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Abstract Colloidal semiconductor quantum dot/graphene van der Waals heterostructure
nanohybrids are emerging technologies for photodetection. These nanohybrids combine
advantages of the enhanced light-matter interaction and spectral tunability of quantum dots (QDs)
and superior charge mobility in graphene, providing an affordable alternative for uncooled
photodetectors with high gain or external quantum efficiency in a wide spectral range. In
particular, the interfacing of QDs with high mobility graphene as a charge transport pathway has
provided an effective resolution to the critical issue of charge transport in QD-only photodetectors
stemming from the low charge mobility associated with both QD surface defect states and QD-
QD junctions. Furthermore, the achieved capability in industrial-scale fabrication of graphene,
colloidal QDs and QD/graphene nanohybrids has motivated efforts in researches of focal plane
arrays that are expected to be not only high performance and low cost, but also light-weight,
flexible and wearable. This chapter aims to provide an up-to-date review of the recent progress
made in the research of QD/graphene nanohybrid photodetectors, together with a discussion on
the challenges remaining and perspective in future research and development to make
QD/graphene nanohybrids competitive for commercialization.
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1. Introduction

Since its discovery in 2004, graphene—a monolayer of carbon atoms arranged in a flat two-
dimensional (2D) honeycomb lattice [8, 9]—has attracted enormous interest due to its superior
physical properties including high charge carrier mobility, optical transparency, flexibility and

Judy Wu (corresponding author), Maogang Gong, Bo Liu
Department of Physics and Astronomy

University of Kansas

Lawrence, KS 66045, USA

Email: jwu@ku.edu

Russell C. Schmitz

U.S. Army RDECOM

CERDEC

Night Vision and Electronic Sensors Directorate
Ft. Belvoir, VA 22060, USA



Quantum Dot/Graphene Heterostructure Nanohybrid Photodetectors

chemical stability [8, 9]. In a larger scope, graphene belongs to the family of carbon nanostructures
including fullerenes and carbon nanotubes (CNTs) which have won two Nobel Prizes and been the
focus of intensive research and development in recent years [9, 13].

Graphene can be viewed as an atomically thin film available in large-area [17] and is
compatible with conventional thin film-based microelectronics since the established
microfabrication processes can be readily applied to make graphene circuits. This has motivated
extensive exploration into graphene-based applications. Among these, optoelectronic nanohybrids
involving graphene and quantum nanostructures have recently emerged as a unique scheme for
high-performance photodetection [19-21]. The nanostructures are photosensitizers with
morphologies of quantum dots (0D) [16, 20, 22-25], nanotubes and nanowires (1D) [26, 27], and
nanosheets (2D) such as transition metal dichalcogenides (TMDC) [21, 28, 29]. The
implementation of graphene of extraordinary charge carrier mobility in the nanohybrids makes a
fundamental difference in the charge carrier transport in these nanohybrids optoelectronics as
compared to the counterparts based on the nanostructures only.

Among other nanohybrids, colloidal quantum dots (QDs)/graphene van der Waals (vdW)
heterostructures have recently emerged as a promising scheme for photodetectors [20], prompted
by exciting progress made in colloidal QDs [32-48] and graphene [9, 13, 50-55]. It should be noted
that the QD/graphene vdW heterostructure differs from the QD-only counterpart in charge
transport. In fact, the QDs-only photodetectors (Fig. 1a) have been intensively studied, especially
for infrared (IR) photodetection, in which the quantum confinement in QDs due to the suppressed
phonon scattering [56] is expected to reduce dark current and hence improve the detector
performance [57, 58]. This has been shown experimentally on colloidal HgTe QDs with surface
passivation [59-61] and InSb-nanowires [62, 63]. However, the low carrier mobility, in the range
of 108 cm?V-!s™! (in as-made HgTe QDs) to 10 cm™V-!'s™! (with ligand exchange on HgTe QDs
to passivate surface defects), remains a bottleneck to obtaining high detectivity (D*) in QD-only
photodetectors [61]. This bottleneck can be removed in QD/graphene vdW heterostructures by
enabling charge transfer from QDs to graphene by the built-in electric field at the QD/graphene
interface. Charge transport in graphene between the electrodes, as shown Fig. 1b, takes advantages
of the high mobility (> 4x10* cm?V-!s") in graphene at room temperature. After the first report
of PbS QD/graphene photodetectors by Konstantatos et a/ in 2012 [20], many QD/graphene
photodetectors have been explored and higher D* values, some by orders of magnitude compared
to QD-only photodetectors, have been reported [5, 15, 20-22, 28, 29, 64-74]. Therefore, the
QD/graphene vdW heterostructures may provide a unique scheme for high-sensitivity
photodetectors by taking advantage of quantum confinement in semiconductor nanostructures and
ballistic charge transport in graphene to enable unprecedented performance. This book chapter
intends to provide a review of the recent progress made in research and development of the
QD/graphene vdW heterostructures photodetectors including the fundamental physics underlying
the optoelectronic process and key performance parameters (Section 2), processes developed for
fabrication of colloidal QDs, graphene and QD/graphene vdW heterostructures (Section 3) and an
overview of the current state-of-the arts performance of the QD/graphene vdW heterostructures
photodetectors (Section 4). A summary of remaining challenges and future perspectives is given
in Section 5.
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Fig. 1 Schematic of (a) QD/graphene vdW heterostructures (Iph transfer in graphene),
and (b) QD-only (Iph transfer in QD-film) photodetectors.

2. Background of QD/graphene van der Waals Heterostructures

The QD/graphene vdW heterostructure is a quantum device, taking advantage of the strong
quantum confinement in QDs with enhanced light-matter interaction, spectral tunability, and
suppressed phonon scattering [39, 75, 76], and of the extraordinary charge mobility of graphene
at room temperature.[9, 13, 54, 55]. For photodetection, the QD/graphene vdW heterostructures
can provide distinct advantages over their conventional semiconductor counterparts. First, the
strong quantum confinement in QDs leads to much enhanced light absorption, spectral tunability
much beyond the optical cutoff of bulk semiconductors, and reduced dark current due to
suppressed phonon scattering. Second, a high external quantum efficiency (EQE) or
photoconductive gain up to 10'°-10'2 can be enabled in various QD/graphene photodetectors,
which results in high photoresponsivity and D* [16, 20, 25]. Third, the Fermi level in graphene
can be tuned by applying a gate voltage, shifting the Fermi energy of graphene with respect to the
conduction and valence bands of the sensitizers for an optimal built-in field for exciton dissociation
and charge transfer across the QD/graphene interface [20, 22]. Fourth, highly crystalline colloidal
QDs can be synthesized with controllable dimensions, morphology and chemical composition
using low-cost, non-/low-vacuum processes. This provides an additional advantage towards
commercial applications and allows integration with Si-based readout circuits (Si-ROIC) using
inkjet printing of the QD sensitizers [26, 77-79]. Finally, the high mechanical strength of a single
sheet of graphene allows transfer of graphene onto various functional substrates, including Si-
ROIC and flexible substrates with predefined electrodes. Unlike most other carbon-based
nanostructures, the two-dimensional (2D) nature of graphene would allow most established
lithography approaches for microfabrication and nanofabrication of electronic circuits to be
applied to graphene, conferring benefits such as being monolithic, flexible, wearable, etc. to
various commercial applications [28, 80, 81].

2.1. Graphene

Monolayer graphene has perfect crystallinity and extraordinary physical properties including
unique electronic structure, high carrier mobility, optical absorption and mechanical strength [13,
50-55]. From an electronic structure point of view, graphene is a gapless, relativistic (E,=0)
semiconductor or semimetal [82], which means the charge carriers (both electrons and holes) can
be described by a linear dispersion of E = Avrk, where the momentum-independent Fermi velocity,
vi, 1s as high as 1/300 of the speed of light. This results in high carrier mobility (1) that seems
independent of temperature in a large range, independent of applied electric field, and is
comparable for holes and electrons [51]. Experimentally, high x up to~15,000 cm?-V !s™! has
been observed on exfoliated graphene for both electrons and holes in the temperature range of 10-

3



Quantum Dot/Graphene Heterostructure Nanohybrid Photodetectors

100 K, which could be further improved by eliminating extrinsic charge scatting mechanisms and
defects in graphene. The intrinsic acoustic phonon limit of mobility is projected to be ~ 200,000
cm?/V-s~! at room temperature assuming a carrier density of (n) ~10'> cm 2 at the charge neutrality
or so-called Dirac point [51, 55]. It should be pointed out that the carrier mobility in graphene is
higher by many orders of magnitude than in metals and most semiconductors at room temperature.
For example, the electron and hole mobility for Si at room temperature are around 1400
cm?V st and 450 cm?-V'-s7!, respectively.

Intrinsic graphene has a zero energy bandgap E, [51], which has prevented its use in a similar
way to conventional semiconductors of well-defined E,. Graphene absorbs incident light via
interband transitions and exhibits a flat absorption 4A=7a = 2.3% or transmittance 7=1-4=97.7%
(the fine-structure constant a= e’/(4neofic) = Gol(neoc) ~ 1/137) per graphene sheet in broadband
from near ultraviolet to mid-infrared [82-85]. This absorption is one of the largest of all known
materials (per atomic sheet). The low n and high x in graphene imply that graphene can be an
excellent alternative [81] to conventional transparent conductors [86] broadly employed for a large
variety of photonic and optoelectronic applications [80, 87] including flexible displays, light
emitting devices [88], photodetectors [89], touch screens, transistors [8, 90], electromechanical
resonators [91], ultracapacitors [92] and photovoltaics [93]. In addition to high electrical
conductivity and optical transparency in a wide spectral transmission window with the lower
frequency cutoff proportional to n [94, 95], graphene has additional advantages of flexibility, low
cost, light weight, and a favorable work function of ~4.42 eV comparable to many metals for many
other optoelectronic applications [81, 96-100].

2.1.1. Graphene as Photosensitizers

Graphene-based optoelectronics have emerged as an important area with graphene as either the
active or the electrode material. In the former, graphene photodetectors have been demonstrated
with high frequency photodetection up to 40 GHz [9, 80, 89, 101]. However, the photoresponsivity
has been limited by the low optical absorption of 2.3% in monolayer graphene [82] and lack of a
high photoconductive gain mechanism. In the latter, sensitizer/graphene nanohybrids including
QD/graphene vdW heterostructures enable enhanced photoresponse using nanostructure
photosensitizers. Fig. 2 illustrates a few examples.

Graphene-only photodetectors can be used in a wide optical spectrum from ultraviolet (UV)
to Mid-IR due to the broad absorption of graphene via intra-band excitation. These photodetectors
have shown to have high response speed, despite a limited photoresponsivity due to limited light
absorption of 2.3% per graphene sheet (Fig. 2a). Taking 550 nm light as an example, the upper
limit of the photoresponsivity for monolayer graphene is ~ 17 mA/W, assuming 100% EQE. In
order to enhance the responsivity, various metallic plasmonic nanostructures have been
implemented in graphene photodetectors for enhanced light absorption (Fig. 2b). Graphene
nanoribbons (GNRs) and graphene quantum dots (GQDs) have also been explored to induce
bandgaps (E,) in graphene to enhance its light absorption. In both GNRs and GQDs, E, appears
when the dimension of GNRs and GQDs are reduced to <10 nm, while graphene is originally a
semimetal with zero E,. The E,; for GNRs due to the quantum confinement along the width of the
GNRs is in the sub-eV or IR spectral range [102, 103] while that for the GQDs, with quantum
confinement over all dimensions in the similar range of a few nm, is in the UV spectral range. In
particular, the E, can be tuned in both GNR and GQD cases by varying these dimensions in the
range of 3-10 nm, providing unique tunability of optical spectra in IR (GNRs) or UV (GQDs),
respectively. Figs. 2c-d illustrate examples of photodetectors employing GNRs and GQDs,
respectively,
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Fig. 2 (a) Schematic of graphene double layer heterostructure photodetectors. (b) Current curve for
bottom graphene layer using silicon back gate (black) and top graphene layer using the bottom graphene
as the gate (red). Reproduced with permission.[1] Copyright 2014, Nature Publishing. (¢) Schematic
diagram of the graphene-localized surface plasmon resonance (LSPR) Cus;«P nanocrystal (NC)
heterojunction photodetectors on polyethylene naphthalate (PEN) substrate. (d) Dynamic photocurrent
response excited under 1550 nm light illumination. Reproduced with permission.[3] Copyright 2017,
John Wiley and Sons. (e) Schematic image of a Diaminonaphthalene-functionalized graphene quantum
dots/boron nitride nanosheets@graphene field effect transistor (DAN-GQD/BN-NS@GFET) hybrid
photodetector. (f) The band energy alignment of the photo-doping effect under illumination. (g-h)
Cathodeluminescence spectrum of the BN-NSs and UV-Vis-NIR absorption spectra of graphene and the
DAN-GQD/BN-NS/graphene film. Reproduced with permission.[ 14] Copyright 2008, Royal Society of
Chemistry. (i) Schematic of CsPBCl; NCs/GFET hybrid photodetectors under UV illumination. (j)
Time domain photoresponse of the CsPBCl; NCs/GFET device under the 400 nm light excitation.
Reproduced with permission.[5] Copyright 2019, American Chemistry Society.
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2.1.2. Graphene as Charge Transport Channel
In QD/graphene vdW heterostructure photodetectors, charges will transfer from QDs to graphene
with graphene serving as the charge transport channel. This means that the QD/graphene vdW
interface plays a critical role in facilitating the charge transfer shown in Fig. 1b [2, 20, 104-106].
In most of the QD/graphene vdW heterostructure devices, there are no purpose-generated chemical
bonds between QD and graphene due to the 2D nature of the graphene. However, the vdW bonding
is typically weak and hence can be easily affected by interface adsorbates from air and chemicals
used in device fabrication. In addition, the electronic and optical behaviors of graphene are highly
dependent on the interface including both QD/graphene and graphene/substrate interfaces [107,
108]. A direct consequence of a poor interface is increased carrier scattering and hence reduced
carrier mobility in graphene. Moreover, the exciton dissociation into electrons and holes, and the
follow-up charge transfer across the QD/graphene interface, can be dramatically degraded by a
poor interface with a less effective built-in electric field and interface charge traps [22, 26, 71, 104,
106]. This makes controlling the QD/graphene vdW interface crucial to realizing the high
photoresponse and high response speed. Many interesting works have focused on interface
engineering to achieve high-performance QD/graphene vdW heterostructure photodetectors by
optimizing charge transfer to and within graphene (see a more detailed discussion in Section 3.3).
Interface engineering can improve the performance of QDs/graphene photodetectors. As
shown in Fig. 2e-2h, a BN-NS buffer layer is inserted at the NGQD/BN-NS layer interface, which
facilitates transport of photoexcited electrons from the DAN-GQD photon absorber layer to
graphene and block the photoexcited holes remaining in the NGQD layer. This DAN-GQD/BN-
NS@GFET hybrid photodetector displayed high photoresponsivity of 2.3 X 10° A/W and
detectivity of 5.5x10'® Jones in the deep ultraviolet region at a fixed bias of 1V.[14] A more
general and useful surface/interface engineering technique has been developed in recent years. Fig.
21-2j shows a method of passivating crystalline CsPbCl; NCs surface with 3-mercaptopropionic
acid (MPA), achieving superior ambient stability. Besides the ambient stability, this ligand-
exchange and passivating technique improves the surface charge trap states of NCs and facilities
high charge transfer efficiency between CsPbCls NCs and graphene. Remarkable optoelectronic
performance was achieved on the CsPbClz NCs/graphene photodetector with a high responsivity
of 10° A/W, a high detectivity of 2x10'3 Jones, a fast photoresponse time of 0.3 s and long term
ambient stability of 2400 h.[5]

2.2. Semiconductor Quantum Dots

2.2.1. Band Tunability by QD Size

The strong quantum confinement in semiconductor QDs or NCs leads to advantages not only in
the high photoconductive gain in the QD/graphene vdW heterostructures, to be discussed in
Section 2.3.1, but also in the tunability of the spectral range through control of their shape,
dimension, functionality (core/shell QDs), and carrier doping [94]. The bandgap dependence on
the QD’s size and shape can be expressed as [109]:

2 2
Eop = Epuir + Zdiz(i + i) -2 (1)

Mme mp 4meegd

where, Egp is the bandgap of the QDs, Enu is the bandgap of corresponding bulk materials, /4 is
the Planck’s constant, d is the diameter of the QDs, m. and m;, are the effective masses of electron
and hole respectively, and e is the electron charge. The second and third term of the Eq. (1)
represent the quantum confinement effect and coulomb interaction respectively. As shown in Fig.
3a, the absorption spectral can be tuned by the size of QDs, which is directly related to the tunable
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bandgap of the QDs [4]. In addition, the bandgap of the QDs can also be tuned in a broad range
by varying their chemical composition. For example, the absorption spectral of all-inorganic
metal-halide perovskites CsPbX3 NCs can cover the entire visible range by changing the elements
X (Cl, Br, I) as shown Fig. 3b [6].
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Fig. 3 (a) The size dependent optical absorption spectra of CdSe, CdTe, PbS and PbSe QDs.
Reproduced with permission.[4] Copy right 2011, American Chemical Society. (b) Metal halide
perovskite CsPbX; (X=Cl, Br, I) NCs exhibit composition tunable bandgap energies covering the entire
visible spectral region. Reproduced with permission.[6] Copy right 2015, American Chemical Society.

2.2.2. Localized Surface Plasmonic Resonance for Enhanced Light Absorption and Spectral
Tunalibity

Localized surface plasmonic resonance (LSPR) induced directly on nanostructure sensitizers via
carrier doping, or in other plasmonic nanostructures placed in proximity of the sensitizer/graphene
nanohybrids, could provide a light-trapping effect to enhance the photoresponse and shift the
spectral range via exciton-plasmon coupling (Fig. 4) [72-74, 80, 89, 94, 110-113]. In the former,
the light wavelength selectivity could be determined by the LSPR frequency of the plasmonic
sensitizers, providing a viable wavelength tuning mechanism [94]. The LSPR frequency may be
tuned by n- or p-doping of semiconductors of reasonable bandgaps that are large enough to not
contribute a substantial dark current at room temperature [94]. Recently, Gong et al reported a
broadband photosensitizer based on FeS: nanocubes that demonstrate strong LSPR effect
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illustrated by the enhanced absorption and widened spectral range covering the UV-Visible-SWIR
(SWIR regards short-wave IR) broadband (Figs. 4a-4c) [7, 105]. This LSPR FeS»/graphene
nanohybrid photodetector exhibits an efficient broadband photoresponse, with responsivities
reaching 1.08x10° A/W in the whole UV-Visible-SWIR range at a low operational voltage of 0.1
V. Besides doping semiconductor nanocrystals to produce LSPR for broadband and enhanced
absorption, metal/semiconductor core/shell structure design is another efficient way to improve
the light absorption at a limited active shell thickness with low absorption capacity. A template
modulated colloidal approach for synthesizing metal core (AuCu) and metal-halide perovskite
shell (CsPbClz) nanocrystals was reported as shown in Figs. 4d and 4e [15]. Enhanced light
absorption was observed in the CsPbCl3 shell with thickness of 2-4 nm, ascribed to the LSPR
AuCu core with an average diameter of 7.1 nm. The LSPR AuCu core-induced light absorption of
the perovskite shell enabled a remarkable 30 times-enhanced photoresponse in core/shell
perovskite QDs/graphene nanohybrid photodetectors, compared to the counterparts with
perovskite-only QDs. Plasmonic metal nanostructures may be placed in proximity of the
nanohybrids photodetectors for the benefit of light trapping, which can be quantified using Finite-
Difference Time-Domain (FDTD) simulation, and enhanced light absorption in QDs [112]. A
recent work by Alamri et al [30] combined the plasmonic effects from TMD nanodiscs grown on
graphene and Ag nanoparticles (AgNPs) using an in vacuo process, producing a seven-fold
enhanced photoresponse (Figs. 4f-4h).
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Fig. 4 (a) Diagram of localized surface plasmon resonances of FeS2 NCs and broadband photoresponse.
(b) UV-vis—NIR absorption spectra of FeS2 QDs (black) and NCs (red). (c) spectral photoresponsivity
of FeS> QDs/GFET (black) and FeS, NCs/GFET (red) devices. Reproduced from Ref.[7] . Copyright
2018, John Wiley and Sons. (d) Schematic image of AuCu/CsPbCls core/shell/graphene hybrid
photodetectors with LSPR enhanced photoresponsivity. (e) Spectral photoresponsivity measured on
AuCu/CsPbCls core/shell/graphene hybrid photodetectors and CsPbCls/graphene counterpart.
Reproduced from Ref.[15]. Copyright 2020, John Wiley and Sons. (f) Schematic illustration of the
graphene/WS2-ND/AgNP-metafilm  heterostructure ~ photodetector (g) FDTD  simulated
electromagnetic field mode profiles of a AgNP with r = 60 nm. (h) Photocurrent response of the
photodetectors with (red) and without (black) the AgNP-metafilm at 450 nm and light intensity of 0.15
mW/cm? under 0.8 V bias. Reproduced from Ref. [30] Copyright 2020, American Chemical Society.

2.3. Optoelectronic Properties of QD/Graphene vdW Heterostructures

2.3.1. Photoconductive Gain

In the QD/graphene vdW heterostructures, the QD photosensitizers absorb incident light, and the
excitons generated in QDs could be dissociated by the build-in electric field at the QD/graphene
interface, followed by charge transfer to graphene driven by the built-in field. The photoresponse
is literally a photo-gating effect on graphene measured from the source and drain electrodes. High
EQE or photoconductive gain up to 10'°-10'> can be achieved in QD/graphene vdW
heterostructures photodetectors (Fig. 5). The gain is defined as: gain=z/7 [20-22, 71, 106, 114],

2
where 7 is the exciton life time in QDs and 7 is the carrier transit time defined as: =l / Ml i .
In a graphene channel of length / at a given source-drain bias voltage of Veiss, 7 1S inversely
proportionate to the charge mobility uc in graphene [115]. Thus the high EQE or gain in the
QD/graphene devices is a combination of the strong quantum confinement effects in QDs (high
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7.) and in graphene (low 7. due to high mobility uc) [54, 55], which has been demonstrated in
various QD/graphene photodetectors [5, 15, 20, 21, 28, 29, 65-69].

Achieving high gain is crucial to a high detectivity (D*). Specific detectivity D* is a sample
area-independent figure of merit which is used to compare the performance of different
photodetectors, and is defined as
(A.A)?

NEP

where A is the active area of a photodetector, Af is the bandwidth, and noise equivalent power
(NEP) is the minimum power that can be detected by the photodetector. NEP is expressed

TlOlSe

D* =

mathematically as NEP = , Where the numerator I,,,;,. s the noise current in a photodetector.

Thus D* can be further rewritten in terms of R as:
(A.Af)Y? °

I noise

fol—

Since R is the ratio of photocurrent /,; and incident light power P;,, and I, is proportional linearly
to the gain, high gain in the photodetector will lead to a high D*. In particular, high D* ~ 10'1-10'2
Jones, 10'® Jones, and 10'3-10'* Jones has been demonstrated in uncooled near-IR (wavelength up
to 1.55 um), visible (400 nm - 700 nm) and UV detections (300 nm - 400 nm), respectively. [2, 5,
16,20, 25, 116].
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Fig. 5 (a) Schematic image of PbS QDs/graphene hybrid photodetectors, and the exciton production,
separation and charge transfer process. (b) Graphene channel resistance as a function of back-gate
voltage under different illumination intensities. The inset shows two-dimensional plot of graphene
resistance as a function of optical power. (¢) Spectral responsivity of this hybrid photodetectors. The
spectral sensitivity of the device is dependent on the absorption spectra of the PbS QDs and can be easily
tuned by controlling the QDs size. Reproduced with permission.[12] Copyright 2012, Springer Nature.

2.3.2. QD/graphene Interface Engineering
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Considering that the physical properties of graphene can be affected by the interface between
graphene and other materials, including QDs and supporting substrates, engineering such
interfaces is crucial to the performance of the QD/graphene vdW heterostructure photodetectors.
For example, an atomically thin Zn acetate or Zn(Ac) layer on the ZnO QDs can completely block
the charge transfer from ZnO QDs to graphene and lead to negligible photoresponse to UV light.
When this surface layer is systematically removed, improved photoresponse by orders of
magnitude can be obtained [2]. In fact, many approaches have been developed to achieve clean
vdW interfaces efficient for charge carrier transfer and with minimal carrier scattering for high
mobility of carriers in graphene. Post-cleaning of the QD/graphene vdW interface in vacuum
provides a convenient scheme in practical applications [106, 117]. For example, in the GaSe
QD/graphene photodetector, the GaSe QDs printed onto the graphene channel often form an
interface that may be contaminated by various chemicals, solvents and even air molecules used in
the processing and printing of the GaSe QDs. This interface effect is demonstrated in the orders of
magnitude improved dynamic photoresponse aftervacuum interface cleaning, enabling high gain
up to 107-108, visible detectivity D* up to 7x10'® Jones and response time of 10-12 ms for rise and
fall time [106]. This vacuum annealing method is, however, time consuming and may not be
practical since many devices may need to be operated in non-vacuum environments. Ligand
exchange provides an effective approach to passivate QD surface states and form an efficient
charge transfer pathway from QD to graphene [2, 20, 104]. For example, Octon et al adopted a
mixture of thioglycerol (TGL) and 2,3-dimercapto-1-propanol (DGT) to modify PbS QDs, leading
to superior photoresponsivity up to 10° A/W in PbS QD/graphene photodetectors, benefiting from
the short length capping ligands and improved interface between PbS QDs and graphene [118].
Gong et al. replaced oleic acid and oleylamine with 3-mercaptopropionic acid (MPA) ligands in
the fabrication of CsPbCl; QDs/graphene hybrid photodetectors to improve the stability of the
CsPbCl3 QDs in ambient and the vdW heterojunction interface between CsPbCl; QDs and
graphene, leading to 73% photocurrent enhancement, three orders of magnitude improvement in
response speed, and long term ambient stability [5]. In addition, light-assisted interface cleaning
can provide a nondestructive approach to interface cleaning and can be combined with other
methods for interface engineering [119]. It should be mentioned that these post-cleaning methods
are particularly suitable and useful when the devices are fabricated by inkjet printing of QDs on
graphene. In fact, printing with inks of pre-fabricated crystalline QDs [2, 22] or precursors that
only require a moderate thermal budget [77, 120] compatible with silicon-based integrated circuits
(Si-ROIC) provides a promising approach for integration of nanostructured devices with
complementary metal oxide semiconductors (CMOS) [121]. Improvements of optoelectronic
performance by orders of magnitudes have been reported when a clean vdW interface is achieved
in QD/graphene photodetectors [2, 20, 104, 122].

3. Fabrication of QD/graphene vdW Heterostructures Photodetectors

3.1. Colloidal Synthesis of Quantum Dots

Colloidal techniques developed over the past three decades can produce monodisperse quantum
dots (QDs) from diverse materials. Section 3.1.1 introduces the generalized process of colloidal
QD synthesis, discusses how QD properties are determined during synthesis and summarizes
common synthetic methods. Section 3.1.2 discusses recent developments and ongoing challenges
in colloidal QD synthesis.

3.1.1 Basics of Colloidal Synthesis of Quantum Dots
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Most widely-used methods of colloidal QD synthesis proceed through the homogeneous
nucleation and growth mechanism first described by LaMer and Dinegar.[123, 124] The LaMer
model includes three stages, and QD final properties are determined by the duration of each stage
and the rates of several competing processes (Fig. 6). The initial reaction solution contains
precursors of metal and anion species in the presence of coordinating ligands. Stage I begins with
decomposition of precursors to generate solvated crystal monomers. When monomer
concentration reaches some critical supersaturation, Stage I begins with the onset of spontaneous
QD nucleation. The coordinating ligands prevent QD coalescence or bulk deposition but allow QD
growth via monomer diffusion. QD nucleation and growth reduces the solution monomer
concentration below supersaturation, halting nucleation and ending Stage II. In Stage III, QDs
grow by collecting monomers from solution until reactants are consumed or the reaction is
quenched.

Synthetic control of QD size, morphology, crystallinity and heterostructure (including surface
properties) is achieved by selection of reagents and reaction conditions. QD monodispersity
requires a temporally discrete nucleation event (Stage II), typically controlled through reaction
temperature [123, 124]. QD size may be selected by quenching growth or by controlling the
concentration of precursor and the rate of nucleation. The rate of nucleation is determined by
reaction temperature and chemistry, particularly precursor and ligand design [32, 33, 125]. QD
morphology and crystallinity are controlled via precursor stoichiometry and reaction conditions,
and by designing ligands and precursors that favor formation and growth of specific phases or
along particular crystalline planes [33-40]. Control of the chemical and electrical properties of QD
surfaces poses a continuing challenge and has been addressed through reagent design, reaction
conditions and core/shell heterostructures [32, 36, 39].

The hot-injection (HI) method described in 1993 by Murray et. al. is now the most common
process for synthesizing high-quality ‘conventional’ (chalcogenide and III-V compounds) binary
or multinary QDs [32, 38, 39, 124]. In HI synthesis, a precursor solution is rapidly heated by
injection into a hot organic solvent, triggering precursor decomposition and Stage I of the LaMer
model. Early HI methods followed Murray et. al.’s “TOPO’ route, using trioctylphosphine (TOP)
as a solvent, trioctylphosphine oxide (TOPO) as a ligand, organometallic precursors and reaction
temperatures from 100° to 300°C [41, 124]. Subsequent advances in reaction chemistry and control
extended HI methods to new materials and structures, as discussed in 3.1.2. Drawbacks to HI
synthesis include the toxicity of precursors, difficulty of controlling the injection step, and need
for high temperature reactions under inert gases [36].

To avoid problems associated with the injection step, ‘heat-up’ and low temperature methods
use careful modulation of reactor temperature to control QD nucleation and growth [33, 41, 42].
To circumvent cost and toxicity issues from organic solvents, aqueous routes have been developed
for a wide variety of chalcogenide QDs, based on the early work on thiol-capped II-VI QDs by
Rajh et al. and later Rogach et al [126, 127]. Compared to organic solvents, aqueous routes are
more complex mechanistically due to the involvement of H, OH™ and H>O species and, to date,
generally produce lower-quality QDs [41, 42].

Metal-halide perovskite QDs are an emerging class of promising optical materials. Compared
to ‘conventional’ (group V- and VI-based) QD compounds, bonding in perovskites is less covalent
and more ionic in character and perovskites have a higher solubility in typical polar organic HI
solvents [43]. Since 2015, ligand-assisted reprecipitation (LARP) has replaced HI as the synthetic
route of choice for perovskite QDs [6, 36, 43, 44, 128, 129]. In the LARP method, supersaturation
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and nucleation is achieved by injecting precursors, dissolved in a good solvent, into a poor solvent
in the presence of ligands.

Synthetic methods including solvothermal, emulsion, spray, vapor and plasma techniques do
not follow the LaMer mechanism. Challenges such as experimental complexity and QD quality
have limited the wider application of these methods [36, 39, 45].

3.1.2 Recent Progress in Colloidal QD Synthesis for Photodetection Applications

Research on QDs is driven by applications in fields including LEDs, solar power, biology and
photodetectors. Further details are available in recent reviews.[32-48] The following discussion is
restricted to photodetection applications and divided into two categories. Improvements to QD
Sfunctionality address the electronic (e.g. charge transfer, bandgap...) and physical (e.g. stability,
monodispersity...) properties of QDs. Improvements to manufacturability address factors limiting
wider QD usage, such as toxicity and reaction scalability.

Advances in QD functionality typically improve existing QD materials or expand the range
of accessible materials and structures. These advances are tied to reaction chemistry, particularly
development of novel precursors and elucidating the mechanisms and kinetics governing QD
formation. [36, 38-41, 125, 130-132] Of note, Owens and coworkers tuned the size and size
distribution of PbS and PbSe QDs by manipulating the structures of thiourea and selenourea
precursors.[125, 133] Other tunable precursors include diorganyl dichalcogenides and secondary
phosphine sulfides.[39] Plasmonic QDs comprising nonstoichiometric nanocrystals have been
produced by tuning precursor chemistry or the ratio of precursors.[24, 125]

Multinary QD heterostructures can combine desirable properties of different materials. Core-
shell QDs may feature a core with desired ‘bulk’ properties (e.g. bandgap, absorption coefficient)
and one or more shells with advantageous interfacial properties (e.g. charge transfer, passivation)
[32, 36, 42, 43, 134]. Alternatively, interfacial properties may be exploited, such as plasmon-
exciton coupling using a metal core and perovskite shell [135]. Adjusting precursor stoichiometry
and reactivity in a one-step reaction can generate composition gradients in the radial direction,
giving a surface enriched in one component [136-138]. Core-shell QDs with composition gradients
or discreet interfaces may be generated by fed-batch operation or seeded growth followed by
annealing [37, 38, 41, 48]. Seeded growth allows the combination of diverse materials, such as
perovskites and metals or metal oxides.[36, 135] These techniques, as well as post-synthetic ion
exchange, have also been used for QD doping [32, 38, 44, 131, 136, 139].

QD manufacturability is currently limited by challenges with scaling reactions to produce
large volumes of uniform QDs, and by the toxicity of materials, particularly heavy metals and
organometallic precursors [ 140, 141]. Cadmium- and lead-free perovskites have attracted attention
as potential low-cost and low-toxicity QDs [36, 38, 42-44]. Aqueous routes continue to be a focus
in the search for ‘green’ QDs.[32, 42] Mass- and heat-transfer present limitations to scaling of
batch reactions, so scale-up efforts involve process intensification or alternative processes [45].
Goubet et al reported gram-scale production of HgTe QDs using concentrated precursors including
liquid mercury [142]. Continuous microfluidic and flow-chemistry reactors are being examined as
alternative synthetic processes [45, 141, 143, 144].
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Fig. 6 Schematic and Lamer plot for the reaction in a wet-chemistry synthesis of nanocrystals. It contains
four stages: (I) monomer accumulation, (II) nucleation, (III) growth and (IV) Ostwald ripening.
Reproduced with permission.[11] Copyright 2020, John Wiley and Sons.

3.2. Chemical Vapor Deposition of Graphene

3.2.1. Chemical Vapor Deposition of Graphene on Metal Foils

Chemical vapor deposition (CVD) is considered a scalable and low cost approach for growth of
graphene in the large areas requried for graphene-based electronics, photonics and optoelectronics.
In fact, the success in large-area growth of monolayer CVD graphene on Cu and other metal foils
has made an important technological advance towards such applications [17, 145-147]. Cu has
been particularly interesting since it has low solubility of carbon to prevent precipitation of carbon
during the post-CVD cooling, which could lead to formation of multilayer graphene. While Cu
foils are available in large area at a fairly low cost, they are usually polycrystalline and covered
with a surface layer of CuOx. In addition, most commercial Cu foils also have traces of oxygen in
the bulk. This means the presence of H> during CVD growth of graphene is crucial for reduction
of CuOx and prevention of the formation of carbon oxides and other defects on CVD graphene
[148, 149]. Cu can catalyze decomposition of the hydrocarbon used as the CVD source at the
surface of the Cu foil to promote graphene nucleation, which occurs simultaneously on multiple
sites on the Cu surface.’* The follow-up growth of graphene is predominantly lateral along the
edges of the graphene nuclei. Merging of neighboring graphene flakes is typically [17] through
formation of defective grain boundaries (GBs). Fig. 7 illustrates images of such GBs using
aberration-corrected annular dark-field scanning transmission electron microscopy (ADF-STEM)
[150]. On GBs, an aperiodic line of defects stitching the two graphene grains together can be
observed (Fig. 7¢), on which are pentagons, heptagons and distorted hexagons. This is anticipated
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since the orientations of the graphene nuclei occur randomly on polycrystalline Cu foils, resulting
in lattice mismatch at the GBs. These GBs, together with damages and defects formed on graphene
during the follow-up transfer from Cu foils to relevant substrates [151] result in a considerably
reduced charge mobility in CVD graphene as compared to that for intrinsic graphene [151-154].
While monolayer is the dominant choice for electronic, photonic and optoelectronic devices,
bilayer and multilayer graphene can find wide applications when other requirements, such as high
electrical and thermal conductance, bandgap tunability, etc. are important. Through controlling of
the CVD conditions, CVD graphene with desired layer numbers, such as ab-stacked bilayer
graphene [155] and multilayer graphene have been obtained [146, 147, 156-158].

Fig. 7 (a)SEM image of graphene transferred onto a TEM grid with over 90% coverage. Scale bar: 5
um. (b) ADF-STEM image howing the defect-free hexagonal lattice inside a graphene grain. (¢) Two
grains (bottom left, top right) intersect with a 27 degree relative rotation. An aperiodic line of defects
stitches the two grains together. (d) The image from ¢ with the pentagons (blue), heptagons (red) and
distorted hexagons (green) of the grain boundary outlined. b—d were low-pass-filtered to remove noise;
scale bars, 5A°. Reprinted with permission. [147] Copyright 2011, Springer Nature.

3.2.2. Direct Growth of Graphene on Dielectric Substrates

The detrimental effect of GBs has motivated research in epitaxy of graphene on (111) oriented
single-crystalline Cu foils or Cu thin films on single-crystalline substrates (quartz, Si, MgO,
sapphire) and promising results have been reported [159-165]. However, scaling up these
substrates may not be viable currently. Growth of graphene on nano-crystalline Cu foils, such as
cubic textured (100) orientation Cu (CTO-Cu) substrates, is promising since CTO-Cu foils are
available in large area at low cost. In comparison of graphene grains on polycrystalline Cu and
CTO-Cu, it was found that the presence of sub-surface oxygen causes reconstruction of the Cu
surface due to the formation of oriented Cu2O nanocrystallites at a low H> gas flow. Self-assembly
of the Cu20 nanocrystallites into a textured surface template provides direct nucleation sites for
graphene growth after the oxygen-sublattice on the template surface is reduced [166, 167]. The
atomic Cu surface layer provides advantages of high graphene growth rate due to the catalytic role
of Cu and in-plane alignment of graphene nuclei. It is particularly important that the CuxO
crystallites predominantly have the (111) orientation aligned to each other in the plane of the (100)
CTO-Cu substrates, which allows epitaxy of graphene with much lower defect, such as GBs,
density as compared to that in the poly-Cu case. The considerably decreased GB density results in
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both enhanced conductivity and transparency [166, 167]. Since CuxO (111) templates may be
developed on lattice matched (100) surfaces of other dielectric materials, this self-assembly
approach may provide a promising pathway for transfer free graphene epitaxy on nonmetallic
surfaces.

Direct growth of graphene on dielectric substrates, such as Si0»/Si, will allow elimination of
the cumbersome graphene transfer process [168-177]. An early success was to obtain high quality
graphene via sublimation of Si on crystalline SiC substrates at temperatures exceeding 1200 °C in
high vacuum [176]. Compared to its CVD counterpart on metal foils, the graphene on SiC contains
defects due to surface steps formed as a consequence of the surface recrystallization during the Si
sublimation at high temperatures. In addition, SiC is expensive and cannot be used directly as gates
for graphene field effect transistors. This motivated exploration of CVD of graphene directly on
commercial Si0,/Si substrates. Through a careful control of the CVD conditions, monolayer,
bilayer and multilayer graphene has been obtained on large wafers of Si02/Si as well as transparent
fused silica and quartz substrates [ 177]. Different from the transferred graphene, a cleaner interface
was reported when a MoS: layer was grown on top of the graphene transfer-free graphene, leading
to more efficient charge transfer across the MoS»/graphene vdW interface and improved
photoresponse and response speed [178, 179].

3.3. Fabrication of the QD/graphene vdW Heterostructures Photodetectors
3.3.1 Spin-Coating of QDs on Graphene

Colloidal QDs exhibit noticeably advantages in fabrication of QD/graphene vdW heterostructure
photodetectors since QDs can be deposited on graphene using spin-coating [180]. This method
can obtain a relative uniform thin film on different substrates, and the film thickness and
morphology are tunable by adjusting the QDs concentration, spinning speed and number of
layers.[181] After drying in inert gas atmosphere, tens to hundreds of nanometer thick QD active
layers will be obtained. The process consists of dropping of a colloidal QDs solution on top of the
graphene channel surface, which is fixed on a spin-coater compatible substrate. The colloidal QD
solution can be dropped on the graphene channel before spinning or at the low spinning speed,
depending on the nature of the QDs and solvents. Excess solvent will be removed by the centrifugal
force and condensed films will be formed on the graphene surface. There is competition between
viscous and centrifugal forces, therefore spinning speed plays a key role in the thickness of the
QDs films. It is a good choice to suspend QDs in volatile solvents that can be easily removed and
evaporated during the spinning process. There are several parameters that can tune and predict the
thickness and uniformity of the films, such as QD concentration, viscosity of the solvent, spin
speed, and rheology of the concentrating and solidifying suspension.[182] Colloidal QDs are
especially suitable for spin-coating techniques for fabrication of QDs/graphene hybrid
photodetectors.[180, 183] Spin-coated Si QDs on graphene channel have demonstrated high
sensitivity photodetection.[ 184, 185] In addition, this method provides a non-destructive technique
and can form the heterostructure on the surface of the graphene while preserving the high mobility
of graphene charge transfer channels and enhancing the light absorption of the device. The
processing versatility of this approach is particularly beneficial for top-surface photodetection
systems, especially at room temperature and under ambient conditions.

In addition to the above advantages of the spin coating technique, there are also some
limitations, such as mass scalability, target point fabrication, contamination on the fixed patterned
electronic circuits, etc.
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3.3.2 Inkjet printing of QDs on graphene

Inkjet printing is another emerging technique to construct QDs/graphene heterojunction structures,
which exhibits unique advantage in low waste, low cost, mass scalability and especially direct
deposition on a targeted area.[186] Calvert reviewed the growing efforts in inkjet printing for
materials and devices.[187] An inkjet printer usually comprises an inkjet head, feeder rollers, and
controller system. The inkjet head ejects QDs droplets in the patterned graphene channel. Feeder
rollers feed QDs to the inkjet head and the controller system sets the printing image, position and
drying heat energy.[182] Recently, an inkjet-printed heterostructure MoSz/graphene
photodetectors has been demonstrated on conformable substrates, that exhibited
biocompatibility.[188] Finn et al reported all-printed photodetectors by printing of semiconducting
MoS; nanosheets combined with inkjet-printed graphene interdigital array electrodes.[189] This
approach allows photonic and high performance electronic components, based on functional
nanomaterials prefabricated into highly crystalline nanostructures, to be incorporated with CMOS
circuits with high or even unity fill factors for the development of compact and high resolution
imaging systems.[180] To some extent, it can resolve the interconnection bottleneck that arises
when further scaling down detector arrays whereas ongoing to enhance sensitivity and resolution.
Inkjet printing techniques have the potential to be applied to QD/graphene heterostructure
optoelectronic devices. The process of delivering the ink to the substrates is well-know. The issues
as the ink interacts with the graphene channel require further study.

Fig. 8 shows a schematic of ZnO QDs printing process. ZnO QDs in ethanol were printed on
GFETs using a SonoPlot microplotter through sonication of glass capillary tips.[2] The well-
patterned GFET channels with 36 arrays were constructed on heavily doped Si (100) substrates
with 90 nm of SiO> insulating layer. The ZnO QDs were suspended in ethanol solution and
ultrasonicated before printing. Based on the size and position of the graphene channel, the printing
process can be set and automatically deposited through software provided for lines, squares,
circles, dots, and arch designs. The printed ZnO QDs form a condensed active layer on the top
surface of graphene channel (Fig.8¢). By systematically engineering the surface states of ZnO
QDs, this hybrid ZnO QDs/GFET photodetector demonstrates extremely high photoconductive
gain of 3.6 X 10°, photoresponsivity of 9.9x10% A/W and detectivity of 1x10'* Jones.
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Printer

ZnO QDs/GFET

Graphene Zn0O

Fig. 8 Schematic image of ZnO QDs printing on patterned graphene channels. (a) Inkjet printer and a
GFET array on Si/SiO; substrate. (b) A magnified view of a GFET device. (¢) ZnO QDs were printed
on the graphene channel (top) and AFM image was taken on the top of the ZnO QDs films. (d) Schematic
of the ZnO QDs/GFET nanohybrid photodetectors. (e¢) Band energy edge of the ZnO QDs/graphene
heterostructure and charges transport from ZnO QDs to graphene under illumination. Reprinted with
permission. [2] Copyright 2017, American Chemical Society.

3.3.3. Growth of QDs on graphene

Transfer-free, wafer-size growth of photo sensitizers on graphene can provide a facile scheme for
roll-to-roll fabrication of the vdW heterostructures photodetectors [114, 177]. A unique advantage
of these directly grown heterostructures is an improved vdW interface that is critical to the charge
transfer across the interface. For example, in MoS,; nanodiscs on graphene heterostructure
photodetectors (Fig. 9), Liu et al reported an order of magnitude enhancement in the
photoresponsivity and two orders of magnitude faster photoresponse in devices made in a transfer-
free layer- by-layer CVD method as compared to the similar devices made using transfer methods
[114]. In addition to the CVD deposition of TMD nanostructure on graphene, Pradhan et al and
Kim et al also reported direct growth of perovskite (CH3NH3PbBr) QDs and CdSe QDs on
graphene, respectively, by casting corresponding precursors on graphene [18, 49]. It should be
pointed out that direct growth may not universally solve the vdW interface problem since a poor-
quality interface may still form. For example, comparing a seedless and seeded growth of ZnO
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NWs on GTC in a solution process [26], Cook ef al have found the ZnO seed layer, typically with
poor crystallinity, can provide strong charge trapping effect and therefore slow the photoresponse.
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Fig. 9 (a) Schematic illustration of the photodetector based on WS2-NDs/graphene vdW heterostructure
with WS,-NDs directly grown on graphene. (b) 10 x 10 um? Raman mapping images for E,, peak of
WS,-NDs. Reproduced with permission.[10] Copyright 2019, American Chemical Society. (c)
Schematic drawing of the procedure to fabricate CdSe QD directly on graphene. The fabrication includes
the synthesis of an MSTF on the graphene on quartz, and electrodeposition of CdSe into the pores of the
MSTF followed by the removal of MSTF which will leaves CdSe QDs on selected areas of graphene.
(d) TEM image of CdSe QDs grown on graphene. Reproduced with permission.[18] Copyright 2012,
RSC Publishing. (¢) Schematic showing the growth of perovskite QDs on graphene; and (f) TEM image
of the perovskite QDs distributed on the nanohybrid. Reproduced with permission.[49] Copyright 2020,
American Association for the Advancement of Science.

4. Performance of the QD/Graphene vdW Heterostructures Photodetectors

After the first work of the PbS QDs/graphene IR detectors with high gains [20], QD/graphene vdW
heterostructures have recently emerged as a promising scheme for high performance
photodetectors. These QD/graphene vdW heterostructures take advantage of the strong quantum
confinement in semiconductor QD photosensitizers with a much-enhanced light-matter
interaction, spectral tunability well beyond the optical cutoff in bulk semiconductors, and reduced
dark current due to suppressed phonon scattering [39, 75, 76], and of the extraordinary charge
mobility in graphene for high EQE or gain up to 10'°-10'? at room temperature [9, 13, 54, 55].
Many different QDs or even optical molecules have been used as photosensitizers in the
QD/graphene vdW heterostructures for photodetection [2, 20, 104, 105, 190-194].

Tables 1-3 summarizes some representative results of QDs/graphene vdW heterostructure
nanohybrids for infrared, visible and ultraviolet detection. For instance, Konstantatos et al
reported a PbS/graphene nanohybrid photodetector with a layer of PbS QD as the tunable vis/IR
absorber [12, 20]. The device worked under wavelength up to 1.6 pm, and achieved D* as high as
7x10'3 Jones and response time of 107%s. In terms of visible detection, Kwak et al reported a high
performance CsPbBrs.«Ix perovskite NCs/graphene photodetector that has a detection range of 400
nm -700 nm and D* of 10'¢ Jones [116]. As to UV detection, materials of quantum dots in the
nanohybrid usually have wide bandgap, and ZnO is a typical material. For example, Gong et al
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reported a printable ZnO QD/Graphene vdW heterostructures for ultrasensitive UV detection
which achieved a D* of 10'* Jones [2, 69].

Table 1. Performance of some representative QDs/graphene vdW heterostructures nanohybrid for
infrared detection.

QD material | Detection Cutoff R D* (Jones) Response | Ref.
region wavelength | (A/W time (s)
reported (um) )
PbS Vis-SWIR >1.8 - 10'2(at 1.55 pm) | 107 [12,
31]
T1203 MWIR- 10 >120 | 7x10%(at 10 pm) | 107 [195]
LWIR
HgTe SWIR 1.55 6x10" | 10°(at 1.55 pm) 9x10°¢ [196]
3
HgTe NIR-MIR >3 10? 6x10% (at 2.5 um) | 7x10* [197]
Si (B-doped) | UV-MIR 3.9 10 10° (at 3 pm) - [185]
PbSe NIR-MIR 3 7.6 - 2.8X10% | [198]
nanorods

Table 2. Performance of QDs/graphene vdW heterostructures nanohybrid for visible light

detection.

QD Detection | Wavelength | R (A/W) | D* (Jones) Response | Ref.

material | region tested(nm) time (s)
reported

PbS Vis- 532 107 7x10"3 (at 532 nm) 102 [12]
SWIR

FeS,/PbS | UV-NIR | 500 3.27x10° | 4.89x10'! (at 500 nm) | 15 [199]

CdS Vis 450 40 - >80 [200]

PbS UV-NIR | 635 107 N/A ~5%1072 [201]

Cuz«P Vis- 405 9.34 5.98x10'% (at 405 nm) | 1 [202]
SWIR

CsPbBr3. | Vis 400-700 8.2x10% | 2.4x10' (at 405 nm) | 3.65 [116]

XIX

Table 3. Performance of QDs/graphene vdW heterostructures nanohybrids for ultraviolet and high
energy photon detection.

QD Detection | Wavelength | R D* (Jones) Response | Ref.
material | region tested(nm) | (A/W) time (s)
reported

20




Quantum Dot/Graphene Heterostructure Nanohybrid Photodetectors

Zn0O UV 300-400 9.9x10% | 7.5x10'* (at 340 nm) | 5/85 [2,203]
ZnO UV 250-400 10® 5.1x10'3 (at 368 nm) | - [204]
ZnSe/ZnS | UV 400 2x10° | - 0.52 [205]
core/shell

WS, UV 320-360 3.8x10% | 1.6x10"3 (at 365 nm) | 2.04 [206]
Zr0; Uv 200-300 22 - - [207]
ZnS UV 390 0.31 - <0.05 [208]
CsPbCl; | UV 300-400 10° 10" (at 390 nm) 0.3 [5]

QD/graphene nanohybrid photodetectors have been achieved with various functionalities
(Fig. 10). For example, Gong et al reported a flexible CsPbCl3 NCs/GFET photodetectors owing
to the ink-based printable process-ability of QDs and the adaptability of graphene, and device
performance was found to be unaffected after bending 25 times.[5] By purposely mixing two or
more different QDs that prefer absorbing photons of different energy while having good energy
band matches, it is easy to realize broadband photodetection. Gong et al reported a FeS,; NCs-PbS
QD/graphene nanohybrid photodetector, which combines the advantages of the high absorption
coefficient of FeS> NCs and enhanced NIR absorption by PbS QDs to achieve high performance
broadband photodetection.[199] Moreover, QD/graphene nanohybrids have great scalability to
imagers by integrating with a readout circuit (ROICs). Konstantatos ef al/ reported a broadband
image sensor by integrating PbS QD/graphene nanohybrid to each pixel of a conventional CMOS
die that served as light sensing units. [31]Due to NIR/SWIR absorption of former, this design
removes limitation of conventional Si-based CMOS in visible region.
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Fig. 10 (a) photos of flexible CsPbCIl;NCs/graphene device before and after bending. (b) Dynamic
photoresponse after different numbers of bending cycles. Reproduced with permission.[5] Copyright
2019, American Chemistry Society. (c) Schematic image of the FeS,—PbS/GFET nanohybrid
photodetectors. The nanocomposite photosensitizer consists of FeS; NCs (gray) and PbS QDs (red). (d)
Energy level diagram of the FeS,—PbS/GFET heterojunction and charge transfer process under
illumination. (¢) TEM images of FeS,—PbS nanocomposite (left) and the corresponding HRTEM images
of FeS, NCs (upper right) and PbS QDs (lower right). (f) Spectral photoresponsivity of the FeS, NC—
PbS QD/GFET and FeS, NC/GFET photodetectors under Vps = 0.1 V. Reproduced with
permission.[16] Copyright 2017, American Chemical Society. (g) Side view explaining the graphene
photoconductor and the underlying read-out circuit. The graphene channels are sensitized to ultraviolet,
visible, near-infrared and short-wave infrared light with PbS QDs. The bottom is the 3D impression of
the monolithic image sensor displaying the top level with graphene carved into S-shaped channels
sensitized with a layer of quantum dots, vertical interconnects and underlying CMOS read-out circuitry.
(h) imaging set-up and near-infrared (NIR) and short-wave infrared (SWIR) light photograph of an
apple and pear. Reproduced with permission.[31] Copyright 2017, Springer Nature.

5. Challenges remain and future perspectives

Despite progress made in research and development of QD/graphene vdW heterostructures
photodetectors, challenges remain and must be addressed before commercial applications of these
photodetectors. Scientifically, approaches for heterojunction interface engineering for more
efficient exciton dissociation and charge transfer are needed for high-performance QD/graphene
vdW heterostructures photodetectors. The challenge is that there may not be an approach which
can be applied universally to all different QDs due to a diverse spectrum of QDs with different
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surface states and optical spectrum for their applications. For example, ligand exchange has shown
to be effective in passivating QD surface states and forming effective charge transfer pathways
from QD to graphene in shorter wavelengths at which the ligands themselves will not exhibit any
interference with the lights. At longer wavelengths, however, the light absorption by ligands could
detrimentally affect the QD light absorption and charge transfer to graphene, resulting in
difficulties in photodetection of MWIR or light with longer wavelengths. An additional challenge
is in the quality of QD photosensitizers. Colloidal QDs can contain massive defects, especially on
their surfaces. These surface states can lead to degradation of the QDs through reactions with
molecules in the ambient, and in chemicals and solvents used for processing QDs. Furthermore,
charge traps can form at these surface states or at the QD/graphene interface, resulting in reduced
photo-generated carriers or photoresponse in photodetectors, and slow response speed. Passivation
of the QD surface states using ligand caps or other approaches should be further explored. Finally,
the difficulties to achieve device uniformity and yield in large scale present another challenge for
commercialization. Therefore, it will remain as a major research focus in the future to achieve a
better understanding and control of the optoelectronic process at multiple scales, from atomic to
nanoscale, on the low-dimensional nanostructures and their heterojunction interfaces for light
absorption, exciton dissociation and charge transfer, to device scale for charge transport with
minimized charge recombination, in QD/graphene vdW heterostructures.
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