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A B S T R A C T

Photodetectors operating at the eye-safe wavelength of 1550 nm are essential for applications such as LiDAR and 
optical communications; however, achieving high responsivity with atomically thin materials remains chal
lenging. Here, we report a quantum dot-coated graphene/MoS2 barristor photodetector enabling infrared 
detection via photogating-induced Schottky barrier modulation. Ligand-exchanged PbS quantum dots absorb 
1550 nm light and transfer photoexcited carriers to graphene, modulating the Schottky barrier height (SBH) and 
inducing exponential current amplification. The device exhibits a current response of ~2000% and a responsivity 
up to ~780 A W− 1 at a MoS2 thickness of 4.5 nm, where a minimum SBH of ~0.246 eV is extracted from 
thermionic emission analysis. These results demonstrate that thickness-engineered Schottky barrier modulation 
provides an effective strategy for high-responsivity infrared photodetectors based on two-dimensional 
heterostructures.

1. Introduction

Photodetectors operating in the 1550 nm wavelength range are of 
particular technological importance for eye-safe applications such as 
LiDAR and optical communications, owing to reduced atmospheric 
attenuation and a higher maximum permissible exposure for the human 
eye [1–4]. These practical advantages have driven extensive efforts to 
develop compact, energy-efficient photodetectors exhibiting high 
responsivity in this technologically relevant near-infrared wavelength 
regime.

Graphene has been widely explored for photodetection because of its 
exceptionally high carrier mobility (reported up to ~200,000 cm2 V− 1 

s− 1) and broadband optical response [5–10]. However, the absence of an 
intrinsic bandgap severely limits electrostatic current modulation in 
conventional graphene field-effect transistors, resulting in a low current 
on/off ratio (typically ~10–100) and substantial dark current [11–14]. 
To overcome this limitation without sacrificing graphene's mobility and 
Fermi-level tunability, Schottky barrier–based devices, commonly 
referred to as barristors, have emerged as an effective alternative 

[15–18]. In these architectures, the device current is governed by the 
Schottky barrier height (SBH) at a graphene/semiconductor interface 
and responds exponentially to barrier modulation, enabling current 
on/off ratios as high as ~105–106 and significantly enhanced sensitivity 
compared with graphene FETs [15–18].

Among two-dimensional semiconductors, MoS2 is particularly 
attractive for barristor applications because it possesses a finite and 
thickness-dependent bandgap [19,20]. Monolayer MoS2 exhibits a 
direct optical bandgap of ~1.8–1.9 eV as measured by photo
luminescence (PL), which decreases toward ~1.2 eV in the multilayer or 
bulk limit due to interlayer coupling and the transition to an indirect 
bandgap, while angle-resolved photoemission spectroscopy (ARPES) 
reveals a clear thickness-dependent evolution of the MoS2 band struc
ture [19,20]. The electronic bandgap of monolayer MoS2, as calculated 
by many-body theoretical analyses and supported by electrical transport 
trends, is ~2.4–2.5 eV for the direct K–K transition, substantially larger 
than the optical bandgap, and decreases toward the bulk limit consistent 
with quantum confinement effects [21]. This thickness-dependent 
electronic structure is expected to strongly influence band alignment 
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and the effective SBH at graphene/MoS2 junctions, providing a practical 
route for engineering barrier-controlled charge transport and photo
response [15]. However, the intrinsic optical absorption of atomically 
thin MoS2 at 1550 nm is relatively weak, making it insufficient as a 
standalone infrared absorber despite its favorable electronic properties 
[22–24].

Quantum dots (QDs) are an essential component of this platform, 
serving as efficient and spectrally tunable infrared absorbers [25–28]. In 
particular, PbS QDs exhibit strong absorption across the near-infrared 
region, including the 1550 nm band, and can transfer photoexcited 
carriers to graphene [25–27]. In practical eye-safe infrared photode
tectors, high responsivity is a critical performance metric, as it enables 
low-power operation and efficient signal detection under weak illumi
nation conditions [27,29,30]. While QD/graphene hybrid photodetec
tors have reported high responsivity, the enhancement is often indirect, 
relying on photogating effects and channel conductance modulation 
rather than efficient carrier injection [25–28]. In the present approach, 
photogating-induced charge transfer modulates charge transport at the 

graphene/MoS2 junction, resulting in an enhanced current response 
associated with Schottky barrier modulation [15,16].

In this work, we report a QD-coated graphene/MoS2 barristor 
photodetector operating at 1550 nm for infrared sensing. By combining 
ligand-exchanged PbS QDs with a thickness-engineered graphene/MoS2 
Schottky junction, we achieve a responsivity as high as ~780 A W− 1 at 
an optimal MoS2 thickness, while a fully processed, interface-cleaned 
device exhibits a responsivity of 21.6 A W− 1 under standard illumina
tion conditions. Thermionic-emission-based analysis reveals a minimum 
SBH of ~0.246 eV, indicating photogating-induced modulation of the 
SBH under infrared illumination. Importantly, we demonstrate that 
systematic control of the MoS2 thickness offers an effective and previ
ously underexplored strategy to engineer the SBH and optimize infrared 
photoresponse in barristor-based photodetectors. These results establish 
QD-coated MoS2 barristors as a promising platform for high- 
responsivity, eye-safe infrared photodetectors based on two- 
dimensional material heterostructures.

Fig. 1. Device structure, operating principle, and infrared photoresponse of the QD-coated barristor. (a) Optical images of the device: (i) pristine barristor without 
quantum dots (QDs) and (ii) QD-coated barristor after PbS quantum dot coating. (b) Schematic illustration of the QD-coated MoS2 barristor photodetector under 
1550 nm illumination, where photoexcited carriers in PbS QDs modulate the graphene Fermi level and the Schottky barrier at the graphene/MoS2 junction. (c) 
Energy band diagram illustrating the photoresponse mechanism: incident infrared light generates electron–hole pairs in the QDs, and the photoinduced charge 
transfer to graphene alters the Schottky barrier height (SBH), resulting in an amplified current modulation. The blue dashed lines represent the band structure after 
electron injection into graphene. (d) Time-resolved drain current response of the QD-coated barristor under 1550 nm laser illumination (Vds = 3 V, incident power =
1.212 μW), showing a pronounced current increase upon light exposure. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)
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2. Results and discussion

2.1. Results and discussion

The infrared photoresponse of the QD-coated MoS2 barristor is 
attributed to photogating-induced Schottky barrier modulation at the 
graphene/MoS2 junction, arising from photoexcitation in the PbS QDs 
[31]. Fig. 1a shows optical images of the fabricated device before and 
after PbS QD integration, the coating of PbS QDs on the device surface 
without measurable changes in the lateral device geometry. As illus
trated schematically in Fig. 1b, the device consists of an n-type MoS2 
flake forming the source electrode and monolayer graphene serving as 
the drain electrode, thereby forming a vertical graphene/MoS2 Schottky 
junction [32–34]. In this configuration, a positive drain bias corresponds 
to the forward-bias direction; a negative bias corresponds to the 
reverse-bias condition. Ligand-exchanged PbS QDs are coated on top of 
the graphene channel, where they function as an infrared 
photon-absorbing layer that induces photogating and couples optically 
generated carriers to the graphene/MoS2 junction [35].

Under 1550 nm illumination, the PbS QDs absorb infrared photons 
with high efficiency and generate photoexcited charge carriers, which 
are subsequently transferred to graphene [25,27]. This charge 
transfer-induced photogating effect shifts the graphene Fermi level, 
thereby modulating the effective SBH at the graphene/MoS2 interface, 
as depicted in the energy band diagram in Fig. 1c. The resulting SBH 
modulation induces a substantial variation in carrier injection across the 
junction, leading to a pronounced amplification of the modulation of the 
drain current.

This mechanism is directly manifested in the time-resolved drain 
current response measured at Vds = 3 V (Fig. 1d), where a clear, 
reversible, and reproducible increase in drain current is observed upon 
laser illumination. The time-resolved current was recorded with an 
effective sampling interval of ap-proximately 0.33 s, and the photocur
rent reaches a saturated level within this time scale after the laser is 
turned on. The current response, defined as the relative increase in drain 
current with respect to the dark current and expressed as (Ilight − Idark)/ 
Idark, reaches a maximum value of approximately 2000%. This pro
nounced response under 1550 nm illumination confirms that the device 

Fig. 2. Effect of interface cleaning and quantum dot integration on electrical and infrared photoresponse characteristics of the barristor. (a) Drain current–voltage 
(I–V) characteristics of the barristor measured after each fabrication step: before interface cleaning, after interface cleaning, and after PbS QD integration, showing a 
systematic increase in current due to reduced interfacial scattering and Schottky barrier modulation. (b) Time-resolved responsivity under 1550 nm laser illumination 
(Vds = 3 V, incident power = 1.212 μW) for devices subjected to different interface conditions, including a bare barristor, an interface-unclean QD-barristor, and an 
interface-clean QD-barristor, highlighting the critical role of interface cleanliness in infrared photoresponse. (c) Lateral force microscopy (LFM) images acquired after 
successive AFM contact-mode scans (1st, 3rd, 6th, and 8th passes) during the interface-cleaning process, showing the progressive reduction of friction contrast at the 
graphene/MoS2 interface. (d) Schematic illustration of the ligand exchange process in PbS QDs, where long-chain insulating ligands are replaced by shorter ligands, 
resulting in enhanced charge transport and improved electronic coupling between the QDs and graphene.
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efficiently converts infrared photon absorption in the PbS QDs into an 
amplified electrical signal via Schottky barrier modulation, rather than 
through conventional photoconductive or bolometric mechanisms [25,
27,31]. Given that Schottky barrier modulation is highly sensitive to 
interfacial charge states and local potential fluctuations, the quality of 
the graphene/MoS2 interface is expected to play a critical role in 
determining the magnitude of the photoresponse.

To clarify the role of interface quality in this process, the electrical 
and photoresponse characteristics were systematically characterized 
after each fabrication step, namely after initial device fabrication, after 
AFM-based interface cleaning, and after QD integration, as summarized 
in Fig. 2. Fig. 2a presents I–V characteristics measured after each process 
step. Following AFM cleaning, the drain current exhibits a noticeable 
increase, which can be attributed to the removal of residual fabrication- 
induced contaminants remaining on the graphene surface [36]. These 
residues are known to induce unintentional p-type doping and carrier 
scattering in graphene; therefore, their removal leads to a partial re
covery of intrinsic graphene transport properties and enhanced carrier 
injection across the graphene/MoS2 Schottky junction [36]. After sub
sequent QD coating, a further increase in drain current is observed, 
consistent with electron transfer from PbS QDs resulting in n-type 
doping of graphene [25,28]. The systematic evolution of the I–V curves 
verifies that each fabrication step was successfully implemented and 
demonstrates that both interface cleaning and QD integration play 
critical roles in modulating charge transport across the Schottky 
junction.

The corresponding infrared photoresponse under 1550 nm illumi
nation is shown in Fig. 2b. Measurements were performed at a drain bias 
of 3 V with an incident laser power of 1.212 μW. The bare MoS2 barristor 
without QDs exhibits a negligible photoresponse, indicating that MoS2 
and graphene alone provide insufficient infrared absorption at this 
wavelength. In contrast, the interface-unclean QD-barristor shows a 
finite responsivity of approximately 0.4 A W− 1, demonstrating that QD 
integration enables infrared photodetection even in the absence of 
interface cleaning. Notably, when all fabrication processes are applied, 
including AFM-based interface cleaning and ligand-exchanged QD 
integration, the responsivity increases by nearly two orders of magni
tude to 21.6 A W− 1. This comparison unambiguously demonstrates that 
a clean graphene/MoS2 interface is essential for efficient charge transfer 
from the QDs to graphene and for enabling effective Schottky barrier 
modulation, thereby maximizing the infrared photoresponse of the 
barristor.

The responsivity was calculated as the photocurrent divided by the 
effective incident optical power, where the photocurrent is defined as 
the difference between the illuminated and dark drain currents. Spe
cifically, the responsivity is given by Responsivity = (Ilight − Idark)/Peff 
[25]. The effective incident power was determined as Peff = Plaser ×

(Adevice/Alaser), where Plaser is the laser output power, Adevice is the 
effective junction area, and Alaser is the laser spot area [25]. The laser 
spot size corresponds to a beam diameter of approximately 15 μm, 
yielding a laser spot area of approximately 176 μm2. This definition 
provides a consistent and quantitative basis for comparing photo
response among devices with different interface conditions.

Direct evidence for the effectiveness of AFM interface cleaning is 
provided by the LFM images shown in Fig. 2c [36]. As AFM 
contact-mode scanning is repeatedly performed, the area of the brighter 
regions in the images progressively diminishes indicating the gradual 
removal of polymer residues from the graphene/MoS2 interface. This 
observation is fully consistent with the improvement in electrical char
acteristics observed in the I–V measurements and confirms that AFM 
cleaning effectively restores a cleaner and more spatially uniform gra
phene/MoS2 interface.

In addition to interface cleaning, ligand exchange plays a critical role 
in achieving efficient infrared photoresponse, as illustrated schemati
cally in Fig. 2d. Ligand exchange is required to transform colloidal QDs 
into electronically coupled solids suitable for optoelectronic devices 

[35]. The replacement of long-chain insulating ligands with shorter 
organic or inorganic ligands reduces the interdot spacing and lowers the 
interdot tunneling barrier, thereby enhancing charge transport within 
the QD film [35]. At the same time, ligand exchange effectively pas
sivates surface trap states originating from the high surface-to-volume 
ratio of QDs, thereby suppressing nonradiative recombination path
ways [35]. This process facilitates dense and uniform QD packing, 
resulting in compact films with reduced energetic disorder and 
improved electronic coupling to graphene, which is essential for effi
cient charge transfer and the realization of high responsivity.

The bias-dependent photoresponse provides direct insight into the 
carrier transport mechanism governing device operation. As shown in 
Fig. 3a–I–V characteristics measured under 1550 nm illumination 
exhibit a systematic and monotonic increase in drain current with 
increasing incident laser power. This trend is observed across the entire 
applied bias range, indicating that infrared illumination effectively 
modulates carrier injection and transport across the graphene/MoS2 
Schottky junction.

To further elucidate the bias asymmetry, time-resolved drain current 
measurements were performed at a fixed forward bias of 3 V under 
stepwise variation of the incident laser power (Fig. 3b). An enlarged 
view of the time-resolved trace highlighting the temporal spacing of the 
data points is provided in Fig. S3, showing that the photocurrent reaches 
saturation within approximately 0.41 s after illumination. Under for
ward bias, the drain current increases monotonically with increasing 
laser power, reflecting enhanced carrier injection across the Schottky 
junction induced by infrared-driven Schottky barrier modulation. In 
contrast, when the device is operated at a reverse bias of 3 V (Fig. 3c), 
the drain current also increases with laser power, but the magnitude of 
the photoresponse remains significantly smaller than that observed 
under forward bias, as further evidenced by the gate-controlled current 
modulation under reverse bias shown in Fig. S2. This behavior indicates 
that the on/off characteristics under forward and reverse bias are 
comparable and fall in the 101–102 range; however, the substantially 
larger current scale under forward bias results in a higher responsivity.

To quantitatively analyze this behavior, the reverse-bias current, 
where carrier transport remains Schottky-barrier-limited and minimally 
affected by series resistance, was analyzed using the thermionic emis
sion (TE) model, which is appropriate for Schottky-barrier-limited 
transport [18,37]. According to the TE model, the current density is 
described by the following equation [18,37]: 

JTE = A*T3 exp
(

− q
ΦB − ΔΦB(V)

kBT

)

(1) 

In this equation, JTE is the thermionic current density. T is the ab
solute temperature, and q is the elementary charge. kB is Boltzmann's 
constant, and ΦB is the SBH at zero bias. The exponential term accounts 
for the barrier height modulation due to surface charge, represented by 
ΔΦB(V), where the current density is governed by thermionic emission 
over the Schottky barrier. In this framework, the effective Richardson 
constant is defined as: 

A* =
qkB

3

πℏ3vF
2

(2) 

where ℏ is the reduced Planck constant and vF is the Fermi velocity of 
graphene. The barrier height shift ΔΦB (V) arises from the modulation of 
the graphene Fermi level under reverse bias, reflecting the voltage- 
dependent charge redistribution across the Schottky junction, and is 
given by: 

ΔΦB(V) =
1
2

hvF

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

πεsε0ND(Vbi + VR)

2en0

√

(3) 

Here, εs is the dielectric constant of MoS2 [38], ε0 is the vacuum 
permittivity, ND is the donor concentration in MoS2, Vbi is the built-in 
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potential, VR is the applied reverse bias (equivalent to the externally 
applied drain voltage, VD), and n0 is the equilibrium carrier density of 
graphene. These expressions account for the modulation of the SBH 
through changes in the graphene Fermi level under applied bias and 
infrared illumination.

Fig. 3d summarizes the responsivity and the extracted SBH as a 
function of incident laser power. Under forward bias, the responsivity 
reaches a maximum value of 30.7 A W− 1 at an incident power of 0.481 
μW and gradually decreases to 21.3 A W− 1 at 1.212 μW, indicating 
partial saturation of Schottky barrier modulation at higher optical 
powers. In contrast, under reverse bias, the responsivity remains more 
than an order of magnitude lower, varying from 0.515 A W− 1 at 0.306 
μW to 0.2 A W− 1 at 1.212 μW, consistent with carrier transport being 
primarily limited by the Schottky barrier. The clear correlation between 
the reduction in SBH and the enhancement of responsivity under for
ward bias confirms that Schottky barrier modulation is the dominant 
mechanism governing the infrared photoresponse.

Further insight into the photoresponse mechanism is obtained by 
examining the dependence on MoS2 thickness, as exhibited in Fig. 4. 
Fig. 4a shows the dark I–V characteristics measured for barristors with 
different MoS2 thicknesses, revealing systematic variations in both 
current magnitude and rectification behavior as the thickness increases. 
These results indicate that electrical transport across the graphene/MoS2 
junction is strongly influenced by thickness-dependent modulation of 
the Schottky barrier properties.

The corresponding time-resolved photoresponse measured under 
1550 nm illumination is presented in Fig. 4b. A clear dependence of 
responsivity on MoS2 thickness is observed, with the device 

incorporating a MoS2 layer of approximately 4.49 nm exhibiting the 
strongest photoresponse, reaching a responsivity of ~780 A W− 1. De
vices with thinner MoS2 layers show comparatively weaker photo
responses, whereas increasing the MoS2 thickness leads to an enhanced 
infrared detection performance.

Fig. 4c summarizes the responsivity extracted at forward and reverse 
biases of 3 V, together with the SBH obtained from thermionic emission 
fitting of the I–V characteristics in Fig. 4a. Notably, the MoS2 thickness 
of 4.49 nm, which yields the maximum responsivity, corresponds to the 
minimum SBH of approximately 0.246 eV. This clear correlation sug
gests that the thickness-dependent infrared photoresponse is closely 
associated with Schottky barrier modulation, rather than being deter
mined solely by optical absorption effects. While the forward-bias 
responsivity exhibits pronounced enhancement near the optimal thick
ness, the reverse-bias responsivity remains significantly lower, consis
tent with carrier transport being limited by the Schottky barrier.

The observed thickness dependence can be qualitatively interpreted 
in terms of the evolution of the electronic band structure of MoS2 with 
thickness, which influences the effective Schottky barrier height at the 
graphene/MoS2 junction. Monolayer MoS2 exhibits a direct bandgap of 
approximately 1.8–1.9 eV, whereas multilayer and bulk MoS2 show a 
reduced bandgap of approximately ~1.2 eV due to interlayer coupling 
[20]. This thickness-dependent reduction in bandgap is accompanied by 
changes in the band alignment at the graphene/MoS2 interface, leading 
to a decrease in the effective Schottky barrier height. Similar behavior 
has been reported in graphene/WS2 barristors, where a 
thickness-dependent reduction in the transition metal dichalcogenide 
bandgap leads to a systematic decrease in the Schottky barrier height, 

Fig. 3. Bias-dependent infrared photoresponse and Schottky barrier modulation in the QD-coated barristor. (a) I–V characteristics measured under 1550 nm illu
mination at different incident laser powers, showing a power-dependent increase in current due to photoinduced modulation of the graphene/MoS2 Schottky 
junction. (b) Time-resolved drain current measured at a forward bias of 3 V under stepwise variation of the incident laser power, demonstrating a pronounced 
increase in photocurrent with increasing optical power. (c) Time-resolved drain current measured at a reverse bias of 3 V under the same illumination conditions, 
exhibiting a markedly weaker photoresponse compared to the forward-bias case. (d) Responsivity and extracted SBH as a function of incident laser power, revealing 
that the enhanced responsivity under forward bias correlates with a reduction in the effective SBH.
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resulting in an increased on-current density [15]. A reduced Schottky 
barrier facilitates carrier injection across the junction, resulting in an 
increased on-current density and enhanced responsivity. These consid
erations indicate that MoS2 thickness is a key parameter for tuning the 
effective barrier height and responsivity of MoS2-based barristor 
photodetectors.

Finally, Fig. 4d compares the responsivity of the present device with 
that of previously reported graphene-based photodetectors over a wide 
spectral range [25–30,39,40]. Solid symbols represent devices incor
porating QDs as light-absorbing layers, whereas open symbols denote 
QD-free devices. The QD-coated MoS2 barristor reported here exhibits 
competitive or superior responsivity, particularly in the eye-safe 
infrared wavelength region around 1550 nm, underscoring the effec
tiveness of integrating QD-based infrared absorption with 
thickness-engineered Schottky barrier modulation in a barristor 
architecture.

3. Experimental methods

3.1. Device fabrication

Few-layer MoS2 flakes were mechanically exfoliated from bulk 
crystals onto a highly doped Si substrate with a 90 nm SiO2 layer. 
Monolayer graphene was mechanically exfoliated from natural graphite 
using adhesive tape [14] and identified by optical contrast and Raman 
spectroscopy (Fig. S1d) [41]. The graphene sheet was then transferred 

onto the selected MoS2 flake via a wet-transfer method to form a gra
phene/MoS2 heterostructure [42].

Source and drain electrodes were patterned by electron-beam 
lithography, followed by deposition of Ti/Au (20 nm/30 nm) using 
thermal evaporation and subsequent lift-off in acetone. Overall, a bar
ristor device based on a van der Waals heterostructure of two- 
dimensional materials was fabricated.

3.2. AFM cleaning method

After device fabrication, resist and polymer residues remained on the 
sensing area even after acetone cleaning [36]. To remove these residual 
contaminants, the graphene surface, particularly the graphene/MoS2 
junction region, was mechanically cleaned using contact-mode atomic 
force microscopy (AFM) [36]. The cleaning was performed with a Park 
Systems NX-10 AFM operating in contact mode using a PPP-CONTSCR 
cantilever (NANOSENSORS™), applying a normal force of approxi
mately 1 nN. The sensing region was repeatedly scanned (typically 5–10 
times) to effectively sweep away residual polymers while avoiding 
damage to the underlying graphene or MoS2.

The effectiveness of the mechanical cleaning process was confirmed 
by lateral force microscopy (LFM) imaging. As AFM contact-mode 
scanning was repeatedly performed, the area of the brighter regions 
progressively diminished, indicating the gradual removal of fabrication 
residues and improved surface uniformity [36]. The electrical charac
teristics before and after AFM cleaning further reflect changes associated 

Fig. 4. Thickness-dependent electrical characteristics and photoresponsivity of the QD-coated MoS2 barristor. (a) Dark I–V characteristics of the MoS2 barristor 
measured for different MoS2 thicknesses, showing a clear thickness-dependent modulation of the Schottky junction behavior. (b) Time-resolved responsivity under 
1550 nm illumination (Vds = 3 V) for devices with different MoS2 thicknesses, highlighting a strong dependence of infrared photoresponse on the MoS2 layer 
thickness. (c) Extracted responsivity under forward and reverse bias conditions, together with the corresponding SBH, as a function of MoS2 thickness, indicating that 
the thickness-dependent photoresponse is closely correlated with Schottky barrier modulation. (d) Comparison of responsivity as a function of wavelength for this 
work and previously reported graphene-based photodetectors. Solid symbols denote devices incorporating QDs as light-absorbing layers, while open symbols 
represent QD-free devices. The present device exhibits competitive or enhanced responsivity over a broad spectral range compared with prior reports.
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with the removal of p-doping residues from the graphene surface [36].

3.3. PbS quantum dot deposition and solid-state ligand exchange

PbS QDs dispersed in toluene (22.2 mg mL− 1) were spin-coated onto 
the fabricated graphene/MoS2 barristor by dispensing 35 μL of the QD 
solution, followed by spinning at 2500 rpm for 25 s. To perform solid- 
state ligand exchange, the QD-coated device was immersed in a 30 
mM tetrabutylammonium iodide solution in methanol for 1 min and 
subsequently rinsed with methanol to remove residual ligands and 
excess salts. This ligand exchange process replaces the native long-chain 
oleic acid ligands on PbS QDs with iodide-based ligands, thereby 
increasing the packing density of the QD film and improving charge 
transport within the QD layer and across the QD/graphene interface 
[35].

3.4. Photoresponse measurement

Photoresponse measurements were performed using a semi
conductor parameter analyzer (Keithley 4200) at room temperature 
under ambient conditions. A continuous-wave 1550 nm laser was used 
as the infrared light source, generated using a VIAVI MAP-220C-A op
tical source equipped with a 1550 nm laser module, with a laser spot 
diameter of approximately 15 μm at the device plane. The drain cur
rent–voltage (I–V) characteristics were measured by sweeping the drain 
voltage from − 3 V to +3 V with a step of 0.05 V under dark and illu
minated conditions. Time-resolved drain current was recorded by peri
odically switching the laser on and off at a fixed drain bias, using a time 
step of approximately 0.1–0.2 s, with a longer integration time applied 
at low current levels to improve the signal-to-noise ratio.

4. Conclusion

In conclusion, we have demonstrated a QD-coated graphene/MoS2 
barristor photodetector enabling efficient and highly sensitive infrared 
detection at the eye-safe wavelength of 1550 nm. By integrating ligand- 
exchanged PbS QDs as an infrared-absorbing layer with a graphene/ 
MoS2 Schottky junction, the device directly converts photoinduced 
charge transfer into amplified electrical signals through SBH modula
tion. The pronounced current response and high responsivity observed 
under infrared illumination confirm that photogating-induced Schottky 
barrier modulation, rather than conventional photoconductive mecha
nisms, governs the photoresponse in this architecture.

Systematic investigations reveal that interface quality, bias polarity, 
and MoS2 thickness collectively play critical roles in determining the 
magnitude of the infrared photoresponse. AFM-based interface cleaning 
is shown to be essential for maximizing charge transfer efficiency and 
effective Schottky barrier modulation, leading to a substantial 
enhancement in responsivity. Bias-dependent measurements, combined 
with thermionic emission–based analysis, establish a clear correlation 
between infrared illumination, SBH reduction, and current amplifica
tion, with forward-bias operation yielding a markedly stronger photo
response than reverse bias. Furthermore, thickness engineering of MoS2 
provides an effective strategy for tuning the Schottky barrier, with an 
optimal MoS2 thickness of approximately 4.49 nm yielding a minimum 
SBH of ~0.246 eV and a maximum responsivity of ~780 A W− 1.

These results highlight the effectiveness of integrating quantum-dot- 
based infrared absorption with thickness-engineered Schottky barrier 
modulation in a barristor platform. Beyond the specific PbS/graphene/ 
MoS2 system demonstrated here, the proposed design strategy is readily 
extendable to other two-dimensional semiconductors and quantum dot 
materials, offering a versatile pathway toward high-responsivity, low- 
power, and scalable infrared photodetectors. This work thus provides a 
foundation for the rational design of next-generation eye-safe infrared 
sensing devices based on two-dimensional material heterostructures.
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