotted in b) and c), respectively. Reproduced with permission.[*’]
Copyright 2014, Macmillan Publishers Ltd.

the quality of the dielectric and the tunneling rate of the hot
carriers. The authors also demonstrated a detector device
with Si as tunnel barrier instead which reached responsivi-
ties of 4 AW at 1.3 um, 1.9 AW at 2.1 um and 1.1 AW at
3.2 um.* Utilizing other two-dimensional semiconductors
such as transition metal chalcogenides as tunneling barrier
layer may lead to even better broadband, room temperature
operated, photo-gated graphene-based detectors.

So far, graphene detectors were presented with responsivi-
ties in the VIS, NIR and FIR/THz parts of the electromagnetic
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spectrum. As mentioned earlier, the intrinsic absorption of
graphene in the MIR part, without any metallic or semicon-
ducting sensitization, is weak and observed up to 6 um.20 A
strategy on how this gap can be bridged with graphene only,
was demonstrated by Freitag et al.*!l They showed how peri-
odically patterned graphene can be used to couple MIR and
THz radiation with intrinsic plasmons in graphene at room
temperature (not to be mistaken with the plasmonic reso-
nances in antennae-coupled graphene detectors). Graphene
was structured into nanoribbons with a sub-wavelength feature
size. A representative TEM image of 100 nm wide graphene
nanoribbons prepared by e-beam lithography is shown in the
inset of Figure 17a. In order to excite the graphene plasmon,
the wave vector and energy of the plasmon and the incoming
radiation needed to match. Theoretically, this means a collec-
tive electron density oscillation (plasmon) excitation can be
effectively accomplished, only when the electric field vector of
incident light is oriented perpendicular to the graphene nano-
ribbons, and the Fermi level of graphene is gate modulated
to coincide with the energy of the impinging light. Since an
excited graphene plasmon strongly interacts with the surface
polar phonons of the underlying substrate (in this case SiO, of
the Si/SiO, substrate), this forms long lived hybrid plasmon-
phonon modes with narrow spectral width of resonance. The
spectral resonance frequency can be tuned by the applied
gate voltage at the Si back contact. Subsequently, such hybrid
plasmon-phonon quasi-particles decay by inelastic scattering at
the graphene edges into a hot electron-hole pairs and SiO, sur-
face polar phonons. The latter thermalizes with other phonons
while increasing the overall phonon (graphene lattice) tempera-
ture, which promotes further electron-phonon scattering and
reduces the electric conductivity. On the other hand, the hot
electrons thermalize among themselves increasing the electron
temperature which is equivalent to an increased carrier density
and, subsequently, conductivity. Hot electron-hole pairs are pre-
dominantly excited for a light being polarized in parallel (p-pol)
to the graphene nanoribbons, whereas plasmon excitation is
higher for perpendicular polarized (s-pol) light.

For graphene nanoribbons with 140 nm in width, the par-
allel polarized illumination led to a 15-fold enhanced plasmon
induced photocurrent response (Figure 17). A peak responsivity
of =7.5 uA W~ could be determined under polarized MIR irradi-
ation of 10.6 um wavelength and a power density of 20 kW cm2.
It slightly exceeded the photoresponse of a non-patterned gra-
phene reference device as shown in Figure 17b. The photocur-
rent, (Figure 17c), increased for negative gate voltages due to the
reduction of strong intrinsic p-type doping (Vpir,c = 52 V). The
current response showed a linear behavior with respect to the
applied drain voltage, however, it saturated due to joule heating,
limiting the maximum responsivity. By reducing the feature size
of graphene nanoribbons even further, a gate voltage-dependent
switch of the photocurrent polarity upon parallel or perpen-
dicular illumination could be observed. Eventually Freitag et al.
presented the possibility of tuning the intrinsic photoresponse
of graphene into the MIR absorption gap by harvesting, polari-
zation sensitive, photons via coupling to plasmon-phonon reso-
nances.!] For the optimization of the device architecture, the
grating structure of graphene and low-temperature operation
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Figure 17. a) The photocurrent scan of the graphene nanoribbon two
terminal detector which showed a plasmonic photoresponse to perpen-
dicular polarized (s-pol) MIR radiation (scale bar: 30um). The inset in
a) shows a SEM micrograph of the as prepared graphene microribbons
with a width of 100 nm. b) Under s-pol light and at a high, negative gate
bias the detector responsivity (red spheres) exceeded the responsivity
of an unstructured graphene detector (black squares). c) The photocur-
rent induced by plasmon-phonon excitation in the nanoribbons under
s-pol light (red-spheres) is much larger for higher electrostatic doping
then for parallel polarized light (p-pol, blue spheres). Reproduced with
permission.1l Copyright 2013, Macmillan Publishers Ltd.

are promising approaches to further tailored and improve MIR
to THz absorption in pure graphene photodetectors.

The presented photodetectors above are all incorporating a
SLG or BLG as opto-electric active medium. Independent on the
mechanism behind the photocurrent generation, all detectors
relied solely on the intrinsic absorption properties of graphene.
It was demonstrated how graphene can be effectively utilized in
various detector types for a spectral detection stretching from
VIS to FIR/THz.
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5.2. Graphene Bandgap Engineering for a Larger Photoresponse

Another possibility to increase the inherent absorption in gra-
phene is to introduce a bandgap in graphene and thereby to
improve the internal quantum efficiency for direct electron-hole
pair generation under illumination. Yin et al. have adopted this
concept in an interesting approach of twisted bi-layer graphene
(tBLG) stacks.%3] Theoretical studies show that the Dirac band
dispersion changes dramatically when two graphene layers are
stacked, and one of them is rotated by an angle with respect
to the other.’*197] Unlike for AB stacked graphene, the band
structure in tBLG opens a bandgap while remaining linear near
the Dirac point. Hence, some properties unique to SLG remain
preserved. Figure 18a shows two stacked graphene 2D crystals
twisted by an angle 6. Right next to it the schematic illustration
shows two intersecting Dirac cones of the individual monolayers.
They form a saddle point in the reciprocal space which in turn
leads to the formation of van Hove singularities in the density of
states with energies of Eyys. Photons with an energy of 2Eyys
will be able to excite electron across this sub-band, similar to
CNTs, and generate a photocurrent. Plotted in Figure 18b is
the almost linear dependence of Eyyyg on an increasing twisting
angle from 5° to 30° which is equivalent to bandgap absorption
in a wavelength range from =2.5 um to =280 nm. For the demon-
stration of an enhanced photocurrent, Yin and co-workers grew
tBLG on copper foil via a CVD process. The twisting angle was
determined by TEM and Raman spectroscopy. Two tBLGs with 6
=7° (Device A) and 13° (Device B) were selected and embedded
into a two-terminal device as illustrated at Figure 18c. Under
illumination by a 532 nm (2.33 eV) laser, the 13° tBLG showed
a 6.6 times higher photocurrent in the IV curve (Figure 18d).
This very well agrees with the energy interval of the van
Hove singularities of 2Eyys = 2.34 eV and proves a selectively
enhanced light interaction with the bi-layer graphene. Figure 18e
shows additionally how the photocurrent exhibits a distinct
maximum for photon energies matching the van Hove interval
for a device with an angular twist of 10.5° and 13°, respectively.
For Device B under 532 nm excitation, a linear photocurrent
response could be observed, and the responsivity reached
up to 1 mA W for power densities reaching from 1 uW to
100 mW. In combination with the large area fabrication methods
for structured graphene, tBLG structures might find future
application in graphene based e.g., multicolor detection.[1®]

5.3. Graphene Heterojunction and Plasmon
Enhanced Photodetection

In the literature, many hybrid detector designs can be found at
which graphene is used in combination with inorganic semi-
conductors, waveguides or metallic antennae to exploit the
intrinsic properties even more. Introducing all devices and
concepts in detail exceeds the scope of our review. Neverthe-
less, hereafter we provide an overview about very promising
graphene hybrid photodetector concepts. For a more compre-
hensive insight on the interaction and formation of graphene-
inorganic hybrid junction we direct the interested reader to the
review by Gao and Fang.['’]
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Figure 18. a) An illustration of two stack graphene crystals twisted by an angle 6. The angular offset lets the Dirac cones of carbon atoms of each
graphene layer overlap, leading to the formation of a bandgap in the reciprocal space as indicated by dashed arrows. As a result, van Hove singulari-
ties are a formed in the density of states. b) The energy of the van Hove singularities scales almost linear with the twist angle. c) An illustration of a
simple two terminal device with two graphene stacks with different twist angles embedded. In case the opened sub-bandgap matches the energy of the
incident light (Device B), the photocurrent increases significantly as seen in the IV curve at d) and in form of peaks in the normalized current during
a spectral scan at e). Adapted with permission.l'3], published under the CC-BY license.

Nonetheless, since the absorption of graphene was used
complementary to an inorganic semiconductor, the gra-
phene hybrid detector, demonstrated by Long and co-workers,
shall be highlighted in the following. The photodetector was
designed as highly sensitive photovoltaic detector with a p-g-n
heterojunction.? In the photo active layer, a single graphene
layer was sandwiched in between two atomically thin layers of
WSe, and MoS, (Figure 19a), both of which belonging to the
family of transition metal dichalcogenide semiconductors. Two
low work function Pd/Au electrodes were applied and led to a
p-doping inside the WSe,, whereas the MoS, remained n-type
due to Fermi level pinning. Thereby, an atomically thin van
der Waals pn-junction was created across the graphene. The
IV characteristic of the device revealed a short circuit current,
scaling linearly with the illumination power and a constant
open circuit voltage of 0.23 V. Considering the atomically
thin junction, such photovoltage implies an internal electrical
field in the order of 10° V ¢cm™, supporting efficient charge
separation. The device responsivity and specific detectivity
peaked with 10* AW~ and almost 10'° Jones at a wavelength
of 488 nm, respectively. Behind the large responsivity an elec-
trical gain mechanism was expected, originating from the fast
transit times across the junction and the inelastic tunneling
process at the stacked interfaces which increased the car-
rier lifetime due to reduced recombination. Hence, the meas-
ured EQF approached 10°%. The high specific detectivity, on
the other hand, was encouraged by a very low noise current
density in the order of 107* A Hz /2, characteristic for detec-
tors in the photovoltaic mode. Towards longer wavelengths,
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however, the responsivity and detectivity dropped around
three orders of magnitude across the VIS spectrum. Beyond
800 nm, the responsivity (detectivity) decreased further from a
few AW~! (10" Jones) to only 0.1 AW~ (10° Jones), as shown
at Figure 19b, until 2400 nm. This behavior is explained by
two different charge carrier photo-generation sites. Both semi-
conducting dichalcogenides WSe2 and MoS2 have each their
own bandgap of E, = 1.88 eV and Ey, = 1.65 eV absorbing at
660 nm and 750 nm, respectively. Hence, the responsivity in
the VIS spectrum is attributed to the absorption of all three
components within the p-g-n junction, and for wavelengths
larger than 800 nm, the photon energy is only sufficient to
excite interband transitions in the graphene alone. The charge
excitation and transport are indicated in the corresponding
band diagrams shown at Figure 19c and d. Despite the large
photogain in the device, the temporal response showed a rise
(fall) time of 54 us (30 us) and could follow a 1 kHz modu-
lated signal without signal deterioration. Hence, Long et al.
have successfully demonstrated the concept of van der Waals
heterojunctions as viable route for broadband graphene based
detectors with significant sensitivity.2°

Within the framework of graphene hybrid photodetectors,
another strategy to enhance the intrinsic photoresponse in
graphene is to integrate waveguide structures into the detector
design. The evanescent wave along the waveguide surface will
couple to a graphene layer and excite inter- and intraband optical
transitions. This technique is especially interesting for systems
on a chip when optical inter- or intrachip communication links
need to be established with a very small footprint. With respect
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Figure 19. a) An illustration of a van der Waals heterojunction of a single graphene layer stacked in between WSe, (top) and MoS, (bottom), forming
a pn-junction across a single graphene layer. The responsivity and specific detectivity of a device comprising such p-g-n junction is plotted at b). For
high energy photons, the electron (full circle) hole (open circle) excitation takes place across the bandgaps of WSe,, MoS, and graphene, as depicted
in c). Low energy photons only excite interband transitions inside the graphene layer, as depicted in d). Reproduced with permission.?% Copyright

2016, American Chemical Society.

to the silicon-based complementary metal-oxide semiconductor
(CMOS) technology, the integration of broadband detectors is
important, and graphene could help to replace Ge or Si imple-
mented detectors. The possible integration of a Si-waveguide
and a graphene photodetector in a CMOS compatible process
was demonstrated by the group of Mueller.[*’] A lithographically
prepared Si-waveguide was covered by graphene and contacted
by three metallic terminals. Light coupled into the waveguide
was successful detected across all optical communication bands
in a wavelength range from 1.3 to 1.65 um. The photocurrent
extraction from the graphene relied on the internal field adja-
cent to the metal contacts. Hence, the device could be operated
without any bias, beneficial for low power consumption. The
maximal achieved responsivity was 0.05 A W1, constant across
the optical bandwidth, and the detector could be operated at up
to 18 GHz.*!

Around the same time, Wang et al. demonstrated a slightly
different, equally CMOS compatible, detector design com-
prising a suspended graphene/Si membrane waveguide.l?°!
The suspension helped to reduce the damping of MIR light
by a buried oxide. Hence, in combination with an in-plane
absorption geometry of the graphene/Si heterojunction, the
detection could be facilitated even at a wavelength of 2.75 um.
Greatly benefiting from the low dark current across the gra-
phene/Si heterojunction, a responsivity at this wavelength of
0.13 A W! was achieved.?°!l For a successful chip integra-
tion, an optical modulation is needed as well, and has been
already demonstrated in a gate voltage tunable waveguide
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integrated modulator and photodetector by Youngblood and
co-workers.[202]

The responsivity of graphene photodetectors can be also
influenced and designed to meet very narrow absorption band-
widths by combining the graphene with plasmonic antennae.
Small metallic features or gratings can be used to assist and
enhance the photoresponse up to 400% for a designated wave-
length.?l By adapting the plasmonic antenna design, the reso-
nance wavelength can be adjusted from multicolor detection in
the VIS spectrum to strongly enhanced MIR detection with a
responsivity of 0.4 V W at 4.45 pm.[204-20]

Focusing on even longer wavelength from the FIR region, a
more selective room-temperature THz detection with graphene
can be achieved by utilizing e.g., log-periodic circular-toothed
or bowtie metallic antennae, to resonantly couple THz radia-
tion to graphene.?97:208] A responsivity of =1 V W~! was already
reported for a wavelength of 1 mm (0.292 THz).?%! The under-
lying detection mechanism is attributed to the collective exci-
tation of the 2D electron gas in graphene, which can act as a
cavity for plasma waves, eventually establishing a photovoltage.
Inside the resonant regime of the antenna, the photodetection
can be achieved much stronger than the photoresponse of the
non-resonant graphene broadband signal. A more detailed elab-
oration of the detection principles and a summary of various
THz detectors can be found elsewhere.[161:179:20%]

Graphene is additionally utilized in planar semiconductor/
graphene heterojunctions, partially to surpass the photore-
sponse limitation in metal-graphene-metal and graphene-based
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FET photodetectors, due to a small photoactive area. Moreover,
they rely on the stronger absorption of the inorganic semicon-
ductor part and the electric properties of graphene. In a recent
review by Bartolomeo, graphene/semiconductor heterojunction
detectors are explained in detail.[21%

6. Three-Dimensional Bulk Carbon for UV and
Radiation Detection

Three-dimensional allotropes of carbon include graphite,
in which the honeycomb-structured layers of graphene are
stacked on each other with a distance between the planes of
0.335 nm,?1 and diamond with either a face centered cubic
or a hexagonal lattice structure. Tetragonal arranged covalent
bonds with a length of 0.155 nm via sp? orbitals cause the cubic
diamond to be the hardest naturally occurring material, which
shows excellent thermal conductivity and a high dispersion of
light. Diamonds are classified by the concentration and type of
impurities they contain,?'? and the purest diamonds are of type
IIa, which are basically insulators with a band-gap energy of
5.47 eV, and a room temperature mobility of 1800 cm? V! 571
In graphite, in contrast, there is an overlap between the valence
and conduction bands, causing a free carrier concentration of
~10'° cm™3L1] and due to the layered structure of graphite its
mobility is highly anisotropic. As a result, graphite is applicable
in photodetecting devices as electrode material only. By drawing
electrodes with a soft pencil on flexible paper, extremely low
cost photodetectors were presented by Jungang He et al., with
colloidal PbS nanocrystals as photoactive layer.?'* These detec-
tors showed an excellent bending robustness and a photore-
sponse up to the near infrared spectral region.

The large bandgap of diamond together with its concomi-
tantly small intrinsic carrier concentration makes it to an ideal
material for applications in UV photodetectors. The basic fea-
tures of these detectors are seen in photoconductivity spectra,
measured in a lateral device geometry, which makes use of
interdigitate electrodes with a gap distance between the elec-
trodes of typically 50 to 100 um. Bias-fields in the order of sev-
eral tenths of Volts per micrometer are applied to obtain the
spectral response, as shown in Figure 20a on an energy scale
between 5.2 and 6.5 V.21 The indirect nature of the diamonds
band gap causes three different thresholds in the photocon-
ductivity spectrum of a type Ila diamond?"!: (1) the photocon-
ductivity starts at an energy which is by the transversal optical
phonon energy lower than the band gap energy (at 5.257 eV);
(2) at the transverse acoustic phonon energy above the band
gap a kink is observed (at 5.483 eV); and (3), at the transversal
optical phonon energy above the band gap the steepest increase
of the spectrum starts. Interestingly, a completely different
spectral shape is observed, when the photoconductivity is meas-
ured in vertical direction, in between a top contact and a bottom
contact on the specimen, revealing the response of the “bulk”
material.?"! In the vertical geometry, the weak signals due to
the phonon assisted band gap transitions (1) and (2) become
substantially increased, whereas above the energy of the max-
imum of the lateral photoconductivity spectrum the signal
decreases much more rapidly as in the lateral case. As a result,
a rather narrow peak is observed in the photoconductivity
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Figure 20. Diamond based photodetectors. a) Photocounductivity spec-
trum of a polycrystalline chemical vapor deposition diamond, measured
in lateral direction by making use of interdigitate electrodes, as those
shown on an optical microscopy image in the inset of figure (a). For
description of the points marked by arrows see main text. b) Comparison
of photoconductivity spectra obtained in lateral and vertical direction of
the current through the sample. Reproduced with permission.[*62151 Copy-
right 1999 and 2001 respectively, Elsevier.

spectrum of vertical devices Figure 20b. While the relevance of
this observation was perhaps not fully explained in the original
paper of Hiscock and Collins,*!] the appearance of the narrow
photoconductivity peak is reminiscent of the recently developed
highly narrowband single-crystal photodetectors based on per-
ovskites.?1%l In the perovskites, the narrowband photodetec-
tion is observed below the band gap energy. It is explained by
weak below-bandgap absorption, causing excitation of carriers
located away from the surfaces from where they can be much
more efficiently collected by the electrodes, assisted by the
applied electric field, than near surface carriers, which are gen-
erated by strongly absorbed short wavelength photons, causing
above band gap transitions.?16]

The insensitivity of diamond photodetectors to visible light is
usually seen as an advantage in comparison to commercial sil-
icon ultraviolet detectors.[*217] This solar-blindness characteris-
tics is quantified by a discrimination-ratio, for instance between
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the responsivity at 200 nm wavelength and at >230 nm, for
which values >10° were reported.®02!8 While the achieved
signal to noise ratio is smaller than those of silicon based UV
detectors, especially for polycrystalline diamond remarkable
properties have been reported: One outstanding parameter
from the literature is the mobility lifetime product, for which
values up to 2.7 X 1072 cm? V~! were observed in polycrystalline
films.[% Although this value dates back by almost 20 years, it
is as high as novel record values, achieved in single crystals of
methylammonium lead bromides, which are applied in sensi-
tive X-ray detectors.?”l Furthermore, the photoconductive gain
observed in the diamond films reached values up to 10°.[60
This high gain is a result of the imbalance between carrier
transit time and carrier lifetime. If the lifetime is longer than
the transit time, photoexcited carriers can contribute multiple
times to the photocurrent. This phenomenon is observed fre-
quently in systems containing numerous defect states, in which
one type of photoexcited carrier (either electrons or holes) are
trapped, whereas the other type is circulating multiply between
the contacts of the detector, before recombination occurs. Such
trap states are especially dense in poly-crystalline or nano-
crystalline materialsi??%22!l and besides providing a photocon-
ductive gain they also reduce the band-width of the detector,
so that the product of gain times band width is approximately
constant for a given material system. To overcome the limita-
tions of a fixed gain times band-width product, phototransis-
tors were developed, in which two-dimensional high mobility
transport layers such as graphene or MoS, were photo-gated by
an appropriate photosensitizer.'” In these transistors, ultra-
high gain values, which are up to 100 times higher than those
reported for polycrystalline diamond were demonstrated with
colloidal nanocrystals or solution processed perovskite layers as
photosensitizers.[?22l Probably inspired by the success of these
phototransistors, recently also diamond based photodetec-
tors were tested with the geometry of a bilayer structure.l®!l In
particular the combination of TiO, on diamond were reported
to be advantageous in comparison to a purely diamond ref-
erence. The bilayer structure showed reduced dark current
combined with an increased photocurrent, resulting in higher
responsivity.

While diamond based UV detectors are rather sparsely
studied, more promising developments are reported for dia-
mond detectors for high energy photon or particle detec-
tion.[?23-227] Probably most importantly, CVD single crystal
Shottky diodes are available as radiation dose meters, to be
used in clinical radiation therapy with high energy photons
(hard gamma range with photon energies in the MeV range)
or with electrons. Such radiation detectors recently became
commercially available, from the manufacturer PTW-Freiburg
(Germany).228-231 The commercial detectors exhibit a response
of 1 nC Gy and a very low dose rate dependence, combined
with a high spatial resolution. The dosimeter response is stable
within +-0.5%, but for stabilization a pre-irradiation step is
required. Besides the overall promising detector parameters,
the dosimeters used in radiation therapy should absorb the
equivalent amount of radiation as human tissue. This is closely
the case for diamond, since the order number of Carbon (Z = 6)
almost matches the effective atomic number of human tissue
(Zesr =7.42). Comparisons of the performance of the CVD
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diamond diodes with ionization chambers, or with Si based
radiation detecting diodes resulted in clear advantages for the
diamond device, in respect to radiation hardness, tempera-
ture stability, insensitivity to radiation direction or energy, and
response stability, and dose rate stability. Thus, the obtained
results suggest the investigated synthetic diamond-based
detectors as a prime candidate for small field clinical radia-
tion dosimetry in advanced radiation therapy techniques, or in
combination with some innovative technologies in medicine
such as the CyberKnife, Gamma Knife, or Tomotherapy, being
important high-end tools for cancer treatment.?3%

7. Conclusions and Outlook

Carbon is an abundantly available element with potentially
low environmental impact. In form of its allotropes, semicon-
ducting materials can be isolated with rather individual opto-
electric properties, strongly depending on their molecular
dimensionality. Photodetector devices presented within this
review (summarized in part within Table 1 and Table 2) dem-
onstrate that the intrinsic properties of carbon allotropes are
sufficient to build devices with technological relevant perfor-
mance within a spectral range from gamma to THz radiation
(see Figure 1). Astonishingly, the detector performances are
comparable to commercial and novel nanostructured inorganic
detectors, which require several different material systems to
cover the same spectral range.?3?l Going from high energy to
low energy radiation distinct regimes can be identified where
different carbon allotropes are more beneficial for serving as
photoactive layer in a corresponding photodetector.

For very high radiation energies of some MeV, diamonds
can be utilized for ionizing gamma quant detection. Commer-
cial diamond-based dose meters are already available and show
superior performance over ionization chambers and Si-based
technologies. Another field in which diamond could be part of
the next generation technology is extreme- and deep- UV detec-
tion for wavelengths <220 nm. In combination with its dura-
bility and radiation hardness diamond detectors could become
viable for the chip-industry where the feature-size reduction in
lithographic processes requires already extreme UV light moni-
toring. Advances in CVD grown single crystalline diamond
devices and surface passivation methods are promising and
encouraging to the field.

Zero dimensional C60, fullerene derivatives and GQDs are
predominantly used for UV and visible light detection. Photo-
detectors with C60 have been demonstrated to achieve respon-
sivities exceeding unity and detectivites of more than 10!!
Jones in a range from 300 to 500 nm with the potential of up
to 1 MHz response speed. Nevertheless, C60 and derivatives
thereof are investigated more prominently for their strong elec-
tron accepting nature in photoactive blends of organic photo-
detectors. They enable nearly 100% efficient charge carrier sep-
aration which increases the responsivity. In order to gain also
high detectivities the remaining challenge on the device fabri-
cation is a successful suppression of the dark current. Latter
can be mostly achieved by interface engineering and reports of
detectivites in the order of 10'3 Jones are very promising to the
field.?33 Driven by the development of new absorber polymers
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for organic solar cells the spectral responsivity can be theoreti-
cally tailored to any need, putting even color imaging within
reach.[19.25.26,52,234]

GQD are a rather young species of the zero dimensional
carbon allotropes with a strong UV sensitivity. Unlike in C60,
the conjugated electron system in GQDs can be influenced by
quantum confinement, doping and chemical modifications,
thus allowing the opening and tuning of the particle bandgap.
Thereby parts of the visible and NIR spectrum become acces-
sible. In spite of the great potential GQDs offer, current syn-
thesis methods are very challenging and difficult to control.
However, new synthesis methods and chemical modifications
are already promising for the upcoming GQD generations.
Currently more opto-electronic characterization studies are
needed to gain understanding of all structure-property relations
of GQDs which will then rapidly evolve the GQD development
for photodetectors. First GQD-based photoconducting devices
are showing already a promising responsivity in the order of
107 A W' and a detectivity in the order of 10" Jones for UV
detection and 10'! Jones for VIS detection.[*%-56:%8]

Improvements in purification of semiconducting SWCNTs
has contributed significantly to the advances of recent photonic
detectors comprising a CNT/C60 heterojunction. Devices were
demonstrated operating in the PV mode with a detectivity
approaching 10'? Jones in the NIR spectrum, only more one
order of magnitude below the best existing InGaAs detectors
with 10! Jones. Since the bandgap of individual semicon-
ducting SWCNTs is determined by van Hove singularities in the
density of states, the tube diameter and chirality can be used to
selectively determine the device’s peak responsivity. With future
improvements in purification and selection methods for semi-
conducting and metallic CNTs, not just broadband but also mul-
ticolor detection is plausible, and the overall CNT photodetector
performance is expected to increase even further. Differently, in
photodetectors with mixed CNTs, the thermo-electric proper-
ties seem to outweigh the photonic charge carrier generation.
For instance, in CVD grown SWCNTs pn-junctions, a strong
PTE effect has been demonstrated, significantly expanding
the spectral sensitivity to (polarized) THz radiation and up to
mm wavelengths. Additionally, CNTs exhibit exceptional bolo-
metric sensitivities for non-cooled devices. By increasing the
active area in future CNT photodetectors, they are most likely
to outperform existing room-temperature operated bolometers.
Nevertheless, there are a number of challenges that need to
be addressed, especially on the topic of understanding charge
transport mechanisms in SWCNTTs films, which is essential for
developing detector systems with higher responsivities. While
highly prisitine SWCN'Ts with more stable doping and/or better
uniformity can be a direction of improvement, deeper research
on the charge transport phenomenon in CNT networks with
different bandgaps and percolation densities will be funda-
mental to improve such systems in the future. Studies with
the availability of well-defined materials and against the back-
ground of first reported very promising CNT-based photodetec-
tors, can put commercial application in the near future.

As a result of its zero-bandgap, graphene photodetectors have
an exceptional broad absorption and cover a spectral range from
UV to NIR. Graphene photodetectors further benefit from the

wileyonlinelibrary.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

high charge carrier mobility in single layer graphene enabling
an electric bandwidth of intrinsic 262 GHz.P! For high speed
communication purposes the integration of graphene with Si-
waveguide structures, in compliance with CMOS technologies,
has been already successfully demonstrated.”! Nevertheless,
the low absolute absorption of graphene is limiting the respon-
sivity in stand-alone photodetectors. Thus, device concepts are
anticipated where the charge carrier generation in graphene
is amplified by photoconductive gain, as demonstrated in
photo-gated transistors and layered van der Waals heterojunc-
tions. Detectivites in the visible spectrum exceeding 10'* Jones
are reported. Long wavelength THz and FIR radiation however,
requires integration of metallic antennae, to efficiently couple
photons to the plasmonic modes of graphene. Detecting MIR
photons, which can be relevant to biosensing and thermal
imaging, remains challenging with graphen since it exhibits
an inherent absorption minimum. Bandgap engineering via
structuring and stacking of multiple graphene layers is appli-
cable, however a competitive photodetector utilizing either of
these concepts has yet to be demonstrated. An additional future
challenge for graphene-based photodetectors lies within the
preparation of defect free, large area graphene sheets which
can be readily integrated into large-scale device fabrication pro-
cesses. Latter would also decide about the commercialization of
graphene photodetectors, as device performances on par with
existing technologies were presented already.

Fundamental studies on the underlying detection mecha-
nisms, the progress in purification and preparation routes
for certain carbon allotropes and elaborate device fabrication
techniques have led to major advances in the development of
carbon allotrope based photodetectors. Detector performances
were reported approaching, and in part exceeding, state-of-
the-art inorganic photodetectors, which is very promising for
the future of organic photodetectors and carbon based elec-
tronics in general. By further improving synthesis methods
and quality of the materials and investigating the opto- and
thermoelectric properties in both the pristine carbon allo-
tropes and in hybrid structures, the roadmap points towards
possible high performance all carbon-based, room-tempera-
ture operated photodetectors highly integrated into existing
technologies.
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