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ABSTRACT  

Heterojunction nanohybrids based on low-dimension semiconductors, including colloidal quantum dots (QDs) and 2D 
atomic materials (graphene, transition metal chalcogenides, etc)  provide a fascinating platform to design of new 
photonic and optoelectronic devices that take advantages of the enhanced light-solid interaction attributed to their strong 
quantum confinement and superior charge mobility for uncooled photodetectors with a high gain up to 1010. In these 
heterojunction nanohybrids, the van der Waals (vdW) interface plays a critical role in controlling the optoelectronic 
process including exciton dissociation by the interface built-in field that drives the follow-up charge injection and 
transport to graphene. In this paper, we present our recent progress in development of such heterostructures nanohybrids 
for uncooled infrared detectors including PbS and FeS2 QDs/graphene and 2D vdW heterostructures 
MoTe2/Graphene/SnS2 and GaTe/InSe. We have found that nonstoichiometric Fe1–xS2 QDs (x = 0.01–0.107) with strong 
localized surface plasmonic resonance (LSPR) can have much enhanced absorption in broadband from ultraviolet to 
short-wave infrared (SWIR, 1–3 μm). Consequently, the LSPR Fe1–xS2 QDs/graphene heterostructure photodetectors 
exhibit extraordinary photoresponsivity in exceeding 4.32 × 106 A/W and figure-of-merit detectivity D* > 7.50 × 1012 
Jones in the broadband of UV–Vis–SWIR at room temperature. The 2D vdW heterostructures allows novel designs of 
interface band alignments with uncooled NIR-SWIR D* up to 1012 Jones.  These results illustrate that the heterostructure 
nanohybrids provide a promising pathway for low-cost, printable and flexible infrared detectors and imaging systems.  

Keywords: Quantum dots, graphene, 2D atomic materials, heterojunction, nanohybrids, plasmonic, infrared detectors  
 

1. INTRODUCTION  
Optoelectronic nanohybrids involving graphene and quantum nanostructures have recently emerged as a unique scheme 
for high-performance photodetection.1 Graphene has attracted extensive attention due to its unique electronic structure,2-5 
two dimensional (2D) nature, ultrahigh mobility (up to 4×104 cm-2V-1s-1 for unsuspended graphene at room 
temperature)6, 7, flexibility and chemical stability. The nanostructures are photosensitizers with morphologies of quantum 
dots (0D),8-13  nanotubes and nanowires (1D)14, 15 and nanosheets (2D) such as transition metal dichalcogenides 
(TMDC).16-18 The implementation of graphene or other 2D atomic sheets of extraordinary charge carrier mobility in the 
nanohybrids makes a fundamental difference in the carrier transport in the nanohybrids optoelectronics as compared to 
the counterparts based on the nanostructures only. In the quantum dots (QDs) photodetectors, for example, the quantum 
confinement in QDs due to the suppressed phonon scattering19 is expected to reduce dark current and hence improve the 
detector performance,20, 21 which has been shown experimentally on colloidal HgTe QDs with surface passivation22-24 

and InSb-nanowires.25, 26 However, the low carrier mobility in the range of 10-6 cm-2V-1s-1 (in as-made HgTe QDs) to 10-

4 cm-2V-1s-1 (with ligand exchange on HgTe QDs to passivate the surface defects) IR detectors remains a bottleneck 
towards obtaining high detectivity D* in QD-based IR detectors.24 This bottleneck can be removed by combining the 
narrow-bandgap QDs with graphene field-effect transistors (GFETs), taking advantages of the high mobility > 4x104 cm-

2V-1s-1 in graphene at room temperature. As we have shown recently,  D* improvement by orders of magnitude can be 
achieved in QD/GFET as compared to QD only photodetectors.9, 27 Microscopically, excitons generated through light 
absorption by the QDs will be dissociated by the build-in field into free carriers at the QD/graphene interface, followed 
with carrier transfer from QDs to graphene for high-mobility carrier transport to electrodes. This can significantly reduce 
the charge recombination stemming from   the low mobility of the QDs and QD-QD junctions. Therefore, the  
nanostructure/graphene heterostructures nanohybrids approach may provide a unique scheme for high-sensitivity 
photodetectors by taking advantage of the quantum confinement of the semiconductor nanostructures with ballistic 
charge transport in graphene to enable unprecedented performance.  
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Fig. 1 illustrates three examples of the nanohybrid photodetectors demonstrated using QDs,8-13  nanowires,28 and 
nanosheets29, 30 as photosensitizers. Upon light absorption by the sensitizer, excitons (electron-hole pairs) are generated 
and separated by the build-in field at the nanostructure/graphene interface. Driven by the build-in field, one type of 
photo-excited carriers in the QDs (or other nanostructures with equivalent quantum confinement) are transferred into 
graphene across the nanohybrid interface and circulate many times between electrodes within the lifetime of the excitons 
in the QDs due to the high mobility of graphene, resulting in high external quantum efficiency (EQE) due to a high 
photoconductive gain up to 1010 defined as gain=τc/τt,8, 9, 29 where τc is the exciton life time in the QD (or other 
nanostructures) and τt is the carrier transit time in the photoconductive GFET channel between electrodes. The transit 

time biasct Vl µτ 2=  is proportional to the square of the GFET channel length l and inversely proportional to the carrier 
mobility µc in graphene and the bias voltage (source-drain in GFET) Vbias. Thus the high gain in the QD/GFET devices is 
the combination of the advantages of strong quantum confinement in QDs (high τc) and the high mobility µc (up to 4×104 
cm-2V-1s-1 for unsuspended graphene at room temperature)6, 7 in graphene (low τt). In contrast to QD-based 
photodetectors (without graphene) that are limited by the low carrier mobility in the range of 10-6 cm-2V-1s-1 to 10-4 cm-

2V-1s-1,24 the high mobility in graphene by 8-10 orders of magnitude is claimed a key factor facilitating the high gain up 
to 1010 reported in various nanostructure/GFET nanohybrid photodetectors and represents an unique advantage of the 
nanohybrid photodetectors.8, 9, 29 

 
Figure 1. Schematic of three types of sensitizer/graphene nanohybrids photodetectors with build-in fields designed at the 
sensitizer/graphene interface to facilitate exciton separation and charge transfer in: (a) plasmonic 0D FeS2 quantum 
dots/graphene; (b) 1D ZnO nanowire/graphene; and (c) 2D GeSe nanosheet/graphene for high gain in the range of 106 to 
1010.  

 

Another advantage of the nanohybrids photodetectors is attributed to the strong quantum confinement in the 
nanostructured photosensitizers, which not only contributes to the high gain as discussed above, but also allows bandgap 
(Eg) and hence spectral tunability through control of the shape, dimension, stacking (2D stacks and core/shell QDs), and 
carrier doping for localized surface plasmonic resonance (LSPR).31 The LSPR FeS2 QDs shown in Fig. 1a presents an 
excellent example with not only much enhanced photoresponse but also much expanded spectral range from UV to 
short-wave infrared (SWIR) via doping or/and shape control for broadband photodetection using FeS2 QD/GFET 
nanohybrids.32  

Moreover, the GFET gate provides another advantage in shifting the Fermi energy of graphene with respect to the 
conduction and valence bands of the sensitizers (see insets at bottom of Fig. 1 for each of the three devices) for an 
optimal interface build-in field for exciton dissociation and charge transfer across the sensitizer/GFET interface.8, 9  

Finally, highly crystalline colloidal QDs and many other nanostructured sensitizers can be synthesized with controllable 
dimension, morphology and chemical composition using low-cost, non- (or low)-vacuum processes. This provides an 
additional advantage towards commercial applications and allows integration of with Si-based readout circuits using 
inkjet printing the nanostructure sensitizers.14, 33-35    
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These advantages make sensitizer/graphene nanohybrids highly promising for designing uncooled quantum infrared (IR) 
detectors that have  been widely used in both commercial and military applications.36-40 with high detectivity, high 
speed, low-cost and scalability. Motivated by this, we have explored several nanohybrids for IR detection based on QDs  
and 2D atomic materials stacks. D* close to 1.0x1013 cm⋅Hz1/2/W in short-wave infrared (SWIR) spectrum, together with 
photoconductive gain up to 1010 illustrate that the combination of the advantages of strong quantum confinement in 
nanostructured absorber and the extraordinary carrier mobility in graphene provides fresh opportunities in exploration of 
the uncooled IR detection.  In the following, we will discuss our experimental results.  

 

2. EXPERIMENTAL 
2.1 Synthesis of graphene and other 2D atomic materials  

CVD was deployed for synthesis of graphene in large area either on commercial copper foils41, 42 or on SiO2/Si 
substrates.43 In the former, the copper foil must be removed using a graphene transfer protocol44 to transfer graphene on 
various substrates for device applications. The advantage of the transfer is almost any substrates could be considered for 
devices, which is particularly important to those, such as polymers or plastics, with a low thermal budgets incompatible 
to the CVD growth temperatures typically in exceeding 1000 °C. However, graphene transfer process is prone for 
surface contamination by various chemical and solvent residues which can affect the interface of the heterojunction 
nanohybrid optoelectronics through formation of charge traps at the interface, which can degrade the optoelectronic 
performance by blocking the charge transfer (low responsivity and detectivity D*) as well as slow down the 
photoresponse (asymmetric and long response times).  Transfer-free, direct CVD growth of graphene can effectively 
resolve the issues associated caused in graphene transfer, resulting indeed improved optoelectronic performance as to be 
discussed in this paper. However, high quality CVD graphene has  only been reported on a limited number of substrates, 
such as SiO2/Si, quartz and fused silica in a narrower temperature window as compared to that for CVD graphene on 
copper foils, which is attributed to the more difficult nucleation of graphene without metal catalyst (such as copper).  

CVD growth of 2D atomic materials on graphene, such as TMDCs, allow layer-by-layer deposition in large area, which 
is important to the practical applications.30    An additional benefit is a clean interface formed between TMDC and 
graphene, especially the transfer-free graphene. In the TMDC growth, both continuous atomic sheets of monolayer and 
few layers30, 45 and nano-discs of tens to hundreds of nm in diameter46-48 have been obtained successfully.   It is 
particularly worth mentioned that the latter are confirmed to exhibit localized surface plasmonic resonance (LSPR) and 
hence significantly enhanced light absorption/trapping due to a so-called photo-doping facilitated by the 
TMDC/graphene interface as suggested by a Density Function Theory (DFT) simulation.46-48  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-NDs/graphene photodetectors in comparison with the TMDC-
CL/graphene counterpart’s.  

For exploration of heterostructures of monolayer or/and few-layers of different 2D atomic materials whose growth 
remains challenging so far, mechanical exfoliation of flakes from their bulk crystals was deployed, followed with 
stacking them in designed sequences for the anticipated interface band edge alignments. Considering the small 
dimension of the flakes typically in the range few to tens of µm, advanced lithography is required to lay electrodes for 
optoelectronic devices.     

2.2 Synthesis and surface engineering of colloidal quantum dots 

Colloidal fabrication of QDs of various semiconductors have been intensively studied. For IR detection, semiconductors 
with low band gaps suitable for different IR bands are typically selected. It should be realized that QDs with their 
dimension on the other of few to few tens of nm, have a large surface to volume ratio.  The large surface area on low-
band 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 nanohybrid interface. Ligand exchange provides a common solution to 
this problem by passivating the dangling chemical bonds on the QD surfaces. In the QD/graphene nanohybrid 
optoelectronic devices, an additional role is required in ligand exchange for the ligand molecules to form efficient charge 
transport channels at QD-QD and QD/graphene interfaces for high and fast photoresponse. For example, 3-
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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.10, 49  

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.12 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.50  Keep in mind this would require additional fabrication steps. Another scheme is to make plasmonic QDs 
via carrier doping,31 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 pyrites51, 52 (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.  

2.3 Fabrication of vdW heterostructures  nanohybrids 

In this work, 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 
and among them light-assisted vacuum annealing,29, 53 ligand exchange,11, 54 and ultrafast thermal annealing (UTA)27 
seem to work effectively for many functional nanohybrids we have fabricated.  

Light-assisted vacuum anneal could be operated at room temperature by placing the sample under illumination in 
vacuum typically ~ 10-6 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.53 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.11 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.27    

2.4 Sample characterization  

Sample characterization was at two different levels. One is on the component level to analyze the morphology, 
dimension, crystallinity, chemical composition, optical and electronic properties. The other is on the device level after 
the heterostructures nanohybrids photodetectors were fabricated to analyze the device performance.  In the former, 
scanning and transmission electron microscopy with energy dispersive x-ray spectroscopy (SEM, TEM, EDS), atomic 
force microscopy (AFM), confocal Raman spectroscopy, x-ray diffraction (XRD), optical spectroscopy in the spectral 
range of ultraviolet, visible to infrared, and Fourier-transform infrared spectroscopy (FTIR), etc. were used. In the latter, 
the electric transport properties, including I-V characteristic, noise, dynamic photoresponse, spectral responsivity, were 
characterized in a vacuum probe station using a semiconductor analyzer, spectrum analyzer when devices are 
illuminated with various lights sources and a monochromatic spectrometer system.   
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3. RESULT AND DISCUSSIONS 
3.1 Critical role of interface in heterojunction nanohybrid optoelectronic properties 

2D nanosheet/graphene is advantageous for heterostructures of different materials since it eliminates the stringent 
requirement of lattice match in heteroepitaxy. The emerging 2D materials, especially the TMDCs,30 provide excellent 
opportunity of sensitizer design for IR detector. One focus of our research in 2D nanosheet/GFET is on an atomic-scale 
control of the vdW interface dipole-dipole coupling to ensure 1) a build-in electric field which is crucial to exciton 
dissociation to free carriers and carrier injection into GFET, which directly affects the EQE or gain and hence D* by 
orders of magnitude; 2) minimal charge trapping at the interface for fast photoresponse. We have explored several 
approaches in engineering the QD surface and QD/GFET vdW interface using both physical and chemical methods9, 29, 55 
and have demonstrated that both gain and response time can be improved by several orders of magnitude at a clean and 
engineered vdW interface. Fig. 2a depicts an example of III-V GaSe nanosheets (or 2D QDs)/GFET devices (left) with 
the interface build-in electric field anticipated from electronic structures of GaSe-QD and graphene (middle) that is in 
favor of the hole transfer from GaSe to graphene. However, the GaSe-QDs printed to the GFET 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, 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. This interface effect is clearly 
demonstrated in the improved dynamic photoresponse shown in Fig. 2b (left) after (black) the interface cleaning using a 
process we have developed as compared with that before (blue) the interface cleaning Fig. 2b (right).29 Moreover, the 
clean vdW GaSe/GFET interface has also yielded high gain (or EQE) in the range of 107-108 and visible detectivity D* 
up to 7x1013 Jones. It should be pointed out that this work demonstrates, for the first time, that high D* and fast 
photoresponse (symmetric 10-12 ms for rise and fall time constants) can be achieved simultaneously, suggesting the 2D 
nanosheet/GFET vdW heterostructure devices provide a promising scheme for photodetection.  

 

 
Figure 2 (a) Schematic of GaSe nanosheet/GFET device (left) with the build-in field across the GaSe/graphene vdW 
interface (middle) that affects the photoresponse amplitude and speed as shown from higher photoresponse and shorter 
response time of ~10-12 ms after interface cleaning (black) as compared to 18.5-27 ms before the cleaning (blue);  

 

3.2 Plasmonic QDs/GFET SWIR detectors 

The strong light wavelength selectivity determined by the LSPR frequency of the plasmonic QDs provides a viable 
wavelength tuning mechanism, allowing uncooled IR detection with reduced dark current.31 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.31 In a recent work on Fe1-xS2 QDs (Eg~0.95 eV at x=0), we have demonstrated strong 
LSPR in NIR to SWIR spectra via doping of these QDs (Fig. 3). On the Fe0.92S2 QD/GFET devices, high responsivity up 
to 8x106 A/W and D* near 1013 Jones have been demonstrated recently at SWIR (see Fig. 3f).12 This is the first 
demonstration of the plasmonic QD/GFET photodetectors and the red-shifted spectral range and high detector 
performance suggests plasmonic-QD/GFET may provide a promising pathway to longer wavelengths beyond the SWIR 
spectrum in IR detection with much reduced dark current. A systematic study on the Fe1-xS2 QD/GFET devices has 
revealed that a shape control over these QDs can also red shift the plasmon resonance frequency to SWIR range for high 
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performance uncooled IR detection.13 In addition, doped narrow-bandgap PbS and InSb QDs have also been investigated 
for IR detection. 

 

 

 
Figure 3 (a) Crystal structure of stoichiometric (left) FeS2 exhibiting traditional semiconducting property under light 
irradiation and Fe1-xS2 with Fe deficiencies (right) and doped holes for LSPR effect under broadband light irradiation.  Iron, 
sulfur atoms and iron deficiencies are depicted in blue, yellow and black, respectively. (b) schematic of Fe1-xS2 QD/GFET 
obtained using inkjet printing. (c) Dynamic response of a Fe1-xS2 QD/GFET at 1000 nm light. (d) HRTEM images and (e) 
absorption spectra of Fe1-xS2 QDs with Fe:S ratios of 0.99:2 (left) and 0.917:2 (right), respectively. (f) D* vs. wavelength 
measured on Fe1-xS2 QD/GFET nanohybrids with different x values.  

 

3.3 2D atomic sheet stacks for NIR and SWIR detection 

Figs. 4a-b illustrate two different IR detectors we have explored based on vdW stacks of 2D atomic sheets. Fig. 4a 
depicts a 2D p-MoTe2 (Eg~1.0 eV)/graphene/n-SnS2 (Eg~2.2 eV) p-g-n junction made by layer-by-layer stacking of 
different 2D  atomic sheets together.56 The insertion of the graphene between the p and n layers has been found critical to 
the interface quality for exciton dissociation and charge transport. At the optimal range of 5-7 graphene layers in this p-
g-n devices, an extraordinary broadband responsivity exceeding 2.6×103 A/W and D* up to ~1013 Jones in the UV-
visible-NIR spectrum.56 In addition, this device illustrates the viability in pairing 2D nanosheets of semiconductors of 
different, but complementary Eg and electronic structures to facilitate charge transport as shown in the inset of Fig. 4a. In 
a more recent study of the vdW heterostructure photodetectors for SWIR detection,57 we have employed GaTe (Eg~1.0 
eV) and γ-InSe (rhombohedral) with Eg in the range of 1.20 to 1.80 eV depending on the layer number of the InSe (Fig. 
4b). The ideal band diagram of the GaTe/InSe interface indicates that the GaTe/InSe vdW heterostructures is expected to 
type-II band alignment,58-61 in which the interlayer transition energy of ~0.55 eV lies in the SWIR light range of 
1.0−1.55 μm beyond the cut-off wavelengths of the individual GaTe and InSe. We have demonstrated that this 
GaTe/InSe vdW heterostructures photodetector shows an unprecedented D* over a wide spectrum in ultraviolet (UV)-
vis-NIR-SWIR light. Especially, the D* of the photodetector can reach up to a record of 1014 Jones and 1012 Jones for 
1064 nm and 1550 nm SWIR illumination at room temperature.  
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Figure 4 (a) Schematic h-BN/MoTe2/graphene/SnS2/h-BN device configuration and schematic band diagram and 
photoexcited carriers transport of the MoTe2/graphene/SnS2 vdW heterostructures. The Eg-p and Eg-n represent the band gap 
of p-MoTe2 and n-SnS2, respectively. Here, FL-graphene is a semi-metallic property which the Fermi level (at absolute 
zero) locates at above the bottom of the conduction band and below the top of the valence band due to the overlap of the 
conduction and valence bands. Dynamic response to light of different wavelengths in the range of 405 nm to 1064 nm are 
also included. (b) Schematic GaTe/InSe vdW heterostructure for SWIR photodetection. Left: 3D schematic of the 
GaTe/InSe photodetector configuration. Right: Schematic representation of the type-II band alignment of the GaTe/InSe 
vdW heterostructure and the corresponding principle of the interlayer transition at interface. The Eg-p and Eg-n are the 
bandgap of p-GaTe and n-InSe, respectively. (b) NEP calculated from the noise spectra as a function of illumination power 
under 1550 nm laser at Vds = 1 V. (d) D* as a function of the wavelength obtained at Vds = 1 V and Vds = 5 V (inset). 

 

4. CONCLUSIONS  
In summary, optoelectronic nanohybrids involving graphene and quantum nanostructures, such as quantum dots, 
nanotubes, nanosheets, have recently emerged as a unique scheme for high-performance photodetection. These 
nanohybrids have distinctive advantages over conventional semiconductors because of: 1) the strong quantum 
confinement in nanostructures which yields superior properties including high light absorption, spectra tunability, and 
reduced dark current due to suppressed phonon scattering; 2) exciton dissociation and charge transfer at the nanohybrid 
interface build-in field for efficient photo-carrier generation; and 3) high photoconductive gain and external quantum 
efficiency proportional to the ratio between the carrier lifetime enhanced by the quantum confinement in the 
nanostructures and the extremely short charge transit time due to the high mobility of graphene. These advantages make 
nanohybrids highly promising for designing uncooled quantum infrared detectors with high detectivity, high speed, low-
cost and scalability. Besides high performance and low cost, the nanohybrid approach also has the advantage in its 
compatibility with Si-based readout circuits with micro/nanofabrication schemes employed for scaling up in practical 
applications.  

Nevertheless, research on nanohybrids IR detectors has just begun and many important issues remain. First, controlling 
the surface of the sensitizer nanostructures and the interfaces involved in the heterostructures nanohybrids is critical to 
further improvement of the nanohybrid optoelectronic performance. Specifically, poor quality of these surfaces and 
interfaces would lead to formation of charge traps that can reduce the photoresponse and response speed, both are critical 
to commercial IR detectors and imaging systems. Development of new approaches to achieve an atomic control on these 
surfaces and interfaces represents an important task in future research on nanohybrids optoelectronics including IR 
detectors. Furthermore, development of suitable nanostructured sensitizers for longer wavelengths beyond SWIR 
spectrum is important in future research on uncooled MWIR to LWIR nanohybrid detectors. Finally, various light 
management schemes, such as plasmonic nanostructures and metamaterials that are effective in IR spectrum, may 
provide promising approaches to dramatically enhanced IR absorption and hence high response.  
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