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Abstract

Lead sulfide colloidal quantum dots (PbS CQDs) exhibit tunable infrared
bandgaps via quantum confinement but suffer from trap states predominantly localized
on {100} facets, which severely degrade device performance in large CQDs due to
increased facet exposure. Addressing the persistent challenge of fabricating high-
quality large CQD films (>1.7 um exciton peak), we developed a solution-phase
exchange method to synthesize defect-controlled PbS CQDs. Furthermore, a self-
powered p-i-n photodetector integrating a WOx interfacial modification layer was
engineered. The WOXx layer enhances contact quality at the metal electrode/PbS CQD
film interface, achieving an ultra-low dark current density of 4.54 nA.cm™ at -0.5V.

Then, the device demonstrates excellent responsivity and detectivity across a broad
range of illumination wavelengths, from 0.36 um to 1.7 um. Notably, the device
achieves an exceptional detectivity for infrared light at 1.7 um, exceeding 10'* Jones.
These findings pave the way for designing and developing novel device structures for
high-performance infrared photovoltaic detectors with extended wavelength
capabilities.
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1. Introduction

Colloidal quantum dots (CQDs) have garnered significant attention as promising
materials for optoelectronic conversion due to their size-tunable bandgap, multiple
exciton effects, and the potential for low-cost solution-based fabrication [1-5]. Among
these, lead sulfide (PbS) CQDs are particularly notable for their impressive stability



and high absorption rates, establishing them as key contenders in the development of
high-performance, cost-effective infrared photodetectors [6, 7]. However, the strong
surface effects encountered immediately after synthesis can diminish the stability of
these CQDs [8]. In the past, researchers have passivated the unsaturated dangling bonds
on the surface of synthesized CQDs using long-chain organic ligands, such as
oleylamine and oleic acid. While effective at passivation, these long-chain ligands
increase the inter-particle distance, which reduces carrier transport efficiency. Moreover,
as the size of the CQDs increases, a greater number of {100} facets, which are difficult
to passivate, become exposed [9]. This exposure makes the CQDs prone to hydrolysis
and instability in atmospheric environment. Additionally, due to the constraints of
growth conditions, controlling surface defects through crystal-facet control in large-
sized CQDs remains challenging. [10-12].

The engineering of ligand passivation on the surfaces of CQDs is crucial for
fabricating high-quality PbS CQDs film [13, 14]. Substantial evidence indicates that
various ligands can influence the positions of the conduction band, valence band, and
the Fermi level of CQDs [15]. For example, PbS CQDs treated with 1,2-Ethanethiol
(EDT) often exhibit p-type semiconductor behavior with the Fermi level positioned
near the top of the valence band. In contrast, treatment with halide ions (TBAI, Pbly,
PbBr;, and EMII) can induce a shift toward n-type characteristics, shifting the Fermi
level toward near the bottom of the conduction band. Recent findings revealed that
using halide ions for ligand exchange not only replaces long-chain ligands on the CQDs
surface with shorter-chain alternatives but also effectively passivates surface defects.
This process significantly enhances the quality of film formation using CQDs ink
through solution-phase exchange as compared to solid-phase exchange methods,
thereby consequently boosting device performance [8, 16]. However, halide-passivated
CQDs need to be redispersed in highly polar solvents. The kinetics of the interaction
between the CQDs surface and polar solvents, the stability of CQDs in polar solvents
after halide passivation, and the large-scale preparation of thin-film devices using
solution-phase methods remain extremely challenging [17]. Moreover, Ohmic contact
formation at the metal electrode/PbS CQD film interface inherently generates injection
currents due to interfacial trap states, work function mismatch, and defects within the
quantum dot matrix. These currents constitute a fundamental component of dark current
that can be minimized through interfacial engineering but cannot be fully eliminated,
as dictated by thermodynamic equilibrium constraints at metal-semiconductor junctions.

Herein, we developed a mixed ligand passivation approach using Pblz, PbBr», and
PbCl; for PbS CQDs with an exciton peak at 1.7 um (£¢ = 0.73 eV), resulting in high-
quality PbS CQDs films with significantly reduced surface defects. By incorporating
WOy as an ultra-thin interface modification layer, we developed a novel p-i-n
photovoltaic self-powered broadband photodetector based on WOx/0.9PbS-
EDT/1.7PbS-X/Zn0O/ZnO-NPs (0.9PbS-EDT: PbS CQDs with an exciton peak at 0.9
um treated with EDT ligands; 1.7PbS: PbS CQDs with an exciton peak at 1.7 pm; X:
CLBrI; NPs: nanoparticles;). The device exhibits exceptional responsivity and
detectivity across a broad spectrum, from ultraviolet to short-wave infrared, at room
temperature. Remarkably, the device achieves a detectivity for infrared light at 1.7 um



exceeding 10'° Jones, providing a robust foundation for the development of high-
performance infrared photovoltaic detectors with extended wavelength capabilities.

2. Experimental

2.1. Materials

Gold target (Au, 99.999 %), tungsten target (W, 99.999 %), indium tin oxide target
(ITO, 99.99 %) and zinc oxide target (ZnO 99.99 %) were purchased from Zhongnuo
Advanced Material (Beijing) Technology Co., Ltd. Lead chloride (PbClz, 99.9 %), lead
bromide (PbBr2, > 98 %), lead iodide (Pblz, 99 %), and oleylamine (OLA, Tech. grade,
70 %) were purchased from Sigma-Aldrich. Oleic acid (OA, Tech. grade, 90 %), 1-
octadecene (ODE, Tech. grade, 90 %), 1,2-ethanedithiol (EDT, 98 %), Zn(Ac)2:6H20
(99.99 %), KOH (99.99 %), NaAc (99.99 %), N-butylamine (99.5 %), and hexylamine
(>98 %) were purchased from Aladdin. Methanol (>99.7 %), dimethylformamide (DMF,
99.5 %), ethanol (>99.7 %) and octane (=98.0 %) were purchased from Tianjin Zhiyuan
Chemical Reagent Co., LTD. All the chemicals were used as received.

2.2 Synthesis and ligand exchange of PbS CQDs

The synthesis of 0.9PbS CQDs and 1.7PbS CQDs was achieved through cation
exchange from ZnS nanorods, as reported by Yong Xia et al [18]. The process for the
solution-phase ligand exchange of 1.7PbS CQDs was conducted within a N»-filled
glove box. Initially, a ligand solution comprising Pbl2:PbBr2:PbCl. and NaAc was
prepared with 10 mL DMF in a molar ratio of Pbl2:PbBr2:PbCly:NaAc of 5:4:5:4. An
equal volume of 10 mg/mL CQDs solution in n-octane was then prepared. The two
solutions were then mixed and shaken vigorously for 1 min, followed by centrifugation
at 7850 rpm for 2 min. The resulting precipitate was washed twice with n-octane. The
secondary ligand solution was prepared using the first ligand solution. First, sodium
acetate was removed by diluting the first ligand solution tenfold in 10 ml of DMF, to
which 10 pL of hexylamine and 10 pL of n-butylamine were added, followed by
thorough mixing. This solution was then introduced to the CQDs, which had been
centrifuged after the first ligand exchange. After resting for 1 min, the mixture was
shaken, and an equal volume of ethyl acetate was added as a counter-solvent before
centrifuging again. The product was dried for 3 min and subsequently dissolved in a
solution of N-butylamine, hexylamine, and DMF in a volume ratio of 8:1:6 at a
concentration of 460 mg/mL. Continuous stirring for 30 min resulted in the formation
of the CQDs ink (1.7PbS-X).

2.3 Device fabrication

The quartz substrate was boiled and washed in a mixture of ammonia, hydrogen
peroxide, and deionized water at 80 °C for 30 min, followed by nitrogen blow-drying
to prepare it for use. The bottom electrode, composed of Au, was prepared by
magnetron sputtering onto the quartz substrate. Subsequently, the tungsten oxide thin
film as an interface modification layer was deposited by sputtering a W target, using
sputtering power of 100 W with oxygen to argon ratio of 1:3 for a duration of 60 s. A
0.9PbS CQDs layer was then spin-coated onto the tungsten oxide surface at a rotation
speed of 1500 rpm. This was followed by an EDT ligand-exchanged process for 30 s,



after which the exchanged quantum dots were thoroughly washed three times with
methanol. This process was repeated three times resulting in the formation of the
0.9PbS-EDT film through a layer-by-layer technique. The subsequent layer, 1.7PbS-X,
was deposited via spin coating of the CQDs ink at 1500 rpm for 30 s on top of the
0.9PbS-EDT film. ZnO-NPs were synthesized using the hot injection method as
reported by Zhang et al [19]. The synthesized ZnO-NPs were dissolved in a solvent
mixture of DMSO and chloroform and were spin-coated onto the 1.7PbS-X layer at
5000 rpm for 60 s. This layer serves to protect the underlying CQDs in the light-
absorbing layer during the sputtering of the ZnO electron transport layer. Finally, the
ZnO electron transport layer and the top ITO electrode were deposited by the sputtering
technique. The effective area of the device was 0.09 cm?.

2.4 Characterization

The deposited films (e.g., WOy, 1.7PbS-X, 0.9PbS CQDs and ZnO) were
characterized using UV-Vis spectroscopy (iHR-320), ultra-violet photoelectron
spectroscopy (UPS, ESCALAB Xi") with He-I excitation source (21.22 eV), X-ray
photoelectron spectroscopy (XPS, K-Alpha") with a monochromatic Al Ka radiation
source (1486.6 eV), X-ray diffraction (XRD, EMPYREAN), transmission electron
microscope (TEM, JEM-2100), atomic force microscope (AFM, SPA-400) and
scanning electron microscope (SEM, Hitachi S-3400N).

Current-voltage (/-V) and transient response (/-f) measurements on the
photodetectors were performed using a Keithley 2400 source meter. The I-¢
measurements were carried out with LED driven by function/arbitrary waveform
generator (RIGOL, DG 1022U). Noise power spectrum (i,) testing was performed using
a noise spectrum analyzer. All measurements were conducted at room temperature.

3. Results and discussion

A low-resolution TEM image of the synthesized 1.7PbS CQDs via cation
exchange from ZnS nanorods, as reported by Zhang et al [18], is shown in Fig. 1(a).
Fig. 1(b) shows a TEM image of 1.7PbS-X CQDs. Notably, the distance between the
1.7PbS CQDs decreases following solution-phase ligand exchange. The corresponding
high-resolution TEM (HRTEM) image of a single 1.7PbS-X CQD is shown in Fig. 1(c).
The image reveals lattice fringes of PbS, indicating that the synthesized CQDs are well
crystallized after ligand passivation and exhibit no visible surface defects. The figure
displays two types of lattice fringes with lattice spacing of 0.297 nm and 0.211 nm,
corresponding to the (200) and (220) facets of PbS crystals, respectively. The inset of
Fig. 1(c) presents the electron diffraction pattern. Size analysis based on the TEM image
indicates that the synthesized CQDs have an average particle size of approximately 7.73
nm (as shown in Fig. 1(d)), which is consistent with the findings of Zhang et al. SEM
images, including an enlarged view of the 1.7PbS-X CQDs film, are shown in Fig. 1(e).
The surface of the 1.7PbS-X CQDs film is smooth and flat, and the dense, high-quality
film provides an excellent foundation for the subsequent preparation of high-
performance devices. Fig. 1(f) illustrates the crystal structure of PbS. The XRD patterns
of the 1.7PbS CQDs film and 1.7PbS-X CQDs film on quartz substrates matches the
PbS standard PDF card (JCPDS# 05-0592), which are shown in Fig. 1(g). it can be



found that after halide ligand passivation, the peak intensity ratio of {111} facets in
1.7PbS-X CQDs is significantly reduced. Compared to the original 1.7PbS CQDs, the
peak intensity ratio between {100} facets and {111} facets is more closely match the
intensity ratio in the PbS standard PDF card. This indicates that the mixed-ligand
solution-phase exchange strategy results in the ordering of the crystal structure of PbS
due to effective suppression. AFM images, along with a 3D representation of the
1.7PbS-X CQDs film, are displayed in Fig. 1(h) and (i), revealing a measured root-
mean-square (RMS) surface roughness of 4.1 nm.
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Fig. 1. Low-resolution TEM images of synthesized (a) 1.7PbS CQDs and (b) 1.7PbS-X. (c) High-
resolution TEM image of a single 1.7PbS-X CQD (Inset: Electron diffraction pattern). (d) Particle
size distribution of 1.7PbS CQDs. (e) SEM image of 1.7PbS-X CQDs film (Inset: magnified SEM
image of 1.7PbS-X CQDs film). (f) Schematic diagram of PbS CQDs crystal structure. (g) XRD
patterns of 1.7PbS CQDs and1.7PbS-X CQDs film. (h) AFM image of 1.7PbS-X CQDs film and
(i) 3D representation of the image.

Absorption spectra for WOy, ZnO, 0.9PbS-EDT and 1.7PbS-X are shown in Fig.
2(a). Both WOx and ZnO are wide bandgap materials, demonstrating prominent
absorption peaks predominantly within the UV range. Specifically, WOx exhibits a



sharp absorption peak at 243 nm. Conversely, the first exciton absorption peak for
0.9PbS-EDT is located at 939 nm. The bandgap and particle size of the PbS CQDs can
be deduced from the first exciton absorption peaks shown in Fig. 2(a). The bandgap of
the CQDs with uniform size distribution can be calculated from the first exciton
absorption peaks using Equation (1).

E,=he /2 (1)

where Eg is bandgap energy, / is Planck's constant, ¢ is speed of light, and /1 is
wavelength of incident light. The 0.9PbS-EDT has a bandgap of 1.32 eV, while the
1.7PbS-X has a bandgap of 0.73 eV. By substituting these bandgap values into Equation
(2) [20], the particle size of the CQDs can be calculated corresponding to their exciton
absorption peaks.

E, =041+ 21 (2)
¢ 0.0252d° +0.0283d
where E; is bandgap energy and d is particle size of the quantum dot. Using Equation

(2), the particle sizes of 0.9PbS-EDT and 1.7PbS-X are 6.1 nm and 9.5 nm, respectively.
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Fig. 2. (a) Absorption spectra of WOy, ZnO, 0.9PbS-EDT and 1.7PbS-X. (b) XRD pattern of ZnO

film. (c) XRD pattern of ITO film. (d) Thickness measurement of WOy film using AFM image. (e)

AFM image of WOy film and (f) 3D presentation of the image. SEM images of (g) WOx, (h) ZnO
and (i) ITO films.

These calculated sizes are slightly larger than those determined statistically from the
TEM images. However, it is evident that the bandgap decreases as the quantum dot size



increases.

Fig. 2(b) and (c) show the XRD patterns of magnetron-sputtered ZnO and ITO
films on quartz substrates, respectively, with all peaks consistent with their standard
PDF cards. Peaks marked with an asterisk belong to the quartz substrate used in the test.
The absence of certain diffraction peaks in the XRD pattern is attributed to the
preferential growth commonly observed in nanocrystalline thin-film materials. Our
magnetron-sputtered ZnO thin films primarily exhibit a preferred orientation along the
(002) direction. The thickness of the WOy, as measured from the AFM image, is shown
in Fig. 2 (d). Additionally, Fig. 2(e) and 2(f) display the AFM and 3D AFM images of
the magnetron-sputtered WOy film on quartz substrates, respectively, revealing a RMS
surface roughness of 0.4 nm. SEM images of the WOy, ZnO, and ITO films are shown
in Fig. 2(g), (h), and (i), respectively.
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Fig. 3. (a) Schematic diagrams illustrating the fabrication process of the Au/WO,/0.9PbS-
EDT/1.7PbS-X/ZnO/ITO photodetector. (b) Energy band diagram of the photodetector under light

conditions at 0 V. (c) Log I-V characteristics of the photodetector under dark and illumination.

The fabrication process of the Au/WOx/0.9PbS-EDT/1.7PbS-X/ZnO/ITO
photodetector is illustrated in Fig 3(a), and the processing steps are described in the
experimental section. A novel secondary ligand mixed halogen solution-phase
exchange method was introduced to effectively passivate large-size CQDs, hence
significantly minimizing surface defects and enhancing device performance.
Furthermore, ZnO-NPs were spin-coated over the CQDs film to protect it from
sputtering damage, and an orthogonal solvent system was used to prevent dissolution
damage to the underlying CQDs film during spin-coating. The energy band diagram of
the photodetector is depicted in Fig 3(b). A photodetector comprising of p-i-n



heterostructure was designed and developed. ITO and Au are used as the top and bottom
electrodes, respectively, with PbS CQDs as the light-absorbing layer, ZnO as the
electron-transporting layer, and WOy as the interface modification layer. The EDT
ligand-exchanged 0.9PbS-EDT demonstrates weak p-type semiconductor
characteristics, whileas the halogen ligand-exchanged PbS exhibits weak n-type
semiconductor characteristics. These layers can be regarded as intrinsic light-absorbing
layers. The p-i-n device structure facilitates the diffusion of electrons and holes upon
contact due to the different types and concentrations of dopant atoms within the
semiconductor. The diffusion of carriers generates a potential difference and electric
field, forming a potential barrier across the p-i-n junction. Under dark conditions with
forward bias, free electrons and holes diffuse towards the center of the p-i-n junction,
thus effectively reducing the potential barrier height. When the potential barrier height
is reduced sufficiently, the electrons and holes can traverse the p-i-n junction, hence a
current is generated. Consequently, the resistance of the p-n junction decreases, leading
to a linear increase in current through the junction. In reverse bias, the applied electric
field counters the built-in electric field, causing electrons to drift from the p-region
towards the n-region. However, due to the limited number of electrons in the p-region,
this drift results in a weak current under dark conditions. As the reverse voltage
increases, the reverse saturation current remains unchanged. Under illuminated
conditions, photon energy can excite electrons within the 1 region of PbS, enabling them
to transit from the valence band to the conduction band, thus generating electron-hole
pairs. These photogenerated electrons drift towards n-ZnO, while holes drift towards p-
0.9PbS-EDT, leading to the generation of photocurrent.
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of the photodetector under 660 nm illumination and (d) magnified TPC plot of the device at 0 V.

10" 10! 10* 10° 10* 10°
Frequency (Hz)

(d) TPC plots across a broad wavelength range of 0.3-1.7 pm measured after the device was left in

air for one year. (€) Noise power spectrum (i) of the photodetector under dark at 0 V.

The bandgap relationships for various samples can be calculated using the



empirical formula: Ev = Ec + E; (Ev: valence band maximum, Ec: conduction band
minimum). Herein, the Ec and Ev of n-ZnO were obtained from the literature [21]. The
Eg for both 0.9PbS-EDT and 1.7PbS-X were derived from calculated values based on
the exciton absorption peaks. The Evs, nue can be calculated using the formula [22]:
Eve,~nHE = @ + Eve, xps — 4.44, where ¢ corresponds to work function of the instrument
(4.2 eV). The measured Evs, xps of 0.9PbS-EDT and 1.7PbS-X were 0.4 and 0.05 eV,
respectively, from the XPS valence band (XPS-VB) spectra shown in Fig S1 and S2.
Subsequently, the Evs, nue of 0.9PbS-EDT and 1.7PbS-X were determined to be 0.16
and 0.77 eV, respectively. Utilizing the conversion relation: £ (vac) = -4.5- EvB, NHE , the
Ev of 0.9PbS-EDT and 1.7PbS-X were -4.7 and -5.3 eV, respectively. The Ec for
0.9PbS-EDT and 1.7PbS-X were found to be -3.3 and -4.5 eV, respectively. Using UPS,
the work function @ of the sample can be calculated using the equation: ®=hv — (EFermi
— Ecutofr), where hv corresponds to He I energy (21.22 eV) [23]. This led to the
determination of ® for WOx as 6.06 eV based on Fig S3, with its Ev determined as 6.8
eV. The E; of WOx can be derived from the absorbance results presented in Fig 2a and
using the Tauc equation: (ahv)>= A(hv - E,)[24], where o is optical absorption
coefficient associated with v and A is a constant. Fig. S4 indicates that the £y of WOx
is 3.54 eV, resulting in Ec of -3.3 eV. Fig. 3(c) shows the log I-V characteristics of the
photodetector under dark and illuminated conditions from -1 V to 1 V. Notably, when
the device is at 0 V, photocurrent is generated under all light conditions, affirming the
capability of the device to operate in self-powered mode. The dark current density of
the device is 4.54 nA-cm™ at -0.5V, which is well below the levels of most infrared

photodetectors, indicating minimal noise level and suitability for focal plane arrays. Fig.
s6 shows the log /I-V characteristics of the photodetector without WOx as a control, and
it is found that our addition of the WOx modification layer reduces the dark current by
about an order of magnitude while ensuring that there is almost no decrease in the
photocurrent of the device. Performance testing of the device under varying
wavelengths of light across a wide spectrum from 0.36-1.7 um revealed a large on/off
ratio (Iphoto/ldark) Of up to 3299. The results are shown in Table 1.

Table 1. Performances of the photodetector under various light wavelengths

Light wavelengths Optical power Tohoto/ lark R(mMAW)  D* (Jones)
densi Wem™
(o) ensity (mWem) -1V bias 0 bias 0V bias
365 1.6 3299 104 2.59x10"
660 2.7 213 11 2.83x10"
940 0.13 22 54 1.34x10"
1550 043 90 1.3 3.63x10'°

1700 0.14 28 35 8.68x101




Responsivity (R) and detectivity (D*) are performance parameters for
characterizing photodetector performance, and they can be calculated using the
following equations [25]:

R=J,/P 3)

opt

D =RJA/i, (4)

where Jpn 1s photocurrent density, Popt 1s incident optical power, and i, is dark current
density. The R and D* calculated using Equation (3) and (4), are presented in Fig. 4(a)
and 4(b), respectively. By calculation, the R and D* were 104 mAW™! and 2.59x10'?
Jones at -1 V under 365 nm illumination, respectively. Under 1700 nm illumination, the
R and D* were 3.5 mAW™! and 8.68x10'" Jones at -1 V, respectively. Importantly, the
D* exceeded 10'° Jones across all tested wavelengths. The one cycle of transient
photocurrent (TPC) curves measured under 660 nm illumination at 0 V are shown in
Fig. 4(c). At this condition, the calculated rise time (z;) and decay time (zq) for the
photodetector were 241 and 124 ms, respectively. The TPC curve obtained from testing
at 0 V can also reveal the self-powered characteristic of the device. The TPC curves,
over a wide spectrum of 0.3-1.7 um, were measured after the device was exposed to air
for one year, as presented in Fig. 4(d). It can be seen that the response times of the
device remain in the same order of magnitude even after one year, hence showcasing
the remarkable stability of the device. The noise power spectrum (i,) of the
photodetector under dark at 0 V were shown in Fig. (e), Test bandwidth Afis 1 Hz. In

commercial detectors, the noise current density at 500 Hz is typically used for
comparison. Our device exhibits a noise current density of 1.2x101A/Hz%° at this
frequency. With the insertion of a WOx thin-film modification layer, the device's low-
frequency noise was reduced by a factor of more than ten. This functional layer
modified the interface between the electrode and the quantum dot thin-film layer,
significantly reducing the noise generated by the device's ohmic contact.

4. Conclusion

In this work, we have pioneered a mixed-ligand solution-phase exchange strategy
to address the long-standing challenge of {100} facet defect passivation in large-
diameter PbS CQDs (exciton peak: 1.7 um). This breakthrough enables the fabrication
of high-quality infrared-active layers with ultralow trap densities. By integrating an
atomic-scale WOX interfacial layer with energy-level-engineered transport layers (ZnO
ETL and EDT-treated CQD HTL), we constructed a p-i-n heterojunction photodetector
(Au/WOx/0.9PbS-EDT/1.7PbS-X/ZnO/ITO) that achieves record-low dark current
densities (4.54 nA-cm2 at -0.5 V). The device demonstrated high performance across
a broad wavelength range of 0.36 to 1.7 um, maintaining high values of D* above 10'°
Jones. Notably, even under illumination at 1.7 pm, the R and D* reached 3.5 mAW"!
and 8.68x10' Jones, respectively. These findings indicate that our WO,-mediated
interfacial control combined with mixed-halide passivation present a promising method
for infrared photovoltaics. This new device structure, which exhibited ultralow dark
current and high optical response, holds significant potential for future applications in
next-generation focal plane array imaging.
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Table S1. Performances of the photodetector under various light wavelengths at -1 V bias.

Optical
Lightwavelengths power WOx : 43 nm WOx : 12nm WOx : 20nm
(Ill’l’l) density Iphoto/ 1 dark Iphoto/ Idark Iphoto/ 1 dark
(mWem?)
365 1.6 3299 826 228
660 2.7 213 84 98
940 0.13 22 51 29
1550 0.43 90 59 330
1700 0.14 28 2 1.6
Dark current
density 0 454nA * cm?  409nA *cm?  5.02nA * cm?
05V
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