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Abstract

Despite their ubiquity, Silicon (Si)-based photodetectors face intrinsic limitations that inhibit their performance, especially in the critical ultraviolet (UV) range. Downshifting of high energy photons by employing luminescent quantum dots (QDs) has up to now been the commonest photon harvesting technique in Si photodetectors. This research article describes the monolithic integration of CdZnS/ZnS core-shell QDs with Si photodetectors to make use of the spectral downshifting effect. Silicon detectors sensitised with these QDs have shown remarkably enhanced responsivity and external quantum efficiency over a broad spectral range of 300 - 1100 nm. Apart from the spectral down-shifting process, the anti-reflection effect of the QD film and the formation of a space charge region at the Si-CdZnS/ZnS interface have also contributed to enhanced device performance. The additive effect of spectral downshifting, anti-reflection effects and heterojunction formation has given these QD-sensitized devices enhanced responsivity and EQE values of 345 mA/W and 0.5, markedly higher than the values of 110 mA/W and 0.15 seen in pristine devices. Given the notable enhancement demonstrated without the need for the application of epitaxial techniques, this study may assist in mitigating the inherent limitations of Si photodetectors.
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1. Introduction
Broadband photodetectors are widely employed in applications such as spectroscopy, optical coherence tomography, flame detection, and surveillance.1–7 Broadband photodetectors are also increasingly employed in emerging niche applications such as machine vision, atmospheric monitoring, and autonomous vehicles and are also being integrated with energy harvesting devices.8–10 These emerging applications require detectors with greater functionality. Silicon technology dominates the electronic and opto-electronic device field due to its exceptional opto-electronic properties and compatibility with existing microelectronic technologies. To date, Si is the most commonly-used material employed in the fabrication of broadband photodetectors. However, Si photodetectors inherently face the drawback of low spectral responsivity and are far from meeting the requirements of emerging applications.
The key issues that contribute to the poor responsivity of Si photodetectors and which need to be addressed are: i) Thermalization losses due to high-energy photons (UV spectra) and ii) reflection losses of incident photons due to the high refractive index of Si.11,12 Si photodetectors are sensitive to visible and NIR spectra but have poor responsivity in the UV range, making them less suitable for applications that require high UV sensitivity. UV photons which have energies that exceed the bandgap of Si (1.1 eV), generate hot electrons when absorbed at the surface, which are typically lost as phonon emissions by non-radiative recombination process, resulting in heating of the crystal lattice. 
Solar irradiance measurement, luminescence spectroscopy, UV curing systems, space and atmospheric research exploration demand detectors with broadband spectral response and high responsivity in the UV region.13–15 This has prompted exhaustive research to curtail thermalisation and reflection losses using several strategies, such as the use of tandem device architectures, hot carrier extraction, integration with III–V compound semiconductors, spectral splitting, etc.16–20 However, these approaches escalate the device structure's cost and complexity, and are often incompatible with well-established complementary metal oxide semiconductor (CMOS) technology. 
Colloidal quantum dots are highly versatile semiconductor nanocrystals that display size-tuneable optical properties with cost-effective solution processing techniques.21–24 The absorption and emission characteristics of QDs offer pathway to address the thermalisation and reflection losses in Si photodetectors. QDs can be tuned to convert high-energy photons to lower-energy photons via spectral downshifting. After electronic and vibrational relaxation, the excited photocarriers re-emit down-shifted photons that have lower energies. 21,25,26 The high-energy UV photons are converted to low-energy visible and IR photons. Sensitization of Si with QDs can thus enable Si to capture photons across a broader range of energies, especially in the UV range, ultimately leading to improved detector responsivity. So far, materials such as Silicon QDs and rare-earth doped QDs are used as spectral downshifters.25,27–32 However, these QDs suffer from small stokes shift and high photo-oxidation. Recently, CdZnS based core-shell QDs have emerged as promising for downshifting applications due to their large Stokes shift and high stability.
In this study, we investigate the monolithically-integrated Si-CdZnS/ZnS core-shell QD heterojunction and its potential use in photodetectors. Colloidal core-shell CdZnS/ZnS QDs are synthesised using the hot-injection technique. Integration of the synthesised CdZnS/ZnS QDs with Si photodetectors leads to significant enhancement of the device responsivity and of quantum efficiency. Detailed optical and optoelectronic device testing revealed that CdZnS/ZnS QDs act as a spectral down-shifting and anti-reflection layer. A space charge region is formed at the Si and CdZnS/ZnS QDs interface due to favourable relative band energetics that assists with better separation and transportation of photocarriers. This cumulative effect of spectral down-shifting, anti-reflection, and space charge region formation at the Si-CdZnS/ZnS QD interface appears to contribute to the overall enhancement of the photodetector responsivity quantum efficiency.
2. Materials
N-type Si wafers with a resistance of 1 - 10 Ω and thickness of 280 µm were procured from Aki Corporation. Cadmium chloride (CdCl2, 99.9%), zinc acetate (ZnAc), octadecene (95%), oleic acid (90%) and oleyamine (90%) were procured from Sigma Aldrich. 
2.1 Instrumentation
High-resolution transmission electron microscopic images of QDs were captured by transmission electron microscopy (TEM, JEOL-JEM-2100). The morphology of the QD films was captured using a field emission scanning electron microscope (FE-SEM, Hitachi SU-8000). The topography of the QD films was obtained using an atomic force microscope (WI-Tec). The reflectance was measured using a UV-VIS-NIR spectrophotometer (JASCO V-670). PL Measurements were carried out using Quantaurus-Tau C11367. The responsivity and external quantum efficiency (EQE) of the devices were measured using a spectral response measurement system (Bunkoukeiki BQE-100 F). The temporal response of devices at individual wavelengths was measured using a monochromator device (Bunkoukeiki BSD-60Z). The intensity of the light sources was calibrated using a Si photodiode (Hamamatsu Photonics S1337–1010BQ). A Keithley 2400 semiconductor analyser was used for electrical measurements. Dark current and capacitance–voltage characteristics were analysed using a room temperature prober (Hisol HMP-400). 


2.2 Synthesis of CdZnS/ZnS core-shell quantum dots 
CdZnS/ZnS QDs were synthesised using the procedure laid out in our group’s previously published work.25 Initially, two stock sulphur solutions were prepared. Stock Solution 1 consists of 1.6-mM sulphur in 2.4 ml of octadecene. Stock Solution 2 consists of 4-mM sulphur in 5 ml oleylamine. In a 3-neck flask, 1 mM cadmium chloride and 10 mM ZnAc were added to 10 ml oleic acid. The mixed solution was heated to 150 ˚C in an argon flow; 20 ml octadecene was then added to the solution. The temperature of the mixture was raised to 310 ˚C. To form CdZnS core QDs, Stock Solution 1 was rapidly injected into the mixture and the reaction was maintained at 310 ˚C for 12 minutes. Stock Solution 2 was then slowly injected drop-wise and the reaction was continued at 310 ˚C for three hours to form the ZnS shells. After the reaction was complete, the synthesized QDs were allowed to precipitate by addition of excess ethanol. The precipitated QDs were centrifuged for 20 minutes and subsequently dispersed in toluene and re-precipitated in ethanol.

2.3 Fabrication of the Si- CdZnS/ZnS QD photodetector
N-type Si wafers (1 - 10 Ω and 280 µm thick) were used to fabricate the photodetector. The Si wafer was diced into 10 mm x 10 mm pieces. The diced Si substrates were initially cleaned using acetone, DI water, isopropanol and DI water under sonication for 15 minutes each. The cleaned Si substrates were then dried in a nitrogen stream. The back electrode of Ti/Ag was sputtered onto the rear side of the wafer. The synthesized QDs powder was dispersed in toluene solution and sonicated for 30 minutes. The dispersed CdZnS/ZnS QDs were drop-cast onto the Si substrates and allowed to dry naturally. The number of drop-casting cycles was varied from one to five. A finger-patterned Ag front electrode was deposited on the QD-dropcast Si substrates using sputtering. The full process of device fabrication is pictorially represented in Figure 1.
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Figure 1. Illustration of CdZnS/ZnS QDs sensitization on Si and photodetector device fabrication process. 

3. Results & discussion
3.1 Material characterisation of CdZnS/ZnS core-shell QDs
TEM and STEM imaging were performed to study size and shape of QDs. The TEM image of synthesized QDs (Figure 2a) shows the QDs to be smaller than 11 nm, with 8.6 nm being the average size. The quantum dots size distribution is shown in the Figure S1. To study the elemental composition of the synthesized quantum dots, Energy dispersive spectroscopy (EDS) has been performed as shown in Ref [25] and Figure S2. EDS revealed the presence of Cd, Zn and S elements in the QDs. The atomic percentage (at%) of Cd, Zn and S are quantified to be 8.50%, 43.49% and 48.01%, respectively. To observe the core-shell structure of the QDs in greater detail, imaging was performed using scanning transmission electron microscopy. Figure 2b shows a STEM image of the QDs that reveals the core-shell structure of CdZnS/ZnS QDs. The lighter region in the centre is the CdZnS core, whereas the slightly darker outer region is the ZnS shell. The inset to Figure 2b shows the marked regions of CdZnS core and ZnS shell, for the sake of clarity.
[image: ]Figure 2. a) TEM image, b) STEM image, c) X-ray diffraction spectrum and d) absorption/emission spectrum of CdZnS/ZnS QD.
X-ray diffraction analysis was carried out to confirm the structural phase of the synthesized QDs. Figure 2c depicts the XRD spectrum of QDs, which shows three significant peaks that correspond to the zinc blende ZnS crystal structure. The prevalence of only ZnS peaks in the XRD spectrum indicates that the core CdZnS is coated by the ZnS, forming a core-shell structure instead of an alloy compound. The observed result is in agreement with the observations made in similar core-shell QD systems.33,34 The peaks at 27.93˚, 46.77˚ and 55.64˚ respectively correspond to the (111), (220) and (311) planes of ZnS. It is interesting to note that in XRD spectra, no peak related to CdS is observed, however EDS shows the presence of Cd. This infers that the Cd is present as a dopant into the ZnS lattice.

In CdZnS/ZnS QDs, the core CdZnS has the primary role of absorbing the incoming photons and generating charge carriers. The ZnS shell acts as a passivation layer to the core, thus enhancing the photostability of the material and acting as protective barrier between the external factors. The shell's passivating effect reduces surface defects and non-radiative recombination centres, increasing the efficiency of light emission. The absorbance spectrum reveals that QDs exhibit significant absorption in the range of 250 - 350 nm (Figure 2d). UV absorption of QDs is primarily attributed to the intrinsically wide bandgap of ZnS and CdZnS systems and also to the quantum confinement effect. The emission spectrum of CdZnS/ZnS QDs shows a peak ranging from 500 nm to 750 nm, centred at 605 nm. The emission peak of 605 nm corresponds to orange light. Figure S3 shows the pictures of CdZnS/ZnS QDs under ambient light and UV light. As seen in Figure S3b, the orange color emitted by the QDs under UV light, well corroborates the PL study. This suggests that the absorbed UV photons are down-shifted to visible photons and then re-emitted.35–37 These studies reveal that synthesized CdZnS/ZnS QDs can be employed as a spectral downshifting layer in Si devices to more efficiently capture UV photons.
3.2 Morphological studies of CdZnS/ZnS quantum dot films
The number of drop-casting cycles was varied from one to five and the effect on detector performance was examined. Figure S4a shows the pristine Si substrate without any QD film, which appears to be smooth. Dust particles are focussed on while imaging the pristine Si substrate for the sake of clarity in assessing the surface morphology. Figure S4b shows the 1-cycle QD film on the Si substrate, which appears to have uniform coverage, with very few pinholes. Figure S4c shows the 2-cycle QD film, and reveals that pinholes in the QD film have increased with the additional QD layer. Figure S4d and Figure S4e show the 3- and 4-cycle QD films on Si, respectively. It is interesting to see that with the further increase in QD drop-cast cycles, the number and size of pinholes increases drastically. It appears that the greater thickness of QD films results in an island-like film rather than a uniform film. Figure S4f shows the 5-cycle QD film: it can be seen that pinhole formation has further increased and that the film roughness appears to have increased. The inset to Figure S4 shows corresponding photographs of QD-sensitized Si substrates under illumination with UV light. 

3.3 Optimization of quantum dot film deposition
I-V characteristics, spectral responsivity, and EQE of detectors were studied to elucidate the influence of number of QD drop-casting cycles on the device’s performance. I-V characteristics of detectors were measured under monochromatic light at 900 nm (2 mW/cm2), as seen in Figure 3a. The pristine device shows a very low short circuit current density of 147.2 µA/cm2. Interestingly, with the sensitization of device with QDs, short circuit current density shows a marked increase. Initially, with the addition of 1 cycle and 2 cycles of QDs, the short circuit current density increased to 228.7 µA/cm2 and 396.9 µA/cm2, respectively. The device with the 3 cycles-QD film shows the highest short circuit density of 571.4 µA/cm2. With the further increase in QD drop-casting cycles, the short circuit density began to fall. That for the 4- and 5- cycle QD films is 550.4 µA/cm2 and 359.2 µA/cm2. Thus, the I-V characteristics confirm the enhanced Si photodetector response after sensitization with CdZnS/ZnS core-shell QDs. To examine wavelength-dependent enhancement in response, we measured the spectral responsivity and EQE of the detectors from 300 - 1000 nm. The pristine device shows low spectral responsivity in the range of 100 mA/W, but the QD-sensitized devices show greatly increased spectral responsivity (Figure 3b). Peak spectral responsivities of 110 mAW–1, 178 mAW–1, 345 mAW–1, 268 mAW–1, and 126 mAW–1 were respectively obtained for 1-, 2-, 3-, 4- and 5-cycle QD devices. Similar to the device performance seen with I-V characteristics, the 3-cycles device shows the highest spectral responsivity. Figure 3c shows the EQE of pristine and QD-sensitised devices. It is seen that the external quantum efficiency also increased after QD sensitisation, with the 3 cycles-QD device showing the greatest enhancement. 
It is interesting to note that the detector response increased over a wide spectral range, from 300 nm to 1100 nm, with the sensitization of the bare Si photodetector with CdZnS/ZnS core-shell QDs. Typically, core-shell QDs exhibit down-shifting of high energy photons to low-energy photons, but in a narrow band. In our experiments, as observed from the absorption and emission characteristics, the CdZnS/ZnS QDs downshifted the high-energy UV photons (250 - 350 nm) to low-energy visible light photons (500 - 650 nm). It therefore appears that the device performance can be enhanced in the UV range by adding CdZnS/ZnS core-shell QDs. However, interestingly, the enhancement in performance is seen over a broad spectral range, which indicates that other than the spectral-down shifting effect, several other optical and opto-electronic processes are also contributing to the enhancement in device performance. Hence, to unravel the exact process behind this enhancement in performance, reflectance, and photoluminescence 3D mapping, dark current measurements and C-V characteristics were studied. These are discussed below. 
3.4 Opto-electronic testing of the optimized Si-CdZnS/ZnS QD device
Temporal response involves measuring the photocurrent of the device using periodic illumination with light over several cycles.38 Temporal response indicates the magnitude of photocurrent generated in the device and how fast the device responds to the incident light dose. Rise and fall times can be estimated from the temporal response curve. The rise time is defined as the time taken for the device to reach 90 % of the saturated photocurrent from the 10 % of the initial dark current state on illumination. Similarly, the fall time is defined as the time taken by the device to reach 10 % of the initial dark current from 90% of the saturated photocurrent level under dark conditions.39,40 The temporal response of the 3-cycles QD device was measured under UV (320 nm), visible (600 nm) and NIR (900 nm) light. Figure 4a shows the temporal response of the device to UV light (320 nm). It is seen that under illumination with UV light, the photocurrent of the device rises instantaneously, indicating the fast response of the device. The device displays a photocurrent of 33 µA and rise/fall time of 72/93 ms, as shown in Figure 4d. Figure 4b shows the temporal response of the device under illumination with visible light at 600 nm. The device displays a photocurrent of 70 µA and rise/fall time of 78/83 ms, as seen in Figure 4e. Similarly, the device shows a faster response to NIR light (900 nm) illumination, as seen in the Figure 4c. A photocurrent of 105 µA and rise/fall time of 82/78 ms is obtained under NIR illumination, as shown in Figure 4f. Temporal studies of the device also reveal that the detector shows a response ranging from UV-Visible to NIR, with a faster response speed in the range of few milliseconds. 
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Figure 3. a) I–V characteristics under monochromatic light (900 nm, 2 mW/cm2), b) Responsivity and c) EQE of Si-CdZnS/ZnS devices.
Given the high responsivity in the range of ~345 mA/W and rise/fall times shorter than 100 ms, our fabricated photodetector is potentially useful for applications such as solar light intensity meters, spectroscopes and ambient light detectors. Capability of the detector to respond proportionally to a range of light intensities without any saturation or non-linearity in the photocurrent is desirable for various applications.41 In order to assess the photocurrent linearity of our detector, the temporal response at varied intensities was measured at different wavelengths, as shown in Figure S5. The photocurrent is plotted against the light intensities (Figure 4g), which shows that photocurrent varies almost linearly with light intensity at various wavelengths. Owing to the linear photocurrent response, our device might be useful in applications such as imaging, spectroscopy, and microscopy, in which varying light conditions are encountered.42 Typically, in solution-processed photodetectors, the relation between the photocurrent and the light intensity is non-linear, owing to the presence of defects states in the photoactive material.43 In our case, the linear photocurrent response demonstrates that there is no significant influence of defect states on the response of our photodetector.44,45 Detectivity is calculated at various intensities (0.1 – 2 mW/cm2) at multiple wavelengths. The device exhibited superior detectivity in the order of 1012 jones towards visible (600 nm) and NIR (900 nm) spectra and 1011 jones towards UV (320 nm) spectrum. Detectivity is the reciprocal of noise equivalent power, which characterizes the ability of a photodetector to detect weak light signals. The superior detectivity exhibited by our device shows that it can be employed for applications involving weak light intensities such as stray light detection and imaging.
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Figure 4. Temporal response of the Si-CdZnS/ZnS device under a) UV, 320 nm, b) Visible, 600 nm and c) NIR, 900 nm. Rise/Fall time estimation of device under d) UV, e) Visible and f) NIR illumination. g) Device photocurrent and h) Detectivity plotted versus intensity for multiple wavelengths.



3.5 Mechanism of response enhancement in the device
As discussed in the previous sections, the detector response has been improved over a wide spectral range (300 - 1100 nm) by adding CdZnS/ZnS QDs. The absorbance and emission characteristics show that the CdZnS/ZnS QDs act as a spectral downshifting layer that converts UV photons to visible photons. Hence, upon sensitization with CdZnS/ZnS, the QD device response is expected to improve in the UV region owing to the spectral downshifting effect. However, the device shows a marked increase in responsivity and external quantum efficiency over the entire spectral range from 300 nm to 1100 nm. To probe the exact phenomenon behind the enhancement in device performance, further extensive material and device characterization was therefore carried out. As we have seen in the SEM images, the Si substrates exhibit a rougher surface after deposition of QDs, which is likely to decrease the reflectance and thus leading to an improved device response. Hence, to confirm the role of the anti-reflection effect of the QD films, the reflectance of the pristine and the QDs-sensitised samples were measured, as shown in Figure 5a. The results show the reflectance of the samples to be sharply reduced by the deposition of QDs. Figure 5b shows AFM images of the pristine Si and the 3-cycle QD-Si film which reveal that the surface roughness is increased by the deposition of QDs. The surface roughness of the pristine Si and Si-QD samples is calculated to be 0.86 nm and 10.94 nm, respectively. In any opto-electronic device such as a photodetector or solar cell, the device response is dependent on number of photons absorbed by the photoactive material. The deposition of QDs markedly increases the roughness and decreases the reflectance of Si, confirming that the QDs act as an anti-reflection layer.46–48 It is also noted that reflectance has decreased over the entire spectra range from 300 - 1000 nm. It is interesting to note that, the reflectance has decreased more in shorter wavelengths than in longer wavelengths. However, the enhancement in the detector performance is more pronounced in longer wavelengths than in shorter wavelengths as shown in Figure 4b. In general, the Si-based devices possess higher quantum efficiency in the longer wavelengths, owing to its narrow bandgap, which leads to this higher magnitude of performance enhancement at longer wavelengths.
Further, to confirm whether the downshifted visible light photons are successfully absorbed by the underlying Si substrate, we studied 3D PL mapping and steady-state PL emission of the QD film deposited on glass and Si substrates. Figure 5c shows 3D mapping of the dependence of the emitted photon wavelength on the excitation wavelength. It is seen that down-shifting of photons occurs significantly from 320 nm to 450 nm (UV range); they are converted to photons in the visible range of 525 - 700 nm. This confirms the applicability of the CdZnS/ZnS core-shell QDs to down-shifting applications. 
To confirm the successful absorption of the downshifted photons by Si, the steady-state PL of QDs deposited on Si was measured and compared with PL spectra of QDs on glass, as seen in Figure 5d. The steady-state PL spectra were measured by exciting the QDs with an excitation pulse of 380 nm. The results reveal that the emitted PL intensity from the QDs deposited on the Si substrate is lower than the PL intensity from QDs deposited on the glass substrate, suggesting that the photons down-shifted by the QDs are absorbed by the Si, resulting in quenching of the PL intensity.49 In contrast, the high PL intensity from the QDs deposited on the glass substrate indicates the emission of down-shifted photons with no pathway for absorption. These results suggest that both the anti-reflection effect from the QD films and the down-shifting characteristic of the core-shell QDs contribute to the enhancement of the device performance over the entire spectral range of 300 - 1100 nm. 
There are recent reports in the literature that Si and QDs can form heterojunctions when the QDs are deposited as a film of sufficient thickness.50–52 Thanks to the favourable band energetics between the Si and CdZnS/ZnS QDs, when these QDs are deposited as a film, the Si-CdZnS/ZnS interface can form a space charge region, which results in built-in potential. The presence of built-in potential can assist with charge separation and carrier transportation, ultimately resulting in the enhancement of detector performance. To probe the interface between Si and CdZnS/ZnS QDs and confirm the presence of the built-in potential, dark current measurements and capacitance–voltage characteristics were studied. Figure 5e shows the I-V characteristics of the device measured under dark conditions. The dark current density is plotted on a natural logarithmic scale against applied voltage.  Both the pristine Si and Si-CdZnS/ZnS samples display an asymmetric ln(I)–V relationship, which denotes the rectifying nature of the junction in the device. The rectifying junction in the pristine-Si device arises from the Schottky barrier between the n-type Si and the Ag electrode. The pristine Si device is therefore, in essence, a Schottky junction diode.53 It is of interest to note that, after deposition of  the CdZnS/ZnS QD layer on the Si, the dark current decreases markedly, as seen in the I-V plot. The decrease in the dark current of the device indicates the formation of a depletion region in the device due to the formation of heterojunctions between the Si and CdZnS/ZnS QDs. 
To further confirm the formation of a heterojunction between the Si and CdZnS/ZnS QDs, the capacitance–voltage (C–V) relation was studied, and built-in potential in the device was estimated via Mott-Schottky plots. Figure 5f shows the Mott-Schottky plot of the pristine Si device, measured at 100 kHz. The built-in potential in the pristine Si device is estimated to be 0.41 V. The Mott-Schottky plot of the Si-CdZnS/ZnS device reveals the built-in potential in the device to be 0.63 V. These results suggest that the deposition of the CdZnS/ZnS QDs over the Si as film, which results in the formation of a space charge region in the device, adds to the built-in potential.50,54
It can be concluded that, based on the reflection spectra, photoluminescence spectra, dark current measurements, and C-V characteristics, the enhancement in the performance of the Si Schottky junction detector upon sensitization with the CdZnS/ZnS core-shell QDs can be attributed to the cumulative effect of spectral downshifting of UV to visible photons, the anti-reflective effect of QDs and the formation of heterojunctions at the Si-CdZnS/ZnS QDs [image: 絵と文字の加工写真
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Figure 5. a) Reflectance of the pristine and CdZnS/ZnS QD-sensitized Si devices. b) AFM images of pristine and CdZnS/ZnS QD-sensitized Si. c) 3D Mapping of photoluminescence intensity of emission wavelength versus excitation wavelength of CdZnS/ZnS core-shell QDs. d) PL Spectra of CdZnS/ZnS QD film on glass and Si substrates. e) Dark current measurements of pristine and QD-sensitized Si device. 1/C2 vs V Mott-Schottky plot of f) Pristine and QD-sensitized device.

3.6 Band diagram explaining the photoresponse of the Si-CdZnS/ZnS device
The origin of the photoresponse and the functioning of the Si-CdZnS/ZnS device is explained using a band diagram, constructed based on Anderson’s rule. The response from a photodetector involves optoelectronic processes such as photon absorption, exciton generation, charge separation, and carrier transportation. Before investigating the photoresponse in the Si-CdZnS/ZnS device, it is necessary to gain insight into the photoresponse from the pristine Si device. The pristine Si detector comprises of titanium-silver (Ti-Ag) as the rear electrode and Ag as the top electrode. Rear electrode is deposited as thin-film, completely masking the rear side of Si. The top electrode is deposited as a comb-like pattern, to facilitate the pathway for the photons to incident on the Si and also to efficiently collect the photogenerated carriers. Thus, the pristine Si device assumes a vertical metal-semiconductor-metal (MSM) architecture. Figure 6a depicts the energy band levels of Si and metal contacts before and after contact and also illustrates the photoresponse mechanism. Si possess VB and CB energy levels at 4.08 eV and 5.2 eV, with a band gap of 1.12 eV. Because an n-type Si wafer with a doping density of 1015 cm–3 is used, the Fermi level lies at 4.3 eV. The Ti rear contact and Ag front contact possess work functions of 4.3 eV and 4.7 eV, respectively. Owing to the relative energy levels between the Si and the metal electrodes, a Schottky junction is formed at the both M-S interfaces. Interestingly, as the Fermi level of Si and titanium rear electrode both lie at 4.3 eV, there will be no Schottky barrier formation at the Si-Titanium interface.55 Figure S6a shows the I-V characteristics of the Si control device with Ti-Ag electrodes. The linear I-V relation confirms the absence of a Schottky barrier at the Ti-Ag and Si interface. However, in contrast, due to the significant Fermi level difference between Si and Ag, a barrier is formed at the interface.53 The non-linear I-V curve of the Ag-Si-Ag control device, as seen in Figure S6b, confirms the presence of a barrier at the Si-Ag contact.
Electron-hole pairs are generated on illumination with photons of energy greater than the Si bandgap. The generated photoelectrons in the conduction band move away from the Si-Ag interface due to the presence of the Schottky barrier. They tend to move towards the Si-Ti interface and will reach the Ti contact due to the favourable lower energy level. Meanwhile, the holes tend to move toward the Si-Ag interface and reach the Ag contact. Thus, under illumination, the generated photoelectrons and holes migrate towards their Ti and Ag contacts, causing the photoresponse of the device.
Figure 6b shows the relative band energy levels of core-shell CdZnS/ZnS QDs and Si before making contact. Based on the band levels, the junction between ZnS and CdZnS is a type-I heterojunction. Due to the relatively narrower energy gap and band positions of Si, a type-I heterojunction is also expected to be formed between Si and the QDs. When the QDs and the Si make contact with each other, the conduction electrons equilibrate, resulting in the creation of band bending at the interface, as shown in the Figure 6c. When the high-energy UV photons are incident over the Si-CdZnS/ZnS device, the CdZnS core absorbs them. The absorbed UV photons generate electron hole pairs in the CdZnS, with electrons having higher kinetic energy due to the incoming UV photons. The higher energy of the hot electrons is lost due to non-radiative transitions or vibrational relaxations and the hot electrons de-excite to the EC of CdZnS. Owing to the bound type-I heterojunction alignment between CdZnS shell and ZnS core-shell, there is no escape pathway for a de-excited electron, which ultimately recombines to re-emit a photon. This emitted photon has much lower energy than the absorbed UV photon, thus resulting in the observed down-shifting of energy. This downshifted visible photon is absorbed by the underlying Si substrate, which again generates an e-h pair in the Si. The generated e-h pairs are separated by the Schottky junction at the Si-Ag interface and are transported to their respective electrodes, generating a photocurrent. Visible and NIR spectrum photons are transparent to the CdZnS QDs and hence directly reach the Si, where they are absorbed and add to the photoresponse.
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Figure 6. Band diagram of the a) Pristine Si device and Si-CdZnS/ZnS QDs device b) prior to contact and c) after contact and photo-illumination.
3.7	Photo-cyclic stability
For a photodetector to be deployed for practical applications, it should possess high photo-cyclic stability without any saturation or significant decrease in the photocurrent over many irradiation cycles. To assess the photo-cyclic stability of our fabricated device, the transient response of the detector is measured over 500 illumination cycles at different wavelengths. Figure S7 reveals the detector transient response over 500 cycles (320 nm, 600 nm and 900 nm –2 mW/cm2). It is seen that the device has retained more than 95% of the photocurrent even after 500 cycles, without any significant hysteresis. This reveals that our fabricated devices are suitable for practical applications in which long-term operation over multiple illumination cycles is required.
3.8	Comparison of the CdZnS/ZnS-Si detector with other QD-based devices
Responsivity, rise time and detectivity for our fabricated device were compared those with similar QDs based devices (Figure 7a and 7b).54,56–63. Peng et al. employed PbSe QDs for detection in a photoconductor architecture.56 The authors describe the deposition of PbSe QDs as ink on ZnO NPs, which shows a decent response and rise-time of 100 mAW–1 and 340 ms, respectively. However, the device operates at a high bias of 1 V. Another report, by Hsiao et al., demonstrates the sensitization of the Si with carbon QDs to improve light absorption and supress dark current.54 Although the device shows good rise time of 10 µs, the responsivity is very minimal in the range of 9.4 mA/W. Qin et al. demonstrated a synergistic approach to enhancing the response of a 2D MoS2 detector with sensitization of CuInS2 QDs and plasmonic Au NPs. Despite showing slightly raised responsivity of 16.65 mA/W, the rise time is significantly lower, at 5s.58 Subramaniam et al., reported enhanced photoluminescence quantum yield and carrier lifetime in CsPbBr3 QDs by post-treatment with antimony tri-bromide. The post-treated QDs were used in a photodetector that demonstrated very minimal responsivity of 48.1 μA/W but a decent rise time of 98 ms.62 In the abovementioned reports, QDs are employed as the photoactive layer which absorbs the incoming photons and generates excitons that are later collected, generating a photocurrent. However, in our case, CdZnS/ZnS QDs are used as a down-shifting layer that converts the incoming UV photons to visible photons. These re-emitted photons are further absorbed by Si and lead to the generation of photocurrent. One clear advantage with down-shifting QDs is that photon down-conversion and subsequent photon transfer to the underlying layer are a far more efficient process than an exciton generation and separation process in conventional QDs. Generally, QDs show poor conductivity and high density of surface trap states. The generated excited charge carriers in the QDs have a greater probability of recombining and hence it is difficult to extract them as photocurrent.54 However, the downshifted photons can be easily collected without any significant losses. Apart from the down-shifting, it is also demonstrated that CdZnS/ZnS QDs are acting as an anti-reflecting layer and creating space charge region which further underscores the effectiveness of the device architecture. The device shows a high responsivity of 345 mAW–1, detectivity of 1012 jones and rise time of 82 ms, without any applied bias (0 V). The other relevant performance metrics of the compared photodetectors are included in the supplementary information (Table S1).
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Figure 7. Comparison of a) Responsivity, Rise time and b) Detectivity of Si-CdZnS/ZnS device with other relevant QD based photodetectors in literature.

4. Conclusions
In conclusion, we demonstrate here an efficient and simple hybrid Si -quantum dot architecture to boost the response of a Si photodetector. CdZnS/ZnS core-shell QDs are synthesized using the hot injection-method, which absorbs the UV photons and downshifts to visible light photons. This downshifting ability of the CdZnS/ZnS QDs is exploited to enhance the performance of this Si Schottky junction photodetector. CdZnS/ZnS QDs are monolithically integrated with the Si by using simple drop-casting. When the device is optimized with QD film, it shows a dramatic enhancement of its performance owing to the downshifting effect of the CdZnS/ZnS QDs. Interestingly, the device response is enhanced over the entire spectral range (300 – 1100 nm) denoting the involvement of an as yet unknown underlying mechanism that is distinct from spectral downshifting. Further extensive studies such as 3D PL mapping, reflectance spectra, dark current measurements and capacitance-voltage characteristics were performed. The results suggest the anti-reflection effect of the QDs film and the formation of space region between Si-CdZnS/ZnS interface to also contribute to the enhancement of the device’s performance. The sensitization of the Si with the CdZnS/ZnS core-shell QDs has enhanced the device performance, creating a cumulative effect of spectral downshifting, anti-reflection effect and heterojunction formation. The demonstrated device architecture and observed underlying mechanisms have potential for assisting with the fabrication of more efficient multi-functional photodetectors.
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