InSb/InP core-shell colloidal quantum dots for sensitive and fast short-wave infrared photodetectors
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ABSTRACT: Colloidal quantum dot technology (CQD) is considered the main contender towards a low-cost high performance optoelectronic technology platform for applications in the short-wave infrared (SWIR) to enable 3D imaging, LIDAR night vision etc. in the consumer electronics and automotive markets. In order to unleash the full potential of this technology there is a need for a material that is environmentally friendly, thus RoHS compliant, and possesses adequate optoelectronic properties to deliver high performance devices. InSb CQDs hold great potential in view of their RoHS compliant nature and – in principle- facile access to the SWIR. However, to date progress in realizing high performance optoelectronic devices, including photodetectors (PDs) has been limited. Here, we have developed a synthesis for producing size-tunable InSb CQDs with distinct excitonic peaks spanning a wide range from 900 nm to 1750 nm. To passivate the surface defects and enhance the photoluminescence (PL) efficiency of InSb CQDs, we further designed a InSb/InP core-shell structure. By employing the InSb/InP core-shell CQDs in a photodiode device stack, we report on robust InSb CQD SWIR photodetectors that exhibit external quantum efficiency (EQE) of 25% at 1240 nm, a wide linear dynamic range exceeding 128 dB, photoresponse time of 70 ns, and specific detectivity of 4.4 × 1011 Jones.
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The development of short-wave infrared (SWIR, 1-2 um) photodetectors, enables a huge number of applications, such as LIDAR and 3D imaging for mobile devices, automotive and Augmented/Virtual Reality (AR/VR),[endnoteRef:1][1] night vision for surveillance,[endnoteRef:2][2] spectroscopy for food quality inspection,[endnoteRef:3][3-][endnoteRef:4][4] and bio-imaging etc.[endnoteRef:5][5-][endnoteRef:6][6][endnoteRef:7][7][endnoteRef:8][8] leading to a direct and huge impact on quality of life, health, and security, provided that such photodetectors are available at low cost and high volumes, to serve consumer electronics markets. The epitaxial technology, mainly based on indium gallium arsenide (InGaAs), has dominated the SWIR photodetector industry for decades, but only serving for niche and military markets due to the characteristics of low-scale manufacturability, high production costs, and complementary metal-oxide semiconductor (CMOS) incompatibility.[endnoteRef:9][9] [1: [1] Goossens, S.; Konstantatos, G.; Oikonomou, A. Colloidal Quantum Dot Image Sensors: Technology and Marketplace Opportunities. Inf. Disp. 2021, 37, 18-23.]  [2: [2] Adomeit, U.; Krieg, J. Shortwave Infrared for Night Vision Applications: Illumination Levels and Sensor Performance. Optics in Atmospheric Propagation and Adaptive Systems. 2015, pp 964104.]  [3: [3] Konstantatos, G.; Sargent, E. H. Nanostructured Materials for Photon Detection. Nat. Nanotechnol. 2010, 5, 391-400.]  [4: [4] Arquer, F. P. G.; Armin, A.; Meredith, P.; Sargent, E. H. Solution-processed Semiconductors for Next-generation Photodetectors. Nat. Rev. Mater. 2017, 2, 16100.]  [5: [5] Wu, Z.; Zhai, Y.; Kim, H.; Azoulay, J. D.; Ng, T. N. Emerging Design and Characterization Guidelines for Polymer-Based Infrared Photodetectors. Acc. Chem. Res. 2018, 51, 3144–3153.]  [6: [6] Naczynski, D. J.; Tan, M. C.; Zevon, M.; Wall, B.; Kohl, J.; Kulesa, A.; Chen, S.; Roth, C. M.; Riman, R. E.; Moghe, P. V. Rare-earth-doped Biological Composites as In Vivo Shortwave Infrared Reporters. Nat. Commun. 2013, 4, 2199.]  [7: [7] Cosco, E. D.; Spearman, A. L.; Ramakrishnan, S.; Lingg, J. G. P.; Saccomano, M.; Pengshung, M.; Arús, B. A.; Wong, K. C. Y.; Glasl, S.; Ntziachristos, V.; Warmer, M.; McLaughlin, R. R.; Bruns, O. T.; Sletten E. M. Shortwave Infrared Polymethine Fluorophores Matched to Excitation Lasers Enable Non-invasive, Multicolour in Vivo Imaging in Real Time. Nat. Chem. 2020, 12, 1123-1130.]  [8: [8] Bruns, O. T.; Bischof, T. S.; Harris, D. K.; Franke, D.; Shi, Y.; Riedemann, L.; Bartelt, A.; Jaworski, F. B.; Carr, J. A.; Rowlands, C. J.; Wilson, M. W. B.; Chen, O.; Wei, H.; Hwang, G. W.; Montana, D. M.; Coropceanu, I.; Achorn, O. B.; Kloepper, J.; Heeren, J.; So, P. T. C. et al. Next-generation in Vivo Optical Imaging with Short-Wave Infrared Quantum Dots. Nat. Biomed. Eng. 2017, 1, 0056.]  [9: [9] Saran. R.; Curry. R. J. Lead Sulphide Nanocrystal Photodetector Technologies. Nat. Photonics 2016, 10, 81-92.] 

Compared to epitaxial technology, solution-processed technology based on colloidal quantum dots (CQDs) is more promising for SWIR photodetectors due to the low cost, high-volume manufacturing, and their CMOS integrability. The SWIR CQDs photodetectors developed so far rely upon the use of semiconductors based on Pb and Hg-chalcogenides.[endnoteRef:10][10-][endnoteRef:11][11][endnoteRef:12][12][endnoteRef:13][13][endnoteRef:14][14][endnoteRef:15][15][endnoteRef:16][16][endnoteRef:17][17] However, Pb and Hg are elements that fall under RoHS (restriction of hazardous substances) regulations which impose severe regulatory concerns and may prevent their deployment into commercial consumer applications. Therefore, the development of SWIR photodetectors based on environmentally friendly CQDs is indispensable and highly demanded. III-V CQD photodetectors have recently been reported based on InAs, with compelling performance in the near infrared at 940 nm[endnoteRef:18][18-][endnoteRef:19][19] whereas at longer wavelengths in the SWIR up to 1300 nm the performance plummets with maximum quantum efficiency of < 5%.[endnoteRef:20][20]  [10: [10] Konstantatos, G.; Howard, I.; Fischer, A.; Hoogland, S.; Clifford, J.; Klem, E.; Levina, L.; Sargent, E. H. Ultrasensitive Solution-cast Quantum Dot Photodetectors. Nature 2006, 442, 180-183.]  [11: [11] McDonald, S. A.; Konstantatos, K.; Zhang, S.; Cyr, P. W.; Klem, E. J. D.; Levina, L.; Sargent, E. H. Solution-processed PbS Quantum Dot Infrared Photodetectors and Photovoltaics. Nat. Mater. 2005, 4, 138-142.]  [12: [12] Keuleyan, S.; Lhuillier, E.; Brajuskovic, V.; Guyot-Sionnest, P. Mid-Infrared HgTe Colloidal Quantum Dot Photodetectors. Nat. Photonics 2011, 5, 489-493.]  [13: [13] Ackerman, M. M.; Tang, X.; Guyot-Sionnest, P. Fast and Sensitive Colloidal Quantum Dot Mid-Wave Infrared Photodetectors. ACS Nano 2018, 12, 7264-7271.]  [14: [14] Goossens, S.; Navickaite, G.; Monasterio, C.; Gupta, S.; Piqueras, J. J.; Pérez, R.; Burwell, G.; Nikitskiy, I.; Lasanta, T.; Galán, T.; Puma, E.; Centeno, A.; Pesquera, A.; Zurutuza, A.; Konstantatos, K.; Koppens, F. Broadband Image Sensor Array Based on Graphene-CMOS Integration. Nat. Photonics 2017, 11, 366-371.]  [15: [15] Livache, C.; Martinez, B.; Goubet, N.; Gréboval, C.; Qu, J.; Chu, A.; Royer, S.; Ithurria, S.; Silly, M. G.; Dubertret, B.; Lhuillier, E. A Colloidal Quantum Dot Infrared Photodetector and Its Use for Intraband Detection. Nat. Commun. 2019, 10, 2125.]  [16: [16] Yang, J.; Hu, H.; Lv, Y.; Yuan, M.; Wang, B.; He, Z.; Chen, S.; Wang, Y.; Hu, Z.; Yu, M.; Zhang, X.; He, J.; Zhang, J.; Liu, H.; Hsu, H.; Tang, J.; Song, H.; Lan, X. Ligand-Engineered HgTe Colloidal Quantum Dot Solids for Infrared Photodetectors. Nano Lett. 2022, 22, 3465-3472.]  [17: [17] Liu, J.; Liu P.; Chen, D.; Shi, T.; Qu, X.; Chen, L.; Wu, T.; Ke, J.; Xiong, K.; Li, M.; Song, H.; Wei, W.; Cao, J.; Zhang, J.; Gao, L.; Tang, J. A Near-infrared Colloidal Quantum Dot Imager with Monolithically Integrated Readout Circuitry. Nat. Electron. 2022, 5, 443-451.]  [18: [18] Choi, M.; Sagar, L. K.; Sun, B.; Biondi, M.; Lee, S.; Najarian, A. M.; Levina, L.; Arquer, F. P. G.; Sargent, E. H. Ligand Exchange at a Covalent Surface Enables Balanced Stoichiometry in III–V Colloidal Quantum Dots. Nano Lett. 2021, 21, 6057-6063.]  [19: [19] Sun, B.; Najarian, A. M.; Sagar, L. K.; Biondi, M.; Choi, M. J.; Li, X.; Levina, L.; Baek, S.; Zheng, C.; Lee, S.; Kirmani, A. R.; Sabatini, R.; Abed, J.; Liu, M.; Vafaie, M.; Li, P.; Richter, L. J.; Voznyy, O.; Chekini, M.; Lu, Z. et al. Fast Near-Infrared Photodetection Using III–V Colloidal Quantum Dots. Adv. Mater. 2022, 34, 2203039.]  [20: [20] Leemans, J.; Pejovic, V.; Georgitzikis, E.; Minjauw, M.; Siddik, A. B.; Deng, Y.; Kuang, Y.; Roelkens, G.; Detavernier, C.; Lieberman, I.; Malinowski, P. E.; Cheyns, D.; Hens, Z. Colloidal III–V Quantum Dot Photodiodes for Short-Wave Infrared Photodetection. Adv. Sci. 2022, 9, 2200844.] 

[bookmark: _Ref152174735][bookmark: _Ref139447949][bookmark: _Ref138102852][bookmark: _Ref152173161][bookmark: _Ref152173286][bookmark: _Ref152173315]InSb is a III–V semiconductor, free of arsenic, and possesses a narrow direct band gap (0.17 eV),[endnoteRef:21][21] making it a promising contender, alternative to Pb and Hg compounds, to readily access the short-wave infrared. Despite its potential, there are only a few reports on InSb CQD-based SWIR photodetectors[endnoteRef:22][22-][endnoteRef:23][23] most likely due to the challenging synthesis[endnoteRef:24][24-][endnoteRef:25][25][endnoteRef:26][26] and the high surface defect density of the obtained InSb CQDs due to the lower electronegativity of Sb compared to As and P, that renders passivation with ligands challenging. [21: [21] Goldbery, Y. A.; Levinshtein, M.; Rumyantsev, S.; Shur, M. E. Handbook Series on Semiconductor Parameters. World Scientific: London, 1996; pp 191-213.]  [22: [22] Chatterjee, S.; Nemoto, K.; Ghosh, B.; Sun, H.; Shirahata, N. Solution-Processed InSb Quantum Dot Photodiodes for Short-Wave Infrared Sensing. ACS Appl. Nano Mater. 2023, 6, 15540-15550.]  [23: [23] Imran, M.; Choi, D.; Parmar, D. H.; Rehl, B.; Zhang, Y.; Atan, O.; Kim, G.; Xia, P.; Pina, J. M.; Li, M.; Liu, Y.; Voznyy, O.; Hoogland, S.; Sargent, E. H. Halide-Driven Synthetic Control of InSb Colloidal Quantum Dots Enables Short-Wave Infrared Photodetectors. Adv. Mater. 2023, 35, 2306147.]  [24: [24] Liu, W.; Chang, A. Y.; Schaller, R. D; Talapin, D. V. Colloidal InSb Nanocrystals. J. Am. Chem. Soc. 2012, 134, 20258-20261.]  [25: [25] Zhao, T.; Oh, N.; Jishkariani, D.; Zhang, M.; Wang, H.; Li, N.; Lee, J. D.; Zeng, C.; Muduli, M.; Choi, H. J.; Su, D.; Murray, C. B.; Kagan, C. R. General Synthetic Route to High-Quality Colloidal III–V Semiconductor Quantum Dots Based on Pnictogen Chlorides. J. Am. Chem. Soc. 2019, 141, 15145-15152.]  [26: [26] Busatto, S.; Ruiter, M.; Jastrzebski, J. T. B. H.; Albrecht, W.; Pinchetti, V.; Brovelli, S.; Bals, S.; Moret, M. E.; Donega, C. M. Luminescent Colloidal InSb Quantum Dots from In Situ Generated Single-Source Precursor. ACS Nano 2020, 14, 13146-13160.] 

InSb CQDs were first synthesized by Liu et al.[24] with well-resolved excitonic transitions from 1200 nm to 1750 nm in the SWIR spectral range. Their approach consisted of the co-reduction of antimony silylamide (Sb[N(Si(Me)3)2]3) and InCl3 to Sb0 and In0 by lithium triethylborohydride (LiEt3BH) at room temperature, followed by heating to the growth temperature. However, antimony silylamides are not commercially available and must be directly synthesized and purified. Moreover, they are sensitive to oxygen, moisture, and light and therefore are difficult to prepare and store. In an attempt to synthesize InSb CQDs using only commercially available compounds, Zhao et al.[25] have demonstrated a successful synthetic route to In(As1−xSbx) CQDs based on the co-reduction of commercially available In- and Pn-precursors (Pn = As, Sb). Subsequently, Busatto et al.[26] reported a “single-source” precursor method that is based on a concurrent fast co-reduction of two commercially available compounds (Sb[NMe2]3 and InCl3) by injection of a solution containing stoichiometric amounts of both compounds into LiEt3BH in oleylamine at high temperature. However, in both cases, the obtained InSb CQDs suffer from poor size dispersity manifested by an absorption shoulder even after the size-selection process, instead of a distinct exciton peak. In addition, the complex size selection process will not only reduce the product yield but also adds complexity and cost in the material supply chain.
RESULTS AND DISCUSSION
In this work, we aimed to develop a synthesis of InSb CQDs that offers wide spectral tunability, high quality of CQDs expressed in adequate size uniformity, simplicity and use of commercially available precursors and high product yield, features that are essential for use in optoelectronic device developments. We believe the size and size distribution of InSb CQDs could be well-controlled by precisely adjusting the precursor conversion kinetics. This adjustment allows for the separation of the nucleation and growth processes and avoids the secondary nucleation, as indicated by their InAs analogue.[endnoteRef:27][27] To do so, we adopted the “single-source” precursor approach via a continuous precursor injection process instead of hot-injection, which allowed us to obtain InSb CQDs with well-controlled size distribution and distinct excitonic peaks over a very broad range (900 nm to 1750 nm). As shown in Fig. 1a, the absorption spectra of InSb CQDs exhibit clear excitonic peaks, without any size selective precipitation, whose positions were controlled by reaction temperatures from 220 oC to 250 oC (See Experimental Methods). The resultant spectral tuneability from near infrared to short-wave infrared, from 900 nm to 1750 nm, is the largest reported to date for InSb CQDs. The powder X-ray diffraction patterns (XRD) shown in Fig. 1b revealed a pure cubic zinc blende crystal structure of InSb CQDs, identical to that of bulk InSb. The width of diffraction peaks clearly narrows with increasing size, which is consistent with the Scherrer equation. Transmission electron microscopy (TEM) images (Fig. 1c-h) confirmed the InSb CQDs with average size of 2.4 nm, 3.0 nm, 3.5 nm, 4.4 nm, 5.8 nm and 7.0 nm that is corresponding to the first exciton peak at 905 nm, 1020 nm, 1120 nm, 1260 nm, 1520 nm and 1750 nm respectively. We also found that the relationship between size and bandgap of InSb CQDs in our case is very close to the sizing curve reported by Busatto et al.[26]  [27: [27] Franke, D.; Harris, D. K.; Chen, O.; Bruns, O. T.; Carr, J. A.; Wilson M. W. B.; Bawendi, M. G. Continuous Injection Synthesis of Indium Arsenide Quantum Dots Emissive in the Short-Wavelength Infrared. Nat. Commun. 2016, 7, 12749.] 

We have then further characterized the surface of our InSb CQDs, for it is known to play a key role in the optoelectronic properties of CQD materials. It has been proved the trap states of III-V CQDs originate from unpassivated dangling bonds of the surface.[endnoteRef:28][28] Specifically, the dangling bonds of group V elements create much deeper trap states than group III, resulting detrimental consequences on their optoelectronic properties. We performed X-ray photoelectron spectroscopy (XPS) analysis to probe the oxidation states of Sb that corresponding to unpassivated Sb dangling bond of the surface. Fig 2g exhibits the Sb 3d XPS spectra, showing strong evidence of Sb-oxide formation (detail discussions see below). Hence, it is urgent to develop passivation strategy for the obtained InSb CQDs. [28: [28] Fu, H.; Zunger, A. InP Quantum Dots: Electronic Structure, Surface Effects, and the Redshifted Emission. Phys. Rev. B 1997, 56, 1496.] 

[bookmark: _Ref152174455][bookmark: _Ref152174260]Efforts to passivate trap states in III-V CQDs, particularly InAs, have relied on the use of metal-chalcogenide shells,[endnoteRef:29][29-][endnoteRef:30][30][endnoteRef:31][31] acid etching treatment[endnoteRef:32][32] or the use of metal dopants (Zn, Cd),[endnoteRef:33][33-][endnoteRef:34][34] that have shown promise for majority carrier devices (e.g. field effect transistors)[34] yet their potential for minority carrier based optoelectronic devices such as photodiodes or light emitters has remained elusive.[31] The acid etching treatment may introduce the blueshift of absorption, and the metal dopants do not show significant improvement compared to InP.[33]-[34] The zinc blende crystal structure of InSb CQDs makes them compatible with some II−VI and III−V materials. Considering the lattice mismatch, CdTe (a = 6.482 Å) is the best candidate to form a nearly strain-free interface with InSb (a = 6.479 Å). But cadmium is a heavy metal element, and on the other hand, it was noticed that InSb surface can react with Te, forming In2Te3 and Sb at elevated temperatures.[endnoteRef:35][35] Moreover, it has been proved the InSb CQDs can be well-passivated by growing CdS (a = 5.832 Å) as the shell even though there is some lattice mismatch.[24]  [29: [29] Xie, R.; Peng, X. Synthetic Scheme for High-quality InAs Nanocrystals Based on Self-focusing and One-pot Synthesis of InAs-based Core–Shell Nanocrystals. Angew. Chem. Int. Ed. 2008, 47, 7677-7680.]  [30: [30] Sagar, L. K.; Bappi, G.; Johnston, A.; Chen, B.; Todorović, P.; Levina, L.; Saidaminov, M. I.; Arquer, F. P. G.; Hoogland, S.; Sargent, E. H. Single-Precursor Intermediate Shelling Enables Bright, Narrow Line Width InAs/InZnP-Based QD Emitters. Chem. Mater. 2020, 32, 2919-2925.]  [31: [31] Zhao, X., Lim, L. J., Ang, S. S.; Tan, Z. K. Efficient Short-Wave Infrared Light-Emitting Diodes Based on Heavy-Metal-Free Quantum Dots. Adv. Mater. 2022, 34, 2206409.]  [32: [32] Kim, T. G.; Zherebetskyy, D.; Bekenstein, Y.; Oh, M. H.; Wang, L. W.; Jang, E.; Alivisatos, A. P. Trap Passivation in Indium-Based Quantum Dots through Surface Fluorination: Mechanism and Applications. ACS Nano 2018, 12, 11529-11540.]  [33: [33] Hughes, K. E.; Stein, J. L.; Friedfeld, M. R.; Cossairt, B. M.; Gamelin D. R. Effects of Surface Chemistry on the Photophysics of Colloidal InP Nanocrystals. ACS Nano 2019, 13, 14198-14207.]  [34: [34] Asor, L.; Liu, J.; Xiang, S.; Tessler, N.; Frenkel, A. I.; Banin, U. Zn-Doped P-Type InAs Nanocrystal Quantum Dots. Adv. Mater. 2023, 35, 2208332.]  [35: [35] Zahn, D. R. T.; Williams, R. H.; Golding, T. D.; Dinan, J. H.; Mackey, K. J.; Geurts, J.; Richter, W. Raman Spectroscopy of InSb/CdTe Heterostructures: Improved Interface Quality Obtained by Cd Overpressure During Molecular Beam Epitaxial Growth. Appl. Phys. Lett. 1988, 53, 2409-2410.] 

By considering the lattice mismatch and non-toxic element constraint, we therefore took the view that the use of a higher bandgap III-V semiconductor material, InP (a = 5.868 Å), would be the most appropriate choice to passivate trap states, minimize interface dangling bonds and suppress Sb oxidation. Due to the limitation of current “single-source” precursor approach, initial In/Sb ratio during the InSb CQDs preparation is 1:1, which made it difficult to produce an In-rich quantum dot surface. Therefore, we first carried out an in-situ surface post-synthesis treatment of InSb CQDs with InCl3. On one hand, this treatment partially passivated the surface dangling bonds of Sb to reduce defects, and on the other hand, it improved the colloidal stability of InSb CQDs in subsequent purification processes. As shown in Fig. 2a, the InSb CQDs treated with InCl3 exhibited a very clear first exciton absorption peak at 1020 nm. Then, we used indium oleate and phosphine silylamide (P[N(Si(Me)3)2]3) as precursors to grow 0.5 layer and 1 layer of InP shell on the purified InSb CQDs respectively. The absorption spectrum of InSb CQDs exhibit a significant red shift of approximately 120 nm to 1140 nm rather than a blue shift after the InP shell growth (Fig. 2a). This indicates a successful core-shell structure instead of alloying.
Photoluminescence (PL) spectra were first used to confirm the InSb/InP core-shell structure, as shown in Fig. 2b, we found that the InSb core is almost non-emissive while the PL intensity increased a lot after the InP shell growth. We further calculated the absolute PL quantum yield (PLQY) by the integration sphere method,[endnoteRef:36][36] and it showed that the InSb/InP core-shell CQDs achieved a PLQY of 3.7% at 1300 nm (Fig. S1). Fig. 2c shows the XRD patterns of corresponding InSb core and InSb/InP core-shell structure. The diffraction peak of InSb core at 23.8o shifts to higher angle at 24.3o after the InP shell growth. Importantly, The InSb core still maintain the crystal structure of zinc blende, and no extra diffraction peaks belonging to InP were observed. This suggests that pure InSb/InP core-shell structure was obtained without any phase segregation. TEM images confirmed the shape of CQDs evolved from near-spherical to tetrahedrally faceted after the growth of InP shell (Fig. S2), which is in agreement with Liu et al.[24] High angle annular dark field scanning transmission electron microscopy (HAADF-STEM, Fig. 2d) image showed the same lattice constant as InSb, indicating that no alloying structure has formed. The corresponding fast Fourier transform (FFT) pattern suggests InP shell grows along the [110] zone axis of InSb core. Moreover, energy-dispersive X-ray spectroscopy (EDX, Fig 2e-f) mapping also indicated a core-shell structure with P elements at the edge while Sb elements at the center. [36: [36] Mello, J. C., Wittmann, H. F.; Friend, R. H. An Improved Experimental Determination of External Photoluminescence Quantum Efficiency, Adv. Mater. 1997, 9, 230-232.] 

XPS measurement was further employed to study the surface of InSb CQDs after InP shell growth. As shown in Fig. 2g-j, the proportion of Sb-O bonds at 539.9 eV and 530.6 eV in the pristine InSb CQDs is up to 34%, which indicates the presence of a large number of unpassivated Sb dangling bonds on the surface, probably acting as the trap states. However, it was decreased to 28% after the in-situ surface post-treatment with InCl3. Importantly, this value was further decreased to 7.5% or even disappeared completely after the growth of InP shell. This suggests the Sb dangling bonds on the surface of InSb/InP core-shell CQDs are effectively passivated, which is consistent with the enhancement of PL observed previously. In addition, P 2p XPS analysis was also executed after InP shell growth to prove the core-shell structure (Fig. S3).
Having optimized the InSb/InP core-shell CQDs, we aimed to implement them into a low-temperature, solution-processed, SWIR photodetector. To improve the conductivity of CQDs film, InI3 was chosen to replace oleic acid which is the surface organic long chain ligand of InSb CQDs,[19] performing a solid-state ligand exchange method. As shown in the Fourier transform infrared (FTIR) spectra (Fig. S4), the surface organic ligands of InSb CQDs were completely removed after the solid ligand exchange. The conduction band, valence band, and Fermi level of the InSb and InSb/InP core shell CQDs film were measured by the ultraviolet photoelectron spectroscopy (UPS, Fig. S5-7). Very recently, Imran et al.[23] reported on InSb CQD SWIR photodetectors with an EQE of 2.7% at 1200 nm under 0V bias and 75% under 1V bias with the device structure of indium–tin oxide (ITO)/ZnO/InSb/MoOx/Ag. Therefore, we also employed the same device architecture to fabricate photodetector based on our core-shell samples. The use of non-annealed ZnO layer was found to lead to a rectifying junction but characterized by a low EQE under bias conditions (Fig. S8). We then sought to perform annealing of the ZnO layer, which led to drastic deterioration of the rectification followed however by a dramatic increase of the measured EQE under bias. The fact that EQE was measured to exceed 100% under bias suggests that the device in those conditions exhibits some photoconductive gain. This was further supported by the EQE dependence on the modulation frequency and bias (Fig. S9) as well as the slow response time of the detector under bias (Fig. S10). This photo-gain effect has also been observed in PbS QD devices by using ZnO as the electron transfer layer (ETL) and is ascribed to photogenerated carrier trapping in the ZnO layer due to photochemical reactions.[endnoteRef:37][37] [37: [37] Xu, K.; Ke, L.; Dou, H.; Xu, R.; Zhou, W.; Wei, Q.; Sun, X.; Wang, H.; Wu, H.; Li, L.; Xue, J.; Chen, B.; Weng, T. C.; Zheng, L.; Yu, Y.; Ning, Z. Large Photomultiplication by Charge-Self-Trapping for High-Response Quantum Dot Infrared Photodetectors. ACS Appl. Mater. Interfaces 2022, 14, 14783-14790.] 

We were, instead, interested to address applications that go beyond video frame rate imaging such as gated imaging which requires detectors with faster response times (< 100 ns). We thus turned to the use of of TiO2 as the ETL which is known to exhibit photochemical stability as opposed to ZnO. The device architecture and band alignment are shown in Fig. 3a and 3b. The current density-voltage (J-V) characteristic of pristine InSb CQDs photodetector exhibits poor rectification and low performance with EQE of 3% at 1100 nm under zero bias (Fig. S11). The rectification and external quantum efficiency (EQE) of InSb/InP core-shell CQDs photodetector have shown significant improvement (Fig. 3c-f), which suggests that our surface passivation strategy is effective. As shown in Fig. 3d, the EQE of InSb/InP CQDs photodetector with 0.5L InP shell is 5% at 1250 nm under 0V bias, and it reaches 25% under 2V bias (reverse bias). On the other hand, the EQE of InSb/InP CQDs photodetector with 1L InP shell is 1.8% at 1300 nm under 0V bias, and it reaches 15% under 1.5V bias (Fig. 3f). Furthermore, we also performed core-shell growth on larger-sized InSb CQDs. As shown in Fig. S12, the exciton absorption peak of the InSb/InP CQDs moved from 1180 nm to 1380 nm. Based on these InSb/InP core-shell CQDs, the corresponding photodetector was fabricated and the highest EQE of 12% at 1420 nm under bias was achieved (Fig. S13). In addition, we assessed air stability of InSb/InP CQD photodetector (Fig. S14). Even after two months of exposure to the ambient environment without any encapsulation, the device maintains its rectification properties and nearly identical EQE levels, demonstrating resilience to atmospheric conditions. We also checked the device stability under operation in the ambient environment and the device is very stable without any degradation after 90 hours (Fig. S15).
The frequency response measurement of InSb/InP CQDs photodetector was carried out to calculate the 3dB bandwidth. As indicated by the reference,[endnoteRef:38][38] the 3dB bandwidth could be limited by the resistor–capacitor (RC) time constant or carrier mobility depending on the thickness of active layer. To pinpoint the key factor in our case, we measured the bias-dependent 3dB bandwidth (Fig. S16), the absence of bandwidth dependence on bias supports an RC-limited instead of mobility-limited 3dB bandwidth. Since the RC time is directly related to the device area, the device area-dependent 3dB bandwidth was measured. As shown in Fig. 4a and Fig. S17, the 3dB bandwidth increased from 850 kHz to 6 MHz when the device area decreased from 3.1 mm2 to 0.09 mm2. The transient response with different device areas (Fig. 4b and Fig. S18) revealed the falling-time reduction from 1.65 μs to 70 ns, respectively, in accordance with the observed 3dB bandwidth. The linear dynamic range (LDR) of InSb/InP CQDs photodetector was measured by varying the incident light intensity. As shown in Fig. 4c, the photocurrent maintained linearity with incident light power over a broad range and LDR is estimated to be over 128 dB. The frequency-dependent current noise spectrum of InSb/InP CQDs photodetector was measured with fast Fourier Transform (FFT) current transients for low frequency and a lock-in amplifier for high frequency range (Fig. S19). The obtained noise spectrum showed a 1/f noise dominating at low frequency and a generation-recombination noise at high frequency. The device reaches a noise floor of ~2 x 10-14 A Hz-0.5 at frequency of 10 kHz and the corresponding noise equivalent power (NEP) is 4 x 10-13 W Hz-0.5. The InSb/InP CQDs photodetector reached a maximum of D* ~ 4.4 × 1011 Jones at 10 kHz at 1240 nm (Fig. 4d), and the frequency dependent D* is provided in Fig. S20. We also summarize the key performance characteristics of our work and other III-V and PbS CQD photodetectors  for comparison in Table 1. [38: [38] Najarian, A. M.; Vafaie, M.; Johnston, A.; Zhu, T.; Wei, M.; Saidaminov, M. I.; Hou, Y.; Hoogland, S.; Arquer, F. P. G.; Sargent, E. H. Sub-millimetre Light Detection and Ranging Using Perovskites. Nat. Electron. 2022, 5, 511-518.
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FIGURES


Fig. 1 | Size-tunable InSb CQDs. a) Absorption spectra of InSb CQDs with different size, the first exciton peaks ranging from 900-1750 nm. b) Powder X-ray diffraction (XRD) patterns of InSb CQDs with various sizes. c-h) Transmission electron microscope (TEM) images of 2.4 nm, 3.0 nm, 3.5 nm, 4.4 nm, 5.8 nm and 7.0 nm InSb CQDs, those are corresponding to the first exciton peaks at 905 nm, 1020 nm, 1120 nm, 1260 nm, 1520 nm and 1750 nm obtained at 220 oC, 230 oC, 235 oC, 240 oC, 245 oC, 250 oC respectively.






Fig. 2 | Characterizations of InSb/InP core-shell CQDs. a) Absorption spectra of InSb CQDs before and after the InCl3 post-treatment and InP shell growth. The first exciton absorption peak of InSb CQDs redshift from 1020 nm to 1140 nm after InP shell growth. b) Photoluminescence (PL) spectra of InSb CQDs before and after InP shell growth. c) Powder X-ray diffraction (XRD) patterns of InSb CQDs before and after InP shell growth. The diffraction peak of InSb core at 23.8o moved to high angle at 24.3o after the InP shell growth. d) High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image of InSb/InP core-shell CQDs and the corresponding fast Fourier transform (FFT) pattern. e-f) Energy-dispersive X-ray (EDX) spectroscopy mapping of InSb/InP core-shell CQDs. g-j) Sb 3d X-ray photoelectron spectroscopy (XPS) analysis of InSb CQDs (g) before and after the InCl3 post-treatment (h) and InP shell growth (i-j). The Sb-O bond signal finally disappeared after InP shell growth.




Fig. 3 | InSb/InP CQD short-wave infrared photodetector. a) Schematics of InSb/InP CQDs photodetector. b) Band diagram of InSb/InP CQDs photodetector device. c) Dark current density-voltage (J-V) curves of InSb/InP 0.5L CQDs photodetector. d) External quantum efficiency (EQE) spectra of InSb/InP 0.5L CQDs photodetector biased from 0-2V (reverse bias). e) Dark J-V curves of InSb/InP 1L CQDs photodetector. f) (EQE) spectra of InSb/InP 1L CQDs photodetector biased from 0-1.5V.














Fig. 4 | Performance of InSb/InP CQD short-wave infrared photodetector. a) Frequency response bandwidth of InSb/InP CQDs photodetector with various device area. b) Response time of InSb/InP CQDs photodetector with the device area of 0.09 mm2. c) Linear dynamic range (LDR) of InSb/InP CQDs photodetector under 1310 nm pulse light illumination with power densities from ~ 10-7 W cm-2 to ~ 4 * 10-1 W cm-2. d) Specific detectivity spectrum of InSb/InP CQDs photodetector at 10 kHz.












Table 1. Comparison of our work and the state-of-the-art III-V CQD photodetectors and the PbS CQD photodetectors in terms of peak EQE and wavelength, detectivity, and response time.
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CONCLUSION
In this work, we have developed a new synthetic method for producing size-tunable InSb CQDs with distinct first excitonic peaks spanning a wide range from 900 nm to 1750 nm. To passivate the surface trap states by growing the InP shell, the PL intensity of the InSb CQDs is significantly enhanced, reaching a PLQY of 3.7% at 1300 nm. Leveraging these well-passivated InSb/InP core-shell CQDs, we have successfully fabricated the InSb CQD SWIR photodetector, which demonstrates competitive features including a wide linear dynamic range exceeding 128 dB, a maximum EQE of 25% at 1240 nm (and 12% at 1420 nm), fast photoresponse time of 70 ns, and a specific detectivity of up to 4.4 × 1011 Jones. This is the best solution-processed, CQD SWIR photodetector based on InSb so far, with figures of merit that can enable high-frame-rate light sensors for machine vision, gated imaging and 3D sensing applications. These results not only highlight the tremendous potential of InSb CQDs as a heavy-metal-free active material for SWIR photodetectors, but also provide a possible avenue for further advances in colloidal InSb using wet chemistry techniques towards the development of high-performance optoelectronic devices.
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Methods
Chemicals:
Oleylamine (OLA, 80-90%) and Tris(trimethylsily)phosphine ((TMS)3P, 98%) were purchased from Thermal Scientific. Tris(dimethylamido)antimony-(III) (Sb[NMe2]3, 99.99%) and indium(III) chloride (InCl3, 99.999%) were purchased from Strem Chemicals. Indium acetate (In(OAc)3, 99.99%), indium(III) iodide (InI3, 99.998%), 1-octadecene (ODE, 90%), lithium triethylborohydride (LiEt3BH, Super-Hydride, 1 M in tetrahydrofuran, THF), dioctyl ether (DOE, 99%), oleic acid (OA, 90%), methanol (anhydrous, 99.8%) and toluene (anhydrous, 99.8%) were purchased from Sigma Aldrich. Acetone (anhydrous, 98%) was purchased from Scharlab. All chemicals were used as received except for oleylamine and oleic acid, which were degassed before use. The degassing was performed at 100 °C under reduced pressure (∼1 mbar) for 4 h.
Preparation of Superhydride Solution. LiEt3BH (1.0 M) dissolved in tetrahydrofuran (THF) is used as purchased. A 100 mL amount of the superhydride solution is added to 50 mL of degassed dioctyl ether (DOE) and then evacuated on the Schlenk line for >4 h, until the THF is completely removed. Caution: LiEt3BH is very reactive in air and should be handled using air-free processes. The final superhydride solution has a concentration of 2.0 M in DOE.
Preparation of the In-Sb Precursor Solution. 1.6 mL toluene, 400 uL of OLA (1.2 mmol), and 115 uL of Sb[NMe2]3 were mixed together in a glovebox under N2 (H2O and O2 < 0.1 ppm) yielding a bright yellow solution. Then 0.6 mmol InCl3 was added and dissolved under stirring at room temperature for 5 min.
Preparation of 0.2 M (TMS)3P-ODE solution. 1 mL (TMS)3P solution was mixed with 16 mL degassed ODE, and the 0.2 M (TMS)3P-ODE solution was formed.
Synthesis of InSb Colloidal Quantum Dots. In a typical synthesis, 20 mL of degassed OLA was heated to 230 °C in a round-bottom flask under constant stirring and N2. At this temperature, 4.5 mL of LiEt3BH in DOE (2.0 M, 9 mmol) was added in a dropwise manner within 2 min. During the addition, OLA acquired an orange color. Subsequently, 2 mL of the In-Sb precursor solution was pumped into the organic mixture with the pumping rate of 1 mL min-1. After that, the temperature was kept at 230 °C for another 5 min and cooled down to room temperature naturally. The size of InSb CQDs could be tuned with the temperature from 220 oC to 250 oC.
InCl3 Post-treatment for InSb Colloidal Quantum Dots. Before the purification of InSb CQDs, 1.2 mmol InCl3 was loaded in a round-bottom flask filled with N2, and then the as synthesized InSb CQDs crude solution was transferred into the flask and heating to 200 oC from room temperature for 30 min for the post-treatment.
Purification of InSb Colloidal Quantum Dots. After the post-treatment, the reaction solution was transferred into the plastic centrifuge tubes inside the glovebox. The reaction mixture was separated in two portions, oleic acid (2 mL) was added to each and rotated for 2 min. Then 24 mL of MeOH was added, leading to turbidity. Centrifugation for 10 min at 6000 rpm yielded a black precipitate and colorless supernatant. The colorless supernatant was discarded, and the black precipitate was redispersed in 10 mL of toluene, and centrifugation for more 10 min at 6000 rpm. The precipitate was discarded, then 2 mL oleic acid was added to the supernatant, and 15 mL of MeOH was added. Again, centrifugation for 10 min at 6000 rpm yielded a black precipitate and colorless supernatant. The colorless supernatant was discarded, and the black precipitate was redispersed in anhydrous toluene, resulting a 50 mg mL-1 InSb CQDs solution.
Synthesis of InSb/InP Core Shell Colloidal Quantum Dots. In a typical synthesis, 0.1 mmol In(OAc)3, 0.3 mmol OA, and 10 mL octadecene were mixed in a 25 mL flask, and evacuated on the Schlenk line at 100 oC for 2h. Then the temperature was raised to 150 oC for the completely dissolving of In(OAc)3. Next, the ODE solution was cooled down to 60 oC and 2 mL 50 mg mL-1 InSb CQDs was added. After the addition of InSb CQDs, the solution was bubbled with N2 for 30 minutes at 60 °C. Then 400 uL (TMS)3P-ODE solution (0.2M) was added and the reaction temperature was raised to 250 °C (270 °C for the larger-sized InSb CQDs) for the growth of InP shell. After 30 min growth of InP shell, the reaction mixture was cooled down to room temperature naturally.
Purification of InSb/InP Core Shell Colloidal Quantum Dots. The reaction mixture was transferred into the plastic centrifuge tubes inside the glovebox and centrifuged for 10 min at 6000 rpm. The precipitate was discarded and 30 mL of acetone was added to the supernatant. Centrifugation for 10 min at 6000 rpm yielded a black precipitate and colorless supernatant. The colorless supernatant was discarded, the black precipitate was redispersed in 10 mL of toluene, and repeated the wash process again. The final black precipitate was redispersed in anhydrous toluene, resulting a 50 mg mL-1 InSb/InP CQDs solution for further characterization and device fabrication.
All the synthesis and purification steps were carried out in an inert atmosphere under anhydrous conditions (N2 glovebox, H2O and O2 < 0.1 ppm).
Characterization of the Quantum Dots. UV-vis absorption measurements were performed with a Cary 5000 UV-Vis-NIR spectroscope in solution. For photoluminescence (PL) measurements, four channel Thorlabs laser was used as excitation light and a Kymera 328i spectrograph (Oxford Instruments, Andor) was used as the detector (<1600 nm). For the PLQY measurement, a 935 nm laser, an integration sphere and the Andor detector were used. The XRD data were collected using a Rigaku SmartLab powder diffractometer in the Bragg–Brentano geometry with Cu Kα radiation on drop-casted powder samples. TEM was performed at the Scientific and Technological Centres of the University of Barcelona. The TEM images were obtained using a JEOL 2100F microscope operating at an accelerating voltage of 200 kV. TEM samples were prepared by dropping diluted QD solution on ultrathin carbon grids. Scanning transmission electron microscopy (STEM) experiments were conducted using an FEI Titan G2 80-200 microscope at 200 kV equipped with a Cs-probe corrector and a HAADF detector. Elemental maps were taken by energy-dispersive X-ray spectroscopy (EDX) using four large-solid-angle symmetrical Si drift detectors. The XPS/UPS measurements were performed with a SPECS PHOIBOS 150 hemispherical analyser under ultrahigh-vacuum conditions (10−10 mbar) with a monochromatic Kα X-ray source (1,486.74 eV) at the Institut Català de Nanociència i Nanotecnologia.
Device fabrication. All the device fabrication steps were carried out in ambient air. ITO-covered glass substrates (Universität Stuttgart, Institut für Großflächige Mikroelektronik) were cleaned by sonication in soapy water, acetone and isopropanol for 20 min each and dried with nitrogen, followed with 30 min ultraviolet/ozone treatment. TiO2 electron transport layer was then deposited with a sputtering technique to achieve a thickness of ~ 40 nm. Three layers of InSb/InP CQDs were further spin-coated from 50 mg ml-1 toluene solution via the layer-by-layer method. For each InSb/InP CQDs layer, one drop of InSb/InP CQDs solution was spin coated onto TiO2/ITO substrates during spinning (2,000 r.p.m.). Then, 5 mg ml-1 InI3/Methanol solution was applied to the CQDs film for 30 s, followed by two rinse–spin steps with methanol and once with toluene. Finally, a Kurt J. Lesker NANO 36 system was used to deposit 10 nm MoOx as the electronic blocking layer and 100 nm Au as top electrode with a device area of 3.1 mm2. The device with smaller device area was deposited with the special shadow mask.
Device Characterization. All the device characterizations were performed in air under ambient conditions. Current-voltage (I-V) measurements were performed with a Keysight Semiconductor Parameter Analyzer (B1500A) with the devices kept in a shield box. The EQE was measured using a Newport Cornerstone 260 monochromator, a Thorlabs MC2000 chopper, a Stanford Research SR570 transimpedance amplifier and a Stanford Research SR830 lock-in amplifier. Calibrated Newport 818-UV and 818-IR photodetectors were used as the reference. In order to measure the 3dB bandwidth, nanosecond laser (520 nm) was used as incident light, which was modulated by a waveform generator (Agilent 33220A) at various frequencies with 50% duty cycle. The output current was recorded with an oscilloscope. For linear dynamic range measurements, four-channel laser (Thorlabs) at 1310 nm was used as light source at a frequency of 7 Hz modulated by Agilent waveform generator. The light was directed by a beam-splitter to a Newport 818-IG detector and the device. The current was amplified by an SR570 amplifier and recorded by an oscilloscope. For the noise measurements, devices were connected with Stanford Research SR830 lock-in amplifier directly. The measured room-temperature specific detectivity (D*) was calculated according to:
D* = 
where D* is expressed in units of cm Hz1/2 W−1 or Jones, A is the active area of the photodetector, in is the noise current spectral density, and Δf is the noise bandwidth, here being 1 Hz. For the calculation of Fig. 4d, where in is 2 x 10-14 A Hz-0.5, A is 0.0314 cm2 and R is 0.05 A/W at 1240 nm, hence the D* is 4.4 × 1011 Jones.
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