

  nanomaterials-08-00677




nanomaterials-08-00677







Nanomaterials 2018, 8(9), 677; doi:10.3390/nano8090677




Article



Charge Transport in Trap-Sensitized Infrared PbS Quantum-Dot-Based Photoconductors: Pros and Cons



Alberto Maulu 1, Juan Navarro-Arenas 1[image: Orcid], Pedro J. Rodríguez-Cantó 1,2, Juan F. Sánchez-Royo 1[image: Orcid], Rafael Abargues 1[image: Orcid], Isaac Suárez 1 and Juan P. Martínez-Pastor 1,*[image: Orcid]





1



UMDO, Instituto de Ciencia de los Materiales, Universidad de Valencia, P.O. Box 22085, 46071 Valencia Spain






2



Intenanomat SL, Catedrático José Beltrán 2, 46980 Paterna, Spain









*



Correspondence: Juan.Mtnez.Pastor@uv.es; Tel.: +34-963-544-793







Received: 2 August 2018 / Accepted: 28 August 2018 / Published: 30 August 2018



Abstract

:

Control of quantum-dot (QD) surface chemistry offers a direct approach for the tuning of charge-carrier dynamics in photoconductors based on strongly coupled QD solids. We investigate the effects of altering the surface chemistry of PbS QDs in such QD solids via ligand exchange using 3-mercaptopropionic acid (MPA) and tetrabutylammonium iodide (TBAI). The roll-to-roll compatible doctor-blade technique was used for the fabrication of the QD solid films as the photoactive component in photoconductors and field-effect phototransistors. The ligand exchange of the QD solid film with MPA yields superior device performance with higher photosensitivity and detectivity, which is due to less dark current and lower noise level as compared to ligand exchange with TBAI. In both cases, the mechanism responsible for photoconductivity is related to trap sensitization of the QD solid, in which traps are responsible of high photoconductive gain values, but slow response times under very low incident optical power (<1 pW). At medium–high incident optical powers (>100 pW), where traps are filled, both MPA- and TBAI-treated photodevices exhibit similar behavior, characterized by lower responsivity and faster response time, as limited by the mobility in the QD solid.
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1. Introduction


During the last decade, lead-chalcogenide colloidal quantum dots (QDs) were shown to be attractive materials for new-generation optoelectronic devices due to the large tunability degree of their optical properties together with their solution processability. In this way, the application of lead-chalcogenide QD solids (the QDs are self-assembled forming a super-crystal) as thin films revealed outstanding potential applications in high-efficiency optoelectronics, such as solar cells [1,2], field-effect transistors [3], light-emitting diodes [4], and photodetectors [5,6]. Aiming for high optoelectronic performance of QD-solid-based devices, the engineering of the QD solids and the control of their chemistry were shown to be key factors [7,8].



The processing of QDs for the production of solid state films was explored through cheap, fast, and straightforward solvent-based deposition techniques. Methods such as drop casting, spin coating, and dip coating of colloidal nanocrystals are extensively and mostly used for the fabrication of devices, as reported in literature [9,10,11]. Regardless of the solution processing deposition method, the fabrication of compact and homogeneous QD solids with controlled thickness and low structural-defect concentration was addressed to develop high-efficiency photodetector devices [6,12,13]. Alongside the QD-solid fabrication technique, significant work was devoted to the study of the chemical composition of nanocrystal dispersion since it was shown to be a crucial factor in the optimization of charge-carrier dynamics in the QD solid [14].



In colloidal solutions, lead-chalcogenide QDs are commonly surrounded by long aliphatic ligands, which have a stabilizing and passivating role, allowing for flexible control over their size, shape, and composition [15] while preventing the formation of aggregates. Since ligands set the potential barrier for charge-carrier transfer and transport in QD solids, long insulating ligands must be replaced with shorter ones in order to enhance the coupling between QDs while still maintaining the carrier quantum confinement and efficiently passivating their surface [8,16,17]. Several ligand-exchange strategies were reported for lead-chalcogenide QDs, both in solution and in solid state, using bidentate thiols [18], primary amines [19], carboxylic acids [20], thiocyanate ions [21], and halide ions [2]. Each one of these ligands has different chemical properties and selective affinity for the nanocrystal facets, bringing distinctive behavior of the charge-carrier dynamics in the QD solids [22]. Also, the ligand-exchange procedure is relevant for charge-carrier dynamics in the QD solids, since surface defects in QDs can also be generated due to an incomplete ligand substitution or charge imbalance between the ligand and the surface states [16]. These surface defects in QDs are dependent on the length and the chemical structure of the capping ligands surrounding and interconnecting the QDs [23]. Furthermore, they introduce trapping states energetically located within the QD band gap that modify the photoconductivity kinetics [24]. On one hand, the presence of some kind of these intra-gap states has detrimental effects on optoelectronic devices; thus, great efforts were dedicated to their passivation [25,26]. On the other hand, all studies carried out on photoconductor detectors based on QD solids suggest that some other intra-gap states are acting as sensitizer centers (or safe traps) leading to very high photoconductive gain (G) [27,28]. This is because electrons can easily be captured after electron-hole photoexcitation, while holes remain relatively free to move through the QD solid. In any case, despite the available literature, the exact origin, the behavior, and the influence that intra-gap states have on the optoelectronic properties of QD solids are not yet fully understood [29,30]. In PbS QDs, the origin of intra-gap states was attributed to an off-stoichiometry Pb-rich surface [8] or to charge imbalance between Pb atoms and capping ligands [18]. Particularly, lead sulfates (PbSO4), formed at the surface of the QDs after air exposure, play an important role in the electrical properties of PbS QD solids. They can firstly act as p-dopant agents and trapping centers whose charge-carrier capture coefficient is about 400 times higher for electrons [28], also being traps responsible for the increase in minority carrier lifetime [24]. Such behavior can be detrimental for the application of these nanocrystals in solar cells or light-emitting diodes; however, in photoconductors, it gives rise to a high G-value under very low power excitation when an external electric field is applied [28]. This mechanism can lastly be a path for efficiently increasing the photoconductor detectivity; however, it also limits the temporal response of the device, which requires short carrier lifetime and fast charge-carrier collection. It is, thus, evident that these conditions establish a fundamental trade-off toward the achievement of high G and large bandwidth in photoconductors.



Here, we present the study of PbS QD-solid-based infrared photodetectors fabricated in ambient conditions using a simple and low-cost deposition technique. The device metal contacts were patterned by ultraviolet (UV) photolithography and lift-off processing prior to the PbS QD solid formation using the roll-to-roll compatible doctor-blade technique. We focused our study on the effects of two different post-processing solid-state ligand-exchange treatments using the bidentate aliphatic thiol, 3-mercaptopropionic acid (MPA), and the iodine-containing ligand, tetrabutylammonium iodide (TBAI). The interest in approaching these two passivation strategies arises from the understanding of how their different chemical natures influence the QD-solid properties and the effects on the electro-optical properties of the device. The use of ligand exchange by MPA, which has both thiol and carboxylate functional groups, provides a high passivation action over a broad distribution of PbS surface states, simultaneously enabling high electronic coupling among QDs (enhanced electronic wave-function overlap) [16]. Instead, the post-processing treatment with TBAI was approached aiming to further enhance the QD coupling by introducing I− ions that bind to Pb2+ dangling bonds at the PbS surface [31]. Additionally, the formation of PbI2 at the surface with an I−:Pb2+ ratio of 1:1 can result in the formation of a PbI2 shell-like structure around the PbS core, which can be considered as a passivating action [32]. We finally compare TBAI, to achieve short interparticle distances, with MPA, which likely would lead to a more complete passivation of the QD surface defects [16], in order to define how these different strategies influence the optoelectronic performances of QD-solid-based photoconductors. Our results, based on the correlation between the electronic properties of the film deduced from X-ray photoelectron spectroscopy (XPS) measurements and the electro-optical properties of the photoconductor devices, confirm that MPA-treated films led to superior responsivity (~80 A/W at 1550 nm), due to very low conductivities under dark conditions (low free-carrier concentration or doping), and higher detectivities (D* ~ (1–5) × 1012 Jones). Contrary to the aprioristic assumption expressed above, TBAI-treated QD solids led to higher dark conductivities, limiting the sensitivity and detectivity of photodevices. This was ascribed to an additional charge-transport mechanism related to mid-gap states, even if mobility was significantly lower than in MPA-treated films. We modeled the photocurrent (and responsivity) by including the excess of minority carriers photogenerated by absorption and the presence of a single trap level, which nicely reproduced the observed evolution with light power received by the photoconductors, both MPA- and TBAI-treated. This modeling explains the high observed responsivities under very low incident powers (if photocurrent is superior to noise current) because most photogenerated carriers were trapped (usually known as sensitization of the photoconductors), whereas free minority carriers were responsible for photocurrent/photoconductivity in the QD solid.




2. Experimental Section


2.1. Materials


Sulfur (99.999%, S), lead chloride (99.999%, PbCl2), 3-mercaptopropionic acid (99%, MPA), and tetrabutylammonium iodide (98%, TBAI) were purchased from Sigma-Aldrich (Madrid, Spain) and used as received. Oleylamine (OAm), methanol, and octane were all synthesis-grade quality.




2.2. PbS Quantum-Dot Synthesis


PbS QDs were synthesized using a modification of the protocol described by Cademartiri et al. [33]. In this synthesis, lead chloride (PbCl2) and elemental sulfur (S) are the precursors, and oleylamine (OAm) is the coordinating solvent, which simultaneously acts as a ligand and a solvent. Firstly, a solution of 0.05 g of S (1.5 mmol) in 5 mL of OAm was prepared in a round-bottom flask, heating the mixture under N2 at 125 °C for 60 min. Meanwhile, 1.4 g of PbCl2 (5 mmol) and 15 mL of OAm were mixed and degassed under N2 in a three-neck flask at 125 °C for 60 min, resulting in a turbid white suspension. The lead oleate dispersion was then heated up to 140 °C, followed by the swift injection of the S–OAm precursor solution. The solution turned dark brown over the course of a few seconds. The reaction time was set to 20 min to obtain the required QD size. Afterward, the solution was allowed to slowly cool.



The obtained dispersion was then isolated from the unreacted precursors by adding 15 mL of toluene, before being centrifuged. Further purification was performed by adding 5 mL of methanol and centrifuging to precipitate secondary products and the excess ligand. We then solvated and precipitated the PbS QDs again following the same process. At this point, the QD ink used for the doctor blade was made by solvating the final precipitation in octane at a concentration of 150 mg/mL.




2.3. PbS QD-Solid Deposition Using the Doctor-Blade Technique


The QD solids were fabricated by processing the QD ink described above via the doctor-blade deposition technique using a motorized film applicator (Elcometer 4340, Elcometer Limited, Manchester, UK). The distance between the coating blade and the substrate was fixed at 1 mm for the injection of 4 μL of PbS nanoink, followed by the ink spreading at 1.5 cm·s−1 over three microgap electrodes (a total area of around 1 mm × 2 cm was covered) to create an initial thin (30 nm) coating of PbS QDs. The initial film was deposited at the indicated velocity (1.5 cm·s−1) in order to create a “buffer QD layer”, which was followed by faster spreading cycles at 6 cm·s−1 to obtain thicker QD layers, of ~90 nm each, until the desired thickness was achieved (total thickness of around 300 nm). The ink was always spread in the forward direction, and the blade was recharged again with ink for subsequent cycles. A baking process of 5 min at 100 °C was performed after every deposition, whereas a thermal curing process was carried out at 100 °C for 90 min under vacuum conditions. We produced QD solids using the doctor-blade approach onto silicon–SiO2 substrates with gold electrodes (80 nm thick with interelectrode gaps of 2, 5, and 20 μm) for the realization of photoconductor devices. The electrode patterns were previously prepared using UV photolithography and lift-off processing, and the metal deposition was carried out using thermal evaporation under vacuum at a rate of 1 Å/s.



For absorption and XPS measurements (and C–V curves carried out in Schottky-heterojunction diodes), the doctor-blade method was applied to cover glass substrates (and glass/ITO/PEDOT) of around 1 × 1 square inches of area, as described previously in Reference [5]. The Schottky-heterojunction diodes were only used in the present work to measure C–V curves (data included in the Supplementary Materials), because MPA-based devices were previously studied as photodetectors in Reference [5].




2.4. Solid-State Ligand Exchange


The post-deposition solid-state ligand exchange was carried out following a previously reported procedure [5]. The ligand-exchange solutions were prepared by dissolving the ligands in methanol at a concentration of 10 mM, before dipping the OAm-capped PbS QD solids into the obtained solution for 60 s. The treated films were rinsed in methanol to remove the ligand excess, before being dried under N2 stream and thermally cured under vacuum for 90 min at 100 °C.




2.5. Structural and Electronic Characterization of PbS QDs and QD Solids


The morphology of the nanocrystals and their size dispersion were evaluated with a JEOL JEM-1010 transmission electron microscope (JEOL Ltd, Tokyo, Japan) at 100 kV. Cross-sectional scanning electron microscopy (SEM) was performed using a Hitachi 4800 microscope (Hitachi High-Technologies Corporation, Tokyo, Japan) at 10 kV of acceleration voltage. X-ray photoelectron spectroscopy (XPS) measurements were performed in an ultra-high vacuum system (base pressure 1.0 × 10−10 mbar), ESCALAB-210 (Thermo Scientific, Waltham, MA, USA). Photo-electrons were excited using the Mg Kα line (1253.6 eV). The C 1s peak was used as the reference for the binding energy (fixed to 285 eV).



QD-solid infrared absorption measurements were performed using a home-built set-up. The excitation source consisted of a halogen lamp (20 W) focused into a multimode optical fiber that was coupled to a DeltaNu DNS-300 monochromator (Intevac Inc., Santa Clara, CA, USA) (grating of 600 g/mm blazed at 1200 nm). A Newport DET-L-GE-T-C calibrated Ge photodetector (Newport Corporation, Irvine, CA, USA) was used to quantify the light intensity ratio with/without sample (transmittance).




2.6. Electrical Characterization of Photodevices


Devices I–V were tested under ambient conditions at room temperature using a white halogen lamp as the illumination source, with intensity adjusted to 250 W/m2. The curves were recorded using a Keithley Series 2400 Source Meter Unit (Keithley Instruments Inc., Cleveland, OH, USA). Light intensity was measured using a calibrated Si solar cell. Photoconductors were mounted on a home-built sample holder designed to homogeneously distribute light across the photodetector active area.



The PbS QD solids were deposited and formed as described above (Section 2.3 and Section 2.4) over prefabricated OFET (Organic Field Effect Transistor) test chips from Ossila (Sheffield, UK), and were mounted for characterization on a high-density OFET test board (also from Ossila), designed to reduce external noise, leakage current, and stray capacitance. Drain-source current was measured at 1-V bias using the Keithley SMU, and the gate bias was applied using a DC power source connected to the BNC connector board. All measurements were carried out using the LabView automated test suite (National Instruments SL, Madrid, Spain). We also fabricated simple Schottky-like diodes (glass/ITO/PEDOT/QD solid/Ag), where the QD solids (MPA and TBAI treated) were produced using the same fabrication process and conditions carried out for the photoconductors. The capacitance-versus-voltage curves of these diodes were registered using an IET/Quadtech 1920 precision LCR meter (IET Labs Inc., Roslyn Heights, NY, USA).




2.7. Electro-Optical Characterization of Photodevices


The optoelectronic performances of the photodetector in the infrared region (>1100 nm) were measured using a home-built set-up. The excitation source and monochromator were the same as those used in the transmittance measurements of the QD films. The light was mechanically chopped at the frequency of interest before being focused through the glass substrate to the photoconductor active surface using a 10× objective. The device photocurrent was measured using a SR810 DSP lock-in amplifier (Stanford Research Systems, Sunnyvale, CA, USA). The illumination intensity was varied by tuning the DC voltage applied to the tungsten lamp. The optical power impinging on the active area of the detector was measured by means of the same calibrated Ge photodetector used in transmittance experiments. A programmable voltage source, Keithley 230 (Keithley Instruments Inc., Cleveland, OH, USA), was used to apply a voltage bias to the device, connected in parallel with a load resistor of 1 MΩ and a capacitor of 0.1 μϜ in series with the lock-in amplifier, so as to cut the DC current. The noise current used for the experimental determination of the photoconductor noise equivalent power (NEP) [5] was measured under dark conditions at different integration times using the internal sine function provided by the lock-in amplifier. For the transient photocurrent measurements, the biased photoconductor devices were illuminated with a 20-KHz ns-pulsed laser at 1064 nm and the signal (coupled through a 50-Ω termination) was monitored using a digital 100-MHz oscilloscope.





3. Results and Discussion


The fabrication of PbS QD-solid-based photoconductor detectors was carried out via the solution processing of a PbS nanoink formulated for the doctor-blade technique. This nanoink exhibited a surface tension of 36 dyn·cm−1 and a contact angle of ~6° onto the SiO2/Si substrates.



The PbS QDs had an average diameter of 6.4 nm with a size dispersion of ~9% (Figure 1a), and showed excitonic absorption and photoluminescence resonances centered at 1520 and 1575 nm, respectively, with a bandwidth of 140 nm, as observed in Figure 1b. The 300-nm-thick PbS QD solids were fabricated using the doctor-blade technique, and the ligand-exchange process was carried out with TBAI and MPA after film formation. High-quality homogeneous films were obtained. Neither cracks nor pinholes appeared in the QD solids after the ligand exchange, as shown in the cross-sectional SEM image in Figure S1, and as previously reported by us and other authors [5,34]. In Figure 1c, we can observe the influence of the ligand exchange on the optical properties of the PbS QD solids. Their exciton absorption resonance can be clearly observed very close to 1600 nm before and after MPA ligand exchange. However, the TBAI-treated film shows a more important broadening of the excitonic band. Given that inter-particle spacing among PbS QDs decreased dramatically, QDs probably merged into bigger PbS particles (or agglomerates), losing part of their quantum confinement characteristics [8]. On the other hand, this effect was not observed (or negligible) in the MPA-treated PbS solids, which, in turn, allowed the maintenance of the quantum confinement properties while keeping short interparticle distances, and hence, leading to a more homogeneous QD solid (Figure S2) with electronic coupling between QDs.



Ligand exchange of OAm-capped PbS QD solids with TBAI and MPA was followed using XPS. Depending on the ligand used, we observed strong changes in the chemical state of atoms at the surface of PbS QDs. The XPS spectra of PbS-OAm QD solids appear to be dominated by spin-orbit doublets, whose S 2p3/2 and Pb 4f7/2 components were located at 160.9 ± 0.2 and 137.9 ± 0.2 eV, as shown in Figure 2a,b, respectively. These transitions can be attributed to bulk-like PbS. Their corresponding XPS intensities show a S:Pb ratio of 1.4:1, which is reasonably close to unity [35]. Moreover, we observed weaker components at 164.0 and 166.6 eV, which can be attributed to S–S bonds and PbSO3 species located at the surface of the PbS QDs. These species were suppressed after the ligand exchange with both MPA and TBAI, as shown in Figure 2a. However, MPA-capped PbS shows a strong Pb 4f7/2 component located at 138.7 eV (Figure 2b), probably due to the presence of Pb(OH)2 species at the surface of the QDs. This component was strongly reduced in TBAI–PbS where a new Pb 4f doublet can be observed (Figure 2b), and can be attributed to Pb–I bond formation at the QD surface. Furthermore, in TBAI-treated PbS QD solids, we can observe an intense I 3d photoelectron doublet, whose j = 5/2 component appears at 619.1 eV, as shown in Figure 2c (brown-shaded peaks). The presence of this peak can be attributed to I bound to Pb at the QD surface with an I:Pb ratio of 1.2:1. At higher energies, a weaker I 3d photoelectron doublet can be observed, whose j = 5/2 component is located at 620.6 eV (green-shaded peaks in Figure 2c). This can be ascribed to residual I atoms forming IO2− ions, which, in turn, prevent the formation of lead oxidative species, as noted above.



After XPS analysis, one can conclude that QD solid films result in very different QD solid compositions depending on the ligand used. Before ligand exchange, PbS–OAm solids showed oxidation species such as PbSO3 at the surface of PbS QDs from the oxidation of S2−. After ligand exchange, no oxidation of S2− was observed, but new species were formed such as Pb–OH in MPA–PbS, and Pb–I and IO2− in TBAI–PbS. The influence of MPA and TBAI on the electro-optical properties of the PbS-films is thoroughly discussed below.



Figure 3 shows the current-versus-voltage (0–10 V) curves in the dark and under white-light illumination for photoconductor devices based on PbS QD solids (see the inset in the bottom-right panel) after ligand exchange with MPA (left panels) and TBAI (right panels), presenting various inter-electrode gaps (indicated in the plots). All the electrical/photo-electrical parameters extracted from these curves are listed in Table 1. Clearly, MPA-treated PbS QD layers (panels in Figure 3a) display smaller dark-current levels (black curves) and larger photocurrents (red curves) than TBAI-treated ones (panels in Figure 3b). Such differences were translated into photo-sensitivities, defined as S = (IL − ID)/IL = Δσ/(σ0 + Δσ) (IL and ID are the currents measured under illumination and dark conditions at a given voltage, and σ0 and Δσ are the QD-solid conductivity and photoconductivity, respectively), which were very close to the unit in the first case (MPA-treated photodevices), as listed in Table 1.



The dark current was not linear in the whole range of applied voltages (0–10 V), more evident in the case of TBAI-treated samples for 2- and 5-μm-wide electrode gaps (see Figure 3b), which was the reason for variation in the dark conductivity σ0 (see note in Table 1). This nonlinear behavior (see double logarithmic plot in Figure S3 and a more complete analysis in the Supplementary Materials) can be attributed to the space-charge-limited current (SCLC) effect that occurs when uncompensated charge carriers are injected into the material, which is amplified by the presence of traps, as reported for Si-nanocrystal films [36]. The conductivity values estimated in the case of the photoconductor devices with an electrode gap of 20 μm (mostly for MPA-treated QD solids) were smaller than those obtained in the case of devices with electrode gaps of 2 and 5 μm, possibly due to the resulting thickness of the QD-solid film being smaller in the first case. On average, the conductivity measured in the QD solid through 2–5-μm-wide electrodes was σ0(MPA) ~ 0.4 μS/cm after MPA treatment, and increased by a factor six, σ0(TBAI) ~ 2.5 μS/cm, in the case of TBAI (despite the absolute values, a similar increase in conductivity from MPA to TBAI processing was observed for the 20-μm-wide electrode). This can be explained by the equation, σ0 = q μp p, where μp and p are the hole mobility and concentration, respectively, assuming that the QD solid was p-doped, particularly after MPA treatment [37] and exposure to ambient conditions [38,39]. Therefore, the smaller dark conductivity in MPA-treated films can be attributed to smaller values of one or both magnitudes as compared to TBAI-treated ones.



The small dark conductivities and very low hole mobility of the QD-solid films make it very difficult to achieve precise Hall-effect measurements; hence, two independent estimations were made in the present work. The first one is related to the hole mobility measured in FET devices, and the second one is the acceptor concentration deduced from the slope of C−2(V) curves measured in Schottky-like ITO/PEDOT/QD solid/Ag devices, as described in the experimental section in both cases. The curves of drain current versus gate voltage in FET devices and C−2(V) in Schottky photodiodes are shown in Figures S4 and S5, respectively, from which the effective mobility and acceptor concentration could be estimated for MPA- and TBAI-treated QD solids, as listed in Table 2. The concentration of acceptor impurities estimated for TBAI-treated films was one order of magnitude higher than that for MPA; however, mobilities were significantly lower, possibly due to an effect of nanocrystal agglomeration, as suggested above, instead of an average smaller inter-particle distance. From these values, the conductivity deduced for MPA-treated QD-solid films (Table 2), within the spread found in the hole mobility, (1–4) × 10−4 cm2/Vs (values reported in Reference [34] and [38,39] are within this interval), is consistent with values deduced from the I–V curves of the photoconductor devices (Table 1). A greater difference was observed in the estimation of dark conductivity for TBAI-treated QD-solid films, 0.07–0.22 μS/cm (Table 2), as compared to those measured from I–V curves of photoconductors, from 0.58 up to 4 μS/cm (Table 1), which can be attributed to a noticeable contribution to charge transport of a weakly conducting mid-gap energy band formed from deep levels originated at the surface of the PbS QDs after formation of the QD solid [40]. In this sense, the low built-in potential barrier, Vbi ~ 0.15 V, deduced from C−2(V) curves in the Schottky photodiodes (Figure S5), is also consistent with VOC values (~0.1–0.3 V, see Figure S6), as deduced from I–V curves under AM1 illumination in these diodes. Such low Vbi and VOC values are a signature of the presence of mid-gap states in both TBAI- and MPA-treated QD-solid films. However, in the latter case, the charge transport seems mainly due to free holes in the valence miniband of the QD solid, as formed from the three-dimensional electronic coupling of QDs, which are spatially ordered as a BCC (Body Centered Cubic) lattice [5].



The responsivity curves in Figure 4a exhibit a very similar wavelength dependence to that observed in the corresponding absorbance spectra reported in Figure 1c, as expected if the photocurrent was proportional to the absorption coefficient spectrum of the material (if diffusion and surface recombination does not have an important effect). Again, the exciton resonance is much less pronounced in the TBAI-treated photoconductor device, as discussed above for absorption spectra in Figure 1c. The photoconductors (electrodes with 5 μm of channel length) exhibit peak values of around 0.45 and 0.35 A/W at the exciton resonance (~1550 nm) for MPA and TBAI treatments, whereas an increase for shorter wavelengths occurred due to the larger absorption coefficient of the PbS QD solid, up to 0.9 and 0.7 A/W at 950 nm, respectively. It is worth noting here that the spectral dependence of responsivity was measured at the maximum optical power of the halogen lamp (power density of ~40 μW/cm2 at the exit slit of the monochromator at 1550 nm, i.e., ~2 nW captured by the photodevice with 5 μm of channel length). The effect of the incident optical power on photocurrent (Figure 4b) and responsivity (Figure 4c) is discussed below on the basis of the safe-trap model illustrated in Figure 4d.



Figure 4b shows the power dependence of photocurrent measured at around the exciton resonance, 1550 nm, using a bias voltage of 100 V for all photodevices, except in the case of the 2-μm-wide electrode gap, where the photocurrent above 50–60 V saturates because of the sweep-out effect of minority carriers (electrons) [41] under such a large electric field (>200 kV/cm), for which the transit time, on the order of 1 μs for this electrode, is comparable to their lifetime. The photocurrent increases over the entire range of incident power, but much faster above ~20 pW in the case of photoconductors with 5-μm-wide electrode gaps (above ~100 pW in the case of the 20-μm ones). This behavior would be consistent with the expected linear power evolution of the photocurrent, or similarly, proportional to gτ, where g is the carrier generation rate and τ, the minority carrier lifetime, from the simplest generation/recombination model for photogenerated minority carriers (electrons). However, below those powers, the photocurrent practically does not vary significantly, which cannot be reproduced with such a simple model, but it is the origin of the huge increase in responsivity at very low powers, as observed in Figure 4c. In the case of the MPA-treated photoconductor with 2-μm-wide channel length and the 5-μm TBAI-treated one, we were not able to observe the photocurrent saturation effect at very low optical powers; however, here, the dark and noise currents were more relevant, and hence, it was near impossible to measure very low photocurrents (using 1–3 s of integration time in the lock-in amplifier). Correspondingly, the two optical-power regimes described for photocurrent were translated into a sharp decrease of responsivity by increasing the incident optical power and a saturation regime above such indicated powers.



The great responsivity values at very low incident powers and the subsequent fast decrease in power is typically attributed to trap-assisted sensitization of photoconductivity in semiconductors, and particularly, in PbS QD solids [42]. One of the best-measured values in our MPA-treated PbS QD-solid photoconductors reached ~80 A/W (photodevice with 5 μm of channel length) under 200 fW of incident monochromatic light at 1550 nm. Given the spectral dependence depicted in Figure 4a, the responsivity at 950 nm would be a factor twice as big as those measured at 1550 nm (~160 A/W). Therefore, the responsivities measured in MPA-treated photodevices were among the best values reported in the literature at the near-infrared region (900–1600 nm), as summarized in Table S1 of the Supplementary Materials, where some of the most important results collected in Reference [28] and more recent data are listed.



The lower responsivity measured in TBAI-treated photodevices at 1550 nm is a consequence of their larger dark current, as also reflected by their overall (white-light illumination) lower photo-sensitivities (Table 1) as compared to MPA-treated photoconductors. The TBAI treatment of QD solids can induce the introduction of one energetically dominant trap-state level at 0.34 eV below the conduction band of PbS, as pointed out in recent publications [25,43]. This mid-gap band level and similar ones for MPA-treated photodevices, even if associated with different surface species as deduced from XPS measurements, could be responsible for the QD-solid photoconductivity when not completely populated (trap-sensitized semiconductor) [42], i.e., under very low illumination intensities. Moreover, the effect of QD agglomeration and the expected strong electronic coupling in TBAI-treated PbS QD solids could also convert such a trap-state level into an energy band responsible for the higher dark-current levels in comparison to MPA-treated ones, as discussed above. Another consequence of this effect is a higher noise signal, influencing the minimum measurable photocurrent under very low illumination intensities (below 2–3 pW for 5-μm-wide-channel photoconductors).



As discussed above, photoconductors based on PbS QD solids are characterized by very large responsivities or very high photoconductive gain, but only at extremely low incident optical powers. Moreover, such a high photoconductive gain has its origin in the presence of trap states for electrons (the minority carriers in the PbS QD solid) close to the conduction band, i.e., centers that do not emit/capture holes, as illustrated in Figure 4d. From this model, by assuming the charge neutrality condition,   Δ p = Δ n +  n t   , where   Δ n   (  Δ p  ) and    n t    are the excess photogenerated electron (hole) and occupied trap concentrations, respectively, the rate equations for minority carriers and trap states are as follows [44]:


    d Δ n   d t   = g −   d Δ n  τ  +    n t     τ e    −   Δ n    τ c     (  1 −    n t     N t     )  ,  



(1)






    d  n t    d t   = −    n t     τ e    +   Δ n    τ c     (  1 −    n t     N t     )  ,  



(2)




where τc (τe) is the capture (emission) time of electrons by (from) the traps whose total concentration is Nt (and energy depth Et). The equations can readily be solved under steady-state conditions, dΔn/dt = dnt/dt = 0, to obtain the following equations for Δn and nt:


  Δ n = g τ ,   n t  =   g τ    N t    g τ +  N t   (     τ c     τ e     )    ,  



(3)




from which the photoconductivity results in the following equation:


  Δ σ = q  (   μ n  +  μ p   )  Δ n + q  μ p   n t  = q  μ p   [   (  1 +    μ n     μ p     )  +    N t    g τ +  N t   (     τ c     τ e     )     ]  g τ .  



(4)







From Equation (4), we clearly obtain the limits (i)   Δ σ ≈ q  μ p   (     τ e     τ c     )  g τ   for very low carrier-generation level,   g τ ≪  N t   (     τ c     τ e     )   , and (ii)   Δ σ ≈ q  (   μ n  +  μ p   )  g τ   for high carrier-generation levels,   g τ ≫  N t   (     τ c     τ e     )   . Approximation (i) leads to very high photoconductivity gain and responsivity, provided      τ e     τ c    ≫ 1  , i.e., very low (thermal) emission of electrons from trap states to the conduction band. On the other hand, approximation (ii) explains the saturation of photoconductor responsivity for high incident optical powers, i.e., where photocurrent is proportional to the incident optical flux, the only regime for photodiodes [5]. The photocurrent and responsivity dependence with the incident optical power are nicely accounted for by Equation (4) (multiplied by the applied electric field and the photodevice surface, and expressing g as a function of the absorbed optical power), whose best fits are shown by continuous lines in Figure 4b,c for MPA- (solid lines) and TBAI-treated (dotted lines) photoconductors. From these fits (the most representative is the one for the 5-μm-channel photoconductor with MPA treatment), we obtain trap concentrations of ~1011 cm−3, τe/τc as ~2000–6000, and τ/τd as ~0.05, where τd = L2/μV (L is the photoconductor channel length, μ is the effective carrier mobility, and V is the applied voltage) is the drift/transit time for minority carriers. If we use τd as ~10 μs on the basis of the measured mobility (Table 2), the minority-carrier lifetime would result in ~0.5 μs, which is not far from values measured in the literature for colloidal PbS QDs and QD solids [34,43]. On the other hand, the ratio, τe/τc, should be due to the thermal exponential factor related to Et; hence, the energy depth of the trap level becomes in the range 195–225 meV, consistent with values estimated for trap states in PbS QD solids [25,30,43,45,46].



As mentioned previously, the high responsivity regime of PbS QD solid photoconductors is simultaneously accompanied by a slow operation speed of photoconductors due to the term    (     τ e     τ c     )  τ   under very low incident optical powers. From our estimate, the expected response time    (     τ e     τ c     )  τ   is ~1–3 ms, which is consistent with reported values under low optical excitation densities [23,46]. On the contrary, when increasing the incident optical power, one would expect a decrease in the photodevice response time, by increasing the carrier-generation level. Indeed, the transient photocurrent signals measured under relatively high power using an ns-pulsed laser at 1064 nm, where free minority carriers dominate and responsivity tends to saturate, exhibit a decay with time constants on the order of some tens of μs, as shown in Figure 5, where the rise time is practically negligible (<1 μs) within the time resolution of the oscilloscope used in the experiment. Particularly in the case of the MPA-treated photodetector, the photocurrent signal exhibits a main decay time of ~15 μs (Figure 5a) after a first fast decay <3 μs (the fit was made using these two decay times and a rise time <1 μs), which is consistent with the effective recombination time of minority carriers measured under high incident optical power in solar cells based on PbS QD solids after MPA ligand exchange [23]. In the case of the TBAI-treated photoconductor, there is only one dominant component with a time constant of ~16 μs (Figure 5b) without the initial fast decay observed in the MPA-treated photodevice (the fit was made using this single decay and a rise time of ~2 μs). Both decay times, 15–16 μs, are not far from the drift/transit times expected in these QD solids (Table 2) at the bias voltage used in the experiment (100 V), because it is carried out under high incident light power where most of the traps are filled. Under these conditions, it is also important to highlight that the response time of the photoconductors is faster than that obtained in Schottky-based photodiodes (both treated with MPA), where a value of ~135 μs was measured [5].



The expression for calculating detectivity at a given light wavelength and bias voltage can be written as a function of the dark current in the photoconductor if shot noise dominates, as recently used in Reference [47] to estimate detectivity in organic/PbS bilayers.


   D *  =  R λ     S  2 q  I  d a r k       ,  



(5)




where Rλ is the responsivity at the wavelength of λ (1550 nm in our case), S is the effective area of the photoconductor (S = L × W, where L and W are the channel length and width, 2–5–20 μm and 1 mm, respectively), and q is the absolute value of electron charge. The best values for detectivity were found for MPA, as expected from previous discussions; concretely, values were ~1012 Jones (Idark (100 V) ~1 μA) for the photoconductor with 5-μm channel length, and ~5 × 1012 Jones in the case of the 20-μm one (Idark (100 V) ~6 nA), whereas it was below 1010 Jones for the 2-μm one because of the smaller area and higher dark current (0.45 μA at 50 V). Again, D* values at 1550 nm were among the best-reported values for photoconductor devices based on PbS QD solids, particularly in those using MPA ligand exchange (see Table S1). For the corresponding photodevices using TBAI treatment, we obtained ~1.7 × 109 and ~5 × 1010 Jones, again because of the high dark currents for these photodevices (150 nA and 5.4 μA at 100 V for 5- and 20-μm-wide channel lengths, respectively), as discussed above.



It is also important to highlight here that the high detectivities deduced in MPA-treated photodevices by Equation (5) only occur under very low incident light due to the presence of sensitizing trap centers for minority carriers, which produces a saturation of the photocurrent value very close to the noise current. Furthermore, it was reported recently that 1/f noise can be more important in PbS QD photoconductors than shot noise [48,49]. For this reason, the following more general expression would be more accurate for estimating D*:


   D *  =     S Δ f     N E P   ,  



(6)




where NEP is the noise equivalent power that can be estimated experimentally from photocurrent as a function of incident power and extrapolation to noise current value, which in our case is ~10 pA within a bandwidth of 1.6 Hz in the photodevice with 5-μm channel length, very close to the smallest measured photocurrent value at the lowest incident power (100 fW) that would imply D* of >1011 Jones. However, this experimental determination of NEP is not exempt from inaccuracy due to the saturation effect of photocurrent in the low incident power range in PbS QD-solid photoconductors (MPA-treated ones, mainly), as discussed above. This is not the case for the other photoconductors where trap sensitization is not effective over noise (trap-level densities < 1011 cm−3), which also occurs in photodiodes where short-circuit current always varies linearly with incident power [5].



A final question to be considered for photoconductors, including those based on PbS QD solids, is the high bias voltages (20–100 V, depending on the channel length) used to get large responsivities. The solution to this issue is the use of interdigitated photoconductor devices, because smaller bias voltages are needed in a factor approximately equal to the number of metal finger pairs, for which promising results were obtained (see also Table S1) [48,50,51]. We also fabricated some previous generations of interdigitated photoconductors (see Figure S7) that reached a responsivity of around 7 mA/W at 10 V, which is not far from the value reported in Reference [48] for the same finger distance (20 μm). However, this value cannot be compared with the new generation of optimized two-electrode-gap photoconductors whose results are presented in this work, for which the doctor-blade deposition and thickness were optimized. In interdigitated photoconductors, our doctor-blade technique produces more inhomogeneous PbS QD-solid films over the interdigitated area, and further optimization (or a different deposition technique, as the one used in Reference [51]) is needed to develop efficient photodetectors operating at low voltages in the future.




4. Conclusions


The doctor-blade deposition technique was successfully applied for the fabrication of high-quality PbS QD-solid-based photoconductors with different inter-electrode channel lengths. We studied and compared the effect of TBAI and MPA post-processing solid-state ligand exchange on the optoelectronic properties of PbS QD-solid-based photoconductors. We achieved the best overall photoconductive figures of merit using MPA, mainly attributed to the different chemical nature of passivation of the PbS QD surface defects (Pb–OH bonds), as compared to TBAI (Pb–I bonds). In the first case, the charge transport was mainly due to majority carriers (holes) through the valence miniband formed in the QD solid by the three-dimensional electronic coupling between QDs. The short inter-particle distance determined by the MPA ligands led to mobilities up to 4 × 10−4 cm2·V−1·s−1. Furthermore, the doping/hole concentration (~2 × 1015 cm−3) was sufficiently low to yield very small dark currents, which is primordial for obtaining high photoconductive sensitivities and detectivities. In the case of TBAI, where the doping level was higher (~2 × 1016 cm−3), the charge transport seems to be influenced by an additional band associated with mid-gap trap states (QD aggregation may play a role in this mechanism), leading to much higher dark currents. The resulting effect is the smaller sensitivity and detectivity deduced for photodevices based on TBAI-treated devices. From the point of view of the kinetics associated with the excess photogenerated carriers, values for both MPA- and TBAI-treated QD-solids were not too different, as revealed by their behavior under relatively high photocarrier injection levels (1014–1015 cm−3). The major difference in the majority charge-carrier transport under dark conditions, as mentioned previously, limits the detectivity for very low light signals, which is regulated by relatively shallow traps close to the conduction band of the QD solid. These conclusions were validated through a model that included the presence of such “safe traps” that nicely reproduced the observed photocurrent and responsivity evolution with the incident light power. Values of responsivity as high as 15–70 A/W (for 20- and 5-μm channel lengths, respectively) at 1550 nm, were reached for MPA-treated photodevices, but only under very low incident powers, with a negative counterpart associated to the slow photo-response. The lower noise in these MPA-treated devices makes detectivity greater than 1011 (1012 if shot noise dominates) Jones. On the basis of our model, there are only two major routes for improving future photodevices based on QD solids depending on the photocarrier injection level: (1) for detection of very-low-light signals, the use of “safe traps” is positive in order to obtain very high photoconductive responsivity/gain, but it will be necessary to reduce the trap energy depth (i.e., create traps as shallow as possible) to reduce the response time; and (2) for detection of high-light signals, the only way of increasing the photoconductive gain is through an effective increase in carrier mobilities in the QD solid.
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The following are available online at http://www.mdpi.com/2079-4991/8/9/677/s1, Figure S1: Cross sectional scanning electron microscopy (SEM) images of the PbS QD-solid deposited on a SiO2 substrate by the doctor blade method, Figure S2: Transmission electron microscopy image of PbS QDs with different surface ligands. From left to right: PbS-OAm; PbS-MPA; PbS-TBAI, Figure S3: Double logarithmic plot of the I-V curves (data symbols) mesured under dark conditions in the PbS-TBAI photoconductors. The best fit to the SCLC equation is obtained for m = 3.5. Coefficient b is smaller and practically negligible for the photoconductors with 5 and 20 m of channel length, respectively, Figure S4: Transfer FET curves of processed PbS colloidal QD photoconductors treated with MPA (red curve) and TBAI (green curve). The inset shows the QD-solid film deposited by doctor blade technique in three FET devices prior to treatement by TBAI and MPA, Figure S5: C–V characteristics of ITO/PEDOT/PbS/Ag Schottky devices with ligand exchange (a) PbS-MPA and (b) PbS-TBAI, Figure S6: Short circuit photocurrent densities plotted against open circuit voltages measured in the same device under AM1 conditions for different Schottky photodiodes based on MPA-treated QD-solids (300–600 nm thick), Figure S7: (a) Microscope photography of a 20 μm gap interdigitated device prior to the PbS QD nanoink deposition. (b) Photocurrent measured in the interdigitated device (red symbols) as compared to 10 (green symbols) and 20 (blue symbols) μm gap two-electrode photoconductors as a function of applied bias under AM1-solar illumination. (c) Responsivity in the interdigitated photoconductor device at several applied bias as a function of the incident power using a 1550 nm laser source (the responsivity is estimated by assuming that the whole laser beam is collected by the device), Table S1: Performances of different photoconductive detectors based on PbS nanocrystals (standard data for PbS bulk is also included).





Author Contributions


Conceptualization, P.J.R.-C. and J.P.M.-P.; Formal analysis, A.M., J.N.-A. and J.P.M.-P.; Funding acquisition, P.J.R.-C. and J.P.M.-P.; Investigation, A.M., J.N.-A., P.J.R.-C., J.F.S.-R., R.A., I.S. and J.P.M.-P.; Methodology, J.P.M.-P.; Project administration, P.J.R.-C. and J.P.M.-P.; Resources, J.P.M.-P.; Supervision, P.J.R.-C. and J.P.M.-P.; Validation, P.J.R.-C., R.A., I.S. and J.P.M.-P.; Writing—original draft, A.M. and J.P.M.-P.




Funding


This research was funded by the MINECO of Spain through funded projects TEC2014-53727-C2-1-R and TEC2017-86102-C2-1-R.




Acknowledgments


We are grateful to the Electronic Microscopy team at the Central Support Service in Experimental Research (SCSIE, University of Valencia, Spain) for their support in the present work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, J.; Gao, J.; Church, C.P.; Miller, E.M.; Luther, J.M.; Klimov, V.I.; Beard, M.C. PbSe Quantum Dot Solar Cells with More than 6% Efficiency Fabricated in Ambient Atmosphere. Nano Lett. 2014, 14, 6010–6015. [Google Scholar] [CrossRef] [PubMed]

	



Crisp, R.W.; Kroupa, D.M.; Marshall, A.R.; Miller, E.M.; Zhang, J.; Beard, M.C.; Luther, J.M. Metal Halide Solid-State Surface Treatment for High Efficiency PbS and PbSe QD Solar Cells. Sci. Rep. 2015, 5, 9945. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Mitzi, D.B.; Kosbar, L.L.; Murray, C.E.; Copel, M.; Afzali, A. High-mobility ultrathin semiconducting films prepared by spin coating. Nature 2004, 428, 299–303. [Google Scholar] [CrossRef] [PubMed]

	



Yan, L.; Shen, X.; Zhang, Y.; Zhang, T.; Zhang, X.; Feng, Y.; Yin, J.; Zhao, J.; Yu, W.W. Near-infrared light emitting diodes using PbSe quantum dots. RSC Adv. 2015, 5, 54109–54114. [Google Scholar] [CrossRef]

	



Maulu, A.; Rodríguez Cantó, J.R.; Arenas, J.N.; Abargues, R.; Sanchez-Royo, J.F.; Calzada, R.G.; Martínez-Pastor, J.P. Strongly-coupled PbS QD solids by doctor blade for IR photodetection. RSC Adv. 2016, 6, 80201–80212. [Google Scholar] [CrossRef]

	



Clifford, J.P.; Konstantatos, G.; Johnston, K.W.; Hoogland, S.; Levina, L.; Sargent, E.H. Fast, sensitive and spectrally tuneable colloidal-quantum-dot photodetectors. Nat. Nanotechnol. 2009, 4, 40–44. [Google Scholar] [CrossRef] [PubMed]

	



Moreels, I.; Justo, Y.; de Geyter, B.; Haustraete, K.; Martins, J.C.; Hens, Z. Size-Tunable, Bright, and Stable PbS Quantum Dots: A Surface Chemistry Study. ACS Nano 2012, 5, 2004–2012. [Google Scholar] [CrossRef] [PubMed]

	



Xu, F.; Gerlein, L.; Ma, X.; Haughn, C.; Doty, M.; Cloutier, S. Impact of Different Surface Ligands on the Optical Properties of PbS Quantum Dot Solids. Materials 2015, 8, 1858–1870. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Diao, Y.; Shaw, L.; Mannsfeld, S.C.B. Morphology control strategies for solution-processed organic semiconductor thin films. Energy Environ. Sci. 2014, 7, 2145–2159. [Google Scholar] [CrossRef][Green Version]

	



Weiss, R.A.; Zhai, X.; Dobrynin, A.V. Nanoparticle-Textured Surfaces from Spin Coating. Langmuir 2008, 24, 5218–5220. [Google Scholar] [CrossRef] [PubMed]

	



Luther, M.; Law, M.; Beard, M.C.; Song, Q.; Reese, M.O.; Ellingson, R.J.; Nozik, A.J. Schottky Solar Cells Based on Colloidal Nanocrystal Films. Nano Lett. 2008, 8, 3488–3492. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Pal, B.N.; Robel, I.; Mohite, A.; Laocharoensuk, R.; Werder, D.J.; Klimov, V.I. High-Sensitivity p–n Junction Photodiodes Based on PbS Nanocrystal Quantum Dots. Adv. Funct. Mater. 2012, 22, 1741–1748. [Google Scholar] [CrossRef]

	



Kotadiya, N.B.; Kothari, A.J.; Tiwari, D.; Chaudhuri, T.K. Photoconducting nanocrystalline lead sulphide thin films obtained by chemical bath deposition. Appl. Phys. A Mater. Sci. Process. 2012, 108, 819–824. [Google Scholar] [CrossRef]

	



Kershaw, S.V.; Susha, A.S.; Rogach, A.L. Narrow bandgap colloidal metal chalcogenide quantum dots: Synthetic methods, heterostructures, assemblies, electronic and infrared optical properties. Chem. Soc. Rev. 2013, 42, 3033–3087. [Google Scholar] [CrossRef] [PubMed]

	



Hines, M.; Scholes, G. Colloidal PbS Nanocrystals with Size-Tunable Near-Infrared Emission: Observation of Post-Synthesis Self-Narrowing of the Particle Size Distribution. Adv. Mater. 2003, 15, 1844–1849. [Google Scholar] [CrossRef]

	



Jeong, S.; Tang, J.; Liu, H.; Kim, J.; Schaefer, A.W.; Kemp, K.; Levina, L.; Wang, X.; Hoogland, S.; Debnath, R.; et al. Enhanced Mobility-Lifetime Products in PbS Colloidal Quantum Dot Photovoltaics. ACS Nano 2012, 6, 89–99. [Google Scholar] [CrossRef] [PubMed]

	



JZemke, M.; Novet, T.E.; Tyler, D.R. Investigation of ligand effects on exciton recombination in PbS nanoparticles. Can. J. Chem. 2011, 89, 339–346. [Google Scholar]

	



Ip, H.; Thon, S.M.; Hoogland, S.; Voznyy, O.; Zhitomirsky, D.; Debnath, R.; Levina, L.; Rollny, L.R.; Carey, G.H.; Fischer, A.; et al. Hybrid passivated colloidal quantum dot solids. Nat. Nanotechnol. 2012, 7, 577–582. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Warner, J.H.; Cao, H. Shape control of PbS nanocrystals using multiple surfactants. Nanotechnology 2008, 19, 305605. [Google Scholar] [CrossRef] [PubMed]

	



Patel, J.D.; Mighri, F.; Ajji, A.; Elkoun, S. Room Temperature Synthesis of Aminocaproic Acid-Capped Lead Sulphide Nanoparticles. Mater. Sci. Appl. 2012, 3, 125–130. [Google Scholar] [CrossRef]

	



Kagan, C.R.; Murray, C.B. Charge transport in strongly coupled quantum dot solids. Nat. Nanotechnol. 2015, 10, 1013–1026. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zherebetskyy, D.; Bronstein, N.D.; Barja, S.; Lichtenstein, L.; Schuppisser, D.; Wang, L.W.; Alivisatos, A.P.; Salmeron, M. Charge Percolation Pathways Guided by Defects in Quantum Dot Solids. Nano Lett. 2015, 15, 3249–3253. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Colbert, E.; Wu, W.; Janke, E.M.; Ma, F.; Ginger, D.S. Effects of Ligands on Charge Generation and Recombination in Hybrid Polymer/Quantum Dot Solar Cells. J. Phys. Chem. C 2015, 119, 24733–24739. [Google Scholar] [CrossRef]

	



Konstantatos, G.; Sargent, E.H. Solution-Processed Quantum Dot Photodetectors. Proc. IEEE 2009, 97, 1666–1683. [Google Scholar] [CrossRef]

	



Jin, Z.; Wang, A.; Zhou, Q.; Wang, Y.; Wang, J. Detecting trap states in planar PbS colloidal quantum dot solar cells. Sci. Rep. 2016, 37106. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, M.; Kemp, K.W.; Thon, S.M.; Kim, J.Y.; Chou, K.W.; Amassian, A.; Sargent, E.H. High-Performance Quantum-Dot Solids via Elemental Sulfur Synthesis. Adv. Mater. 2014, 26, 3513–3519. [Google Scholar] [CrossRef] [PubMed]

	



Miri, S.; Rostami, A.; Dolatyari, M.; Baghban, H.; Rasooli, H.; Amini, E. Fabrication of fast and sensitive IR-detectors based on PbS quantum dots passivated by organic ligands. Phys. Stat. Sol. A 2013, 210, 420–424. [Google Scholar] [CrossRef]

	



Saran, R.; Curry, R.J. Lead sulphide nanocrystal photodetector technologies. Nat. Photonics 2016, 10, 81–92. [Google Scholar] [CrossRef][Green Version]

	



Bozyigit, D.; Jakob, M.; Yarema, O.; Wood, V. Deep level transient spectroscopy (DLTS) on colloidal-synthesized nanocrystal solids. ACS Appl. Mater. Interfaces 2013, 5, 2915–2919. [Google Scholar] [CrossRef] [PubMed]

	



Bakulin, A.A.; Neutzner, S.; Bakker, H.J.; Ottaviani, L.; Barakel, D.; Chen, Z. Charge Trapping Dynamics in PbS Colloidal Quantum Dot Photovoltaic Devices. ACS Nano 2013, 7, 8771–8779. [Google Scholar] [CrossRef] [PubMed]

	



Ning, Z.; Ren, Y.; Hoogland, S.; Voznyy, O.; Levina, L.; Stadler, P.; Lan, X.; Zhitomirsky, D.; Sargent, E.H. All-Inorganic Colloidal Quantum Dot Photovoltaics Employing Solution-Phase Halide Passivation. Adv. Mater. 2012, 24, 6295–6299. [Google Scholar] [CrossRef] [PubMed]

	



Niu, G.; Wang, L.; Gao, R.; Ma, B.; Dong, H.; Qiu, Y. Inorganic iodide ligands in ex situ PbS quantum dot sensitized solar cells with I−/I3− electrolytes. J. Mater. Chem. 2012, 22, 16914–16919. [Google Scholar] [CrossRef]

	



Cademartiri, L.; Bertolotti, J.; Sapienza, R.; Wiersma, D.S.; von Freymann, G.; Ozin, G.A. Multigram Scale, Solventless, and Diffusion-Controlled Route to Highly Monodisperse PbS Nanocrystals. J. Phys. Chem. 2006, 110, 671–673. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Balazs, D.M.; Rizkia, N.; Fang, H.-H.; Dirin, D.N.; Momand, J.; Kooi, B.J.; Kovalenko, M.V.; Loi, M.A. Colloidal Quantum Dot Inks for Single-Step-Fabricated Field-Effect Transistors: The Importance of Postdeposition Ligand Removal. ACS Appl. Mater. Interfaces 2018, 10, 5626–5632. [Google Scholar] [CrossRef] [PubMed]

	



Malgras, V.; Nattestad, A.; Yamauchi, Y.; Dou, S.X.; Kim, J.H. The effect of surface passivation on the structure of sulphur-rich PbS colloidal quantum dots for photovoltaic application. Nanoscale 2015, 7, 5706–5711. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Pereira, R.N.; Niesar, S.; You, W.B.; da Cunha, A.F.; Erhard, N.; Stegner, A.R.; Wiggers, H.; Willinger, M.-G.; Stutzmann, M.; Brandt, M.S. Solution-Processed Networks of Silicon Nanocrystals: The Role of Internanocrystal Medium on Semiconducting Behavior. J. Phys. Chem. C 2011, 115, 20120–20127. [Google Scholar] [CrossRef]

	



Pattantyus-Abraham, A.G.; Kramer, I.J.; Barkhouse, A.R.; Wang, X.; Konstantatos, G.; Debnath, R.; Levina, L.; Raabe, I.; Nazeeruddin, M.K.; Grätzel, M.; et al. Depleted-Heterojunction Colloidal Quantum Dot Solar Cells. ACS Nano 2010, 4, 3374–3380. [Google Scholar] [CrossRef] [PubMed]

	



Zarghami, M.H.; Liu, Y.; Gibbs, M.; Gebremichael, E.; Webster, C.; Law, M. p-Type PbSe and PbS Quantum Dot Solids Prepared with Short-Chain Acids and Diacids. ACS Nano 2010, 4, 2475–2485. [Google Scholar] [CrossRef] [PubMed]

	



Balazs, D.M.; Nugraha, M.I.; Bisri, S.Z.; Sytnyk, M.; Heiss, W.; Loi, M.A. Reducing charge trapping in PbS colloidal quantum dot solids. Appl. Phys. Lett. 2014, 104, 112104. [Google Scholar] [CrossRef][Green Version]

	



Nagpal, P.; Klimov, V.I. Role of mid-gap states in charge transport and photoconductivity in semiconductor nanocrystal films. Nat. Commun. 2011, 2, 486. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Musca, C.A.; Siliquini, J.F.; Nener, B.D.; Faraone, L. Heterojunction Blocking Contacts in MOCVD Grown Hg1-xCdxTe Long Wavelength Infrared Photoconductors. IEEE Trans. Electron Dev. 1997, 44, 239–249. [Google Scholar] [CrossRef]

	



Konstantatos, G.; Sargent, E.H. (Eds.) Colloidal Quantum Dot Optoelectronics and Photovoltaics. In Chapter 7: Colloidal Quantum Dot Photodetectors (G. Konstantatos); Cambridge University Press: Cambridge, UK, 2013. [Google Scholar]

	



Hu, L.; Mandelis, A.; Melnikov, A.; Lan, X.; Hoogland, S.; Sargent, E.H. Study of Exciton Hopping Transport in PbS Colloidal Quantum Dot Thin Films Using Frequency- and Temperature-Scanned Photocarrier Radiometry. Int. J. Thermophys. 2017, 38, 1–9. [Google Scholar] [CrossRef]

	



Hornbeck, J.A.; Haynes, J.R. Trapping of Minority Carriers in Silicon. I. P-Type Silicon. Phys. Rev. 1955, 97, 311–321. [Google Scholar] [CrossRef]

	



Kahmann, S.; Sytnyk, M.; Schrenker, N.; Matt, G.J.; Spiecker, E.; Heiss, W.; Brabec, C.J.; Loi, M.A. Revealing Trap States in Lead Sulphide Colloidal Quantum Dots by Photoinduced Absorption Spectroscopy. Adv. Electron. Mater. 2018, 4, 1700348. [Google Scholar] [CrossRef]

	



Konstantatos, G.; Sargent, E.H. PbS colloidal quantum dot photoconductive photodetectors: Transport, traps, and gain. Appl. Phys. Lett. 2007, 91, 173505. [Google Scholar] [CrossRef]

	



Wei, Y.; Ren, Z.; Zhang, A.; Mao, P.; Li, H.; Zhong, X.; Li, W.; Yang, S.; Wang, J. Hybrid Organic/PbS Quantum Dot Bilayer Photodetector with Low Dark Current and High Detectivity. Adv. Funct. Mater. 2018, 28, 1706690. [Google Scholar] [CrossRef]

	



De Iacovo, A.; Venettacci, C.; Colace, L.; Scopa, L.; Foglia, S. Noise performance of PbS colloidal quantum dot photodetectors. Appl. Phys. Lett. 2017, 111, 211104. [Google Scholar] [CrossRef]

	



Liu, H.; Lhuillier, E.; Guyot-Sionnest, P. 1/f noise in semiconductor and metal nanocrystal solids. J. Appl. Phys. 2014, 115, 154309. [Google Scholar] [CrossRef]

	



De Iacovo, A.; Venettacci, C.; Colace, L.; Scopa, L.; Foglia, S. PbS Colloidal Quantum Dot Photodetectors operating in the near infrared. Sci. Rep. 2016, 6, 37913. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Hu, C.; Gassenq, A.; Justo, Y.; Devloo-Casier, K.; Chen, H.; Detavernier, C.; Hens, Z.; Roelkens, G. Air-stable short-wave infrared PbS colloidal quantum dot photoconductors passivated with Al2O3 atomic layer deposition. Appl. Phys. Lett. 2014, 105, 171110. [Google Scholar] [CrossRef]








[image: Nanomaterials 08 00677 g001 550] 





Figure 1. (a) Transmission electron microscopy image of PbS quantum dots (QDs) and size histogram (inset). (b) Absorbance and photoluminescence spectra measured in the QD nanoinks used to create films with the doctor-blade technique. (c) Absorbance spectra of PbS QD solids measured (a finite background absorbance due to scattering was subtracted from the raw spectra) in untreated (black) and after post-deposition ligand exchange with tetrabutylammonium iodide (TBAI; red) and 3-mercaptopropionic acid (MPA; blue). 
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Figure 2. X-ray photoelectron spectroscopy (XPS) spectra of the PbS QD solid treated with TBAI and MPA compared to the untreated film in the energy regions of S 2p (a) and Pb 4f (b) photoelectron transitions; (c) I 3d XPS spectrum of the PbS QD solid treated with TBAI. 
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Figure 3. Current–voltage characteristics in the dark (black lines) and under 25-mW/cm2 halogen-lamp illumination (red lines) of processed PbS colloidal QD photoconductors: MPA-treated (a), and TBAI-treated (b). The inset in the bottom-right panel shows the three contacted photodevices under white-light illumination (the picture also includes a scheme of the photoconductor detector). 
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Figure 4. (a) Responsivity spectra of 5-μm-gap photoconductors under 100-V bias for PbS–MPA (blue) and PbS–TBAI (red) films. (b) Experimental (symbols) and calculated (lines) photocurrent of MPA- (solid symbols) and TBAI-treated (hollow symbols) photodevices as a function of optical power received (electrode gap width is indicated in the plot) at 1550 nm and 100 V of voltage bias (50 V for 2-μm-wide electrode gap). (c) The same as (b) for responsivity; the measured range for power density is indicated. (d) Illustration of the kinetic model for minority-carrier recombination including the presence of photoconductive sensitized centers (safe traps). 
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Figure 5. Transient photocurrent measurements for (a) MPA- and (b) TBAI-treated PbS QD-solid photoconductors with 5-mm channel length under pulsed laser excitation at 1064 nm. 
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Table 1. Conductivity under dark conditions (σ0), photoconductivity (Δσ), and photoconductive sensitivity (S) of processed PbS quantum-dot (QD) photoconductors treated with 3-mercaptopropionic acid (MPA) and tetrabutylammonium iodide (TBAI) ligands, as deduced from I–V curves in Figure 3.
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MPA

	
TBAI




	
Gap (μm)

	
σ0 * (μS/cm)

	
Δσ (μS/cm)

	
S = (IL − ID)/IL

	
σ0 * (μS/cm)

	
Δσ (μS/cm)

	
S = (IL − ID)/IL






	
2

	
0.20–0.37

	
8.5

	
0.97

	
1.0–4.0

	
6

	
0.82




	
5

	
0.33–0.58

	
5.3

	
0.93

	
0.9–2.6

	
4

	
0.76




	
20

	
0.03–0.05

	
0.95

	
0.93

	
0.58

	
0.20–0.65

	
0.2–0.4








* The I–V curves under dark conditions exhibited a near quadratic behavior on applied voltage, more evident above 4–5 V; hence, we included a range of variation for σ0, being the smallest/highest value corresponding to low- and high-bias-voltage regions; this effect was less important in the case of the photoconductor with electrodes separated 20 μm (weaker electric fields). In the case of Δσ deduced from IL − ID versus voltage, the variation was mostly linear, and the value was obtained with a relative error of around 10% (except for the photoconductor with the largest gap treated with TBAI, in which the range of variation is included).
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Table 2. Acceptor concentration and mobility of processed PbS QD solids treated with MPA and TBAI ligands, as obtained from data shown in Figures S4 and S5. From these values, estimated conductivity and drift/transit time are also listed.
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	Electrical Parameter
	MPA
	TBAI





	Acceptor concentration, Na (cm−3)
	1.9 × 1015
	2.3 × 1016



	Hole mobility, μp (cm2·V−1·s−1)
	(1–4) × 10−4
	(2–6) × 10−5



	Conductivity, σ0 = q μp p (μS/cm)
	0.03–0.12
	0.07–0.22



	Drift/transit time, τd = L2/μV (μs)

L = 5 μm; V = 100 V
	6–25
	40–125











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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