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Abstract: Hybrid structures of zinc oxide nanorods (ZnO NRs) and reduced graphene oxide (RGO) 

are a promising platform for photodetection applications, owing to their excellent charge transport 

pathways and high stability. However, their operational range is intrinsically limited to the 

ultraviolet (UV) spectrum due to the wide optical band gap of ZnO (~3.37 eV), restricting their 

applicability in broadband photodetection. To circumvent this issue, in this study, we introduce lead 

sulfide quantum dots (PbS QDs) decoration to the RGO/ZnO-based photodetector. The deposition 

of 2 mg mL-1 PbS QDs successfully broadened the light absorption capabilities, as evidenced by a 

decreased optical band gap from 3.19 to 3.13 eV. Consequently, the fabricated RGO/ZnO-PbS NRs 

heterostructure photodetector demonstrates a remarkable improvement in performance achieving a 

maximum photocurrent of 292.06 µA, with a 19.5-fold increase in responsivity and photoconductive 

gain, and nearly three times higher in detectivity, when excited with 395 nm (800 µW) light source. 

Nonetheless, the device also maintains a repeatable signal pattern over several on/off cycles. 

Therefore, this work not only presents a highly effective path for engineering the spectral response 

of ZnO-based devices but also validates the pivotal role of PbS QDs in creating high-performance, 

broadband photodetectors for next-generation optoelectronic applications. * 
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1. Introduction 

Optoelectronic devices, operating on the principle of converting photon signals to electrical signals, 

are becoming the cornerstone of modern technology. They are the enabling platform for applications 

ranging from optical fiber communications [1], laser diodes [2], light-emitting diodes (LEDs) [3, 4],  to 

solar cells [5, 6]. Likewise, photodetector (PD), a member of this diverse family of devices, have been 

extensively studied for their role in converting photons into measurable electrical current [7, 8]. Early 

works on conventional PDs, which rely on well-known semiconductors such as silicon or II–VI 

compounds (i.e. ZnS, CdSe, etc.), are often fall short in responsivity, response speed, and functional 

versatility [9]. Therefore, a growing interest has been driven towards hybrid architectures: By combining 

materials with complementary properties, these hybrids can overcome the limitations of single-

component systems and further make ways for enhanced optoelectronic performance. 

Among the various reported hybrid systems, ZnO nanostructures integrated with reduced graphene 

oxide (RGO) has drawn significant attention, owing to its diverse applications [10-12]. Specifically, 

RGO offers high electrical conductivity, favorable carrier pathways, and chemical stability, while ZnO 

provides strong optical absorption and versatile morphology control via a variety of synthesis methods. 

To further leverage these properties, research over the past decade has focused on one-dimensional (1D) 

ZnO nanostructures, such as nanorods (NRs), which not only maximize the surface-to-volume ratio but 

also provide direct pathways for efficient charge transport [13].  

Despite these widely well-known advantages, photodetectors based on ZnO NRs suffer from one 

critical limitation: negligible absorption in the visible spectrum, which hinders broader real-world 

applicability [14-16]. Current research has come up with several solutions to circumvent this issue by 

creating hybrid structures, aimed to extend the spectral absorption into the visible or infrared regions 

[17, 18]. To this end, several material modification strategies have been explored. One of which is 

bandgap tuning through transition metal doping or the decoration of noble metal nanoparticles (e.g., Au, 

Ag) via utilizing their localized surface plasmon resonance (SPR) effect to boost visible light absorption 

[19, 20]. However, these methods often suffer from poor reproducibility due to uncontrollable 

substitution effects in doped systems, or from high material costs in the case of noble metals [21]. These 

limitations have yet, spurred the search for a rather more elegant and economically viable strategy. 

Another prevailing approach is to sensitize ZnO nanorods with semiconductor quantum dots (QDs), 

an increasingly promising strategy that offers a cost-effective and tunable means of red-shifting light 

absorption through the quantum confinement effect via dot-size adjustments [22, 23]. Of the many 

alternatives, PbS QDs stand out owing to their narrow bandgap (~0.41 eV for particles with ~18 nm in 

diameter, at room temperature), adjustable via particle size, enabling broadband absorption that can 

extend well into the near-infrared (NIR) region [24, 25]. Even though PbS QD incorporation has been 

proven to enhance ZnO-based photodetector performance under broadband illumination [26, 27], as 

demonstrated in Li et al.’s work, where ZnO nanorods coated with a PbS QD shell via the successive 

ionic layer adsorption and reaction (SILAR) method enabled broadband photodetection spanning from 

340 nm to 840 nm [28], there still remains substantial room for in-depth studies. In particular, further 

investigations are needed to understand the charge transfer dynamics and to clarify the individual roles 

of each constituent material, with the broader goal of understanding how this material combination could 

be synergistically integrated with other ZnO-based hybrid structures. 

In this study, we report a strategy to enhance RGO/ZnO NRs-based photodetectors with PbS QDs, 

using a simple, low-cost spray-coating technique. As a result, derived calculations from UV-Vis results 

revealed that by spray-coated of PbS QDs (2 mg mL-1) onto ZnO NRs surfaces, our ZnO-PbS material's 

optical bandgap reduces from 3.19 eV to 3.13 eV. Notably, photoresponse measurements at 395 nm, a 

wavelength at the edge of the visible spectrum where the RGO/ZnO NRs device is less effective, showed 

a dramatic increase in photocurrent for the PbS-decorated counterpart, achieving a significantly 

enhanced photocurrent of 292.06 µA compared to just 17.447 µA for the unmodified device. In addition 
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to exhibiting a greater photocurrent response, the newly modified device also demonstrated outstanding 

operational stability over multiple on/off illumination cycles, with consistent and repeatable signal 

profiles. This dynamic reliability, combined with the improved figures of merit, such as enhanced 

photoresponsivity, photoconductive gain, specific detectivity, and signal reproducibility, underscores 

the practical promise of the RGO/ZnO–PbS system in broadband photodetection applications. 

Ultimately, these positives outcomes not only validate the strategy but also provides the essential 

groundwork for targeted future optimizations to maximize device performance. 

2. Experimental Details 

2.1. Materials 

In this research, the following chemicals were used as received without any further purification: 

Graphene oxide nanoflakes (GO, 99%), zinc oxide nanoparticles (ZnO NPs, 99%, as a 40 wt% 

dispersion in ethanol), zinc nitrate hexahydrate ((Zn(NO3)2.6H2O, 99%), hexamethylenetetramine 

(HMTA, (CH2)6N4), 99%), lead sulfide quantum dots (PbS QDs, 99%), hydrazine hydrate solution 

(NH2NH2, 99.99%), and toluene (C7H8, 99.8%), were purchased from Sigma-Aldrich, while acetone 

((CH3)2CO, 99.99%) and ethanol (C2H5OH, 99.99%) were purchased from Chemsol. 

2.2. Synthesis of the RGO/ZnO and RGO/ZnO-PbS Heterostructures 

ZnO nanorods were grown on glass substrates pre-coated with a reduced graphene oxide layer. 

Firstly, the RGO layer was prepared by reducing a spray-coated GO film with hydrazine hydrate as the 

reducing agent. Subsequently, the ZnO NRs were grown directly on the RGO surface via a one-step 

hydrothermal method. The detailed procedures for both the RGO preparation and ZnO NR growth are 

described in our previous publication [29]. To fabricate the sensitized samples, a solution of PbS QDs 

was prepared by diluting the stock solution in toluene to achieve a final concentration of 2 mg mL-1. 

Then, this solution was deposited onto the surface of the as-prepared ZnO NRs/RGO substrates using a 

spray-coating method, after which they were dried at 40 °C for 10 minutes. This process yielded the 

final heterostructure, so-called RGO/ZnO-PbS, where PbS QDs decorate the ZnO NR surfaces. 

2.3. Photodetector Fabrication 

 

Figure 1. Schematic illustration of the fabrication process for the RGO/ZnO-PbS-based photodetector  

with Ag electrodes. The inset provides a cross-sectional view of our final device structure. 
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Planar photodetectors were fabricated using either RGO/ZnO or RGO/ZnO-PbS heterostructure as 

the active layer. A pair of silver (Ag) electrodes was deposited onto the surface of the conductive RGO 

layer via a sputtering method, with the support of a shadow mask, followed by the formation of 

photosensitive materials. The active area for each device was precisely defined as 1.4 mm × 2.0 mm. 

The main fabrication steps are summarized in Figure 1. 

2.4. Characterization 

The surface morphology and chemical composition of the materials were analyzed using a field-

emission scanning electron microscope (FE-SEM) (JSM-6500F, JEOL Co. Ltd) and energy-dispersive 

X-ray (EDX) (Hitachi S-4800). The crystalline structure was investigated by X-ray diffraction (XRD) 

on a D8 Advance-Bruker system with CuKα radiation (λ = 1.54 Å). The optical properties of the pristine 

and PbS-decorated ZnO NRs were studied with a JASCO V670 UV-Vis spectrophotometer. Finally, the 

photoresponse performance of the devices was evaluated by current-voltage (I-V) and current-time (I-t) 

measurements on a Keithley 2400 source meter, using a 395 nm LED as the illumination source. 

3. Results and Discussion 

3.1. Structural and Optical Properties 

To begin with, FESEM was utilized to examine the surface morphology of pristine ZnO NRs and 

PbS-decorated ZnO NRs, shown in Figures 2a and 2b, respectively. Both samples exhibit a dense layer 

of vertically aligned, hexagonal ZnO nanorods, each with an average diameter of approximately 100 

nm. This well-defined morphology is consistent with the typical wurtzite crystal structural results [29], 

indicating a controlled synthesis process. Upon decoration with PbS quantum dots, it can be observed 

in Figure 2b that no significant changes in the overall ZnO nanostructure; instead, distinct PbS 

nanoparticles (highlighted in yellow) are distributed on the ZnO surfaces without aggregation or 

structural collapse. This moderate and homogeneous surface coverage suggests efficient interfacial 

contact between PbS and ZnO. The successful incorporation of PbS is coincidental with EDX analysis 

shown in Figure 2c, whereby characteristic signals of Pb and S are clearly detected alongside Zn and O. 

Elemental mapping also reveals an even spatial distribution of Pb and S, supporting the formation of a 

well-integrated hybrid system. In general, these findings prove the structural integrity and successful surface 

modification of ZnO NRs with PbS QDs, potentially promoting the formation of functional heterojunctions. 

The structural evaluation is further examined through XRD analysis in the following section. 

Next, the crystal structure and phase purity of the synthesized materials were examined via X-ray 

diffraction. As presented in Figure 3a, the XRD pattern for ZnO NRs-PbS exhibits sharp and intense 

diffraction peaks that are well-indexed to the hexagonal wurtzite structure of ZnO, when compared with 

the synthesized ZnO NRs sample below, as well as file name JCPDS no. 36-1451 [30]. The pronounced 

intensity of (002) peaks in both synthesized samples suggest a preferential growth orientation along the 

c-axis of ZnO nanorod. Besides, the presence of heart-shaped marker indicating the (200) diffraction 

peak at 2θ ≈ 30.31° – corresponding to PbS, is well indexed with ICDD PDF no. 00-005-0592 [31], 

which also confirms the successful formation of ZnO-PbS heterostructure. Furthermore, a few weak 

peaks corresponding to zinc hydroxide (Zn(OH)2) are observed, namely, at 2θ ≈ 28.65°, which are likely 

associated with surface hydroxylation due to the sample’s exposure to ambient conditions during 

measurement [32-34]. 
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Figure 2. Morphological and compositional verification of the ZnO-PbS heterostructure. (a-b) Top-view FESEM 

images of ZnO nanorods before and after PbS QD decoration, respectively. PbS QDs are seen distributed across 

the ZnO surfaces without disrupting the nanorod morphology. (c) EDX elemental mapping and the 

corresponding spectrum of the final heterostructure, which confirm the successful incorporation and distribution 

of Zn, O, Pb, and S. The scale bars in (a) and (b) are 100 nm. 

Consequently, to assess the impact of PbS sensitization on the light-harvesting capability of ZnO 

NRs, their optical properties were investigated using UV–Vis absorption spectroscopy. As can be 

observed from Figure 3b, the profound impact of PbS sensitization on the material's light-harvesting 

capability is clearly demonstrated in its optical properties. While the pristine ZnO NRs sample shows a 

sharp absorption edge limited to the UV region, consistent with reported studies on its wide bandgap, 

the ZnO-PbS composite, however, exhibits a strong, broadened absorption profile shifting towards 

longer wavelength regions. To quantify this effect, the optical bandgap (Eg) was determined using the 
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Tauc relation: (αhν)1/ⁿ = A(hν – Eg) – where α is the absorption coefficient, hν is the photon energy, A 

is a constant, and n = 1/2 for the direct transition in ZnO [35]. Indeed, by extrapolating the linear portion 

extrapolating the linear portion of the (αhν)² versus hν plot (Figure 3c), this analysis reveals a clear 

reduction of the pristine ZnO NRs optical bandgap from ca. 3.19 eV to 3.13 eV when decorated with 

PbS QDs. The observed bandgap reduction and corresponding absorption broadening can be attributed 

to a synergistic electronic interaction between PbS QDs and ZnO NRs, likely involving the formation 

of mid-gap states at the heterojunction interface [36-39]. Collectively, it is clear that PbS QDs could 

play an important role in enhancing the photo-absorption capability in the visible region of the ZnO host 

material, without affecting the hexagonal-like nanorod structure. Since the Eg value of RGO/ZnO–PbS 

is 3.13 eV (~396 nm), we then employed a visible 395 nm light source to measure the performance of 

our photodetectors. 

 

Figure 3. Structural and optical characterization of the active materials. (a) XRD patterns confirming the wurtzite 

crystalline structure of ZnO in both pristine and PbS-decorated samples. The additional peak (marked by heart 

symbol) in the latter is attributed to the successful integration of PbS QDs. (b) UV-Vis absorption spectra 

showing the significantly enhanced and broadened light absorption after PbS functionalization. (c) The 

corresponding Tauc plots, used to compare the optical bandgaps of RGO/ZnO and RGO/ZnO-PbS samples. 

3.2. Photoelectronic Performance of Devices 

Regarding to Figures 4a-c, the dramatic effect of the PbS QDs is immediately evident in the current-

voltage (I-V) characteristics. At first, the RGO/ZnO device shows only a modest photoresponse, a weak 

photocurrent likely originating from absorption via band-tail states or surface defects within the ZnO 

nanostructure [5]. On the contrary, the introduction of PbS QDs leads to a noticeable amplification in 

photocurrent, increasing it by more than an order of magnitude under identical 395 nm illumination. 

This provides direct evidence that the PbS QDs act as highly effective sensitizers in improving the 

photonic signals of RGO/ZnO-PbS device. Furthermore, both devices, linear I-V curves confirm the 
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formation of excellent Ohmic contacts, ensuring efficient charge collection between the heterostructures 

materials with the electrodes. 

 

Figure 4. Photoresponse characteristics of the fabricated photodetectors. (a-b) Current-voltage (I-V) curves of the 

RGO/ZnO and RGO/ZnO-PbS devices, respectively. (c) Photocurrent comparison of the two devices.  

(d) Time-dependent photocurrent (Iph-t) of the two devices. All measurements were conducted under a 1 V  

bias with 395 nm illumination for 50 s. The inset highlights the much weaker response  

of the pristine RGO/ZnO device for clarity. 

Moving from static to dynamic behavior, the improvement of the sensitized device is further 

highlighted through time-dependent photocurrent (Iph-t) measurements (Figure 4d). In this study, the 

photocurrent (Iph) was calculated accordingly using the following formula:  

𝐼𝑝ℎ = 𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘 

where Idark denotes the current measured in the absence of illumination, Ilight refers to the current 

generated when the detector is exposed to light [40, 41]. To allow direct comparison, the corresponding 

I–V curves under identical lighting conditions were re-plotted in Figure 4c. The RGO/ZnO–PbS device 

exhibited a roughly 17x time higher photocurrent of 292.06 µA, compared to only 17.447 µA for the 

reference one without PbS. This dramatic increase highlights the substantial contribution of PbS QDs 

as active sensitizers.  

In order to comprehensively evaluate the optoelectronic performance of RGO/ZnO-PbS NRs 

heterostructure, three key figures of merit were also taken into consideration, i.e. responsivity (R), 

photoconductive gain (G), and detectivity (D*) [42-45]. We calculated these parameters using I–V data 

obtained under 395 nm illumination (800 µW). The calculations, which follow well-established methods 

from the literature, were based on the constant 1.4 × 2.0 mm2 active area mentioned previously. The 

RGO/ZnO-PbS device demonstrated vastly superior performance compared to its pristine counterpart. 
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Its responsivity and gain reached 0.365 A W-1 and 1.146, respectively, whereas the RGO/ZnO device 

only managed modest values of 0.0187 A W-1 and 0.0587. Indeed, this remarkable photosensitivity was 

accompanied by a significant increase in dark current, rising from a very low 0.18 µA to 6.45 µA, 

indicated in the insets of Figure 4a-b. This is an anticipated trade-off, driven by two factors: first, the 

narrow bandgap of PbS promotes the creation of thermal carriers, and second, the added interface states 

provide new routes for dark current leakage [46]. However, the device’s sensitivity is best captured 

through its specific detectivity, D*, which accounts for both signal strength and noise [47]. Interestingly, 

D*-value for the PbS-decorated device still improved to 3.82 × 1010 Jones – roughly three times higher 

than the pristine device’s 1.30 × 1010 Jones – highlighting that the gain in signal generation far outweighs 

the moderate increase in noise. The key to this device's excellent performance lies in what the PbS 

quantum dots are doing. First, they broaden the device's absorption to include more of the light spectrum. 

Second, they create an internal gain by trapping holes, which keeps the electrons active for longer and 

boosts the signal [48, 49]. On top of that, the RGO/ZnO-PbS device was also much faster, as shown in 

Figure 4d, as its response and recovery times (16s/121s) were significantly better than the device without 

PbS (46s / 228.5s). These aforementioned results indicate the crucial role of PbS QDs in improving both 

charge collection and recombination efficiency [50, 51]. 

Finally, cyclic time-dependent photocurrent experiments were carried out to assess our RGO/ZnO-

PbS photodetector's dynamic response and operational stability in ambient conditions. When exposed 

to 395 nm light, the device generated a significant photocurrent that consistently peaked at 

approximately 270 µA. The device shows excellent stability, as displayed in Figure 5, the peak current 

barely dropped even after many on/off cycles, which is crucial for long-term reliability. However, there's 

a major drawback: the device's temporal response to light cessation. Since deep-level trap states are 

frequently found in ZnO-based materials, the decay process is noticeably slow, suggesting a slow carrier 

recombination mechanism that exhibits a strong pronounced persistent photoconductivity (PPC) impact, 

this commonsense phenomenon has been reported in numerous works, such as from K. Kandpal et al., 

and Haldorai et al., [52, 53]. Despite the device's remarkable sensitivity and stability, its use for high-

speed photodetection is ultimately limited by its sluggish decay, which also leads to a partial recovery 

to the starting dark current within the 50-second off-period. 

 

Figure 5. Photoresponse and stability of the RGO/ZnO-PbS photodetector. Time-dependent photocurrent (Iph-t) 

curve of the device measured at a 1 V bias under periodic illumination from a 395 nm light source. The light 

purple shaded regions indicate the periods when the light was on (~20 s), followed by dark periods (~50 s)  

in white. The consistent peak photocurrent across multiple cycles highlights the excellent operational stability 

and reproducibility of the device. 
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3.3. Mechanism of PbS-decorated Photodetection 

Given the clear synergistic enhancement observed in the previous results, herein, Figure 6 illustrates 

the proposed working principle of our RGO/ZnO-PbS photodetector, depending on how different 

materials in the device interact under dark and illuminated conditions. In dark conditions (Figure 6a), 

the device is in a stable, equilibrium state. Because the materials have different energy levels, their 

energy bands realign at their interfaces, creating internal built-in electric fields (εint) [54]. At the 

RGO/ZnO interface, a p–n junction forms, resulting in downward band bending on the ZnO side and 

the emergence of an internal electric field directed from ZnO toward RGO [55, 56]. Concurrently, 

oxygen molecules from the surrounding air being adsorbed to the semiconductor surfaces and trap free 

electrons (O2 + e− → O2
−). This process forms a wide depletion region on the surface of ZnO NRs and 

PbS QDs, suppresses the flow of charge carriers and results in a low dark current [57, 58].  

 

Figure 6. Proposed photodetection mechanism in the RGO/ZnO-PbS heterostructure. The schematic shows the 

energy band alignment and charge carrier dynamics (a) in the dark (thermal equilibrium) and (b) under 395 nm 

light illumination. The Fermi level (Ef), conduction band (CB), valence band (VB), and intrinsic electrical field 

(εint) are indicated. 

Under 395 nm illumination (Figure 6b), the device's photoresponse is initiated solely by the PbS 

QDs, which absorb the photons while the ZnO mostly remains inert. This absorption generates electron-

hole pairs in PbS QDs (route (1)), after which the ZnO then acts as an electron transport layer, efficiently 

channeling these electrons away from the PbS and toward the RGO interface (route (2)). This efficient 

two-step charge separation at the ZnO/PbS junction is the foundation of the device's enhanced 

performance. Meanwhile, the remaining holes in the PbS migrate to the surface, where they combine 

with trapped oxygen ions and release them as oxygen gas (h+ + O2
− → O2) (route (3)). This efficient 

separation of charge creates the device's dominant sensing mechanism: the photogating effect [59, 60]. 

The long-lived holes trapped within the PbS QDs form a stable layer of positive charge. This layer 

functions as a "photogate," applying a powerful electric field that modulates the conductivity of the 

RGO channel below. Since the RGO channel is mostly considered as p-type, this positive gate attracts 

an influx of additional holes from the source electrode to maintain charge neutrality, significantly 

increasing the channel's overall conductivity [61]. This surge in mobile carrier concentration 

dramatically increases the conductivity of the RGO layer. Furthermore, the intrinsic field at the 

RGO/ZnO junction facilitates interfacial excitation: electrons near this region, particularly from shallow 
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traps or sub-bandgap states in ZnO, are promoted into the CB, while holes are swept into the RGO layer 

via route (4) [62, 63]. The rising hole density in RGO enhances its photoconductivity by shifting its 

quasi-Fermi level. Under external applied bias, this RGO layer provides a rapid transport path to the 

electrodes, resulting in efficient carrier collection and an initial photocurrent spike. However, prolonged 

exposure enables a counter-effect: thermally excited electrons from the ZnO migrate back to the RGO, 

where they recombine with holes. Also, it is worth mentioning that not all the excited electrons take the 

forward path. Some can fall back to lower energy levels inside the QD or return from the ZnO conduction 

band to the QD, as stated in Sambur et al.’s work [64]. For these reasons, the hole population would 

deplete and ultimately causes the photocurrent to level off, or saturate. When the light is turned off, the 

electrons and holes quickly recombine, especially thanks to the efficient RGO pathway. The full 

recovery of our device is pertinently controlled by a slower process: oxygen molecules from the air 

gradually re-adsorb onto the surface, restoring the depletion region and returning the device to its original 

high-resistance state [65]. While the dominant direction of Fermi level modulation in our device has not been 

conclusively determined, the existence of a photogating effect remains a plausible and complementary 

contributor to the observed photoresponse [66]. 

4. Conclusion 

In summary, we have successfully fabricated a low-cost photo- detector based on a RGO/ZnO-PbS 

hybrid structure through a simple solution route, which exhibits a fast and stable response to 395-nm 

light source. The PbS QD decoration, at first, reconfigured the photon intake of our device by narrowing 

the overall optical bandgap to 3.13 eV, while keeping the surface morphology of pristine ZnO NRs 

intact. Furthermore, we compared its performance to a pristine RGO/ZnO device, in order to highlight 

the critical role of the quantum dots. The RGO/ZnO-PbS device showed significant enhancements, achieving 

a response/recovery time of 16s / 121s and a peak photocurrent of 292.06 µA (at 800 µW cm-2). Combines 

with improved key performance metrics, i.e., a responsivity of 0.365 A W-1, a photoconductive gain of 

1.15, and a detectivity of 3.82 × 1010 Jones, the device also displayed a stable photocurrent over several 

on/off cycles, confirming its reliability and repeatability. Therefore, we believe that these results 

demonstrate the RGO/ZnO-PbS hybrid is a promising platform for developing low-cost, high-

performance spectral response of ZnO-based photodetectors towards visible regime for future 

applications. 
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