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Thin-Film Photodetector Optimization for High-Performance Short-Wavelength Infrared Imaging
Abstract—In this paper, we present a small pixel pitch image sensor optimized for high external quantum efficiency in short-wavelength infrared (SWIR). Thin-film photodiodes based on PbS colloidal quantum dot (CQD) absorber allow us to exceed the spectral limitations of silicon’s absorption while maintaining the benefits of CMOS technology. By monolithically integrating PbS CDQ thin films with CMOS readout arrays, high-pixel density SWIR image sensors can be achieved. To overcome the remaining disadvantages of the CQD-based image sensors over their bulk III-V semiconductor counterparts (lower sensitivity and reduced linearity), the thin-film photodiode stack is adapted towards the used readout circuit. A prototype image sensor with a 768x512 resolution of 5-µm pitch pixels is fabricated by using a modified 130 nm CMOS process for readout IC, together with the new CQD thin-film photodiode on top. Thanks to the optimized photodiode stack and co-integration process, the prototype image sensor shows less than 5% linearity error while having 40% external quantum efficiency in SWIR, which enables acquisition of high-quality images.
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Introduction
S
HORT-wavelength infrared (SWIR) refers to the region of the electromagnetic spectrum with wavelengths between 1 and 2.5 μm. Imaging in this spectral range is relevant for industries such as agriculture, machine vision (e.g. sorting and recycling), surveillance (e.g. low-light vision), identification of biomolecules, and others. SWIR imagers are usually based on III-V semiconductors such as InGaAs. Due to the high cost and low throughput of III-V device production, as well as complex flip-chip hybridization process with CMOS, InGaAs-based image sensors are expensive compared to CMOS image sensors (CIS), which prevents their deployment across a wider range of industries. Moreover, their performance has been improving at a slow pace, with the low resolution being one of the most critical drawbacks. For decades, the pixel pitch was limited to 10 μm and above, and only recently it was reduced to 5 μm by an advanced bonding technology [1]. 
Several rapidly growing fields such as machine vision and consumer devices (AR/VR) are showing high interest in affordable SWIR imaging systems. As a result, new technologies that intend to combine good imaging quality, scalability of pixel size and upscalability of the technology are emerging. Thin-film photodetectors based on colloidal quantum dots (CQD), processed as films on top of a CMOS readout circuit (ROIC), are promising candidates to achieve this goal [2]–[4].
CQDs are chemically synthesized spherical nanocrystals which are characterized by tunability of the optical properties. Thanks to the quantum confinement effect, the size of CQDs determines their absorption and emission spectra, with larger dots emitting and absorbing longer wavelengths. After the synthesis, CQDs are dispersed in a solvent, which enables room-temperature deposition of this material on any wafer size using spin-coating. This results in a possibility of direct (monolithic) integration of CQD-based photodetectors on readout electronics on a wafer scale, unlike III-V photodetector arrays that require epitaxy, limited to small wafer sizes, and flip-chip hybridization with ROIC. 
A wide range of photodetectors employing CQDs for infrared sensing was demonstrated in the literature, including photoconductors, phototransistors, and photodiodes [5], [6]. Significant progress in CQD devices was made over the past decade, which enabled photodiodes with impressively high external quantum efficiency (EQE) of 80% in SWIR [7]–[9]. However, the progress was mainly driven by photovoltaic applications, which left the issue of the dark current largely neglected and unreported. The high dark current of CQD photodiodes, originating from abundant trap states, is detrimental to image sensor performance. This issue can be mitigated by applying a low bias voltage during signal readout, in the range of several mV [10]. Another class of photodetectors that was exploited for imaging is a phototransistor based on CQDs and graphene [11], [12]. It relies on a photogating effect and induced gain, leading to a high responsivity of 107 AW-1. Despite their promise for SWIR imaging, both approaches demand complex readout schemes that require a large chip footprint, which limits the image sensor’s pixel pitch. Hence, these image sensors do not fully exploit the potential of CQDs. Recently, it was demonstrated that CQD thin-film technology, in combination with a simpler ROIC, can outperform InGaAs focal plane arrays (FPAs) in terms of resolution, with pixel pitch below 2 μm [2]. However, the non-linear output and relatively low EQE of the used photodetector pose a serious limitation to its application.
In this paper, we present an image sensor with low linearity error and high EQE of 40% in SWIR, based on a photodetector design optimized for high pixel density ROICs. This work demonstrates an imaging solution that can effectively surpass the limitations of InGaAs FPAs and has the potential to become a new standard for SWIR imaging in the future.
Operation Principle
For this work, we used PbS CQDs which can be tuned to absorb SWIR wavelengths. This material has been widely explored for applications in thin-film solar cells [13], photodetectors [5], [6], and LEDs [14]. Fig. 1 (a) shows a transmission electron microscopy (TEM) image of our PbS CQD photodiode stack integrated on a CMOS ROIC. The top electrode is a transparent metal oxide such as indium tin oxide (ITO) that allows light penetration into the absorber. The bottom electrode is made of a highly reflective metal that enhances light absorption in the CQD layer by reflecting the incoming light back to the device. The active PbS CQD layers are separated from the electrodes by electron (ETL) and hole (HTL) transport layers.
To maximize the scaling capability enabled by thin-film technology, we chose a 3T pixel readout architecture as shown in Fig 1 (b) [15], rather than a capacitive trans-impedance amplifier (CTIA) pixel, preferred for InGaAs image sensors for its fixed bias operation, which usually includes one capacitor and two amplifiers, reset, row selector transistor and current source [16]–[19]. The 3T pixel, on the other hand, contains minimal in-pixel components: reset transistor (RST), source follower (SF), and row select (SEL) transistor (Fig. 1 (b)). For a pixel that collects electrons, the signal electrons are read from the cathode while the anode is shared among the entire array of pixels (for hole collection, cathode is shared, and anode is read). After resetting the PD, in case of electron collection, the collected electrons reduce the cathode node voltage proportional to the illumination and integration time. To be able to read the signal with reasonable dynamic range, an integration node voltage swing between a few hundreds of mV to around 1V is usually required. To keep the pixel output linear, the photodiode response should be constant within the photodiode voltage swing.
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                    (a)                                                                     (b)
Fig. 1. (a) TEM image of a PbS CQD stack and (b) stack integration on a ROIC
Photodetector Optimization
First, we fabricated and characterized test photodiodes with an active area of 0.13 cm2. CQDs with a 5.4 nm diameter were used, which corresponds to a bandgap of 0.86 eV. All the layers were spin-coated on 3x3 cm2 substrates and a solid-phase ligand exchange step was applied to the CQD films [20], [21]. TiO2 nanoparticles were used as ETL and a semiconductor polymer PolyTPD as HTL. 
A critical step during the fabrication is to passivate the surface of CQDs, which is done by molecules which act as ligands. Initially, long organic molecules bind to CQDs to enable their dispersion in organic solvents. Due to their length, these ligands hinder charge carrier transport, and it is necessary to replace them with shorter ones to increase the film’s conductivity. The choice of new ligands determines the properties of CQD films such as doping, mobility, and trap state density [22], [23].
Two designs of PbS CQDs photodiodes are explored in this paper. The main building block of the first generation, here referred to as “gen1”, is a heterojunction created by a wide bandgap n-type ETL, typically made of ZnO or TiO2, and a p-type CQD film [21], [24]. This design was a basis in our previous work [2], [25]. The built-in field at the interface between these two materials serves to separate photogenerated carriers, as illustrated in the band diagram in Fig. 2 (a). Short organic molecules are typically used as ligands to obtain p-type behavior [22]. 
IV and EQE vs bias voltage curves measured at room temperature are shown in Fig. 3 (a) and 3 (b), respectively. Gen1 photodiode exhibits low dark current density of 20 nA/ at -1 V. However, the EQE is limited to only 12%, and a strong bias voltage dependency is observed, which is an unwanted behavior for 3T pixel design. Interestingly, after the device is exposed to UV light, the EQE increases and saturates at -1.5 V. This phenomenon can be explained by photodoping of TiO2 by UV, which was observed in PbS solar cells [26]. By increasing the electron density in TiO2, the built-in field over the active layer increases, and the depletion region shifts to the absorber’s side, which leads to a more efficient carrier extraction. However, this effect is temporary, and it negatively affects the dark current. Despite its low dark current, we conclude that the gen1 approach has some inherent disadvantages for realizing pixels that employ 3T structure, not only due to the low EQE, but also due to its non-saturated response that introduces non-linearity in the image sensor’s output.  
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Fig. 2. Illustrated band diagrams under reverse bias of (a) gen1 and (b) gen2 PbS-based photodiodes
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                     (a)                                                         (b)
Fig. 3. Device characterization: (a) IV curve and (b) EQE versus bias voltage under SWIR illumination of gen1 and gen2 PbS-based photodiodes
To solve the issue of low EQE and non-saturated response, we adopt the second generation (gen2) photodiode design that provides a possibility to use thicker CQD absorbers and hence increase light absorption. Gen2 is based on a homojunction, created by two distinct types of CQD films: a thin p-layer, and a thicker, newly introduced n-layer obtained by using inorganic ions as ligands. Gen2 band diagram is illustrated in Fig. 2 (b). Shorter inorganic ligands significantly improve the properties of CQD films, mainly the carrier mobility, which increases carrier diffusion length and allows deposition of thicker absorbers [27], [28]. A stable EQE of more than 40% was measured, for a voltage region between -4 V and -1.5 V, suitable for signal integration by 3T pixel structure. This behavior indicates that the homojunction created by different ligands is better in separating electron-hole pairs and it does not rely on external UV activation. However, the gen2 device exhibits higher dark current density of 790 nA/ at -1 V bias. The gen1 device performs better in this respect partially because of the higher resistivity that is associated with p-type CQD PbS films [29], [30]. In addition, formation of trap states in the absorber, which heavily depends on the used ligands, inevitably affects the dark current, and this issue will be our focus point in the future. Nevertheless, we obtain a high detectivity of 9.5x1011 Jones for gen2 device, assuming a shot-noise dominated operation.
It should be noted that EQE of up to 80% can be reached by PbS CQDs, as shown by several thin-film photovoltaic research groups [7]–[9]. However, the accompanying dark current is either not reported, or it is very high, which increases the noise caused by the external bias voltage, required for 3T pixel operation. We believe that the EQE reported in this paper can be further increased by absorption enhancement via optical engineering, without compromising the dark current.  
[bookmark: _Hlk66050158]High EQE CQD Image Sensor
A prototype image sensor was fabricated by using a 130 nm CMOS process optimized for co-integration together with the developed photodiode stacks. The designed image sensor contains 768x512 pixel array with a 5 µm pixel pitch. Pixel outputs are buffered and serially multiplexed on chip, then digitized by on-board 16-bit analog-to-digital converter (ADC). 
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                     (a)                                                         (b)
Fig. 4. Image sensor characterization: (a) linearity error and (b) EQE versus wavelength of image sensors with gen1 and gen2 PbS-based photodiodes
Fig. 4 (a) shows the measured linearity of image sensors with photodiodes of both generations. Output curve is fitted from 10% to 60% and the deviation from the ideal curve is calculated [31]. As expected from the test photodiodes, the image sensor with the gen2 photodiode shows better linearity with less than 5% linearity error in the entire operating range. The sudden linearity drop above 50,000 DN (digital number) is due to pixel saturation. Similarly, the measured EQE shown in Fig. 4 (b) matches well the results obtained from the test photodiodes, with 40% EQE in SWIR achieved by gen2. To the best of the authors’ knowledge, this is the highest EQE SWIR image sensor using CQD photodiodes ever reported. In addition to the high EQE and linear photodiode output, thanks to the adaption of dual conversion gain function, high full well capacity (FWC) could be achieved while keeping the read noise low, which would eventually improve the quality of the captured images. Photo responsivity non-uniformity (PRNU) is measured to be 2.4%, which proves that photodiode uniformity is properly controlled while processing the new photodiode stack. Clear images could be captured by our prototype image sensor with gen2 photodiode stack, as shown in Fig. 5, under SWIR and visible illumination. The two plastic plates made of different materials show clear differences under SWIR, whereas both are black under visible light. Table 1. summarizes the performance of our image sensor in comparison with state-of-the-art results.
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               (a)                                                                   (b)
Fig. 5. Sample captured by gen2 PbS image sensor under (a) visible light and (b) SWIR
TABLE I
Performance summary of state-of-the-art technologies[image: ]
Conclusion
In this paper, we analyzed the requirements for monolithic integration of thin-film photodiodes with high pixel density CMOS readout circuit. We optimized PbS quantum dots photodiode to be compatible with a 3T pixel design, which opens a path for the realization of SWIR image sensors with resolution beyond the current state-of-the-art. We presented a SWIR image sensor with 768x512 pixel array, pixel pitch of 5 µm with 40% EQE at 1450 nm. Co-optimization of the photodiode stack and the readout allow us to acquire images with high sensitivity and high level of detail. These results demonstrate the potential of the thin-film technology to enable new emerging applications in SWIR imaging.
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Pixel pitch (um)

5 5 1.5 15

Array size

768 x 512 768 x 512 1280 x 960 1920 x 1080

CG  (HCG/LCG, uV/e)

9.5/2.2 8.3/1.5 NA NA

DR (dB)

82 84 56 70

PD swing (V)

0.7 0.7 NA NA
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Dark current (A/cm2)
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Peak wavelength (nm)
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EQE (%)

40 13 31 15
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