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Abstract
Silicon (Si) photodetectors do not efficiently capture photons in the UV region: this has been a major impediment to their application in several areas. However, quantum dots (QDs), which convert higher-energy photons into lower-energy photons via spectral downshifting, have emerged as promising candidates for enhancing the UV response of silicon photodetectors. In this study, we investigate the performance of Si photodetectors in the form of sensitized perovskite (CsPbBr3) quantum dots and compare them with core-shell (CdZnS/ZnS) quantum dots for spectral downshifting applications. Using monolithic integration of quantum dots over the silicon photodetector surface, we systematically analyze their electrical and optical characteristics to elucidate the impact of quantum dot structures on device performance. Spectral responsivity measurements reveal a significant enhancement in detector performance over a broad spectral range (300 nm - 1100 nm) after sensitization with quantum dots. Reflectance studies suggest that apart from spectral downshifting, the quantum dot layers act as anti-reflection coatings, contributing to overall performance enhancement. Additionally, current-voltage characteristics indicate the formation of a space charge region at the Si-quantum dot interface, further enhancing device performance. Further opto-electronic testing demonstrates the superior performance and stability of CdZnS/ZnS core-shell QD-sensitized devices compared to perovskite CsPbBr3 QD-devices. Our study provides valuable insights into the design and optimization of Si photodetectors with improved sensitivity and extended spectral response.
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1. Introduction
The field of optoelectronics has seen significant advancements in recent years, driven by the exploration of novel materials and structures, aiming to enhance the performance of photodetectors. Silicon (Si) photodetectors, although in wide use due to their compatibility with standard semiconductor fabrication processes, are inefficient at capturing photons in certain spectral ranges, particularly in the UV region, owing to limited absorption and high thermalization losses.[1–3] Si photodetectors also suffer from high reflectance over a broad spectral range due to their extremely smooth surfaces. To decrease the reflectance of the Si surface, chemical etching is often employed to generate nanoscale features on the surface that effectively increase the light optical path in the Si and decrease reflectance. However, chemical etching generates a high density of defect states that adversely affect device performance by acting as recombination centers. Several strategies are currently being applied to improve UV response, such as tandem architectures and hot carrier harvesting.[4–7] However, neither of these techniques simultaneously addresses the challenge of high reflectance and poor UV response.
Spectral downshifters such as quantum dots are increasingly being employed to improve the performance of Si-based photodetectors and solar cells. Quantum dots allow the simultaneous decreasing of reflectance and raising of the efficiency of conversion of UV photons. Spectral downshifting, a process that involves converting higher-energy photons to lower-energy ones, thus provides a promising avenue for addressing the inherent limitations of Si photodetectors.[8–10]
Spectral downshifting involves converting incident photons to longer-wavelength photons that can be more effectively absorbed by the semiconductor material. Quantum dots (QDs) have emerged as versatile nanomaterials with unique optical properties that make them ideal candidates for spectral downshifting applications.[11] When quantum dots absorb photons, electrons in the quantum dots are excited to higher energy levels. The energy of the absorbed photons is typically higher than the energy of the emitted photons. However, due to various relaxation processes, such as non-radiative recombination and phonon interactions, the excess energy can be dissipated, leading to a shift in the emitted spectrum to lower energies. This spectral downshifting process can be effectively employed for extending the response range of Si photodetectors into the UV region. When the dimensions of the quantum dots are below the Bohr exciton radius, quantization effects become significant.[12] 
In this study, we focus on developing a monolithic integration approach by depositing a layer of QDs over a Si photodetector's surface and assessing the device's performance after sensitization with QDs. Conventional materials such as Si QDs, carbon QDs, and rare earth element-doped QDs have been employed for downshifting applications.[13–18] The structure and the size of the quantum dots have profound effects on the excitation and relaxation mechanism, which in turn dictates the absorption and emission characteristics.[19] Perovskite quantum dots are attracting growing research interest in the opto-electronics community owing to their impressive photoelectronic properties such as their high absorption coefficient, tunable band gap and ease of solution-processibility. Cesium-based all-inorganic perovskite QDs have been at the forefront of recent research due to their inherent ambient stability. In this investigation, we employ these CsPbBr3 all-inorganic perovskite quantum dots as a spectral downshifting layer for Si photodetectors and assess their performance in comparison with core-shell CdZnS/ZnS QDs.
The aim of this study is to systematically compare the performance of Si photodetectors sensitized with core-shell and perovskite QDs as downshifting layers. Through a comprehensive analysis of their electrical and optical characteristics, we seek to provide valuable insights into the impact of QD structure on the enhancement of Si photodetector performance. The outcomes of this study are anticipated to assist with the design and optimization of next-generation optoelectronic devices that will show improved sensitivity and extended spectral response. To our knowledge, this is the first study to explicitly investigate the CsPbBr3 perovskite quantum dots as a spectral downshifting layer in Si-based photodetectors.
2 Materials & Methods
2.1 Materials
N-type Si Wafers (280 µm thick and 1 - 10 Ω) were bought from Aki Electronics. Cadmium oxide (CdO 99.9%), zinc acetate, octadecene (95%), oleic acid (90%), and oleyamine (90%), cesium carbonate, PbBr2, and trioctylphosphine (TOP, 99%) were bought from Sigma Aldrich.
2.2 Instrumentation
X-ray diffraction studies were conducted using a Philips X-ray diffraction meter. The topography and high-resolution imaging of the quantum dots were captured through a JEOL 2100 transmission electron microscope (TEM). A Hitachi SU-8000 scanning electron microscope (SEM) was employed to examine the surface morphology of the films. The absorption and reflectance spectra of the samples were recorded using a Shimadzu UV-2450 UV-Vis-NIR spectrophotometer. A Bunkoukeiki BQE 100-F Spectral response measurement unit was utilized to measure the responsivity and EQE of the detectors. For recording the temporal response and I-V measurements of the detector, a Bunkoukeiki BSD-60Z monochromator was employed. Electrical characterization was carried out using a Keithley 2400 SourceMeter Unit (SMU). A silicon single-crystal S1337-1010BQ photodiode from Hamamatsu Photonics served as the reference for the calibration of light sources. Photoluminescence studies were conducted using the Quantaurus-Tau C11367 PL measurement unit.
2.3 Synthesis of CdZnS/ZnS quantum dots
Two stock solutions of sulfur were prepared. Stock-1 contained 1.6 mmol of sulfur in 2.4 ml of ODE, and Stock-2 contained 4 mmol of sulfur in 5 ml of OA. The precursors for the CdZnS core were prepared in a three-neck flask, to which 1 mmol of CdO, 10 mmol of zinc acetate, and 7 ml of OA were added and thoroughly mixed. The mixture was then heated to 150 ˚C in an argon atmosphere, and 15 ml of ODE was introduced. The temperature of the mixture was then increased to 310 ˚C, and Stock-1 Sulfur solution was injected and the temperature maintained at 310 ˚C for 12 minutes to foster the growth of CdZnS cores.
Following this, the Stock-2 sulfur solution was injected, and the mixture was kept at 310 ˚C for 3 hours to facilitate the growth of ZnS shells. Upon completion of the reaction, the quantum dot (QD) solution was precipitated by adding ethanol and then centrifuged multiple times (10,000 rpm). The resulting centrifuged QD powder was dispersed in toluene and re-precipitated with ethanol. This step was repeated three times. The resultant CdZnS/ZnS QD powder was stored at 5 ˚C for future use.
2.4 Synthesis of CsPbBr3 quantum dots
CsPbBr3 QDs were synthesized using the hot-injection technique. Two stock solutions were prepared. Stock-1 was created in a 3-neck flask by combining 0.16 g Cs2CO3, 0.5 ml of oleic acid (OA), and 6 ml of octadecene (ODE). The mixture was stirred thoroughly and degassed at 120 ˚C under vacuum for 1 hour. The temperature was then raised to 150 ˚C under a nitrogen atmosphere and maintained until the Cs2CO3 had completely dissolved. Simultaneously, Stock-2 was prepared in another 3-neck flask with 0.108 g PbBr2 and 6 ml ODE. This mixture was dried at 120 ˚C under vacuum for 1 hour. To this mixture, 1.5 ml of OA and 2 ml of trioctylphosphine (TOP) were injected at 120 ˚C under a nitrogen atmosphere. After complete dissolution of PbBr2, the mixture was maintained at 190 ˚C. Stock-1 solution was rapidly injected into Stock-2, and the resulting mixture was allowed to cool in a water bath after 1 minute. The obtained QD solution underwent multiple centrifugation cycles using toluene and ethanol. The final CsPbBr3 QD powder was dried at 60 ˚C and stored in a refrigerator for future use.
2.5 Fabrication of a quantum dot-sensitized Si photodetector
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自動的に生成された説明]Single-side polished N-type Si (100) wafers were used to fabricate the photodetector device. Si wafers were diced using a mechanical abrasive dicing machine into 1.5 cm x 1.5 cm pieces. The diced Si substrates were thoroughly cleaned using DI water, piranha solution, acetone, ethanol and isopropyl alcohol under sonication. The cleaned Si substrates were purged in an N2 stream. Titanium (50 nm) and Ag (200 nm) were deposited using sputtering to create the rear electrode. To deposit QDs, the QD powder was initially dispersed in toluene and sonicated for 30 minutes until well dispersed. 25-µL aliquots of the prepared QD solution were then drop-cast onto the Si substrate and the solvent allowed to evaporate naturally. To study the influence of number of QD cycles on the device performance, the number of QD cycles was varied from one to four. After the deposition and natural drying of the drop-casted QD film, the Si substrates were dried at 130 ˚C for 1 minute. Later, a finger-patterned 250 nm-thick Ag top electrode was deposited by sputtering onto the QD-deposited Si substrate. Figure 1 shows a schematic representation of the device fabrication scheme.
Figure 1. Schematic representation of QD-sensitized Si photodetector fabrication.
3 Results & Discussion
3.1 Structural and Composition Analysis
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中程度の精度で自動的に生成された説明]First, to confirm the formation and the crystal structure of the CdZnS/ZnS and CsPbBr3, X-ray diffraction studies were carried out on the QD thin films. Figure 2a shows the XRD spectrum of the CdZnS/ZnS QDs, which shows the presence of four peaks related to the ZnS phase.[20,21] No peaks corresponding to CdS were observed, which suggests that the Cd remained as a dopant in the ZnS lattice. The peaks observed at 27.86˚, 38.63˚, 46.93˚ and 55.44˚, correspond to the (111), (200), (220) and (311) planes of ZnS. XRD spectra of the CsPbBr3 QDs are shown in Figure 2b, which reveals the presence of three major peaks corresponding to the cubic CsPbBr3 phase.[22] The peaks at 15.08˚, 21.28˚, and 30.55˚ are assigned to the (101), (121) and (202) planes. The sharp diffraction peaks of the CsPbBr3 indicate the comparatively high crystallinity of the QDs. 
Figure 2. XRD spectra of a) CdZnS/ZnS core-shell QDs and b) CsPbBr3 QDs. TEM image of c) CdZnS/ZnS core-shell QDs and d) CsPbBr3 QDs
To confirm the size and morphology of the synthesized QDs, imaging using TEM is carried out as shown in Figure 2c and 2d. TEM imaging reveals that the CdZnS/ZnS QDs are obliquely shaped and have non-equiaxial dimensions. (Figure 2c). The CdZnS/ZnS QDs have a mean particle size of ~9 nm, with variation in the range of 5 - 12 nm. Figure 2d shows a TEM image of the CsPbBr3 QDs, which reveals that the QDs have assumed a uniformly distributed highly symmetrical shape. The average QD dimension along the long axis is estimated to be ~10 nm, with the size being distributed in the range of ~5 nm to 12 nm. As per the literature, CsPbBr3 QDs have a Bohr exciton radius of 7 nm.[12] The size distribution curves of both CdZnS/ZnS QDs and CsPbBr3 QDs are shown in Figure S1. Thus, as-synthesized CsPbBr3 QDs are expected to show quantum confinement effects. These TEM images clearly reveal the size and shape of the QDs and confirm the low-dimensional structures of the synthesized QDs. It is worth noting that both the CdZnS/ZnS and CsPbBr3 QDs show polydispersity, ranging in size from 5 nm to 13 nm. Typically, polydispersity in QD size results in a broader absorption and emission spectra, which is highly desirable for photon-harvesting devices.[23] 
Although the TEM images of CdZnS/ZnS QDs revealed the size and shape of the QDs, the core-shell structure was not clear. Therefore, to clearly visualize the core-shell structure and confirm the spatial distribution of the elemental composition, high resolution-TEM imaging and concurrent EDAX mapping were performed. Figure 3 shows a scanning TEM (STEM) image and the corresponding elemental mapping. As seen in Figure 3a, the lighter region in the center of the particle is the CdZnS core and the slightly darker outer region is the ZnS shell. The core and shell thickness are roughly estimated to be 6 nm and 2 nm, respectively. In the cumulative elemental mapping of the QDs, yellow, red and blue correspond to Cd, Zn and S, respectively. It can be seen that the Cd is mostly distributed in the center of the QDs, whereas both the Zn and S are evenly distributed throughout the QDs. This result strongly suggests that the core of the QD is composed of CdZnS and the shell is made up of ZnS. The corresponding EDAX energy spectrum of the QD particle is included in the supplementary information, which also confirms the presence of elemental Cd, Zn and S (Figure S2).
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自動的に生成された説明] Figure 3. a) STEM image and EDAX mapping of CdZnS/ZnS core-shell QDs. Absorbance and Emission spectra of b) CdZnS/ZnS core-shell QDs and c) CsPbBr3 QDs. 

3.2 Optical Characteristics
QDs exhibit distinctive optical properties such as tunable absorption and emission characteristics. The absorption spectrum of the CdZnS/ZnS QDs reveals a prominent peak at approximately 283 nm, lying in the UV region (Figure 3b). The absorption peak of the core-shell QDs is closely dependent on the core material, which in our case is CdZnS. Due to the comparatively lower thickness of the shell layer, the contribution from the shell is minimal. However, the shell structure imparts the QDs with notably enhanced stability and photoluminescent properties.[24–26] The emission spectrum exhibits a sharp peak at 469 nm, reflecting the characteristic fluorescence of the QDs. A large Stokes shift of 186 nm is obtained. The colloidal solution of the CdZnS/ZnS dispersed in toluene appears colorless under ambient light, as the absorption peak lies in the deep UV range (283 nm). Under illumination with UV light, the CdZnS/ZnS colloidal solution appears blue, corresponding to the emission peak of 469 nm. Images of CdZnS/ZnS colloidal QD solution under ambient light and UV light are provided in the supplementary information (Figure S3a-b). The observed absorption and emission peaks are evidence of the successful downshifting of the UV photons (283 nm) to low-energy visible photons (469 nm), highlighting the potential utility of these quantum dots in spectral downshifting applications. Precise control over the spectral characteristics, coupled with the benefits conferred by the core-shell design, positions these CdZnS/ZnS QDs as applicable to downshifting in photodetectors.
The absorption spectrum of CsPbBr3 (Figure 3c) reveals the broad range of significant absorption from 200 nm to 520 nm, with a distinct and prominent peak centered at 261 nm and a shoulder peak around 510 nm. The absorption peak of CsPbBr3 observed at significantly lower wavelength (261 nm) is attributed to the quantum confinement effect. Quantization effects lead to confinement of the electrons and thus resulting in increased energy spacing between electronic levels.  The emission spectrum reveals sharp a PL peak centered around 521 nm, corresponding to visible (green) light. Thus, the observed absorption and emission spectra demonstrate that the CsPbBr3 quantum dots absorb light over the broad wavelength range of UV-Vis (200 - 520 nm) and downshift absorbed high-energy photons to low-energy photons, demonstrating the applicability of the CsPbBr3 QDs to spectral downshifting. The colloidal solution of the CsPbBr3 QDs dispersed in the toluene shows a yellowish-green color under ambient light owing to the broad absorption observed in the absorbance spectrum. However, under UV light illumination, the CsPbBr3 QDs appear to be bright green in color. Images of CsPbBr3 colloidal quantum dot solutions under ambient light and UV light are provided in the supplementary information (Figure S3c-d).
In summary, the absorption and emission spectra reveal that both CdZnS/ZnS core-shell QDs and CsPbBr3 QDs absorb high-energy photons and emit the absorbed photons as low-energy photons by the spectral downshifting process. The synthesized CdZnS/ZnS core-shell QDs and CsPbBr3 QDs can therefore be employed for downshifting applications in photodetectors.
3.3 Optimization of QD film deposition
As discussed in the earlier section, optical studies have demonstrated the ability of both the CdZnS/ZnS core-shell QDs and CsPbBr3 QDs to downshift high-energy photons. Hence, both these QDs are applied on Si photodetectors as a downshifting layer. The sensitization of the Si with QDs is carried out by drop-casting a layer of QD colloidal solution and allowing it to dry naturally. In a QD-sensitized device, the number of layers of QDs have a profound effect on the functionality of the QD thin film with respect to photon interaction and device performance. The number of deposition cycles of QDs determines the surface coverage, uniformity and QD packaging density. With each cycle, the QDs contribute to the overall coverage, potentially leading to a uniform film. The number of deposition cycles also dictates the packaging density of the QDs, which in turn affects the charge transport process. Studying and optimizing the number of deposition cycles of QD drop casting is necessary to attain devices with the desired performance. Hence, in our case, QD drop-cast cycles were varied from one to four and device performance was evaluated in comparison with a pristine Si detector.
Figure 4 shows the spectral responsivity of the pristine Si photodetectors and devices sensitized with CdZnS/ZnS and CsPbBr3 QDs with varied drop-cast cycles. Responsivity is the ratio of the photocurrent generated in the detector to the photon intensity incident on the detector. Responsivity is a key figure-of-merit that denotes the efficiency at which the incident photons are contributing to photocurrent generation in the device.[27] The spectral responsivity of the detectors was measured in the range of 300 nm to 1100 nm, covering a broad spectrum of UV, visible and NIR photons. It is evident that the pristine device shows a broad response over the entire measured range, with the response of the detector peaking in the range of 900 - 950 nm (150 mA/W). The device shows minimal response in the UV range (300 - 400 nm - 25 mA/W) and a very meagre response at around 1100 nm (12 mA/W). The peak response of the detector occurring at around 900 - 950 nm is due to the narrow band gap of Si (1.1 eV) and, as expected, below the bandgap (<1100 nm), the response is near zero. The poor response of the detector in the UV region can be largely attributed to thermalization losses. Figure 4a shows the responsivity of the CsPbBr3 QD-sensitized devices with varied drop-cast cycles. It can be seen that with the deposition of the CsPbBr3 QDs, the responsivity of the detector improves over the entire 300 -1100 nm spectrum. The detector shows the maximum increase in responsivity of up to 304 mA/W for the 3-cycle example, whereas after four deposition cycles, the performance has fallen drastically below that of the pristine device. Similarly, with the CdZnS/ZnS core-shell QDs, the device shows an improvement in performance over the entire spectrum (Figure 4b). The maximum increase in detector responsivity (391 mA/W) is obtained with three deposition cycles. It should be noted that the device sensitized with the CdZnS/ZnS QDs shows somewhat higher performance than the CsPbBr3-sensitized device. Figure S4 shows the external quantum efficiency (EQE) of the pristine Si photodetectors and devices sensitized with CdZnS/ZnS and CsPbBr3 QDs with different numbers of drop-cast cycles. The [image: ]EQE also shows a performance trend that mirrors the spectral responsivity
Figure 4. Spectral responsivity of a) CsPbBr3 QD-sensitized and b) CdZnS/ZnS core-shell QD-sensitized Si detectors with different numbers of drop-cast cycles.

During the downshifting process of the QDs, high-energy photons (UV) are typically converted into low-energy (Vis-NIR) photons. In our study, as seen in the optical absorption and emission spectrum, CdZnS/ZnS QD downshift 250 nm - 350 nm photons to low energy 450 nm - 500 nm photons (Figure 3b). Similarly, CsPbBr3 QDs downshift ~250 nm - 500 nm photons to 520 nm photons. Hence, with the sensitization of the Si detector with the QDs, the responsivity is expected to be enhanced in only a narrow spectral range. However, the detector response was enhanced over the entire spectral range of 300 nm to 1100 nm. This interesting observation suggests that in addition to the downshifting process, there must be unidentified optical phenomena that contribute to the overall enhancement seen in detector responsivity. To shed more light on the mechanism of enhancement of QD sensitized detectors, we carried out reflectance studies and SEM imaging of the QD-sensitized silicon.
Silicon usually possess high reflectance due to its smooth surface.[28] The deposition of QDs, depending on the morphology and packing arrangement of the QD film, can slightly increase the roughness of the Si surface. To study this, reflectance measurements were performed on pristine and QD-sensitized Si substrates as shown in Figure 5. Figure 5a shows the reflectance spectra of pristine and CsPbBr3 QD-sensitized Si substrates. It can be seen that the pristine Si substrates have a higher reflectance; however, with the deposition of CsPbBr3 QDs, the reflectance is slightly decreased over the entire spectrum. With a further increase in the number of deposition cycles, reflectance is further decreased. Deposition of QDs, therefore, raises surface roughness, and with the increment in the number of deposition cycles, the surface roughness is further increased.[29] Similarly, with CdZnS/ZnS core-shell QDs, the surface reflectance is significantly decreased by the drop-casting of QDs (Figure 5b). The reflectance decreases up to three deposition cycles and increases again from the fourth deposition cycle. It is important to note that the magnitude of decrease in the reflectance of CdZnS/ZnS-sensitized Si substrate is significantly higher than that of the CsPbBr3-sensitized Si substrates. The reflectance values of the QD-sensitized Si substrates at different wavelengths are tabulated and included in the Supplementary Information. The step observed at 850 nm in reflectance is due to the switching of the detector of the UV-Vis-NIR spectrophotometer system. The spectrophotometer uses distinct detectors for different spectrum of light. For the range of UV and Visible, typically Si based detectors are used. However, beyond the visible range >850 nm, generally PbS or InGaAs is used for detection [30]. This change in the photodetector causes a step in the reflectance curve.
In summary, the reflectance measurements reveal that the reflectance of the Si substrates is significantly reduced after the drop-casting of the QDs due to increased roughness. Thus, the anti-reflection effect of QD layers, apart from the intrinsic spectral downshifting effect, also contributes to broad spectral (300 nm -1100 nm) responsivity enhancement. 
However, it is interesting to note that the CdZnS/ZnS QDs result in a significantly lower reflectance than seen with the CsPbBr3 QDs. To probe the reason behind this phenomenon, SEM imaging of both QD films on Si substrate was carried out, as shown in the Figure S5. Because three drop-casting cycles showed the best performance, the same 3-cycle sample was used for SEM imaging. Figure S5b-c, SEM image of the CsPbBr3 QD-sensitized Si substrate, reveals that the QDs are agglomerated/nucleated in the form of randomly distributed islands, rather than forming a continuous film. In contrast, Figure S5a, SEM image of the CdZnS/ZnS core-shell QD-sensitized Si device, shows that the QDs have formed highly continuous films with few minor defects. Overall, the CdZnS/ZnS QDs seems to have formed films with comparatively uniform coverage of the Si substrate. However, the CsPbBr3 QDs show poor coverage due to island formation, allowing most of the Si substrate to remain exposed. This substantiates the significant difference seen in reflectance between CdZnS/ZnS core shell QDs [image: A screenshot of a computer screen

Description automatically generated]and CsPbBr3 QDs.
Figure 5. Reflectance of Si substrates sensitized with a) CsPbBr3 QDs and b) CdZnS/ZnS core-shell QDs. c) Dark I-V measurements of pristine and QD-sensitized detectors
Apart from the downshifting process and anti-reflection effect, the space charge region generated at the Si-QDs is expected to contribute to enhanced photon harvesting. When QDs of sufficient thickness are deposited as a thin film on Si, band bending occurs at the interface, leading to the formation of heterojunctions.[31–34] The current-voltage relation (I-V) of the pristine and QD-sensitized detectors were studied to gain insight into the formation of the space charge region in the detectors. I-V characteristics were studied in the voltage range of –1 V to +1 V under dark conditions. Figure 5c shows the I-V relation on a logarithmic scale, which reveals that all the detectors exhibit a rectifying junction. Dark current is a relevant parameter of a semiconducting device, as it reflects the magnitude of band bending and space charge in the device. As seen in the I-V curves, the pristine devices show a high reverse saturation current of 497 µA, whereas the detectors with CsPbBr3 and CdZnS/ZnS QDs show a much lower dark current of 14.84 µA and 1.38 µA, respectively. The decrease in the dark current after sensitization with QDs indicates the possibility of band bending at the Si-QD interface and subsequent space charge region formation [35]. I-V relation therefore reveals that the sensitization of Si with QDs leads to the formation of a space charge region, which might be a contributing factor to the spectral responsivity enhancement seen in Figure 3a and 3b.
In summary, our optical absorption and emission studies have revealed the capability of the QDs to downshift high-energy photons to low-energy photons. The QDs act as a downshifting layer in the Si photodetector. Spectral responsivity measurements reveal that QD sensitization significantly enhances the detector’s performance. However, interestingly, the device performance shows an improvement over the entire spectral range. Probe reflectance measurements revealed that the QD layer also acts as an anti-reflection layer. Further, the I-V characteristics of detectors under dark conditions have indicated the formation of a space charge region in the device due to desirable band bending at the interface between the Si and QDs. In brief, the observed broad spectral responsivity enhancement in detectors with QD sensitization is the result of the combined effects of the downshifting process, the anti-reflection effect of QD thin film and space charge region formation at the Si-QD interface.
As seen in earlier studies, for both CsPbBr3 QDs and CdZnS/ZnS QDs, the 3-cycle samples showed the best performance. These optimized QD-sensitized detectors were subjected to further opto-electronic testing to identify and assess their photodetection performance. 
3.4 I-V Characteristics and temporal responses of the optimized devices
I-V characteristics of both QD-sensitized devices were first studied under dark and illuminated conditions (320 nm, 600 nm, and 900 nm). Both the devices exhibited rectifying heterojunctions, owing to the Schottky barrier between the Si and Ag electrode. This is explained in greater detail in the Mechanism section below. The detectors showed a significant increase in current under light illumination, indicating the generation of photocurrent in the detector. Figure 6a shows the I-V characteristics of the CsPbBr3 QD-sensitized device, in which the detector has shown a response to 320 nm, 600 nm and 900 nm photons. The shift in the illumination I-V curves with respect to the dark I-V indicates the response of the device under zero bias. Similarly, Figure 6b shows the I-V curves of the CdZnS/ZnS QD-sensitized detector, which reveal the response of the device to illumination. However, it should be noted that the CdZnS/ZnS QD-sensitized detector shows a significantly higher photocurrent than the CsPbBr3 QD-sensitized detector.
Photocurrent linearity is an important parameter for certain detector applications, such as light intensity monitoring, astronomical imaging, LiDAR, autonomous vehicles, and industrial inspections.[36,37] To study the photocurrent linearity of the detectors, photocurrent is measured at multiple light intensities and plotted.[38,39] High linearity of the photocurrent indicates that the detector can respond proportionally to a wide range of light intensities. Figure 6c shows the photocurrent plotted versus light intensity (0.1 - 2 mW/cm2) of the CsPbBr3 QD detector at different wavelengths (320 nm, 600 nm and 900 nm). It can be seen that the photocurrent varies linearly with the intensity at under 320 nm. However, under illumination with wavelengths of 600 nm and 900 nm, the photocurrent exhibits a sub-linear relation. On the other hand, the photocurrent for the CdZnS/ZnS core-shell QD detector varies linearly at all wavelengths (Figure 6d). The sub-linear photocurrent trend seen in the CsPbBr3 device reveals the presence of defect and trap states in the CsPbBr3 QDs. Typically, CsPbBr3 QDs possess large defect densities due to halide ion vacancies and interstitial impurities.[40,41] Detectivity is a key figure-of-merit that determine the capability of the detector to show response towards weak light intensities. Detectivity is inversely related to the noise equivalent power of the detector. Detectivity is estimated using the formula:

Idark is the current in the device under no illumination, A is device active area, e is charge of electron, R is responsivity.
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Description automatically generated]Detectivity was calculated at varied intensities from 0.1 mW/cm2 to 2 mW/cm2, as shown in the Figure S6. Peak detectivity of 1.17 x 1013 jones and 1.37 x 1013 jones are obtained for CsPbBr3 QDs and CdZnS/ZnS QDs based detector, respectively. Detectivity is decreasing with the increase in light intensity for the CsPbBr3-based devices. However, the CdZnS/ZnS QDs based detectors show no significant change in the detectivity towards the light intensity. Trap states related to the halide vacancies in CsPbBr3 is likely to contribute to the observed non-linearity [42,43].
Figure 6. I-V characteristics of a) CsPbBr3 QD and b) CdZnS/ZnS core-shell QD detectors under dark and illuminated conditions. Photocurrent vs Intensity plot of c) CsPbBr3 QD and d) CdZnS/ZnS core-shell QD detectors.
The temporal response of a photodetector refers to the device's ability to detect changes in light intensity over time. It characterizes the speed at which the photodetector responds to variations in incident light. The temporal response is a crucial parameter in applications where the detection of fast or time-varying optical signals is essential. Rise and fall times can be estimated from the temporal response curve. The rise time is the time taken by the photodetector to respond to an increase in light intensity. Similarly, the fall time is the time taken to respond to a decrease in light intensity. Shorter rise and fall times indicate faster temporal response.[44,45] Figure 7a-c shows the temporal response of the CsPbBr3 QD-sensitized device to light at 320 nm, 600 nm and 900 nm. The detector shows photocurrent of 32.5 µA, 88 µA and 128 µA at 320 nm, 600 nm and 900 nm, respectively. The rise/fall times are estimated to be 82/82 ms (320 nm), 82/69 ms (600 nm) and 75/82 ms (900 nm). Figure 7d-f shows the temporal response of the CdZnS/ZnS QD-sensitized detector. Photocurrent values are calculated to be 34.5 µA, 89 µA and 140 µA to 320 nm, 600 nm and 900 nm, respectively. The rise/fall times are estimated to be 82/152 ms (320 nm), 89/97 ms (600 nm) and 75/137 ms (900 nm). The fast rise/fall time of a few microseconds suggests that this detector can be used for applications such as spectroscopy, light intensity monitoring and fire alarms.
[image: A screenshot of a computer screen

Description automatically generated]Figure 7. Temporal response and enlarged view of CsPbBr3 QD-sensitized Si detectors at a) 320 nm, b) 600 nm and c) 900 nm. Temporal response and enlarged view of CdZnS/ZnS core-shell QD-sensitized Si detectors at d) 320 nm, e) 600 nm and f) 900 nm.

3.5 Photocycle stability
For any photodetector to be deployed for practical applications, the device must possess high photocycle stability over repeated illumination cycles, without any hysteresis, baseline drift or saturation in the photocurrent. To assess the photocycle stability, the temporal response of the detectors was recorded over 500 illumination cycles under the illumination of multiple wavelengths (320 nm, 600 nm and 900 nm). Figure 8 shows the photocycles of the CsPbBr3 QD detectors under multiple wavelengths. The detector shows significant decay in the photocurrent with the subsequent photocycle, revealing the poor photocycle stability of the [image: ]CsPbBr3-based device. In contrast, the CdZnS/ZnS core-shell QD-based devices exhibit excellent photocycle stability without any significant decay in the photocurrent values, even after 500 cycles (Figure 9) [20,46].
Figure 8. Photocycle stability of CsPbBr3 QDs-sensitized Si detector under a) 320 nm, b) 600 nm and c) 900 nm.
[image: ]Figure 9. Photocycle stability of CdZnS/ZnS core-shell QDs-sensitized Si detector under a) 320 nm, b) 600 nm and c) 900 nm.

3.6 Mechanism of photodetection in QD-sensitized Si photodetector
To explain the functioning of the Si photodetector and its performance enhancement after QD sensitization, the band diagram of Si-QDs was constructed and illustrated as shown in Figure 10. Silicon has a valence band at 4.08 eV and a conduction band at 5.2 eV.[47] The Fermi level of Si lies at 4.3 eV, as the doping density of the used Si wafer is 1015 cm–3. Ti and Ag are deposited to form the rear and front electrodes. Titanium has a work function of 4.3 eV, and that of Ag is around 4.7 eV. Due to the different band energy levels between Si and the electrodes, Schottky junctions are formed at both M-S interfaces. The Fermi level of Si and the work function of Ti both lie at 4.3 eV, so there is no potential barrier at the interface. However, the Si-Ag interface gives rise to a potential barrier due to the different band energy levels.[34] Upon illumination with light, photocarriers are generated in the device, and the built-in potential at the Si-Ag interface drives the electrons towards the Si-Ti interface. The electrons are collected and separated at the Ti, as there is no potential barrier at the Si-Ti interface. The holes are collected at the Ag electrode. Thus, under illumination, the generated photoelectrons and photoholes are collected at the Ti and Ag electrodes, respectively, giving rise to a [image: A diagram of a solar cell
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Figure 10. Band diagram of CsPbBr3 QDs and Si a) before contact and b) after contact. Band diagram of CdZnS/ZnS QDs and Si c) before contact and d) after contact.
Figures 10a and 10c show the band energy level alignments of Si and the QDs before coming into contact. Owing to the contrasting band energy levels, both the CdZnS/ZnS QDs and CsPbBr3 QDs form a type-I heterojunction with Si. As seen in Figures 10a and 10c, the valence band and conduction band of Si lie within the bandgap of both QDs, which leads to the formation of a type-I heterojunction. With the CsPbBr3 QDs, when they are in contact with the Si, the Fermi levels equilibrate, giving rise to band bending at the interface, as shown in Figure 10b. A conduction band cusp is formed at the interface. Owing to band bending, a space-charge region devoid of mobile charge carriers is generated at the interface. As discussed earlier, the decrease in the dark current seen in the I-V curves is likely due to the formation of this space charge region (Figure 6b). As per the reported values in the literature, the CsPbBr3 QDs have a valence band and conduction band lying at 5.5 eV and 3.1 eV, respectively, with a bandgap of 2.4 eV. Photons with energy above the bandgap, when incident on the CsPbBr3 QDs, are absorbed and excited to higher energy states above the conduction bands. The excited photoelectrons instantaneously relax to the bottom of the conduction band by non-radiative energy transfer. Due to the barrier between the CB of CsPbBr3 QDs and the CB of Si, the relaxed photoelectrons are blocked from reaching the Si. As there is no pathway for the photoelectrons to be collected, they recombine with the holes, emitting a downshifted photon with lesser energy. This re-emitted photon is absorbed by the Si and gives rise to photocurrent in the device. Thus, when high-energy photons such as UV are absorbed by the QDs, the photons are downshifted to low-energy photons and are absorbed by Si, adding to the photocurrent.
With the CdZnS/ZnS core-shell QDs, the downshifting process differs slightly from that of the CsPbBr3 QDs. The ZnS shell has a higher bandgap value than that of the CdZnS (Figure 10c). A type-I band alignment is formed based on the relative energy levels between the ZnS shell and the CdZnS core. When the CdZnS/ZnS QDs are drop-cast onto the Si substrate, the core-shell structure causes the ZnS shell to comes into contact with the Si. Another type-I band alignment is formed between the ZnS shell and the Si substrate, as shown in Figure 10d. As evident in the absorption spectrum (Figure 3c), the CdZnS/ZnS QDs exhibit significant absorption in the UV region (<350 nm). When UV photons are incident on the Si-CdZnS/ZnS QD device, they are absorbed by the CdZnS core and are excited to higher energy level states above the conduction band. The excited carriers relax to the bottom of the conduction band via the non-radiative process. By virtue of the type-I alignment between CdZnS and ZnS, the electrons are blocked from being collected at the electrodes. With no subsequent pathway along which to move, the excited carriers readily recombine to emit a downshifted photon in the visible range. The re-emitted photon is absorbed by the underlying Si and contributes to the photocurrent. Thus, the UV photons are downshifted by the CdZnS/ZnS QDs and are absorbed by the Si. Because the CdZnS/ZnS QDs are transparent in the visible range, the visible photons are directly absorbed by the Si, generating photocurrent. 
Table 1. Comparison of our fabricated detector with other quantum dot-based detectors
	S.No
	Architecture
	Technique
	Spectral Range 
	Responsivity
	Rise/Fall Time
	Detectivity
(Jones)
	Bias
	Ref

	1
	Ti-Au/ZnO/CsPbBr3 /p-GaN:Mg/Ni-Au@Sapphire
	Pulsed Laser Deposition
	250-550 nm
	40 mA/W 
	480/320 ms
	2.03 x 1012 
	0V
	[48]

	2
	Au/GQDs/ZnO-GaN/AlN/Si
	MBE/Hydrothermal
	200-600 nm
	227 A/W
	159/ 68 ms
	7 × 1011
	1V
	[49]

	3
	Ag/CQDs/Si/Al
	Hydrothermal/Drop-cast
	300-900
	389 mA/W 
	26 / 56 µs
	3.53 x 1013
	0V
	[50]

	4
	Au/CsPbBr3 QDs/Au@ Si
	Recrystallization process/Spin coat
	300-550 nn
	25 mA/W
	0.2 / 1.3 ms
	4.56 x 108
	8V
	[51]

	5
	ITO/ZnO NRs/CsPbIBr2/
spiro-OMeTAD/Ag
	Chemical bath / Spin coating
	450 nm
	140 mA/W
	12/38 ms
	7.0 x 1011
	1V
	[52]

	6
	Ag/CsPbBr3 QD/ZnO NRs/Ag
	Hydrothermal/hot-injection/Drop-cast
	365 nm
	320 mA/W
	>1s
	1.75 × 1013
	10V
	[53]

	7
	Au/N-GQDs/WSe2/Au@Si
	Chemical Vapor Deposition
	405 nm
	~10 A/W
	~0.5 / 0.5 s
	-
	0V
	[54]

	8
	Ag-VO2-Ag
	Vapor transfer process
	360-400 nm
	7069 A/W
	126 ms
	1.5 × 1014
	4V
	[55]

	9
	Au-ZnO-CNTs-Au
	Atomic Layer deposition
	365 nm
	-
	48 / 640 s
	-
	5V
	[56]

	10
	Au-SnO2-Au
	Thermal Evaporation
	365 nm
	-
	>1 s
	-
	5V
	[57]

	11
	Ti-Ag/Si-CdZnS/ZnS QDs/Ag
	Hot-injection/Drop-cast
	300-1000 nm
	391 mA/W
	75/ 82 ms
	1.37 x 1013
	0V
	This
work

	12
	Ti-Ag/Si-CsPbBr3 QDs/Ag
	Hot-injection/Drop-cast
	300-1000 nm
	304 mA/W
	75/137 ms
	1.17 x 1013
	0V
	This work



Our fabricated CdZnS/ZnS and CsPbBr3 QDs-based Si photodetector is compared with the other QDs/Perovskites based photodetectors in the literature, as shown in Table 1. In one report, a heterojunction between CsPbBr3 thin film and GaN was fabricated using pulsed laser deposition and employed for photodetection. [48] Although the device exhibited self-powered photodetection capability, the spectral response was limited to 250 - 550 nm, owing to GaN’s wide bandgap; the device also exhibited a minimal response of 40 mA/W. In another report, a CsPbBr3 based MSM photoconductor was fabricated. [51] The device fabrication approach employed simple recrystallization for the deposition of CsPbBr3 thin film; however, due to the absence of built-in potential, the detector operated at a significantly high potential of 8 V and showed poor responsivity of 25 mA/W. In another study, the researchers employed 2D WSe2 as a photoactive layer, sensitized with nitrogen-doped graphene quantum dots.[54] The detector showed an impressive responsivity of 10 A/W, but the response time was high, in the range of 500 ms, owing to the photogating effect. The synthesis procedure also employed chemical vapour deposition, which has poor scalability. In another investigation, heterojunctions of ZnO-GaN, functionalized with graphene QDs, were employed as a photodetector that showed excellent responsivity of 227 A/W. [49] However, molecular beam epitaxy was employed for the fabrication of GaN, which makes the device fabrication extremely complex, and the detector’s spectral response was limited to the UV-Visible region owing to its wide bandgap characteristic of its GaN-ZnO heterostructure.
Our study applied monolithic integration of core-shell CdZnS/ZnS QDs and perovskite CsPbBr3 QDs with Si. The CdZnS/ZnS QDs and CsPbBr3 QDs-sensitized detectors showed a broad spectral response from 300 nm to 1100 nm, and an impressive peak spectral responsivity of 400 mA/W and 300 mA/W, respectively. The broad spectral response of the detector is due to both the silicon and QD layers. Both the QD-sensitized detectors showed fast rise times of under 100 ms. This shows the potential of the fabricated devices for use in high speed broadband applications. Hot injection was used to synthesize the QDs, a well-established and scalable technique for mass production of QDs. A simple drop-casting process was used for the sensitization of Si with QDs. This simple and scalable device fabrication technique, combined with CMOS compatibility, makes our fabricated Si-QD detectors potentially useful for emerging applications such as machine vision and on-chip photonic integrated circuits.

4. Conclusions 
This work explores the utilization of QDs as a downshifting layer to enhance the performance of Si photodetectors, particularly in capturing photons in the UV region. In a systematic investigation, our study compares the effectiveness of core-shell CdZnS/ZnS QDs and perovskite CsPbBr3 QDs in improving spectral responsivity and overall device performance. Optical characterization revealed the ability of CdZnS/ZnS and CsPbBr3 QDs to downshift high-energy photons to lower-energy photons, widening the spectral response of Si photodetectors. Device opto-electronic testing demonstrated that sensitizing Si photodetectors with QDs led to significant enhancements in spectral responsivity across a broad range of wavelengths. Further analysis revealed the enhanced spectral responsivity to be not solely due to the downshifting effect of QDs but also likely a result of the anti-reflective properties of the QD layers and the formation of a space charge region at the Si-QD interface. Reflectance measurements and current-voltage (I-V) characteristics provided insights into the mechanisms underlying the observed performance enhancements. Both types of QDs had the effect of improving device performance; however, CdZnS/ZnS QDs conferred superior performance in terms of responsivity and stability compared to CsPbBr3 QDs. Core-shell CdZnS/ZnS QDs, by virtue of their protective shell, exhibited better photostability and lower non-radiative recombination than the non-core shell Perovskite CsPbBr3 QDs.
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