

  nanomaterials-12-01034




nanomaterials-12-01034







Nanomaterials 2022, 12(7), 1034; doi:10.3390/nano12071034




Article



Self-Powered Organometal Halide Perovskite Photodetector with Embedded Silver Nanowires



Almaz R. Beisenbayev 1,†[image: Orcid], Zhandos T. Sadirkhanov 2,†[image: Orcid], Yerassyl Yerlanuly 2[image: Orcid], Marat I. Kaikanov 2[image: Orcid] and Askhat N. Jumabekov 2,*[image: Orcid]





1



Department of Chemical Engineering, Nazarbayev University, Nur-Sultan 010000, Kazakhstan






2



Department of Physics, Nazarbayev University, Nur-Sultan 010000, Kazakhstan









*



Correspondence: askhat.jumabekov@nu.edu.kz






†



These authors contributed equally to this work.









Academic Editors: Yanquan Geng, Emmanuel Brousseau, Bo Xue, Jingran Zhang and Jiqiang Wang



Received: 7 February 2022 / Accepted: 5 March 2022 / Published: 22 March 2022



Abstract

:

Metal–semiconductor–metal (MSM) configuration of perovskite photodetectors (PPDs) suggests easy and low-cost manufacturing. However, the basic structures of MSM PPDs include vertical and lateral configurations, which require the use of expensive materials such as transparent conductive oxides or/and sophisticated fabrication techniques such as lithography. Integrating metallic nanowire-based electrodes into the perovskite photo-absorber layer to form one-half of the MSM PPD structure could potentially resolve the key issues of both configurations. Here, a manufacturing of solution-processed and self-powered MSM PPDs with embedded silver nanowire electrodes is demonstrated. The embedding of silver nanowire electrode into the perovskite layer is achieved by treating the silver nanowire/perovskite double layer with a methylamine gas vapor. The evaporated gold layer is used as the second electrode to form MSM PPDs. The prepared MSM PPDs show a photoresponsivity of 4 × 10−5 AW−1 in the UV region and 2 × 10−5 AW−1 in the visible region. On average, the devices exhibit a photocurrent of 1.1 × 10−6 A under white light (75 mW cm−2) illumination with an ON/OFF ratio of 83.4. The results presented in this work open up a new method for development and fabrication of simple, solution-processable MSM self-powered PPDs.
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1. Introduction


Photodetectors (PDs) have been used widely in many commercial and scientific technologies, and have found applications in a number of emerging new fields such as imaging, biomedical sensing, visible-light communication, wearable/portable electronics, etc. [1,2,3,4,5,6,7]. The manufacturing process of PDs based on conventional inorganic semiconductor materials is usually complex and can be costly [7,8]. Moreover, most of these commonly used inorganic materials for PD technology are mechanically rigid, brittle, and opaque, which can limit their application in flexible, semi-transparent, and transparent PD technologies [6,9,10,11,12]. Additionally, the bandgap of most of the traditional inorganic materials used in PD technology is difficult to tune, making them less versatile than some of the organic and organic/inorganic alternative materials proposed in recent years [13]. Therefore, the development of affordable, broadband, and easy-to-manufacture PDs is of great importance.



Recently, organometal halide perovskites have attracted a significant attention in the optoelectronics research community due to their outstanding properties such as low-temperature solution-processability, long charge-carrier diffusion lengths, tunable bandgap, and strong absorption of visible light [14,15,16,17,18,19,20]. Hence, perovskites are promising materials for applications in light-emitting diodes, lasers, and broadband PDs [21,22,23,24,25,26,27]. Despite their exceptional optoelectronic properties, there are a number of factors that can affect the performance of perovskite photodetectors (PPDs). Some of these factors are the perovskite film quality (e.g., uniformity of the perovskite layer and absence of pinholes), degree of polycrystallinity, surface and bulk defect density, stability to environmental factors (e.g., atmosphere, temperature, and humidity), and photostability [28]. One way to address these problems is to use single-crystalline perovskite films for making PPDs [28,29,30,31,32]. Compared to polycrystalline perovskites, single-crystalline perovskites possess better film quality and, thus, afford a higher charge carrier mobility, longer carrier lifetime, and improved stability [28,32]. While the synthesis of single-crystalline perovskite films is often challenging, surface and interface engineering is another route to improve the performance of PPDs employing polycrystalline perovskite photo-absorber layers [33,34,35,36].



In terms of device structure, PPDs can be made from the combinations of perovskites with various semiconductor materials to form type-II diode heterostructures (p–n or p–i–n heterojunctions), or can have a Schottky diode structure. In the latter, various combinations of the perovskite and metallic layers are formed (metal–semiconductor (MS) or metal–semiconductor–metal (MSM) junctions) to construct PPDs [36,37,38,39,40,41,42]. Among these, the MSM configuration proposes a comparatively low-cost and easier manufacturing due to its structural simplicity and absence of the electron- (n-type) and hole-transporting (p-type) layers [36,43,44]. Hence, MSM PPDs offer an effective way to fabricate self-powered PPD devices. The built-in potential in self-powered MSM PPDs, which drives the photogenerated charge carriers to their respective contacts without any applied bias, can be formed by two metallic layers with dissimilar work functions [45,46].



Generally, MSM structures, in which the work functions of the metallic layers are not similar (   ϕ 1    ≠    ϕ 2   ; here,    ϕ 1    and    ϕ 2    refer to the work functions of the first and second metallic layers of PPDs), have two main device architectures: (1) vertical (also referred to as ‘sandwich’) and (2) lateral designs [47]. MSM PPDs with the vertical design represent devices in which the perovskite photo-absorber layer is sandwiched between two metallic electrodes (see Figure 1a). These devices are solution-processable and possess a faster response time due to smaller electrode spacing as opposed to devices with the lateral design [48]. However, in devices with the vertical design, one of the metallic electrodes must be transparent, which often limits the choice of materials used to manufacture MSM PPDs to the typical transparent conductive oxides (TCO) such as indium-doped or fluorine-doped tin oxides (ITO or FTO). Additionally, the light has to pass through this layer before reaching the perovskite photo-absorber layer. This leads to transmission losses due to reflection and absorption of the incident light by the substrate and the transparent metallic layer. Therefore, the lateral configuration (see Figure 1b) presents a better alternative in terms of light transmission losses.



The key issue with the lateral design for device architecture of MSM PPDs is that it requires setting the distance between the metallic contacts as close as possible for sufficient charge separation and transport. In the vertical designs, the distance between the metallic layers is set by the thickness of the perovskite layer. However, in PPDs with the lateral design, the minimum distance between the metallic layers is set by the limitations of the manufacturing method selected for the fabrication process. Usually, the metallic contacts in MSM PPDs with the lateral design are fabricated using lithography tools [49,50]. However, lithography processing is expensive and requires special operating conditions and facilities (cleanroom and nano- and micro-fabrication facilities). An advantageous combination of the vertical and lateral configurations could potentially resolve the key issues of both designs. A possible route is to embed one of the electrodes made of a network of metal nanowires or nanorods into the perovskite photo-absorber layer. Here, the embedded metal nanowire electrode can afford reduced transmission losses as opposed to TCOs that are often employed in MSM PPDs, both with vertical and lateral designs [51]. Additionally, a small distance between the individual metallic nanowires embedded in the perovskite layer can help to improve charge collection.



Herein, we demonstrate a self-powered MSM PPD (schematically represented in Figure 1c) in which one of the electrodes made of a network of silver nanowires (AgNW) is embedded in the perovskite layer, whereas a thin layer of gold, thermally evaporated directly onto the AgNW/perovskite film, serves as the other electrode of the MSM PPD. The obtained MSM PPDs have a hybrid design between the vertical and lateral designs. The manufacturing approach demonstrated here affords a facile and solution-processable method that can be an alternative for the lithography-based methods employed for manufacturing of MSM PPDs. The density of AgNWs can control the distance between the two metallic electrodes of MSM PPD, while the aspect ratio of AgNWs determine the work function of the embedded AgNW electrode. With such a device design, we have achieved a photoresponsivity of 2 × 10−5 AW−1 in the visible region and 4 × 10−5 AW−1 in the UV region. On average, the devices exhibit photocurrent values around 1.1 × 10−6 A. The ON/OFF ratio calculated from the photoresponse values of the devices operated under the illumination and in the dark conditions show a value of 83.4.




2. Materials and Methods


2.1. Materials


Methylammonium iodide (MAI, 99.995%) was purchased from GreatCellSolar. Lead(II) iodide (PbI2, anhydrous, 99%), acetone, 2-propanol (IPA), methylamine ethanol solution (33 wt%, MA/EtOH), acetonitrile (ACN), silver nitrate (AgNO3, 99.8%), polyvinylpyrrolidone (PVP, Mw = 360 k), sodium chloride (NaCl, 99.5%), potassium bromide (KBr, 99%), and ethylene glycol (EG, 99%) were purchased from Merck. Ethanol (C2H5OH, 99%) was purchased from a local supplier. All reagents were used as received without any further purification.




2.2. Synthesis of Silver Nanowires


AgNWs were synthesized according to a protocol developed by Kaikanov et al. [52]. For the synthesis of AgNWs, 0.4 g of PVP was dissolved in 75 mL of EG at 130 °C in 30 min. Then, the EG solution of PVP waws allowed to cool down for the next 30 min on a hotplate at room temperature (RT). Afterwards, 0.5 g of AgNO3 powder was added to the solution and allowed to dissolve completely for 10 min at RT. All the aforementioned steps were performed while stirring the solution with a magnetic stirrer at a 500 rpm stirring rate. Next, 200 μL of NaCl with KBr solution in EG (NaCl with KBr solution in EG was prepared in advance in a separate vial: 0.1 g of NaCl and 0.015 g of KBr were dissolved in 20 mL of EG using an ultrasonic bath) was added to AgNO3 with PVP solution and stirred for two minutes at RT. Then, the mixture of AgNO3, PVP, NaCl, and KBr in EG was placed onto a hot plate at 130 °C and stirred at 500 rpm. After 10 min, the stirrer was turned off and the mixture was left to grow AgNWs at 130 °C for 5 h. Finally, the suspension was cooled down to RT. Acetone and ethanol were used to wash the precipitated AgNWs three times by centrifugation at 2000 rpm for 10 min. Finally, the obtained AgNWs were redispersed in ethanol.




2.3. Device Fabrication


A schematic diagram of fabrication of MSM PPDs with embedded AgNWs is depicted in Figure 2. For this, 2 × 2 cm2 soda-lime glass substrates are cleaned in an aqueous detergent, acetone, and IPA using an ultrasonic treatment for 15 min in each media. The cleaned substrates are treated with UV-Ozone for 25 min to enhance the wettability of the substrates. The obtained suspension of AgNWs in ethanol is used to prepare the AgNW network layers on glass substrates using a dynamic dispensed spin-coating method [53]. For this, 100 μL of AgNW suspension is dropped onto a clean and UV-Ozone-treated glass substrate while spinning the substrate at 1000 rpm (Figure 2a). This process is repeated until a desired conductivity of the AgNW network layer is achieved. Then, the samples are annealed at 200 °C for 20 s to remove the remaining PVP from the surface of AgNWs (Figure 2b). Next, the methylammonium lead triiodide (MAPbI3) perovskite photo-absorber layer is formed via spin casting (Figure 2c,d). For this, a perovskite precursor solution is spin-coated on glass substrates with the AgNW network layers at 1500 rpm for 30 s. The perovskite precursor solution is prepared by dissolving 0.159 g of MAI and 0.461 g of PbI2 in 0.6 mL of MA/EtOH. Then, 0.6 mL of ACN is dropped into the MAPbI3 precursor solution after 1 h of vigorous stirring at RT. Once the deposition of the MAPbI3 photo-absorber layer is complete, the samples are placed in a vessel filled with methylamine gas for 20 s (Figure 2e). Excess MA gas vapor dissolves the MAPbI3 layer, forming a liquefied solution in which MAI and PbI2 are dissolved in MA [54,55]. This step affords immersion of the AgNW network layer in the medium of the liquefied MAPbI3 layer. In the next step, the samples are placed on a hotplate at 80 °C for 1 min to crystalize the MAPbI3 of the AgNW/MAPbI3 layer (Figure 2f). Finally, the gold electrodes are deposited using the vacuum thermal evaporation method (Figure 2g), which completes the fabrication process of MSM PPD devices.




2.4. Characterization and Device Measurements


Surface morphology and topography of the samples were characterized using scanning electron microscopy (SEM, Zeiss Crossbeam 540, Oberkochen, Germany) and atomic force microscopy (AFM, AIST-NT SMART SPM 1000, Novato, CA, USA), respectively. Powder x-ray diffractograms (XRD) of the samples were obtained using the Rigaku Smartlab powder x-ray diffraction measurement system (Austin, TX, USA). An ultraviolet photoelectron spectrometer (UPS, NEXSA, Thermo Scientific, Paisley, UK) was used to determine the work function of AgNWs. Optical absorbance and conductivity of the samples were measured using a UV-Vis spectrometer (Lambda 1050, PerkinElmer, Waltham, MA, USA) and a four-point probing system (RM3000, Jandel, Leithon Buzzard, UK), respectively. The photoresponse measurements were carried out using a potentiostat (Autolab PGSTAT302N, Metrohm, Herisau, Switzerland) and white (cool) LED light (Metrohm). The spectral responsivity and detectivity measurements were performed using a solar simulator with a monochromator (TLS260–300X, Newport, Irvine, CA, USA)





3. Results


The obtained AgNWs are up to 50 µm in length and up to 100 nm in diameter (see Figure S1a,b). The XPS and UPS measurements are performed before and after thermal annealing of AgNW network layers on glass substrates at 200 °C to analyze the surface properties of the AgNWs and to estimate their work function values (see Figures S2 and S3, respectively, in Supplementary Materials). The comparison of the XPS spectra of as-deposited and annealed AgNW network layer shows that, after thermal annealing, the ratio of the Ag3d peak (368.9 eV) to C1s peak (286.1 eV) becomes ~30% larger, which indicates a reduced amount of PVP on the surface of the AgNWs (see Figure S2 in Supplementary Materials). The comparison of the UPS spectra of an as-deposited and annealed AgNW network layer indicates that the work function of the AgNW network layer changes slightly from its initial value of 3.21 eV before the annealing to 3.71 eV after the annealing (see Figure S3 in Supplementary Materials). A UPS spectrum of a neat silver film is shown in Figure S3 (see Supplementary Materials) as a reference.



In order to make MSM PPDs with the desired functionality, the AgNW network layer must have high electrical conductivity for acceptable charge-carrier transport and must be transparent enough for good light transmission. In our experiments, the thinnest AgNW network layers on glass substrates showed sheet resistance values around 30 Ω/□ (ohm per square) and maximum absorbance value of around 0.39 OD at ~360 nm, as shown in Figure 3. Increasing the thickness of the AgNW network layer results in films with higher absorbance and better electrical conductivity. It should be noted that, due to a large diameter of AgNWs (~100 nm), thicker AgNW network layers will have larger thickness and roughness. This might become an issue during device manufacturing, since a complete embedding of the AgNW network layer in the bulk of the perovskite layer might become very challenging. The analysis of the sample with AFM imaging (see Figure S4a in Supplementary Materials) shows that the AgNW network layers with sheet resistance values around 5 Ω/□ have thickness values around 600 nm. This is thin enough to form a good quality AgNW/MAPbI3 metal–semiconductor layer, in which the AgNW network layer is embedded in the bulk of the perovskite photo-absorber layer. Hence, fabrication of MSM PPDs is conducted using the AgNW network layers with sheet resistance values around 5 Ω/□.



The XRD measurements performed on the AgNW/MAPbI3 films indicate that the process of embedding does not affect the structural integrity of the AgNW network layer. X-ray diffraction pattern (see Figure 4a) of a AgNW/MAPbI3 film contains peaks originating both from the MAPbI3 (peaks at 14.08°, 20.02°, 23.4°, 24.5°, 28.36°, and 31.9°, assigned to (020), (200), (031), (220), (040), and (141) planes of orthorhombic neat MAPbI3) and the AgNW network layer (peaks at 38.08° and 44.36°, assigned to the reflections from the (111) and (200) planes of the face-centered cubic silver nanowires (JCPDS file No. 04–0783)) [56]. Figure 4b depicts a cross-sectional SEM image of a AgNW/MAPbI3 layer. The SEM image indicates that the AgNWs are somewhat embedded in the perovskite medium, which is evidenced by the AgNWs protruding from the cross-sectional surface of the AgNW/MAPbI3 layer (indicated by the circles in the image). The comparison of the optical micrographs taken from the glass substrate side of a AgNW/MAPbI3 layer before and after the MA gas treatment also indicates a partial embedding of the AgNWs in the perovskite layer medium (see Figure S5a,b in Supplementary Materials).



Figure 5a shows a time-dependent photoresponse (I–t) curve of the obtained MSM PPDs with the embedded AgNW network electrodes recorded under a flashing white LED light illumination (illumination intensity is ~75 mW cm−2) at zero applied bias. The I–t curve clearly indicates that the obtained devices behave as PDs, showing two orders of magnitude increase in the device current (~1.1 × 10−6 A) under the illumination condition (device current in the dark is ~2 × 10−8 A). The active area of the device is 0.3 cm2 and the photoresponse measurements are performed without the use of a mask. The estimation of the response time (see Figure 5b) from the I–t curve indicates that the rise time and decay time of the obtained PPDs is around 5.09 s and 0.06 s, respectively. Figure S6a (Supplementary Materials) shows the current–voltage (I–V) curves of the MSM PPDs measured in the ambient atmosphere at RT in the dark and under different illumination conditions, using white LED light and neutral density filters. The I–V curves exhibit a photodiode behavior in which the device current increases more or less linearly with the illumination intensity. A similar trend is also observed in the I–t curve of the MSM PPDs measured under zero applied bias and flashing white LED light with varying intensity (see Figure S6b in Supplementary Materials). A plot of the photoresponse vs. illumination intensity obtained from the analysis of Figure S6b also shows that the device current is somewhat linearly proportional to the illumination intensity (see Figure S6c in Supplementary Materials). The photoresponse measurements under applied bias ranging from −2 V to 2 V indicate that, with applied bias, the photoresponse of the MSM PPDs can be increased (see Figure S7 in Supplementary Materials).



Responsivity ( R ) and detectivity    D   (*) are some of the important parameters for PDs. Responsivity of PDs is calculated from the following relation [45]:


  R =    I P    P S    



(1)




where photocurrent is the difference between device currents under illumination and in the dark (   I P  =  I  l i g h t   −  I  d a r k    ). Here,    I  l i g h t     and    I  d a r k     are device currents under illumination and dark conditions, correspondingly.  P  is the incident light intensity, and  S  is the effective device area.



Detectivity of PDs is calculated from the following relation [57,58]:


   D *  =  R      4  k B  T    R ′  S   +   2 q  I  d a r k    S      ,  



(2)




where  R  is responsivity [A/W],    I  d a r k     is dark current,    k B    is the Boltzmann constant,  T  is a temperature,   R ′   is a series resistance, and  q  is the elementary charge.



The spectral dependence of responsivity (  R  λ   ) is estimated by using Equation (1) and using the device current values measured in the dark and under illumination with monochromatic light at different wavelengths. Figure 6a shows the device   R  λ    values for the wavelength range of 300 to 870 nm. The   R  λ    spectrum indicates that the take-off value of responsivity is at ~850 nm, which is around the absorption edge of the MAPbI3 perovskite photo-absorber layer (see Figure S8 in Supplementary Materials). From ~800 to ~450 nm,   R  λ    levels off, showing responsivity values around 2 × 10−5 AW−1. Starting from ~450 nm,   R  λ    increases further, peaking at 350 nm with a responsivity value of around 4 × 10−5 AW−1. It is noteworthy to mention that the behavior of the   R  λ    spectrum between 350 and 450 nm is somewhat consistent with the absorption profile of AgNWs (see Figure 3). This suggests that the enhancement of the responsivity values in this spectral region, perhaps, may originate from the surface plasmon effects associated with AgNWs, which enhance light absorption by the MAPbI3 layer at the AgNW/MAPbI3 interface [59,60]. Below 350 nm,   R  λ    rapidly decreases, showing a responsivity value of ~0.9 × 10−5 AW−1 at 300 nm. The decrease in the responsivity values below 350 nm is due to blocking (absorption) of the incident light by the substrate (soda-lime glass), as shown in Figure S9 (Supplementary Materials).



Figure 6b shows the spectral dependence of detectivity (   D *   λ   ) of the devices estimated using Equation (2). The    D *   λ    spectrum shows a similar trend as in   R  λ    due to direct proportionality of  R  and  D  (see Equation (2)). Here, the take-off value of the    D *   λ    is at ~850 nm, and it levels off between the ~450 and 800 nm spectral range at the values around 8 ×105 Jones. Similar to   R  λ   ,    D *   λ    increases further from 450 to 350 nm, showing a maximum detectivity value of ~1.5 × 106 Jones at 350 nm. Below 350 nm, detectivity of the devices quickly decreases, showing 4 × 105 Jones at 300 nm. The decrease in detectivity below 350 nm is again associated with blocking of the incident light by the substrate (see Figure S9 in Supplementary Materials). Overall, the spectral dependences of responsivity and detectivity presented in Figure 6 show that the devices can also operate in the UV region (between 350 and 450 nm), which is an additional advantage of the MSM PPDs presented in this work over other MSM PPDs that employ typical TCO layers as one of the transparent metallic contacts [61,62].




4. Discussion


The SEM images shown in Figure S1 (Supplementary Materials) reveal that the distribution of the AgNWs is not homogeneous and the ‘holes’ (transparent or empty areas) in the AgNW network are generally large, reaching several µm2 in size. While the AgNW network layers with the optimized sheet resistance and transmittance values are used to manufacture MSM PPDs, it should be noted that the diffusion length of charge carries in typical solution-processed polycrystalline MAPbI3 films are in the submicron range. Hence, the large ‘holes’ in the AgNW network layer can hinder effective charge collection in the devices since the majority of the photogenerated charge carries recombine before reaching the respective metallic electrodes. One way to resolve this issue would be to use AgNWs with smaller diameter. In this way, the AgNW network layer can be made denser, while keeping its transmittance low. Furthermore, the UPS measurements (see Figure S3 in Supplementary Materials) indicate that the work function of the AgNW network layer is around −3.71 eV, which is slightly higher than the conduction band edge of MAPbI3 (see Figure S10 in Supplementary Materials). To address this issue, tuning of the AgNW aspect ratio or use of surface-modification strategies (e.g., using self-assembled monolayers to tune the work function) would be an alternative way to achieve a desired work function value [63,64,65]. In this regard, the use of metallic nanowires made of other materials such as gold would improve the stability of devices, due to the more inert nature of gold and its better chemical stability to perovskites [66]. Additionally, it is challenging to achieve full immersion of the AgNW network layer in the perovskite medium. Some fraction of the AgNW network layer remains between the glass substrate and perovskite layer, causing certain transmission losses, whereas too-rough a AgNW network layer may cause shunting in devices. These issues could be the reasons for the moderate performances of the devices presented in this work. Nevertheless, the presented approach demonstrates a facile and solution-processable manufacturing of self-powered and broadband MSM PPDs that employ nanoscale materials. The presented MSM PPDs have a unique device structure and can be a good alternative for fabricating cost-effective PDs without the use of expensive lithography tools.




5. Conclusions


In conclusion, a manufacturing of self-powered MSM PPDs with embedded AgNW network electrodes has been demonstrated. On average, the devices exhibit ~1.1 × 10−6 A device current under LED white light illumination (75 mW cm−2). Responsivity of the devices in the visible region is around 2 × 10−5 AW−1, while in the UV region it is a factor of two higher (4 × 10−5 AW−1). The presented approach is fully solution-processable and serves as a cost-effective alternative for manufacturing of broadband MSM PDs with perovskites or other solution-processed semiconductor materials.
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Figure 1. Schematic representation of MSM PPDs with different device designs; (a) lateral design; (b) vertical design; (c) hybrid design. 
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Figure 2. Schematic representation of fabrication of MSM PPDs. (a) Deposition of AgNW network layer on glass substrate; (b) Thermal annealing of AgNW network layer; (c) Deposition of MAPbI3 layer onto AgNW network layer; (d) Schematic cross-section of AgNW/MAPbI3 layer; (e) Liquefying of MAPbI3 layer by MA vapor treatment; (f) MAPbI3 layer with embedded AgNW network layer; (g) Schematic cross-section view of complete MSM PPDs. 
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Figure 3. UV-Vis absorbance of AgNW network layers with different thickness and sheet resistance values. 
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Figure 4. (a) XRD patterns of neat MAPbI3, AgNW/MAPbI3, and AgNW network layers. (b) Cross-sectional SEM image of AgNW/MAPbI3 layer. The star signs (*) in the AgNW/MAPbI3 XRD pattern indicate the reflections from (111) and (200) planes of silver nanowires. 
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Figure 5. (a) I–t curve of MSM PPDs measured under zero applied bias and using a white LED light. (b) Estimation of the rise time and decay time of MSM PPDs from the I–t curve shown in (a). 
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Figure 6. Spectral dependence of responsivity (a) and detectivity (b) of MSM PPDs. 
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