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1. INTRODUCTION

With the rapid advancement of automation technologies for 

future automobiles and smart factories, the demand for LiDAR 

sensors has increased sharply. LiDAR sensors scan the 

surrounding environment in real time to generate three-

dimensional maps and accurately detect objects such as vehicles, 

pedestrians, and machinery, making them a core technology for 

autonomous systems [1,2]. A LiDAR sensor is composed of an 

infrared (IR) light source and an IR photodetector, among which 

the IR photodetector plays a critical role by detecting the IR light 

reflected from objects to enable 3D mapping. In particular, the 

performance of the IR photodetector determines the overall 

capability of the LiDAR system, as it must reliably sense IR 

signals even under adverse weather conditions or at night. 

Commercial LiDAR sensors currently rely primarily on indium 

gallium arsenide (InGaAs)-based near-infrared (NIR, 700–1000 

nm) photodetectors [3,4]. While these devices exhibit high 

sensitivity and excellent stability, they require complex 

fabrication processes based on silicon and III–V compound 

epitaxial growth. This results in high manufacturing costs. 

Moreover, their operation at room temperature generates 

significant thermal noise, necessitating additional cooling 

systems. The NIR wavelength range also poses a safety concern, 

as it can penetrate the human retina and potentially cause damage.

To overcome these limitations, extensive research has 

focused on short-wave infrared (SWIR, 1000–2500 nm) 

photodetectors [5,6]. SWIR light provides higher 

transmittance and lower scattering than NIR, delivering 

superior image resolution in nighttime or harsh weather 

environments. In particular, the 1400–2500 nm range is 

classified as eye-safe because it cannot penetrate the human 

retina. Among the various SWIR photodetector technologies, 

quantum-dots (QDs)-based devices have attracted considerable

interest [7]. Lead sulfide (PbS) QDs are particularly promising 

because they can be synthesized and processed via solution 
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methods, enabling low-cost and straightforward device 

fabrication. In addition, their bandgap can be tuned by 

controlling particle size, enabling detection across the 1000–

2800 nm wavelength range and making them ideal for eye-safe 

photodetectors. However, high-performance devices typically 

require the deposition of electron and hole transport layers [8]. 

When these layers are stacked using solution processes, 

interlayer dissolution can occur, compromising film integrity. 

Therefore, simplified device architectures that minimize 

multilayer deposition while maintaining high sensitivity and 

structural stability are urgently required.

In this study, PbS QDs with a target absorption at 1533 nm were 

synthesized, and a composite ink was prepared by blending PbS 

QDs with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as 

the electron-transport material and poly(3-hexylthiophene) 

(P3HT) as the hole-transport material. With this composite ink, a 

single-layer SWIR photodetector was fabricated via screen 

printing. The resulting monolayer enhances both electron and hole 

mobility, thereby achieving high sensitivity and fast response. The 

structural and optical properties of the synthesized PbS QDs were 

characterized by absorption spectroscopy and X-ray diffraction 

(XRD). The electrical performance of the fabricated device was 

evaluated using a source meter unit (SMU) under IR illumination. 

The optimized single-layer SWIR photodetector exhibited a 

maximum sensitivity of 120%, a current change of approximately 

10 µA, and a response time of 0.4 s.

2. EXPERIMENTAL

2.1 Synthesis of PbS Quantum Dots

PbS QDs were synthesized using a colloidal method [11]. First, 

a sulfur precursor solution was prepared by dispersing 1 mmol of 

sulfur powder (S) in 2.4 mL of oleylamine (OLA) and stirring the 

mixture at room temperature for 30 min under a nitrogen 

atmosphere. Separately, a lead precursor solution was prepared 

by dissolving 1.5 mmol of lead(II) chloride (PbCl2) in 5 mL of 

OLA and stirring under nitrogen for 30 min at room temperature, 

followed by heating to 160oC for 1 h. To remove residual 

impurities, we degassed the lead precursor solution under a 

vacuum at 120oC for 15 min. The reaction temperature was then 

adjusted to 110oC, and 225 µL of the S–OLA solution together 

with 274 µL of trioctylphosphine (TOP) were swiftly injected 

into the PbCl2–OLA solution under a nitrogen flow. After 30 min 

of reaction, the mixture was cooled to room temperature. The 

resulting product was washed by adding methanol and toluene to 

the crude solution in a 4:1:1 ratio, followed by centrifugation at 

3000 rpm for 5 min to isolate the PbS QDs. Finally, the purified 

QDs were redispersed in toluene to obtain a PbS colloidal 

solution with a concentration of 20 mg/mL-1.

2.2 Synthesis of PbS Quantum Dot Composite paste

The PbS QD composite paste was prepared using conductive 

polymers as charge‐transport materials. PCBM was employed as 

the electron-transport layer and P3HT as the hole-transport layer 

[15,19]. PbS QD solution (1 mL) dispersed in toluene at a 

concentration of 20 mg/mL-1 was mixed with PCBM and P3HT 

at various ratios, as summarized in Table 1. The total amount of 

PCBM and P3HT was adjusted to be greater than, equal to, or 

less than the amount of PbS QDs to investigate the effect of 

composition. For comparison, an additional paste containing 

only PbS QDs without electron or hole transport layers was also 

prepared. To increase the viscosity required for screen-printing 

fabrication, we added 10 mg of ethyl cellulose as a rheology 

modifier. The mixture was stirred in air at 60oC for 3 h and then 

additionally stirred at room temperature for 12 h.

2.3 Fabrication of PbS Quantum Dot-Based SWIR    

Photodetector

The SWIR photodetector was fabricated using a screen-

printing technique [19]. As the substrate, 5 mm × 5 mm 

alumina plates were sequentially cleaned with acetone, 

methanol, and isopropyl alcohol (IPA). Interdigitated (IDE) 

silver electrodes were then deposited onto the cleaned 

substrates by screen printing with silver paste. The prepared 

PbS QDs composite ink was subsequently printed through a 

shadow mask defining a 3 mm × 3 mm active area onto the 

silver IDE electrodes, according to the desired composition 

conditions. After printing, the devices were annealed at 95oC 

for 30 min to remove residual solvent, yielding photodetectors 

with a 9 mm2 sensing region.

Table 1. Mixing ratios of PbS quantum dots and electron/hole 

extraction layers.

Material Sample 1 Sample 2 Sample 3 Sample 4

PbS QDs (mg) 20 20 20 20

PCBM (mg) 20 10 5 0

P3HT (mg) 20 10 5 0

Ethyl cellulose (mg) 10 10 10 10

Toluene (mL) 1 1 1 1

Fig. 1. Schematic diagram of the fabrication of a SWIR photode-

tector based on a PbS QDs composite.
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3. RESULTS AND DISCUSSIONS

3.1 Characteristics of the synthesized PbS QDs

The characteristics of the synthesized PbS QDs were 

evaluated using absorbance spectroscopy and XRD. As shown 

in Fig. 2(a), the QDs exhibited a distinct absorption peak at 

1533 nm with a full width at half maximum (FWHM) of 102 

nm [5,6,17]. This narrow bandwidth confirms the ability of the 

QDs to selectively detect IR light in the 1533 nm region, 

which lies within the eye-safe range, and suggests that 

photodetectors based on these QDs can achieve high 

selectivity and excellent photo response.

For structural analysis, thin films were prepared by spin-

coating a 20 mg mL-1 PbS QD solution onto 15 mm × 15 mm 

glass substrates at 1500 rpm for 30 s, followed by annealing at 

95oC for 30 min. As shown in Fig. 2(b), the XRD pattern 

displayed diffraction peaks such as (111), (200), and (220) near 

25.9o, 39.7o, and 42.8o, consistent with reported PbS crystal 

planes, confirming the successful synthesis of well-crystallized 

PbS QDs [11,17]. 

3.2 Characteristics of the fabricated SWIR photodetector

The electrical and photoresponse characteristics of the 

fabricated PbS QD-based SWIR photodetectors were 

evaluated in an optical chamber. Each device was mounted 

with probe tips, and measurements were performed using an 

SMU (B2902A, Keysight) under an applied bias of 3 V [12-

15]. An IR light source (Thorlabs, SLS202L/M) provided 

illumination to compare current variations under illuminated 

and dark conditions. Three types of SWIR photodetectors were 

characterized under identical conditions, and both the light 

current (under IR illumination) and dark current (without 

illumination) were measured. As shown in Fig. 3, Sample 2, 

which was prepared with PCBM (10 mg) and P3HT (10 mg) 

in a total amount equal to that of the PbS QDs, exhibited the 

highest current change of approximately 440 µA. The graphs 

in Fig. 3(b) and 3(d) were enlarged to evaluate the response 

and recovery times, and the times required to reach 90% of the 

total current increase after the light was turned on and 90% of 

the total current decrease after the light was turned off were 

calculated. Consequently, the response and recovery times 

were determined to be approximately 0.42 and 0.75 s, 

respectively. This result indicated that electrons and holes 

generated in the PbS QDs were efficiently extracted through 

PCBM and P3HT, which have high charge mobilities, 

producing large current modulation and a rapid photo response 

[20-22]. When the combined concentration of PCBM and 

P3HT exceeded that of the PbS QDs, the density of QDs in the 

active layer decreased, lowering the IR absorption efficiency. 

The reduced QDs density also promoted defect formation and 

localized oxidation, which introduced trap states and enhanced 

charge recombination, yielding a markedly smaller current 

change of only ~0.412 µA. Conversely, when the combined 

concentration of PCBM and P3HT was lower than that of the 

QDs, the charge mobility was insufficient, resulting in 

diminished current modulation and slower response [7,18,19]. 

A reference device composed exclusively of PbS QDs, without 

electron- and hole-transport layers, exhibited a current change 

of only ~0.35 µA, slow response, and high noise. This 

behavior is attributed to poor film uniformity and limited 

charge-transport pathways in the absence of the conductive 

polymers that enhance film adhesion and facilitate carrier 

extraction [6,11,13]. The photoresponse of each device was 

quantified as the percentage change in current relative to the 

dark current, calculated using equation (1) [12,14,22]. 

Photoresponse (%) =  × 100 (1)

As presented in Fig. 5, the device of Sample 2 exhibited a 

photoresponse of 277%, approximately 27 times higher than 

Ilight Idark–

Idark

-----------------------

Fig. 2. (a) Absorbance and (b) XRD analysis characteristics of syn-

thesized PbS QDs.
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that of Sample 4, which showed the lowest value. 

Furthermore, the response time of Sample 2 was about 20 

times faster than that of Sample 4.

4. CONCLUSIONS 

A high-performance short-wave infrared (SWIR) 

photodetector was developed using a fully solution-processed, 

screen-printing method based on a PbS QDs composite 

[15,19]. PbS QDs synthesized using a colloidal route exhibited 

a sharp absorption peak at 1533 nm with a 102 nm full width 

at half maximum, and XRD confirmed their high crystallinity 

and strong, eye-safe infrared absorption. To simplify the device 

architecture and improve charge transport, we blended the 

QDs with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) 

and poly(3-hexylthiophene) (P3HT) to form a single printable 

layer. A systematic variation of the PCBM/P3HT ratio 

revealed that a composition in which the combined amount of 

PCBM and P3HT equaled that of the PbS QDs provided the 

best performance. This device delivered a current change of 

about 10 µA, a photo response of roughly 277%, and a rapid 

response/recovery time of 0.43/0.75 s. Devices with either 

excess or insufficient polymer content exhibited reduced QDs 

density, trap formation, or limited carrier mobility, leading to 

markedly lower photo response, whereas a reference device 

Fig. 3. Current characteristics of SWIR photodetectors under light 

source irradiation according to PbS QDs composite mixing 

conditions (a) Sample 1, (b) Sample 2, (c) Sample 3, and (d) 

Sample 4.

Fig. 4. Enlarged graphs of (a) Samples 2 and (b) Sample 4 for the 

calculation of response and recovery times.

Fig. 5. Photoresponse and response time characteristics of the fab-

ricated SWIR photodetectors.
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composed exclusively of PbS QDs exhibited the poorest 

characteristics. These findings demonstrate that a monolithic 

PbS QDs–PCBM–P3HT layer enables a simplified, stable, and 

low-cost SWIR photodetector, offering a practical and scalable 

route toward eye-safe infrared sensors for next-generation 

LiDAR and related optoelectronic applications.
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