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Abstract 

Lead sulfide (PbS) quantum dots (QDs) have been covalently attached to reduced graphene oxide (rGO). Thin 

films from a hybrid rGO-PbS nanomaterial have been formed by a Langmuir-Blodgett technique. We found 

that oleic acid on QDs surface induces self-organization of high-quality rGO-PbS films with a thickness of 1-2 

monolayer. To utilize these films in optoelectronic devices, post-deposition ligand exchange procedures have 

been applied. We found both high conductivity and light-sensitivity in EDT- and TBAI-treated rGO-PbS films. 

We have applied rGO-PbS hybrid films to enhance the performance of a hybrid and heterojunction QD-based 

solar cells.  
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1. INTRODUCTION 

Hybrid nanomaterials based on light-harvesting quantum dots (QDs) and highly conductive 2D nanosheets 

attract much attention for creation new optoelectronic devices [1]. Thanks to the quantum confinement effect, 

QDs allow precise tuning of an absorption band position by varying a QD size [2]. Depending on the 

semiconductor material of the QDs, the absorption spectrum can cover a wide spectral range from UV to NIR 

[3,4]. Near-infrared QDs (PbS, PbSe, CIS, AIS) attract enormous attention due to their possible application in 

solar energy harvesting, night vision and telecommunication systems [5]. The energy absorbed by a QD can 

be nonradiatively transferred to a 2D material by resonant energy transfer or charge transfer [6]. Possessing 

high carrier mobilities, 2D materials (such as graphene and transition metal dichalcogenides) provide good 

transport of extracted charge carriers between electrodes [7,8].  

For the successful utilization of such hybrid nanomaterials in optoelectronic devices, universal methods of 

creating nanostructures based on them with nanoscale control of their parameters are required [9]. Covalent 

bonding of QDs and graphene-related materials proved to be a good method for creation a hybrid material 

with desired and controllable distance between QDs and graphene. Short bonding molecules provide close 

distance between nanomaterials ensuring effective charge and energy transfer processes.  

In the current study we demonstrate that covalently bonded reduced graphene oxide (rGO) and PbS QDs can 

form large-scale monolayered films. Being tightly attached to rGO by a silane linker, PbS QDs remains covered 

by long oleic acid ligands, which induce a formation of self-organized film at the water-air interface. Such a film 

can be simultaneously transferred to several substrates, and its properties can be tuned by a post-deposition 

ligand-exchange, keeping its uniformity. We demonstrate that they possess properties suitable for their 

utilization in optoelectronic devices. 

2. METHODS 

PbS QDs with diameter of 4.0 nm were synthesized by a hot-injection method [10]. rGO and 95% (3-

Mercaptopropyl) trimethoxysilane (MPTS) were purchased from Sigma-Aldrich. The hybrid nanomaterial 
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based on covalently bonded rGO and PbS QDs was prepared by slightly modified method proposed by Martín-

García et al [11]. MPTS linker is used to bond QDs to rGO surface as shown in a Figure 1.  

 
Figure 1 The hybrid nanomaterial consists of PbS QDs and rGO bonded by a silane linker 

MPTS-functionalized rGO and PbS QDs were mixed in a solution first. The mixture has been shaken for 2 

hours at 1500 rpm to provide better hybrid material formation, then the mixture was diluted with toluene in 1:2 

proportions and centrifuged at 9000 rpm. The supernatant with unattached QDs was removed and the 

precipitate was dissolves in chloroform with ultrasonication. The obtained solution was used for Langmuir-

Blodgett (LB) films preparation.  

3. RESULTS AND DISCUSSION 

First, we have paid additional attention to the precipitation procedure. Employing the Raman and time-resolved 

photoluminescence (PL) spectroscopy, we analyzed different paths to remove unreacted products. We have 

found that conventional washing with EtOH and centrifugation is less effective than washing with toluene. PL 

lifetime quenching indicates a formation of PbS-rGO hybrid, while longer PL lifetimes indicate unreacted QDs. 

The measured PL decay times are listed in a Table 1. PL decay time obtained for MPTS-treated PbS QDs 

was used as a reference. Using both toluene and EtOH for precipitation leads to separation of attached and 

unreacted QDs. However, according to obtained PL decay times, toluene allows to wash more unattached 

QDs and does not result in significant damage of the rGO-PbS hybrid. After the additional precipitation with 

EtOH afterwards, supernatant does not bring better efficiency. Because after an additional precipitation both 

supernatant and precipitate shown similar PL lifetimes, we can conclude that a second washing step lead 

exclusively to a separation of rGO-PbS complexes into two parts. Thus, we believe that a one-step toluene 

precipitation should be used for preparation of the hybrid inks. A formation of hybrid PbS-rGO complexes in a 

precipitate was confirmed by quenched PL decay from PbS QDs and Raman spectra from rGO. Raman spectra 

obtained for pure rGO and different precipitates are shown in Figure 2. After the washing and redispersion, 

few drops of a hybrid inks were placed onto an air/liquid interface. After compression, a dense film was formed. 

This LB film can be transferred onto a substrate at the dipping rate of 1 mm/min speed. 

Table 1 Calculated PL decay times after different precipitation 

Solvent used PL decay time percipitate (ns) PL decay time supernatant (ns) 

Toluele 145 395 

EtOH 170 340 

Toluene+EtOH 125 140 

Reference 440 
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Figure 2 Raman spectra obtained was a pure rGO and precipitates obtained after toluene and EtOH 

washing 

The used LB approach allows fabrication a high-quality hybrid films with a thickness of 10-20 nm that 

corresponds to 1 and 2 layers of rGO with PbS QDs attached at both sides. Figure 3 shows scanning electron 

microscopy images of PbS-rGO films transferred on a patterned ITO glass. As can be seen from the left panel, 

large scale and uniform film can be fabricated. To cover a pixelated ITO substrate for a device fabrication, a 

direction of dipping should be kept in mind. A right panel displays two pixels with a high quality rGO-PbS film 

(upper pixel) and an area where formation of the film started (lower panel).  

   

Figure 3 SEM images of the hybrid LB filmed from rGO and PbS QDs on a pixelated ITO substrate 

After deposition the film, native oleic acid ligands can be removed by post-deposition ligand-exchange 

procedures. Post-deposition ligand-exchange allows fabrication more compact QD film with better conductivity. 

Since the native ligands are long fatty molecules, a hopping transport of charge carriers cannot be realized. 

After post-deposition ligand-exchange QDs are covered by shorter molecules or even atoms, that allows 

effective hopping of a charge carriers between QDs. To improve electronic properties of rGO-PbS QD films, 

we performed post-deposition ligand-exchange with EDT (1,2-Ethandithiol) and TBAI (Tetrabutylammonium 

iodide) solutions. 
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To do the conductivity measurements, a 1.5 mm groove was etched in ITO layer on the ITO covered glass 

substrate, as shown in a Figure 4 (right panel). The groove and ITO sides were covered by a rGO-PBs film, 

and relation between current through and voltage across the film in the groove was measured. We used a 

four-wire connection by Keithley 2636B SourceMeter instead of the standard 4-probe method was not enough 

sensitive. The conductivity was calculated using cross-section area (11mm × 20 nm) and the width of the 

groove (1.5 mm) at 20V voltage. We observed that conductivity increased dramatically after the post-deposition 

ligand-exchange procedures. The largest increase was in the EDT sample and smaller in the TBAI-exchanged 

sample. But the conductivity of the first one reduced in twelve times for a day, while for the second one the 

reducing was much smaller (40%). It says that stability of TBAI films is much better. The data are listed in a 

Table 2. 

Table 2 The results of electrical measurements for LB rGO-PbS QDs film before and after post-deposition  

              ligand-exchange 

Sample Day Current (pA) Resistance, GΩ 
(@20V) 

Resistitivity, 
Ω×m 

Conductivity, 
Sm/cm 

PbS rGO LB 0 47 426 63000* 1.6×10-7* 

PbS-TBAI rGO LB 0 806 25 3670 2.7×10-6 

PbS-EDT rGO LB 0 1243 16 2347 4.3×10-6 

PbS rGO LB 1 54 370 45000* 2.2×10-7* 

PbS-TBAI rGO LB 1 500 40 5880 1.7×10-6 

PbS-EDT rGO LB 1 98 204 30000 3.3×10-7 

 
Figure 4 IV-curves for rGO-PbS QDs LB films with and without illumination (left). The ITO glass with an 

etched strip was used to estimate rGO-PbS QDs LB films conductivity (right). 

Importantly, the films demonstrate light-sensitive electrical response. Under illumination the films by halogen 

lamp (intensity 1.5 W/m2, so exposition was 0.77 µW on sample), we observed an increase of current for both 

TBAI- and EDT-treated films as shown in a Figure 4 (left panel). The observed increase of conductivity was 

about 60 % for the both samples. That indicates that PbS QDs absorb a radiation and transfer their carriers to 

rGO, which provides better conductivity between electrodes. 
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4. CONCLUSION 

To conclude, we demonstrated an optimized method for creation of hybrid films composed of PbS QDs and 

rGO with a monolayer thickness control. We showed that such films demonstrate excellent optoelectronic 

properties after the post-deposition ligand-exchange procedures. Strong interaction between QDs and rGO 

allows increasing current density in the film under light illumination. We believe that the method may be 

extended for other 0D-2D systems for creation of efficient phototransistors and photodiodes. 
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