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ABSTRACT

Colloidal semiconductor quantum dots/graphene van der Waals (vdW) heterojunctions take advantages of the enhanced
light-matter interaction and spectral tenability of quantum dots (QDs) and superior charge mobility in graphene,
providing a promising alternative for uncooled infrared photodetectors with a gain or external quantum efficiency up to
10, In these QD/graphene vdW heterostructures, the QD/graphene interface plays a critical role in controlling the
optoelectronic process including exciton dissociation, charge injection and transport. Specifically, charge traps at the
vdW interface can increase the noise, reduce the responsivity and response speed. This paper highlight our recent
progress in engineering the vdW heterojunction interface towards more efficient charge transfer for higher
photoresponsivity, D* and response speed. These results illustrate that the importance in vdW heterojunction interface
engineering in QD/graphene photodetectors which may provide a promising pathway for low-cost, printable and flexible
infrared detectors and imaging systems.
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1. INTRODUCTION

Graphene regards a monolayer of carbon atoms arranged in a two-dimensional honeycomb lattice." > Since its
discovery in 2004, graphene has attracted a broad interest in both research and applications due to its superior physical
properties including unique electronic structure, high charge carrier mobility, optical transparency, flexibility and
chemical stability.> Specifically, graphene is a gapless, relativistic semiconductor or semimetal,'® which implies that
both electrons and holes can be described by a linear dispersion of E = Avek, where the momentum-independent Fermi
velocity ve can be as high as 1/300 of the speed of light. This results in high carrier mobility (¢) that seems independent
of temperature in a large range, independent of applied electric field, and is comparable for holes and electrons.* 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) ~102c¢m™? at the charge neutrality or so-called Dirac point.* ® Experimentally, high x up to
~15,000 cm?-V~!s7! has been reported on graphene for both electrons and holes in the temperature range of 10-100 K,
which could be further improved by eliminating extrinsic charge scatting mechanisms and defects in graphene. 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, crystalline Si has the electron and hole mobility of ~1400 cm?-V~!-s7!
and 450 cm?-V~'s!, respectively, at room temperature.

Graphene can be viewed as an atomically thin film available in large-area of centimeters in lateral dimension!' 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,
such as optoelectronic nanohybrids photodetection, which consists of graphene and semiconductor nanostructures in
heterostructures.'>'* The nanostructures, such as quantum dots (QDs),'> 5! nanotubes and nanowires (1D) 22!, and
nanosheets (2D) such as transition metal dichalcogenides (TMDCs)'* 2223 serve as photosensitizers in the nanohybrids



photodetectors. The implementation of graphene of extraordinary charge carrier mobility in the nanohybrids makes a
fundamental difference in the charge carrier transport in these nanohybrids photodetectors as compared to the
counterparts based on the nanostructures only.

Colloidal QDs/graphene van der Waals (vdW) heterostructures have recently emerged as a promising scheme for
photodetectors,'3 prompted by exciting progress made in colloidal QDs?* and graphene.>® As illustrated in Figure 1, the
QD/graphene vdW heterostructure photodetectors differ from the graphene-only and QD-only counterparts. The
graphene-only photodetector (Figure 1a) relies on light absorption and charge transport both by graphene. While
graphene has a broad-band absorption from visible to mid-infrared, 10.25-27 the limited absorption of 2.3% per graphene
sheet would limit its responsivity to less than 20 mA/W under 100% external quantum efficiency (EQE).!> In the OQs-
only photodetectors, QDs are responsible for light absorption, while charge transport also occurs in the QD film (Figure
1b) which could be limited by the intra-QD low carrier mobility and the inter-QD junctions. The QDs-only
photodetectors have been intensively studied, especially for infrared (IR) photodetection, in which the quantum
confinement in QDs due to the suppressed phonon scattering?® is expected to reduce dark current and hence improve the
detector performance.?® 3 This has been shown experimentally on colloidal HgTe QDs with surface passivation®!-** and
InSb-nanowires.** 3> However, the low carrier mobility, in the range of 10° cm?V-!s™! (in as-made HgTe QDs) to 10
cm?V-Is! (with ligand exchange on HgTe QDs to passivate surface defects), remains to be addressed in order to achieve
high figure-of-merit specific detectivity (D*) in QD-only photodetectors.?* This issue can be addressed in QD/graphene
vdW heterostructures photodetectors (Figure 1c¢) by enabling photocarrier transfer from QDs to graphene with a built-in
electric field at the QD/graphene vdW interface. Charge transport in graphene between the electrodes takes advantages
of the high mobility in graphene at room temperature. After the first report of PbS QD/graphene photodetectors by
Konstantatos et al in 2012,"* many QD/graphene vdW heterostructure photodetectors have been explored. 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'°-10'2 can be achieved in QD/graphene vdW
heterostructures photodetectors. The gain is defined as: gain=z./7 '3"'>36-38 where z is the exciton life time in QDs and
7, is the carrier transit time defined as: =L* V. In a graphene channel of length L at a given source-drain bias voltage
of Vu, 7 is inversely proportionate to the charge mobility u in graphene 3°. Thus the high EQE or gain in the
QD/graphene vdW heterostructures photodetectors is a combination of the strong quantum confinement effects in QDs
(high ) and in graphene (low 7. due to high mobility x),”>® which has been demonstrated in various QD/graphene
photodetectors. '3 1422, 23, 40-46

These advantages make QD/graphene nanohybrids highly promising for uncooled IR detectors that have been widely
used in applications®> 473 that require high detectivity, high speed, low-cost and scalability. For IR detection, colloidal
QDs with a strong absorption in IR spectrum are typically adopted which include PbS, PbSe, HgTe, etc.’! It should be
pointed out that QDs have absorption spectra tunable by their size due to their bandgap dependence on QD size.’>* Red
shift in QDs, such as FeS,, has been observed via compositional tuning.!® ! However, the performance of the
QD/graphene vdW heterostructures photodetectors depends sensitively on the QD surface states (defects, dangling
bonds) and QD/graphene interface quality. This is not difficult to understand since both optical absorption, charge
transfer from QDs to graphene and charge transport in graphene can be strongly affected by these surface and interface
properties. For example, charge traps can form on the QD surface and QD/graphene interface, resulting in low
photoresponse and response speed.’® 3> For lower bandgap IR QDs, the effect of QD surface states can be more
significant. Motivated by the need to optimize the QD surface and QD/graphene interface for both high photoresponse
and fast photoresponse required for imaging systems, this paper reports a few schemes we have explored towards
achieving a high-efficiency and high-speed charge transfer in QD/graphene vdW heterostructures photodetectors,
especially in IR spectra. In the following, we will discuss our experimental results.
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Figure 1. Schematic of (a) graphene-only (light absorption and charge transport in graphene channel), (b) QDs-only (light
absorption and charge transport in QDs film channel) and (c) QD/graphene vdW heterostructures (light absorption by QDs,
followed with charge transfer from QDs to graphene, and charge transport in graphene channel) photodetectors.

2. EXPERIMENTAL

Chemical vapor deposition (CVD) was used for synthesis of monolayer graphene in large area. It should be noted that
the CVD graphene may be grown on commercial copper foils>® 37 (to be resolved during transfer of graphene to other
substrates)*® and directly on SiO,/Si substrates (no graphene transfer is needed).”® The advantage of the former is that
graphene could be on a large variety of substrates, which is particularly important to those, such as polymers or
plastics,®® with a low thermal budgets incompatible to the CVD graphene growth temperatures typically exceeding 1000
°C. However, graphene transfer process is tedious and graphene could be contaminated by various chemical and solvent
residues that can affect the QD/graphene interface through formation of charge scatters and charge traps. As we shall
show later, such contaminations can degrade the performance of the QD/graphene vdW photodetectors by blocking the
charge transfer (low responsivity and detectivity D*) as well as forming charge traps that could slow down the
photoresponse (asymmetric and large response times). Transfer-free, direct CVD growth of graphene can avoid the
contamination of graphene. However, high quality CVD graphene has only been reported on a limited number of
substrates that can sustain the CVD growth conditions for graphene, such as SiO,/Si, quartz and fused silica.

To make QD/graphene vdW hetreostructure photodetectors, Au (40 nm)/Ti (10 nm) electrodes were fabricated either
using e-beam evaporation or magnetron sputtering. Standard photolithography was employed to define the electrodes,
followed with liftoff. Graphene channels were defined using the second photolithography, followed with reactive ion
etch of graphene. The graphene channel dimension is 2-20 pum (length)x20 um (width).®! For larger graphene channels
of dimension > 100 pwm, shadow masks were used to define the electrodes and graphene channels.

Colloidal fabrication of QDs of various semiconductors have been intensively studied and the fabrication details can be
found in our previous papers.'> 164562 [nks containing the fabricated colloidal QDs were prepared for inkjet printing of
the QDs to graphene channels.®* % It should be realized that QDs have a large surface to volume ratio because of their
small dimensions on the order of few to few tens of nm. The large surface area on lowband gap semiconductor QDs
implies surface defects that may cause degradation in ambient and poor interfaces both at the QD-QD junctions and on
the QD/graphene vdW interface. Ligand exchange provides a common solution to this problem by passivating the
dangling chemical bonds on the QD surfaces. In the QD/graphene vdW heterostructures photodetectors, an additional
role is required in ligand exchange for the ligand molecules to form efficient charge transport pathways at QD-QD and
QD/graphene interfaces for high and fast photoresponse. For example, 3-mercaptopropionic acid (MPA) ligands have
been found experimentally, as well as DFT simulation, to provide both passivation of the QDs and form the efficient
charge transfer channels.!® ©2

Another challenge in QD/graphene nanohybrids is associated to the limited light absorption by a thin layer (a monolayer
or a few layer of QDs) of QDs in the nanohybrids. It should be noted increasing the QD thickness is not a good solution
due to the limited QD-QD charge transport.!® One scheme to address this issue is through coupling of plasmon
nanostructures to the QD/graphene nanohybrids. For example, a plasmonic AgNPs-metafilm coupled with a thin (10-20
nm) insulting spacer to the nanohybrids has been found to enhance the photoresponse of the nanohybrid photodetectors



by >7 times.®> Core/shell QDs with plasmonic metal core wrapped with semiconductor shell provides another promising
scheme.*® An additional scheme for enhanced absorption as well as spectral tunability (red shift) is to make plasmonic
QDs via carrier doping,>? which has been found to not only provide remarkably enhanced light absorption by the QDs,
but also the red shift of the cutoff much beyond the limit by the band gap into the IR spectrum. In comparison with the
QDs of lower band gap semiconductors for IR detection, the plasmonic QDs of larger band gaps, such as iron pyrites®® ¢’
(Eg in visible) and lead sulfites (Eg in NIR), have a unique advantage of much enhanced light absorption in broadband
extended to IR spectrum, which allows much improved responsivity and D* to be obtained in NIR-SWIR spectral range.

For the QD/graphene vdW heterostructures photodetectors, several different processes have been developed for
fabrication of the vdW heterostructures nanohybrids. These processes can be divided into two types: direct growth using
CVD or solution method, and mechanical stacking using drop-casting, spin-coating and inkjet printing. In both
approaches, a control of the vdW interface is the key in achievement of the heterostructure nanohybrids for high-
performance photodetectors and other optoelectronics since the interface provides the built-in field for exciton
dissociation into free charge carriers and the follow-up charge transfer. Considering such a control must be at an atomic
resolution, several post interface-cleaning processes have been explored including light-assisted vacuum annealing, ®
ligand exchange,!” " and ultrafast thermal annealing (UTA)"'.

Light-assisted vacuum anneal could be operated at room temperature by placing the sample under illumination in
vacuum typically ~ 10 Torr or better. A systematic shift of the Dirac point of graphene towards zero, which accelerates
monotonically with increasing illumination time and intensity, has been observed during the annealing.®® This confirms
the removal of polar molecules adsorbed at the nanohybrid interface and their role as interface charge traps since a much
enhanced photoresponse in both amplitude and speed was observed on the samples after the annealing. Ligand exchange
has been extensively explored for replacing the ligands used in synthesis of QDs with ones that can provide better
passivation of the QDs. In QDs/graphene nanohybrids, an additional consideration of the replacing ligand selection is
their electrical conductivity for serving as the QD-QD (if a few QD layers are present) and QD/graphene charge transfer
pathways. With adequate electric conduction, such ligands can lead to quench of the photoluminescence (PL), indicative
of effective charge transfer out of QDs as required for QDs/graphene nanohybrids optoelectronics.!” The UTA process
exposes samples to high temperatures (up to 800 °C) for a short period of 1-3 seconds for refurbish the surface of the
nanostructure sensitizers and their interfaces. For oxides nanohybrids, the UTA treatment in air was found to reduce the
dark current and enhance photocurrent. In particular, graphene remains intact under the in-air UTA treatment.”!

3. RESULT AND DISCUSSIONS

As we have mentioned earlier, the physical properties of graphene (such as carrier mobility) can be affected by
molecules adsorbed on its surface during the graphene transfer and device fabrication processes, its interfaces with
sensitizers and supporting substrates, the performance of the QD/graphene vdW heterostructure photodetectors would be
sensitively dictated by them. Understanding the influence of these surface and interface factors on the QD/graphene
vdW heterostructure photodetectors performance is therefore important. Figure 2 illustrates several examples of the
QD/graphene vdW heterostructure photodetectors that we have investigated towards such an understanding.®® In Figure
2a, a I1I-V GaSe QDs/graphene vdW heterostructures photodetector is depicted schematically.®® The interface build-in
electric field anticipated from electronic structures of GaSe QD and graphene would result in hole transfer from GaSe to
graphene. On the right, the dynamic photoresponse is compared for GaSe QDs/graphene vdW heterostructures
photodetector without (Figure 2b) and with light-assisted vacuum annealing for >24 hours (Figure 2c¢). Clear
differences in both amplitude of the phtoresponse and response times can be observed made with the annealing. In fact,
the GaSe QDs printed on graphene channel often leads to an interface that may be contaminated by various chemicals,
solvents and even air molecules used in the processing and printing of the GaSe-QDs, which can reduce the interface
build-in electric field critical to exciton dissociation, block charge transfer across the interface and trap the charge to
yield a slow response. The benefit of removing such an interface using the light-assisted vacuum annealing is clearly
demonstrated in the enhanced dynamic photoresponse amplitude by up to three orders of magnitude.®® This has yielded
high gain or EQE in the range of 107-10® and visible detectivity D* up to 7x10'* Jones to visible light of 550 nm. In
addition, faster and more symmetric photoresponse with 10-12 ms for both rise and fall time constants can be achieved
simultaneously as compared to slower and asymmetric rise (18.5 ms) and fall (27 ms) before the cleaning, illustrating
the charge traps at the vdW interface are detrimental to both photoresponse and response speed.



Figures 2d-g exhibit another example of ZnO QD/graphene vdW heterostructures photodetectors. ZnO has a bandgap in
ultraviolet range (~340 nm) with a minor blue shift in ZnO QDs due to the size effect. However, an atomically thin Zn
acetate surface layer may be present on the ZnO QDs (Figure 2d), which can behave like a charge blocking layer at the
ZnO QD/graphene interface. Consequently, charge transfer from ZnO QDs to graphene can be blocked, which is
illustrated in a negligible photoresponse to UV light. When this surface layer is systematically removed using an in-air
aging process (Figure 2e), improved photoresponse by orders of magnitude can be obtained (Figures 2f-g).”? In fact, the
best responsivity up to 9.9x10® A/W and D* of ~10'* Jones to ultraviolet illumination at 340 nm in ZnO QD/graphene
vdW heterostructures photodetectors with the removal of the Zn acetate surface demonstrates the critical importance of
the surface and interface control at an atomic scale. It should be realized that such a control is not unique to the
QD/graphene vdW heterostructures photodetectors. Even in the QDs-only photodetectors, this control is critical to
enable a more efficient charge transport in QDs films in which massive QD-QD junctions are present as hurdles of the
carrier transport. In a comparative study of ZnO QD film (QD diameter~ 20-40 nm) subjected to an UTA treatment to
enable the formation of QD—QD interface nanojunctions, a nearly two orders of magnitude decrease of the dark
current Ipax and more than an order of magnitude increase of the photocurrent /pp under ultraviolet illumination (340
nm). Moreover, a high Ipn/Ipa ratio of 3.1 x 10, responsivity of up to 430 A W' at 0.003 mW cm 2, detectivity of 1.4 x
10" Jones were obtained. Interestingly, the UTA process can be applied to ZnO QD/graphene vdW heterostructures
photodetectors for improved performance while graphene remains intact.®* 73 Since the graphene channel of higher
carrier mobility provides a more efficient charge transport pathway than the ZnO QD film with lower carrier mobility,
the overall better performance of the ZnO QD/graphene vdW heterostructures photodetectors than their QDs-only
counterparts’ is well justified.

Figures 2h-k illustrate a third example of mixed PbS and FeS; QD/graphene vdW heterostructures broadband
photodetector that relies on ligand exchange to improve the QD/graphene charge transfer. Ligand exchange provides an
effective approach to passivate QD surface states and form an efficient charge transfer pathway from QD to graphene.'™
70.72 The PbS QDs of an average diameter of 4.3 nm have the optical cutoff at ~940 nm. FeS, has an extraordinary
absorption coefficient up to 6 x 10° cm™!, which is 2 orders of magnitude higher than that of crystalline silicon. The FeS,
QDs with doping have shown a strong light wavelength selectivity determined by their localized surface plasmon
resonance (LSPR) frequency in near-IR to short-wave IR (NIR-SWIR) spectra.'® I It is known that the LSPR frequency
may be tuned by n- or p-doping of semiconductors of reasonable bandgaps that are large enough to not contribute
substantial dark current at room temperature.> On the FeS, QD/graphene vdW heterostructures photodetectors, high
responsivity up to 8x10° A/W and D* near 10" Jones have been demonstrated recently at NIR-SWIR.!® 1 However,
both PbS and FeS, QDs, like many other QDs for IR application, are synthesized in organic solutions. The as-
synthesized QDs are capped with a layer of organic ligands of typically insulating (Figure 2h). While this capping layer
protects the QDs in the colloidal form and would not affect the photoluminescence properties of the colloidal QDs, it
blocks the charge transfer from QDs to graphene in the QD/graphene vdW heterostructures photodetectors. Ligand
exchange is hence required to replace the insulating organic ligands with conducting ones. For the mixed PbS and FeS,
QD/graphene vdW heterostructures broadband photodetectors, we have found that the 3-mercaptopropionic acid (MPA)
ligands can replace the organic ligands from synthesis and provide highly efficient charge transfer pathway between the
QDs to graphene (Figure 2i). Both photoresponse and response speed are improved by the MPA ligand exchange as
shown in Figures 2j-k by almost three orders of magnitude, indicating insulating ligands may behave like charge traps at
the QD/graphene interface. By using the mixed PbS and FeS, QDs with complimentary optical absorption spectra, an
extraordinary photoresponsivity in exceeding ~10° A/W was obtained in an broadband spectrum of ultraviolet-visible-
NIR. In addition, the MPA ligand exchange has been found to passivate the QD surface against post-degradation in
ambient. This benefit has been demonstrated in the CsPbCl; QDs/graphene vdW heterostructure photodetectors to
improve the stability of the CsPbCl; QDs in ambient and the vdW heterojunction interface between CsPbCl; QDs and
graphene, leading to a large photocurrent enhancement, up to three orders of magnitude improvement in response speed,
and long term ambient stability.*> 46
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Figure 2. (a) The structure of GaSe nanosheet/graphene hybrid photodetector. The dynamic photocurrent of the device without (b) and
with vacuum annealing (c). The band energy diagram with (d) and without (e) Zn(Ac) charge transfer blocking shell in dark and
under illumination of UV light, associated with oxygen absorption/desorption and charge transfer process. (f) The dynamic
photocurrent of ZnO QDs/graphene photodetector with and without Zn(Ac) blocking shell. (g) Zoom in the dynamic photocurrent on
ZnO QDs with partial and full Zn(Ac) blocking shell. Schematics of a FeS2-PbS/GFET heterojunction and the corresponding charger
transfer process before (h) and after (i) the ligand exchange. Dynamic photoresponse of FeS2-PbS/GFET photodetectors upon NIR
illustration before ligand exchange (j) and after (k) the ligand exchange shown in (h) and (i), respectively. (I, n, p) Optical and (m, o,
q) Raman mapping images of WSz with smaller and denser WS2-NDs in WS2-NDs/graphene (orange); larger and more dilute WS2-
NDs WS2-NDs/graphene (purple) samples, and WS>-CL/graphene (blue). (r) The corresponding dynamic photocurrents measured in
response to 550 nm light on and off as a function of the incident light intensity on the three devices.

Figures 2l-r exhibit the fourth example of QDs/graphene vdW heterostructure photodetectors obtained via layer-by-
layer growth of TMDC QDs, or more accurately nanodiscs (NDs) of lateral dimension of hundreds of nm while vertical
dimension of 3-7 nm.”*3° CVD growth of QDs on graphene, such as TMDCs, allows layer-by-layer deposition in large
area, which is important to the practical applications.” QDs/graphene vdW heterostructure photodetectors, a key benefit
is a clean interface formed between TMDC and graphene, especially on transfer-free graphene. It is particularly worth



mentioned that the TMDC QDs are confirmed to LSPR and hence significantly enhanced light absorption/trapping due
to a so-called photo-doping facilitated by the TMDC QD/graphene interface as suggested by a Density Function Theory
simulation.”®’® The benefit of these non-metal plasmonic nanostructures is in their inherent low loss. In fact, this
argument is supported by the higher sensitivity of the TMDC-NDs/graphene, as compared with Au-NPs/graphene, in
surface enhanced Raman spectroscopy of biomolecules, and higher responsivity in TMDC QDs/graphene photodetectors
in comparison with the TMDC sheet/graphene counterpart’s. For photodetection, an interesting difference has been
observed on the response speeds of the TMDC QD/graphene vdW heterostructures photodetectors made with layer-by-
layer growth’® or with one or two transfer steps.’”® The response time is on the order of 10 ms in the former in contrast to
>100 ms in the latter. This difference again demonstrates that a cleaner QD/graphene interface can be achieved in the
layer-by-layer QD/graphene vdW heterostructures with much reduced charge traps that are detrimental to both
photoresponse and response speed of the TMDC QD/graphene vdW heterostructures photodetectors.

While the layer-by-layer growth of the QD/graphene can lead to cleaner vdW interface required for high photoresponse
and response speed, the method may not be applicable to many QDs since their growth conditions may not be suitable to
graphene and could lead to degradation of graphene. An additional challenge is in the incompatibility of the
QD/graphene growth condition to many technological important substrates such as plastics, polymers, metal sheets, etc.
This means that post-cleaning methods are particularly suitable and useful when the QD/graphene vdW photodetectors
or other devices are fabricated by inkjet printing of pre-synthesized colloidal QDs on graphene. In fact, printing with
inks of pre-fabricated crystalline QDs!> 72 or precursors that only require a moderate thermal budget®* 3! could provide a
promising approach for integration of QD/graphene vdW heterostructures photodetectors or imaging arrays with
complementary metal oxide semiconductors.??

Tables 1 summarizes some representative results of QDs/graphene vdW heterostructure nanohybrids for infrared
detection. Overall, the performance is promising. For instance, Konstantatos et a/ reported a PbS QD/graphene vdW
heterostructures photodetectors with a layer of PbS QDs spin-coated on graphene channel.!># At wavelengths near 1.55
um, D* as high as 10'2 Jones, which is comparable to the current state of the arts conventional III-V semiconductor
uncooled IR detectors at comparable wavelengths (<1.7 um). However, the performance limitation of the conventional
uncooled IR detectors stems fundamentally from the low bandgaps of the semiconductors employed. Since the signal to
noise ratio decreases with the bandgap, cooling become mandatary to maintain high D* at the level of 10'? Jones beyond
1.7 um wavelengths. In contrast, the promising results obtained on QDs/graphene vdW heterostructures suggest a large
room for further enhancement of the IR detector performance via understanding of the underlying device physics and
optimization of the device design parameters.

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

QD material Spectrum Cutoff R (A/W) D* (Jones) Response Ref.
wavelength time (s)
(um)
PbS Vis-SWIR >1.8 - 10'2(at 1.55 pm) 102 83,84
Ti,O; MWIR-LWIR 10 >120 7x108 (at 10 um) 107 85
HgTe SWIR 1.55 6x1073 10° (at 1.55 pm) 9x10°° 86
HgTe NIR-MIR >3 10? 6x108 (at 2.5 pum) 7x10* 87
Si (B-doped) | UV-MIR 3.9 10 10°(at 3 um) - 88
PbSe nanorods | NIR-MIR 3 7.6 - 2.8x10* 89
FeS;-PbS UV-NIR >1.1 >10¢ >10!! 3.5 16
FeS; UV-NIR >1.1 >10¢ >1012 0.1 18




4. CONCLUSIONS

In summary, QDs/graphene vdW heterostructure photodetectors have recently emerged as a unique scheme for high-
performance uncooled photodetection, particularly in IR spectra. It should be realized that the QDs/graphene vdW
heterostructures are quantum devices relying on the strong quantum confinement in QDs for spectral tunability and
reduced dark current due to suppressed phonon scattering, and in graphene for extraordinary carrier mobility. This can
lead to high photoconductive gain or EQE as demonstrated experimentally in various QDs/graphene vdW
heterostructure photodetectors for a broad spectral range from ultraviolet to IR. Nevertheless, research on QDs/graphene
vdW heterostructure photodetectors, especially for IR detection, has just begun and many important issues remain.
Specifically, QDs have a high surface to volume ratio and the large amount of the surface area demand a careful control
of the QD surface states (growth defects, dangling bonds, impurity layer, adsorbed species, etc) to eliminate charge traps
that can reduce both photoresponse and response speed dramatically. This surface state issue will be particularly
important in QDs of small bandgaps for IR detectors. In line with this, a precise control of the QD/graphene interface to
eliminate charge transfer blocking layer and charge traps is critically important to achieving the anticipated high
photoresponse and response speed, both are critical to commercial IR detectors and imaging systems. This calls for
development of new approaches to achieve an atomic control on these surfaces and interfaces and will be a focus of
future research on QDs/graphene vdW heterostructure IR detectors.
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