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Abstract

:

A low-cost and simple drop-casting method was used to fabricate a carbon nanodot (C-dot)/all-inorganic perovskite (CsPbBr3) nanosheet bilayer heterojunction photodetector on a SiO2/Si substrate. The C-dot/perovskite bilayer heterojunction photodetector shows a high performance with a responsivity (R) of 1.09 A/W, almost five times higher than that of a CsPbBr3-based photodetector (0.21 A/W). In addition, the hybrid photodetector exhibits a fast response speed of 1.318/1.342 µs and a highly stable photocurrent of 6.97 µA at 10 V bias voltage. These figures of merits are comparable with, or much better than, most reported perovskite heterojunction photodetectors. UV–Vis absorption and photoluminescent spectra measurements reveal that the C-dot/perovskite bilayer heterojunction has a band gap similar to the pure perovskite layer, confirming that the absorption and emission in the bilayer heterojunction is dominated by the top layer of the perovskite. Moreover, the emission intensity of the C-dot/perovskite bilayer heterojunction is less than that of the pure perovskite layer, indicating that a significant number of charges were extracted by the C-dot layer. The studied band alignment of the C-dots and perovskites in the dark and under emission reveals that the photodetector has a highly efficient charge separation mechanism at the C-dot/perovskite interface, where the recombination rate between photogenerated electrons and holes is significantly reduced. This highly efficient charge separation mechanism is the main reason behind the enhanced performance of the C-dot/perovskite bilayer heterojunction photodetector.
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1. Introduction


Solution-processed organic–inorganic halide perovskites have been envisioned to be the best available material for low-cost, flexible, and high-performance photodetectors [1,2] due to their excellent optoelectronic properties, including strong absorption, high mobilities, tunable band gap, and high stability [3,4,5,6,7,8]. Solution-processed photodetectors based on a single layer of CsPbBr3 nanocrystals (with a responsivity of 0.005 A/W) and a single layer of CsPbBr3 micro-particles (with a responsivity of 0.18 A/W) were demonstrated by [9,10], respectively. The performance of the above-mentioned photodetectors was very poor, mainly because the low conductivity of their solution-processed film, caused by its poor continuity on the substrate, which unavoidably produces interfacial traps that lower the carrier extraction and transport efficiency [11]. As a result, perovskite bilayer heterojunction (PBHJ) photodetectors were introduced. PBHJ photodetectors, such as Au NPs/perovskite [9], TiO2/perovskite [12,13,14], ZnO/perovskite [15], graphene/perovskite [16,17,18,19,20], WS2/perovskite [21], WSe2/perovskite [22], and MoS2/perovskite [23,24], have demonstrated much higher performances than that of single layer perovskite-based photodetectors due to their highly efficient charge separation at their interfaces [15,25]. This performance enhancement resulted from the coupling of the bottom layer (e.g., TiO2, ZnO, graphene, WS2, WSe2, or MoS2), which efficiently extracts and transports the photogenerated carriers, with the top layer (e.g., perovskites), which has a large absorption coefficient and high quantum efficiency [26,27]. Although these novel devices achieved an outstanding performance, they still have some performance issues. The low responsivity for Au NPs/perovskite (0.01004 A/W) [9] and TiO2 NCs/perovskite (0.12 A/W) [12], the low on/off ratio for graphene/perovskite [16,19], and the long rise/decay time for 2D material/perovskite (2100/300 ms) [22] bilayer heterojunction photodetectors are still challenging. In addition, the synthesis and transfer process of the thin graphene, WS2, WSe2, and MoS2 are complex and costly and, thus, unsuitable for flexible and wearable applications [28,29,30,31,32,33,34].



In contrast, carbon nanodots (C-dots) have been successfully employed to increase the performance of the solar cell [35], photodetectors [36,37,38,39], and light-emitting diodes [40,41,42] by providing an efficient electron transportation layer. Moreover, they have been widely recognized to possess an excellent photoluminescence [43] and high stability [44]. Tunable light emission and carrier injection between the hybrid lead halide perovskite and quantum dot bilayer structure have already been long-established by [45]. Furthermore, graphene quantum dots (GQDs, i.e., a special type of carbon nanodots) were employed to improve efficiency of perovskite solar cells [46]. Recently, we have demonstrated that the responsivity of single layer (CsPbBr3) perovskite nanosheet photodetector can be enhanced by simply doping the perovskite nanosheets with the carbon nanodots [47]. As a result, the responsivity of the carbon nanodot-doped perovskite composite photodetector (0.608 A/W) was improved to be three times higher compared with the responsivity of the undoped perovskite photodetector (0.221 A/W). Furthermore, we demonstrated that the responsivity of a single layer (CsPbBr3) perovskite nanocrystal photodetector can be enhanced from 0.09 to 0.24 A/W by introducing a GQD layer underneath the perovskite layer [48]. Even though the performance of these devices were improved compared with that of the pure perovskite photodetectors, their responsivities (0.608 and 0.24 A/W) are still much lower than that of reported PBHJ photodetectors based on m-TiO2/CsPbBr3 QDs, WS2/CH3NH3PbI3, and MoS2/CsPbBr3. Additionally, poor stability of the GQD/perovskite nanocrystal bilayer heterostructure photodetector resulted from the intrinsic sensitive behavior of the GQDs in humid environments [49,50].



In this work, a fast, stable, and high-performance photodetector based on a C-dot/all-in organic (CsPbBr3) perovskite nanosheet bilayer heterojunction was fabricated on a p-type SiO2/Si substrate using a low-cost and facile drop-casting method. The performance of the fabricated photodetector not only outperformed the performance of photodetectors based on GQDs, GQDs/graphene, single crystal perovskite, and Au NPs/perovskite but also was comparable to well-known 2D material/perovskite photodetectors. Moreover, the performance of the fabricated photodetector was very stable in air. The enhanced performance of the fabricated heterojunction photodetector was attributable to highly efficient charge separation and transport at the C-dot/perovskite interface resulting from combining the C-dot layer with the perovskite layer.




2. Experimental Details


2.1. Material Synthesis


The C-dots were prepared by the hydrothermal method as reported in our previous report [47]. Initially, 10 mL of hot water was added to 0.1 g of poly ethylenimine to obtain an aqueous solution. Then, 0.1 g of citric acid was added to the aqueous solution and stirred for 1 h. Furthermore, an autoclave was used to heat the as-prepared solution at 230 °C for 5 h. After the cooling process, the solution was centrifuged and purified by dialysis. To finish, the carbon nanodots were collected from the solution after drying for 24 h at 75 °C in a high vacuum and frozen for further use. Similarly, the CsPbBr3 nanosheets were synthesized by the recrystallization method as reported in detail in our previous work [47]. First, CsBr and PbBr2 (molar ratio 1:0.5) were dissolved by ultrasonication in 15 mL of dimethyl sulfoxide for 1 h, yielding a mixed solution. Second, 0.2 mL of the as-prepared solution was dropped into 1 mL octadecylamine and acetic acid solution (50 mg/mL) and magnetically stirred for 2 min. Then, 15 mL of toluene was injected into this solution. After a few minutes, the solution was centrifuged, and the collected precipitate was redispersed in toluene and centrifuged once more. Finally, the precipitate was dispersed in 4 mL of toluene to form a 2 mg/mL perovskite solution.




2.2. Fabrication of Photodetector


A p-type Si substrate with a 100 nm SiO2 oxide layer was ultrasonically cleaned with acetone and isopropanol, then rinsed with DI and dried under a N2 flow. Consequently, Ti/Au (3/30 nm) were sputtered on the pre-cleaned substrate and standard lithography and wet etching processes were performed to obtain interdigitated electrodes with a total device effective area of 0.0061 cm2. Subsequently, the C-dot solution was drop-casted using a micropipette on the interdigitated electrodes and pre-heated at 120 °C for 20 min. Similarly, the CsPbBr3 solution was drop-casted on top of the C-dot layer and post-heated at 120 °C for 20 min to complete the fabrication process.




2.3. Characterizations


The device structure and thickness of the C-dot/perovskite bilayer heterojunction deposited on SiO2/Si substrate were characterized by field emission scanning electron microscopy (SEM-JEOL-7800F, JEOL, Ltd., Tokyo, Japan). The crystal structure and quality of C-dots and perovskites were characterized by X-ray diffraction (XRD; PAN analytical Xpert Pro.) and transmission electron microscopy (TEM; JEOL-JEM-2010, JEOL, Ltd., Tokyo, Japan) coupled with high-resolution TEM (HRTEM) and selected area electron diffraction (SAED). The absorption properties of the C-dot solutions were measured using a fluorescence spectrophotometer (OPTIZEN 3220UV, Agilent Technologies Inc., Santa Clara, CA, USA) while the photoluminescence properties of C-dots, perovskites, and C-dot/perovskite bilayer films were examined by a JASCO V-650 spectrophotometer (Tokyo, Japan). The photoelectrical and response time measurements were performed with a semiconductor characterization system (Kiethely 4200-SCS, Cleveland, OH, USA), a 520 nm laser diode, an oscilloscope (Tektronix DPO2012B), and an optical chopper (SRS, SR540, Scitec Instruments Ltd., London, UK).





3. Results and Discussion


3.1. Structure and Fabrication of Photodetector Device


Figure 1a shows a schematic for the fabrication process of the C-dot/perovskite photodetector. Initially, Ti/Au (3/30 nm) were sputtered on a pre-cleaned commercial p-type Si substrate, with a 100 nm SiO2 oxide layer, using standard lithography and a wet etching process to obtain interdigitated electrodes with a total effective area of 0.0061 cm2. Then, a single layer of C-dots was deposited on top of the interdigitated electrodes by directly drop-casting the C-dot solution, and the whole substrate was pre-heated at 300 °C for 30 min to evaporate the solvent. Similarly, a perovskite layer was deposited on top the C-dot layer, and annealed at 100 °C for 15 min to complete the fabrication process of the C-dot/perovskite photodetector. The complete fabrication process of the fabricated photodetector is explained in detail in the experimental sections. Figure 1b shows an image of C nanodots and perovskite solutions, under 365 nm UV light, used for the fabrication process of the C nanodot/perovskite bilayer photodetector. The C nanodot and perovskite layers emitted typical light blue and green colors under 365 nm UV light. The same colors were used in constructing a full schematic structure of a C nanodot/perovskite device to distinguish between the C nanodot and perovskite layers as shown in Figure 1c.



The cross-sectional SEM image of the C nanodot/perovskite bilayer heterostructure photodetector is shown in Figure 1d. The C nanodot/perovskite bilayer heterostructure deposited on the Si substrate with the 100 nm SiO2 oxide layer is very obvious. The thicknesses of the C nanodot and perovskite layers were 380 and 420 nm, respectively. Moreover, the thickness of the C nanodot (380 nm) layer is much higher than that of the Ti/Au (3/30 nm) electrodes when ensuring that the perovskite layer (420 nm) was not in contact with the Ti/Au (3/30 nm) electrodes. This is very important to evaluate the carrier transport properties of the C nanodot layer in the C nanodot/perovskite device in the dark and under illumination conditions.




3.2. Characterizations and Properties of the Prepared Materials


The crystal structures and morphologies of carbon nanodots and perovskites are evaluated using transmission electron microscopy (TEM), X-ray diffraction (XRD), and a fluorescence spectrophotometer, as shown in Figure 2. The C nanodots are spherical in shape, stacked in layers, and narrowly distributed in size with an average size of 4.5 nm, as shown in Figure 2a. The high crystallinity of a typical C-dot structure, with a lattice fringe of 0.21 nm, is very clear in Figure 2b and the inset figure of Figure 2b [47,51]. The excitation-dependent photoluminescence behavior of the 0-dimensional (0D) C-dot solution is also confirmed by measuring its photoluminescence spectra (PL) at different excitation wavelengths from 300 to 520 nm, as shown in Figure 2c [51,52,53]. These results confirm a highly crystalline structure and the excitation-dependent photoluminescence properties of synthesized C-dots, as reported elsewhere. In addition, the CsPbBr3 perovskite structure is highly crystalline and cubic-shaped with an area of 17 nm × 17 nm, as shown in Figure 2d,e [23,54]. The high crystallinity and distinctive lattice fringe of 0.58 nm for the typical CsPbBr3 perovskite nanocrystals are shown in Figure 2e. The inset of Figure 2e demonstrates the selected area electron diffraction (SAED) pattern of the corresponding CsPbBr3 nanocrystals shown in Figure 2e, which further confirms the high crystallinity of the synthesized nanocrystals. Furthermore, the XRD spectra of the perovskites’ film exhibit peaks at 100, 110, 200, 210, 211, and 220, corresponding to the cubic structure of all-inorganic perovskite nanosheets, as shown in Figure 2f [9]. These results confirm a highly crystalline structure and good quality of the synthesized perovskite nanosheets, as reported elsewhere.



The optical characterizations of the C-dots, CsPbBr3 perovskites, and C-dot/CsPbBr3 perovskite layers were evaluated using UV–Vis and photoluminescence spectrophotometers, as presented in Figure 3. Figure 3a shows the absorption spectra of the C-dots, perovskites, and C-dot/perovskite layers. The C-dots have a narrow spectrum ranging from the ultraviolet -B to the ultraviolet-A region with an absorption peak at 343 nm, corresponding to a band gap of 3.61 eV [51,55], whereas the perovskites have a typical broad absorption spectrum ranging from the ultraviolet to the visible region with an absorption peak at 520 nm, corresponding to a band gap of 2.4 eV [9,23]. The absorption intensity of the perovskite is much higher than that of the C-dots due to the intrinsic strong optical absorption behavior of the perovskites [4,54]. Unsurprisingly, the C-dot/perovskite bilayer has a similar spectrum to that of the pure perovskite layer with an absorption peak at 520 nm, corresponding to a band gap of 2.4 eV. This is due to the fact that the absorption in the C-dot/perovskite bilayer is mostly carried out by the top layer of the perovskites, and the absorption intensity of the C-dots in the visible region is almost zero. This result confirms that the C-dot/perovskite bilayer structure has a band gap of 2.4 eV, which is similar to that of the perovskite. Figure 3b shows the photoluminescence spectra of the C-dots, perovskites, and C-dot/perovskite layers. The PL spectrum of the C-dot and perovskite layers exhibits a typical emission band at 434 nm [47,51,55] and 515 nm [9,23,48] after 365 nm excitation, respectively. Moreover, the PL spectrum of the C-dot/perovskite bilayer shows an emission band at 515 nm, which is similar to that of the perovskite but with 50% less PL intensity compared to the PL intensity of perovskites. This means that when the C-dot/perovskite bilayer structure was excited with a 365 nm wavelength, the top layer of the perovskite absorbed photons (a large number of electrons moved from its valance band to its conduction band) and emitted fewer photons (fewer electrons moved from its conduction band back to its valance band) because some of these electrons were transferred to the conduction band of the C-dot layer. The results indicate that the C-dots work as a photocarrier transport layer in the C-dot/perovskite bilayer structure, where the absorption and emission are mostly carried out by the top layer of the perovskite. These findings will be later confirmed by a detailed analysis of the energy band alignment of the C-dot/perovskite bilayer structure.




3.3. Performance of Fabricated Photodetector


Figure 4a shows the current–voltage (I–V) curves of the C-dot/perovskite photodetector in the dark and under a 520 nm light irradiation with different intensities ranging from 0.02 to 10.8 mW/cm2. The I–V curves are symmetrical, and the dark current (Id) is about 0.01 nA at 10 V bias voltage, which is an advantage for the photodetector [56,57]. When the laser intensity rose from 0.02 to 10.8 mW/cm2, the photocurrent (IPh) increased dramatically at both forward and reverse bias.



Figure 4b shows the photocurrent and the on/off ratio (i.e., photocurrent to dark current ratio) of the C-dot/perovskite photodetector as a function of light intensity at 10 V. The photocurrents increased from 0.15 to 6.93 µA when the laser intensity increased from 0.8 to 0.02 to 10.8 mW/cm2. This increase in photocurrent is due to the increase in the population of photoexcited electron–hole pairs at a higher intensity. The increased photocurrent due to the higher light intensity can be described by a power law according to the following equation [58]:


    I  p h   ∝  P θ    



(1)







The θ is the power law index, and it can be determined by fitting the experimental data of photocurrent values, as shown in Figure 4b. The θ value is 0.879 (0 < θ < 1), which indicates the existence of traps and defects in the C-dot/perovskite heterojunction photodetector [59,60,61]. This can also be confirmed by the light intensity-dependent calculated on/off ratio behavior in Figure 4b. The on/off ratio increased from 554 to 1500 when the light intensity increased from 0.02 to 10.8 mW/cm2. Furthermore, Figure 4c shows the pulsed driven current versus time (I–T) curves of the photodetector under 520 nm light illumination with different light intensities at 10 V bias voltage. The photodetector exhibits stable and reproducible pulse driven photocurrent values similar to that of the I–V curves when similar light intensities at 10 V bias voltage are applied. In addition, Figure 4d shows the pulse driven current versus time (I–T) curves of the photodetector under a 520 nm light illumination with a 10.8 mW/cm2 light intensity as a function of applied bias voltages. The photocurrent values are very stable and reproducible when the 520 nm laser with light intensity of 10.8 mW/cm2 and different applied bias voltages of 2, 4, 6, and 8 V are applied [21,22]. These photocurrent values are similar to that of the I–V curve when bias voltages of 2,4,6, and 8 V are applied. All of the above results confirm that the C nanodot/perovskite bilayer heterostructure PD is stable and promptly generated a photocurrent with a reproducible response in the on–off cycles. Furthermore, the stability of the C-dot/perovskite photodetector is due to the high stability of all-inorganic (CsPbBr3) perovskites in a humid environment, unlike organic–inorganic halide perovskites, such as Ch3NH3PbI3 [8,54,62]. Moreover, the C-dots used in the fabricated device are chemically doped with nitrogen during the synthesis process, and thus are highly stable as reported by [40,44,50].



The performance of the C-dot/perovskite PD was evaluated by calculating responsivity (R) and specific detectivity (D*) according to the following equations [26]:


   R =    I d  −  I  p h        P  o p t   × S     



(2)






    D *  =    A  1 / 2   × R       2    I d  q         



(3)




where POpt is the laser intensity and q is the elementary charge, whereas the S and A are the effective illuminated and device areas, respectively. Figure 4e illustrates the responsivity and specific detectivity of the C-dot/perovskite PD as a function of light intensity at 10 V applied bias voltage.



The responsivity reached a maximum value of 1.09 A/W at a low light intensity of 0.02 mW/cm2 and decreased to a minimum value of 0.09 A/W at a higher light intensity of 10.8 mW/cm2. Similarly, the specific detectivity decreased from 1.593 × 1013 to 1.37 × 1012 Jones when the light intensity was increased from 0.02 to 10.8 mW/cm2. It is widely known and theoretically putative that both responsivity and specific detectivity have the highest values at lower light intensities [54]. In addition, the performance of the C-dot/perovskite PD was evaluated by measuring the speed of the photodetector when illuminated with 0.08 mW/cm2 of light intensity and biased with 10 V. Figure 5f shows a single 10 (ms) period pulsed I–T curve with rise and fall times, indicated by two vertical black dashed lines around the yellow and red rectangles, respectively. The rise and decay times of the fabricated C-dot/perovskite bilayer heterojunction device are 1.318 and 1.342 ms, respectively. The rise time is faster than the fall time, which is a typical behavior for most perovskite heterojunction-based photodetectors [9,12,23]. The performance summary for the hybrid PD is shown in Table 1 as follows:



In addition, the performances of the pure perovskite (without carbon dots) and the hybrid (with carbon dots) PDs were compared by measuring the I–V curves for both devices, as shown in Figure 5a,b. The dark currents for both devices are 0.00005 and 0.0001 µA, respectively, while the photocurrent of the hybrid device was enhanced from 0.028 to 0.15 µA. By using the equations above, the performance summaries for the pure perovskite (without carbon dots) and the hybrid (with carbon dots) PDs are shown in Table 2. The responsivity (R) of the hybrid PD was enhanced from 0.209 to 1.09 A/W, which indicates that the carbon nanodot layer is able to enhance a perovskite-based optical device.



To understand the better properties of the C-dot/CsPbBr3 perovskite bilayer heterojunction photodetector, the performance of the fabricated bilayer heterojunction photodetector was compared with the other reported photodetectors reported in the literature and summarized in Table 3. The responsivity of the fabricated C-dot/perovskite bilayer photodetector (1.09 A/W) not only outperformed the responsivity of photodetectors based on single crystal CsPbBr3 (0.028A/W), graphene/GQDs/graphene (0.5 A/W), Au NP/CsPbBr3 NCs (0.01004 A/W), and TiO2 NC/CH3NH3PbI3 (0.12 A/W), but was also comparable to well-known 2D MoS2/CsPbBr3 (4.4 A/W) and WS2/CH3NH3PbI3 (2.1 A/W). Furthermore, the speed of the fabricated C-dot/perovskite bilayer photodetector (1.318/1.342 ms) is much faster than that of photodetectors based on the single crystal CsPbBr3 (90.7/57 ms), m-TiO2/CsPbBr3 QDs (>10,000 ms), TiO2 NC/CH3NH3PbI3 (490/560 ms), and 2D WS2/CH3NH3PbI3 (3000 ms).




3.4. Mechanism for the Enhanced Performance of the Fabricated Heterojunction Photodetector


The working principle of the C-dot/CsPbBr3 perovskite heterojunction photodetector is explained based on the energy band alignment of C-dots and perovskite materials before contact, after contact in the dark, and under illumination conditions, as shown in Figure 6. Figure 6a shows the energy band alignment of C-dot and perovskite materials before contact. The conduction band and valence band levels for the perovskites are 3.3 and 5.7 eV, respectively [9,23,47]. Moreover, the conduction band and valence band levels for the C-dots are 3.5 and 7.1 eV, respectively [47,51,55]. Figure 6b shows the energy band alignment of the C-dot and perovskite materials after contact in the dark. The C-dot/perovskite interface heterojunction shows a type II band alignment with a band offset of 1.4 and 0.2 eV at the valence and conduction bands, respectively. Due to the difference in the work function of n-type C-dots and perovskite nanocrystals, a depletion region is formed at the interface, and thus, a built-in electrical field separates electron−hole pairs in the perovskite.



Figure 6c shows the energy band structure of C-dot and CsPbBr3 perovskite materials under illumination. The perovskite layer absorbs photons and, thus, a large number of electron–hole pairs are generated. The electrons in the conduction band of the perovskite layer are transferred to the conduction band of the C-dot layer by the built-in electric field, whereas the holes are blocked in the perovskites, due to the large valance band level of the C-dot layer. Due to this, the Fermi level of the C-dot layer and perovskite layer are raised and lowered, respectively, and the Schottky barrier height between the C-dots and Au electrode is reduced [9,15,23]. This allows only electrons to be re-circulated to the outside of the device, without recombining with the blocked holes, leading to a higher photocurrent, responsivity, and detectivity in the C-dot/perovskite bilayer heterojunction photodetector. In a few words, the efficient charge separation and transport at the C-dot/perovskite interface is the main reason behind the performance enhancement for the C-dot/perovskite bilayer heterojunction photodetector. This finding may pave the way for enhancing perovskite-based optoelectronics with carbon nanodots similar to other reported heterojunction-based optical devices [70,71,72,73].





4. Conclusions


In summary, a low-cost and simple drop-casting method was used to fabricate a UV–Vis photodetector based on a C-dot/CsPbBr3 perovskite bilayer heterojunction. The fabricated photodetector shows a responsivity of 1.09 A/W, a specific detectivity of 1.593 × 1013 Jones, and an on/off ratio of 1.5 × 103. In addition, the photodetector exhibits a fast rise and decay time of 1.318/1.342 µs and a highly stable photocurrent of 6.97 µA. The performance of the C-dot/CsPbBr3 perovskite bilayer heterojunction is much better than most reported perovskite photodetectors.
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Figure 1. (a) A schematic for the fabrication process of C-dot/perovskite heterostructure PD. (b) An image of C-dot and CsPbBr3 perovskite solutions under 365 nm UV light illumination. (c) A schematic structure of C-dot/CsPbBr3 perovskite heterostructure PD. (d) A cross-sectional image of C-dot/CsPbBr3 perovskite bilayer heterostructure deposited on a Si substrate with a 100 nm SiO2 oxide layer. 






Figure 1. (a) A schematic for the fabrication process of C-dot/perovskite heterostructure PD. (b) An image of C-dot and CsPbBr3 perovskite solutions under 365 nm UV light illumination. (c) A schematic structure of C-dot/CsPbBr3 perovskite heterostructure PD. (d) A cross-sectional image of C-dot/CsPbBr3 perovskite bilayer heterostructure deposited on a Si substrate with a 100 nm SiO2 oxide layer.



[image: Crystals 11 00717 g001]







[image: Crystals 11 00717 g002 550] 





Figure 2. (a) Low-magnification TEM image of carbon nanodots. (b) High-resolution TEM image of typical C-dots. (c) PL spectra of C-dots under different excitation wavelengths. (d) TEM image of the CsPbBr3 perovskite. (e) High-resolution TEM image of typical CsPbBr3 perovskite nanocrystals. (f) XRD pattern of the perovskite layer. 
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Figure 3. (a) Absorption spectra of C-dots, CsPbBr3 perovskites, and C-dot/CsPbBr3 perovskite bilayer structure films. (b) PL spectra of carbon nanodots, CsPbBr3 perovskites, and carbon nanodot bilayer structure films. 
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Figure 4. (a) I-V characteristics of the C-dot/CsPbBr3 perovskite photodetector in the dark and under 520 nm illumination with different intensities. (b) Photocurrent and on/off ratio as a function of light intensity at 10 V. (c) I-T curves of the photodetector under 520 illuminations with different intensities. (d) I-T curves of the photodetector under 520 nm light illumination with a 10.8 mW/cm2 light intensity at different bias voltages. (e) R and D* of the photodetector under 520 nm light illumination as a function of incident power intensity. (f) Response time of the photodetector. 
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Figure 5. Linear (a) and logarithm (b) I-V curves for the pure perovskite and C-dot/CsPbBr3 perovskite devices. 
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Figure 6. The energy band alignment of C-dot and CsPbBr3 perovskite materials before contact (a), in the dark (b), and under illumination conditions (c). 
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Table 1. Performance summary of the C-dot/perovskite photodetector.
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	Device
	Id (µA)
	Iph (µA)
	On/off
	R (A/W)
	D* (Jones)
	τr/τf (ms)





	C-dots/perovskite
	0.0001
	0.15
	1.5 × 103
	1.09
	1.593 × 1013
	1.318/1.342
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Table 2. Performance summary of the perovskite and C-dot/perovskite photodetectors.
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	Device
	Id (µA)
	Iph (µA)
	On/off
	R (A/W)
	D* (Jones)





	Perovskite
	0.00005
	0.028
	5.54 × 102
	0.209
	4.249 × 1012



	C-dots/perovskite
	0.0001
	0.15
	1.5 × 103
	1.09
	1.593 × 1013
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Table 3. Performance comparison of the photodetectors.
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	Device Structure
	Popt@ʎ
	R (A/W)
	D* (Jones)
	τr/τf (ms)
	Ref.





	GQDs
	42 µW/cm2 @ 254 nm
	0.0021
	-
	64/43
	[49]



	NGQDs
	0.01 W @ 405 nm
	325 V/W
	-
	-
	[63]



	Graphene/GQDs/graphene
	320 µW/cm2 @ 800 nm
	0.5
	2 × 1012
	-
	[64]



	Single crystal CsPbBr3
	1 mW @ 450 nm
	0.028
	-
	90.7/57
	[65]



	CsPbBr3 nanowires
	1 µW @ 520 nm
	2.1
	-
	300/5000
	[66]



	CsPbBr3 nanosheets
	0.35 mW/cm2 @ 442 nm
	0.25
	-
	0.019/0.025
	[67]



	CsPbBr3 NCs
	0.40 mW/cm2 @ 532 nm
	0.005
	-
	0.2/1.3
	[9]



	CsPbBr3 networks
	2.3 mW/cm2 @ solar
	-
	-
	100/100
	[68]



	CsPbBr3 micro-particles
	1.01 mW/cm2 @ 442 nm
	0.18
	-
	1.8/1.0
	[10]



	CsPbBr3 thin film
	0.03 mW @ 405 nm
	55
	0.9 × 1013
	0.43/0.318
	[69]



	Au NP/CsPbBr3 NCs
	0.40 mW/cm2 @ 532 nm
	0.01004
	4.56 × 108
	0.2/1.2
	[9]



	m-TiO2/CsPbBr3 QDs
	350–500/150 W
	2
	1.6 × 1012
	>10,000
	[13]



	TiO2 NC/CH3NH3PbI3
	White/0.5
	0.12
	1.8 × 1012
	490/560
	[12]



	WS2/CH3NH3PbI3
	0.5 mW/cm2 @ 505 nm
	2.1
	2 × 1012
	3000
	[21]



	MoS2/CsPbBr3
	0.02 mW/cm2 @ 442 nm
	4.4
	2.5 × 1010
	0.72/1.01
	[23]



	CD/CsPbBr3 composite
	0.2 mW/cm2 @ 520
	0.608
	-
	1.51/1.77
	[47]



	GQD/CsPbBr3 NCs
	0.8 mW/cm2 @ 520
	0.24
	2.5 × 1012
	1.12/1.16
	[48]



	C-dot/perovskite bilayer
	0.02 mW/cm2 @ 520
	1.09
	1.59 × 1013
	1.318/1.342
	This work
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