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Abstract—Colloidal quantum dots based on lead sulfide 

(PbS) are very attractive materials for the realization of 

novel image sensors. They offer low cost synthesis, 

compatibility with a variety of substrates and processing on 

large area. The tunable band gap enables selective light 

detection from the visible wavelengths up to the short-wave-

infrared (SWIR). This work describes the roadmap towards 

the integration of quantum dot photodiodes (QDPD) on top 

of a Si based CMOS read-out circuit. Photodiodes using an 

n-p junction architecture are fabricated on Si substrates, 

showing a dark current of 30 nA/cm2 at -1 V reverse bias, 

EQE above 20% and specific detectivity above 1012 cm Hz1/2 

W−1 at the wavelength of 940 nm. Efficiency is improved by 

reducing absorption in the top contact through optical 

design. Furthermore, photolithographic patterning of the 

thin-film stack is introduced for the first time, showing the 

feasibility of pixel pitches down to 40 μm, opening the way 

towards high resolution monolithic infrared imagers and 

the incorporation of infrared and visible sensitive pixels side 

by side. 

 
Index Terms— infrared image sensors, infrared imaging, 

photodetectors, PbS QDs, quantum dots, thin film sensors, CMOS 

integration. 

I. INTRODUCTION 

EMAND for near-infrared (NIR) imaging is growing. 

Surveillance, optical tomography, process monitoring, 

LiDAR or Advanced Driver Assistance Systems and eye/head 

tracking all need imaging at low light levels, beyond visible 

wavelengths and with specific illumination sources. As the 

absorption of Si sharply decreases at wavelengths above 900 

nm, state-of-the-art infrared (IR) imagers use silicon circuitry 

for pixel readout in combination with flip-chip bonded III-V 

materials [1]–[4]. Even though these hybrid detectors can offer 

great performance, they are characterized by a significantly 

high fabrication cost and low throughput. Typically, an InGaAs 
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or HgCdTe absorber is used. This requires high temperature 

epitaxial growth on small wafer sizes. The solder bump process 

used to connect the absorber with the CMOS read-out circuit 

(ROIC) which restricts the achievable pixel resolution to 10 μm 

[5]. Taking these points into consideration, the development of 

low cost and high resolution infrared photodetectors can 

become a major driver of growth for the IR imaging. 

Thin-film materials can overcome the aforementioned 

restrictions as they can be monolithically integrated on top of a 

Si-based CMOS ROIC using solution processing deposition 

techniques [6]. In this way, there is potentially no limiting 

factor in the achievable resolution (pixel pitch is defined by the 

ROIC) and full wafer level processing can be enabled. Previous 

reports have already demonstrated image sensors with thin-film 

materials using organic absorbers [7]–[10], while over the last 

years there have been significant advances achieved in the 

integration of these films on CMOS with good performance and 

pixel size of as low as 0.9 μm [11], [12] (Fig. 1). A similar 

concept can be envisaged for IR sensors, for which colloidal 

quantum dots (QDs) are ideal candidates because of the 

quantum effect bandgap tuning that allows the detection to shift 

to a wide range of wavelengths from the visible up to SWIR 

(Fig. 2) [13], [14]. QDs based on lead-sulfide (PbS) have 

acquired a lot of interest in the last years due to the ease of 

synthesis and processing [15]. Taking advantage of the large 

exciton Bohr radius of the PbS (18 nm) the band gap of the QDs 

can be tuned depending on the nanocrystal diameter to cover 

the entire near-infrared and short-wave-infrared spectrum [16]. 

Most common sizes in literature vary between 2.8 nm 

(absorption peak λ = 800 nm) to 8 nm (absorption peak λ = 1800 

nm) while successful synthesis of PbS QDs with diameter up to 

10 nm corresponding to absorption peak wavelengths of 2100 

nm has been also reported [17]–[19]. At the same time a variety 

of devices targeting different wavelengths in the NIR and SWIR 

spectrum have been shown using different configurations and 

stacks [19]–[24]. These devices are fabricated on bottom 

illuminated large size passive pixels on glass substrates with 
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Fig. 1.Pixel pitches reported for different absorption wavelength regions and 

comparison of the imagers using thin-film absorbers on CMOS with the state 

of the art Si absorbers and hybrid imagers using InGaAs and MCT (HgCdTe) 

on CMOS [12], [13], [25]–[35]. 

Fig. 2. NIR spectrum applications and positioning of QDPD against state of the 

art absorbers. 

 

ITO contacts and manual-mechanical scrubbing used for the 

cleaning of the contact pads. Here, we report QDPD on Si 

substrates developed for CMOS integration with a NIR 

absorption peak at 940 nm. This wavelength is of particular 

interest due to the water absorption window in the atmosphere 

and compatibility with the standard NIR illumination sources. 

High performance devices with low dark current and pixel size 

down to 20 μm are demonstrated. Then, the devices are further 

optimized for integration by enhancing their optical properties. 

Next, photolithographic patterning of the thin-film stack is 

introduced, opening the way for high resolution monolithic IR 

sensors or even the integration of additional photodiodes next 

to conventional Si pixels, hence extending the sensitivity 

spectrum (Fig 3). 

II. EXPERIMENTAL 

A. PbS QDs 

The PbS QDs were synthesized by a previously published 

method [17], making use of lead oleate and N-(3,5-

bis(trifluoromethylphenyl))-N’-phenylthiourea. After four 

purification cycles the QDs are dispersed in n-octane for the 

device fabrication. The first excitonic peak of the QD  

 

 
Fig. 3. Integration of QDPD on Si. From 200 mm wafer to monolithic NIR 

imager in two configurations: photolithographic patterning of the TFPD stack 

per active area (Gen1) and per pixel (Gen2).  

 

dispersion is positioned at 901 nm which corresponds to a QD 

diameter of 3.23 nm according to SAXS-calibrated sizing 

curves [36]. 

B. Device fabrication 

The photodiode is created in an n-p junction architecture. 

Si/SiO2 substrates are used with a metal bottom contact to 

imitate the surface and interconnects of a CMOS read-out-

circuit (ROIC). TiN is used as the bottom contact due to its 

compatibility with the CMOS process flow and also for its high 

reflectivity in the infrared range. The thin QD film (100 – 200 

nm) is deposited by spin coating in a layer-by-layer approach 

between an electron transport layer (ETL) and an organic hole 

transport layer (HTL). A few drops of QD solution are 

deposited on the substrate which is then spun to dry. 

Subsequently, the substrate is covered by a solution of thiols in 

acetonitrile. The thiols will replace the original passivating 

ligands (oleic acid) enabling carrier transport between adjacent 

nanoparticles. The described process leads to the formation of 

one QD layer with thickness of approximately 15 nm. This PbS 

film deposition and ligand exchange procedure is repeated until 

the target thickness is achieved. For the ETL, an n-type  

 

 

Fig. 4. QD photodiode stack. Band diagram of the n-p junction and annular 

bright-field scanning transmission electron microscopy (ABF-STEM) image of 

the stack in cross-section. The QD film reveals the arrangement of the 
nanoparticles in a lattice separated by the ligands. 
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metal oxide is used to form the junction with the QD layer. Fig. 

4a shows the band diagram of the fabricated detector. The stack 

is finished with a semi-transparent contact allowing top-side 

illumination. Either thermally evaporated Ag or a sputtered ITO 

are used. The complete photodiode stack is shown in a 

transmission electron microscopy (TEM) cross-section image 

in Fig. 4b revealing the lattice formation of the QDs separated 

by their ligands. The substrate consists of many passive pixels 

with sizes ranging from 20×20 µm2 to 2×2 mm2. The size of the 

pixel is defined accurately by an inorganic edge cover layer 

(ECL) which excludes the contribution of the fanout structure 

to the device area, in a single metallization fanout scheme. 

C. Device characterization 

The current voltage characteristics of the photodiodes under 

dark and IR illumination are measured in a dark box using an 

Agilent 4155C Semiconductor Parameter Analyzer. 

The speed measurements are performed in a dark box using 

an IR LED with rise and fall time of 100 ns. For the 

measurement the LED gives pulses of 1 ms and the photodiode 

output is measured using a Stanford Research SR830 lock-in 

amplifier and an oscilloscope. 

The EQE and responsivity (R) measurements are performed 

using a Bentham PV300 Spectral Response system. A light 

beam from a Xenon/Quartz halogen source is coupled into a 

Bentham TMc300 single monochromator, giving a coverage 

over the spectral range of 300-2500nm. The reflection and 

transmission measurements are executed using an integration 

sphere. 

III. RESULTS AND DISCUSSION 

A. QDPD performance 

One of the figures-of-merit for an efficient photodetector and 

for its incorporation as an imager pixel, is the dark current (Id) 

under reverse bias operation. The current-voltage (I-V) curve of 

the developed devices (Fig. 5a) shows a low dark current of 29 

nA/cm2 at an applied reverse bias of -1 V, which is among the 

lowest dark current values reported in the literature. The photo- 

response of the test devices is measured using an infrared LED 

with emission at 940 nm. For a light intensity of 5 mW/cm2, a 

photocurrent of 1.9 mA/cm2 at -1 V is measured, corresponding 

to a photocurrent-to-dark current ratio of 90 dB. Furthermore, 

linear scaling of the diode current with the pixel size is observed 

both under dark conditions and under illumination with a 940 

nm NIR LED, indicating the feasibility of high resolution image 

sensors (Fig. 5b). Fig. 5c shows the linear scaling of the 

photocurrent for increasing illumination intensity at 940 nm. 

A second photodetector figure of merit is the responsivity R 

(measured in A/W), expressing the ratio between the 

photocurrent and the flux of the incident light. The responsivity 

can be directly translated to the external quantum efficiency 

(EQE). Using the responsivity and assuming that the device 

noise is dominated by the dark current in our diodes-we derive 

the specific detectivity (D*) which is widely used to 

characterize the performance of infrared photodiodes and is 

given by:  

 
Fig. 5. QDPD characterization: a) I-V characteristics under dark conditions and under illumination from a 940 nm LED and intensity of 5 mW/cm2 b) linearity of 

photocurrent and dark current versus pixel area c) linearity of the photocurrent for different illumination power at 3 V reverse bias and d) the external quantum 

efficiency (EQE) at 1 V reverse bias of the top illuminated photodiode on silicon and the specific detectivity considering as main noise source the shot noise. 
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 D*(λ) = R(λ)A1/2(2qId)− ()  

where A is the device active area, q the electron charge and Id 

the dark current [22], [37]. Our top illuminated devices achieve 

an EQE of 21 % at 940 nm at bias of -1 V. Taking the dark 

current as the major noise component, the obtained specific 

detectivity surpasses 1012
 cm Hz½ W-1 (Fig. 5d). For the 

realization of the best possible efficiency for the stack, an 

optical optimization was employed and will be discussed in the 

next paragraph.  

To characterize the temporal photo-response, the devices are 

illuminated with a pulsed light emitted from an LED source 

with a peak at 940 nm while their output is sampled using an 

oscilloscope. Rise (10% to 90% of the photogenerated signal) 

and fall (90% to 10% of the photogenerated signal) times of 57 

μs and 86 μs, respectively, are obtained as shown in Fig. 6. Such 

performance corresponds to bandwidth over 10 kHz and is 

sufficient for basic imaging applications. The above analysis 

showcases the feasibility of fabricating IR image sensors with 

thin-film materials. Still, the performance of the QDPDs is 

significantly lower than their III-V based competitors. This is 

balanced by the ease and corresponding lower cost of 

fabrication and the absorption tunability. Additionally, latest 

reports showcase solar cells using PbS QD achieving EQE 

 
Fig. 6. Transient photo-response of a quantum dot photodiode. 

 

values of 80% in the NIR region [38]. Even though these 

configurations sacrifice dark current performance for efficient 

solar light harvesting, we expect that an optimized 

photodetector stack can reach EQE of 60%. 

B. Optical design  

While the electrical design is fundamental in the formation 

of a good photodiode, a proper optical design can significantly 

enhance its quantum efficiency. Specifically, in devices with 

layer thicknesses that are in the range of the wavelength of the 

incident light, even small changes in the layer thicknesses can 

change radically the way that the light propagates through the 

layers. Taking advantage of this effect by forming optical 

cavities can boost the light absorption. We have used a similar 

concept in our previous work [39], in order to enhance the 

photo-response of SWIR quantum dot photodetectors for 

bottom illumination. In bottom illuminated devices typically, 

metals such as Ag or Au are used as top contacts. However, 

these materials have very low transparency. Thus, for top 

illumination the main challenge lies in finding suitable metals 

for both the top and bottom contact. A transparent top contact 

is crucial while a reflective bottom contact can boost the light 

harvesting. TiN proved to be a satisfactory candidate for the 

bottom electrode (reflection > 60% in the IR) while an 

optimized ITO top contact can provide the required 

transparency Fig. 7a. To demonstrate the impact of the top 

contact we have fabricated devices on Si substrate using the 

same ETL/QD/HTL stack and different top contact. Fig. 7b 

shows the difference in the measured EQE of two devices, one 

having a 10 nm Ag low transparency anode and the other an 

optimized ITO for maximum performance at 940 nm. The latest 

achieves 2.5 times higher photo-response even though they use 

the same absorber thickness. 

In order to achieve this maximum EQE we build an optical 

model that can accurately simulate the optical behavior of the 

stack. The model takes as input the complex refractive index ṉ 

= n + ik of all the materials used in the QDPD.as input (where 

n is the refractive index and k is the extinction coefficient). 

These values are obtained through ellipsometry in combination 

with reflection and transmission measurements [39]. Then, the 

transfer matrix algorithm is used to analyze the propagation of 

the light through each layer of our stack and calculate the total 

electric field E inside the system. By simulating different 

thicknesses of the photodiode layers we attempt to create a 

constructive optical interference that will maximize the E. The 

electric field at each wavelength can be easily converted to the 

number of absorbed photons G: 

 G = 2πε(h)−nk|E|2 ()  

where ε is the material permittivity, h the plank constant. 

Assuming that all the absorbed photos are contributing to the 

photocurrent we can calculate the maximum expected EQE 

[40], [41]. 

As a first step, the EQE at the wavelength of interest (940 nm 

here) with varying thickness of the transport layers is simulated 

while the thicknesses of QD film and the top contact remain 

constant. The results are shown in Fig. 8a indicating that the 

optimal thickness for the ETL and the HTL are in the vicinity 

of 50 nm. Using these values, we proceed by simulating the  

 

 

Fig. 7. Material selection for the photodiode contacts. a) Transmission of 10 nm 

Ag, 140 nm of ITO and reflection of TiN on glass substrate for top illumination; 
b) Improvement in the external quantum efficiency of the photodiode when 

passing from a low transparency standard metallic top contact to an optimized 

anode. EQE measured at 1 V reverse bias. 
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Fig. 8. Optical simulations using the developed QDPD model for varying thickness of a) the HTL and ETL and b) for varying QD film and top contact thicknesses. 

Experimental verification in c) for three identical devices with only variation the top contact thickness. The predicted shift of the optical cavity depending on the 

anode thickness is demonstrated. The maximum EQE is obtained for 140 nm contact in good agreement with the simulations d).  

efficiency while varying the QD layer and the top contact 

thickness. From this simulation (Fig. 8b), we obtain peak EQE 

values for QD thickness between 100 to 150 nm with top 

contact thicknesses of 100 to 175 nm. In order to verify the 

model, we build photodiodes using the findings of the 

simulation phase. For the ETL and HTL, the aforementioned 

values are used while keeping the QD film thickness as 120 nm 

taking into account the limited diffusion length of the generated 

carriers. Fig. 8c shows the EQE results for the fabricated 

photodiodes for 3 different thicknesses of the top contact. It is 

clear, that only by changing the thickness of one layer, the 

optical response of the QDPD changes significantly as the 

formed optical cavity shifts. For the 90 nm contact, two peaks 

are formed at λ=800 nm and λ=900 nm while for the 250 nm 

contact, a cavity is formed at λ=730 nm. Simulations predict 

that the use of a top contact of 140 nm creates an optical cavity 

for λ=940 nm (Fig. 8b) and indeed this is proven by the EQE 

measurement which demonstrates a single maximum peak 

around λ=940 nm. Finally, Fig. 8d shows a one dimensional 

simulation of the quantum efficiency at the target wavelength 

while varying the top contact thickness side-by-side with the 

experimental results. It is clear that the device data accurately 

follows the modeling trends. In summary, the developed model 

accurately predicts the optical behavior of a QD photodiode. 

Via a proper selection of stack layers and a fine-tuning of the 

layer thicknesses we manage to boost the EQE from 8% to 20% 

at the target wavelength even when using a very thin and weak 

absorber. 

C. Integration aspects 

A high performance demonstration is a prerequisite for the final 

establishment of this technology. Nevertheless, the next step is 

the integration of a QDPD on a Si-based ROIC and preferably 

within a fab compatible process flow. Still, the integration route 

has a lot of challenges and restrictions to be overcome before 

making the quantum dot photodiodes a viable option for the 

next generation IR imagers. These challenges lie in the limited 

choice of contact materials and the efficient delivery of light to 

the photoactive layer through a semi-transparent top contact, 

while photolithographic patterning is a necessity towards the 

formation of high resolution pixel arrays. In the previous 

paragraph we discussed thoroughly the efficient light 

harvesting in a top-illuminated QD photodiode on silicon. In 

this section, we will focus on the photolithographic patterning 

of the QDPD stack. Being able to pattern thin-film materials 

that are deposited on the ROIC has significant advantages. 

While the most common practice during the development of a 

solution processed thin-film photodiode is manual scrubbing 

for the cleaning of the contact pads, this method is not accurate 

enough to be applied in small structures and it cannot be used 

for high-volume manufacturing. Photolithography on the other 

hand, is a method commonly used in fab process flows and can 

offer high accuracy in order to create even higher resolution 

pixel arrays. 
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Fig. 9 Photolithographic patterning of the QDPD stack: a) a large island that 

covers the pixel area is formed while b) the material covering the contact 

pads is etched away allowing bonding and packaging. c) shows a top view 

schematic of the pattering performed and d) illustrates the same in cross-

section. 

  

In this work, by modifying a method adopted from literature 

[42], we demonstrate for the first time PbS QD photodetectors 

with a photolithography-patterned pixel stack. As a first step, 

the QDPD is patterned in order to create a large island that 

covers the entire focal plane area while leaving the contact pads 

uncovered. This is illustrated in the schematic of Fig. 9a-b, with 

a microscope image at the edge of the patterned area. Pixels of 

different sizes (down to 20 μm) are covered by the QDPD island 

whereas the contact pads have been exposed enabling the 

bonding and packaging of the device (schematic cross-section 

shown in Fig. 9d). Using this method, the pixel pitch is solely 

defined by the ROIC, so sub-micron pitches close to those in 

state-of-the-art silicon imagers can be considered. After the 

patterning step, the photodetector performance remains the 

same (dark/photocurrent and EQE values are maintained). In 

order to check the compatibility with the standard imager 

fabrication procedure, the developed sample was diced and 

packaged. Fig. 10 provides an image of a packaged QDPD 

detector and a schematic cross-section of the fabricated stack. 

Going a step further, the feasibility of creating high 

resolution QDPD pixel arrays is tested. This is performed on 

Si/SiO2 substrates without bottom contacts. Fig. 11 shows the 

results of such a patterning process. A pixel array is 

successfully created with 40 μm pixel pitch. The pixel isolation 

not only cancels potential cross-talk between adjacent pixels  

 

 

Fig. 10. Packaged sensor (left) and a schematic cross section (right) of the 

photodiode stack on Si substrate. 

 

Fig. 11. A high resolution pixel array is created by photolithographic 

pattering forming isolated pixels of 20 μm diameter and 40 μm pitch: a) 

microscope image of the achieved patterning that is illustrated in cross-

section in b);  and c) gives a schematic of devices with isolated hi-resolution 

QDPD islands next to Si pixels. 

  

but also opens the way for new integration concepts. One of 

those is presented in the schematic of Fig. 11d. Quantum dot 

photodiode pixels can be developed on top of a CMOS imager 

and next to standard pinned Si photodiode pixels, extending the 

sensitivity range of the imager to NIR in a low-cost and efficient 

way. 

IV. CONCLUSIONS 

Thin-film photodetectors using PbS quantum dots as IR 

absorber provide a low-cost alternative to III-V materials. 

Monolithic heterogeneous integration enables further 

downscaling of the pixel size (below 10 µm, currently 

achievable only for CMOS imagers), cross-talk reduction and 

multispectral arrays. Here, we demonstrate essential building 

blocks for integration of the QDPD on substrates with a metal 

bottom contact layer to imitate the surface and interconnects of 

a CMOS ROIC. Speeds of 57 μs and 86 μs for rise and fall time 

respectively, a dark current of 29 nA/cm2 and an EQE above 

20% at 940 nm are demonstrated. From an integration aspect, 

the top illuminated stack is electrically and optically optimized 

for fabrication on silicon. Photolithographic patterning of the 

QDPD stack is introduced and the feasibility of high resolution 

pixels arrays is shown, opening the way for a new generation of 

monolithic infrared image sensors. 
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