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Figure S1  

Figure S1 (a) shows a typical π-A isotherm of the dependence of the surface pressure (π) for the 
PbS QDs film on its area (A). The shape of the isotherm corresponds to the literature data indicating 
the formation of a closed packed film when the isotherm reaches a plateau [1]. First, the PbS QDs film 
was deposited at the surface pressure of 15 mN/m (point 1). The AMF image of the obtained film is 
shown in figure S1 (b) and corresponding cross-section and histogram are shown in figure S1 (c,d). It 
is seen that the film consists of 1-2 monolayers of QDs with some uncovered areas. It demonstrates 
that the surface pressure was not high enough for formation of a continuous film. For the next 
deposition, the film was formed at the surface pressure of 16.5 mN/m that corresponds to the 
isotherm area marked as point 2. The AMF image and corresponding cross-section for the obtained 
film are shown in figure S1 (e,f). In this case, the formation of continuous 1-2 monolayered QD film 
occurred. Thus, for fabrication of rGO-PbS QDs film, we choose a surface tension located at the 
plateau of the isotherm.  



 

Figure S1-1. (a) a typical π-A isotherm of formation of the PbS QDs film; (b–d) the AMF image, 
corresponding cross-section and histogram for the film deposited at the surface tension of 15 mN/m 
(point 1); (e,f) the AMF image and corresponding cross-section for the film deposited at the surface 
tension of 16.5 mN/m (point 2). 

Figure S1-2 shows the π-A isotherms of the dependence of the surface pressure (π) of the film 
on its area (A) that can be considered as typical for such materials in comparison with literature data 
[1]. Formation of the films made from the PbS(OA)-rGO and PbS(MPA)-rGO hybrid solutions was 
completed when the surface tension of the film reached 17 mN/m and 45 mN/m, respectively. The 
difference in the dynamics of the formation of the films of these materials is attributed to the different 
amount and composition of the ligand molecules leading to the formation of large aggregates in the 
case of MPA-capped PbS QDs. 



 

Figure S1-2. The π-A isotherms of formation of the films made from the PbS(OA)-rGO and 
PbS(MPA)-rGO hybrid solutions. 

Figure S2  

 

Figure S2. (a) the Raman spectra taken from a PbS-rGO LB film; (b) the PL spectra from pristine 
and hybrid LB films with 4.0 nm PbS QDs. 

Figure S2 (a) shows the Raman spectra taken from a PbS-rGO LB film and measured using 
Renishaw micro-Raman spectrometer with the 457.9 line of the Ar+ laser as the excitation sources. 
The peaks centered at 1350 and 1592 cm-1 are related to the D and G bands of rGO, respectively, that 
is in a good agreement with a literature data [2,3]. Figure S2 (b) shows a typical PL spectrum from 4.0 
nm PbS QDs in a hybrid LB film (black line) as compared to the PL spectrum from pristine QDs 
prepared by the LB method. The spectrum can be fitted by a Gaussian function. A slight blue shift of 
PL peak position is observed for both pristine and hybrid films as compared to the QD in solution. 
PL peak position is located at 1110±6 nm, 1100±9 nm, and 1092±9 nm for CCl4 solution, pristine and 
hybrid films, respectively. A slight blue shift of PL peak position can be ascribed to fast oxidation of 
a thin QD layer [4,5]. For all the spectra, FWHM was kept at the value of 140-145 nm, indicating no 
water-induced formation of additional trap states. 

Figure S3  



PbS QDs capped with OA were treated with MPTS as a reference sample for estimation of charge 
transfer efficiency. PL decay for spin-coated PbS QDs treated with MPTS shown in a figure S3 by red 
circles can be well fitted by two exponential function with an average decay time of 0.61 µs. In a LB 
film, QDs demonstrate faster decay with an average decay time of 0.12 µs. An efficiency of charge 
transfer can be estimated as follows: 𝐸௖௛_௧௥ = 1 − ఛಾು೅ೄషೝಸೀఛಾು೅ೄ , 

where 𝜏ெ௉்ௌ and 𝜏ெ௉்ௌି௥ீை are average PL lifetimes for the QDs treated with MPTS and QDs in a LB 
film. From the calculated PL lifetimes charge transfer efficiency as high as 80% can be estimated. 

 

Figure S3. PL decay for PbS QDs capped with OA and treated with MPTS (red circles) and in a LB 
film (blue circles). Black lines show the fitting. 

Figure S4 

An average roughness of the films obtained by spin-coating and LB methods was estimated 
using AFM. Figure S4 shows 20 × 20 µm areas of the spin-coated (a) and LB (b) rGO-PbS QDs films. 
An average roughness was estimated to be 2.9 ± 1.0 nm and 1.7 ± 0.5 nm, respectively. 



 



Figure S4. AFM images of the spin-coated (a) and LB (b) rGO-PbS QDs films demonstrate better 
average roughness of the LB samples; (c-d) SEM images with different magnification obtained for the 
LB film deposited on patterned ITO substrate; (e-j) AFM images LB rGO-PbS QDs films taken from 
four random 20 × 20 µm2 areas. 

Figure S5. 

A similar LB film formation procedure was used for PbS QDs with a previously replaced ligand 
shell. First, MAI and MPA were used for a colloidal-phase ligand exchange. Then, QDs were attached 
to rGO with MPTS. After film fabrication, very pure quality of the films was observed by SEM (figure 
S4 (a,b)). To check the influence of oleic acid on film formation, the reduced PbS/rGO ratio was used. 
The obtained island-like film is shown in a figure S4(c). 

 
 

Figure S5. SEM images of LB films prepared from the hybrid solutions of MPTS rGO with MAI-PbS 
(a), MPA-PbS (b), and OA-PbS (using a reduced ratio of 1/15 rGO/PbS ratio, c). 

Figure S6. 

After the post-deposition ligand-exchange, SEM images were taken to check the quality of film 
surface. It was found, that both EDT and TBAI ligand-exchange processes do not worsen the film 
quality, as shown in figure S4. No additional cracks or pinholes was found after the ligand-exchange 
procedures. 

  

Figure S6. SEM images of rGO-PbS LB films treated with EDT (a,b) and TBAI (c,d). 

Figure S7. 



The conductivity under light illumination was measured for the LB films treated with EDT. The 
curves were compared to those obtained for OA-capped QDs deposited by spin-coating. It can be 
seen that the LB films demonstrate an increase of current under white light illumination. 

At the bias of 5 V, the EDT-PbS showed the responsivity of 2.8 × 10−6 A/W with the dark current 
of 0.53 nA and the TBAI-PbS showed a responsivity of 2.6 × 10−6 A/W with a dark current of 0.29 nA. 
According to the literature data, the responsivity of graphene-based photodetectors spans the range 
from 10−6 A/W (rGO, GO) to 108 A/W (CVD-grown graphene) [6,7]. The low obtained value of 
responsivity can be attributed to several factors. First, rGO- and GO-based photodetectors normally 
demonstrate lower values of responsivity [6]. Secondly, an extremely thin layer of QDs was used. 
Usually, graphene-PbS photodetectors have an absorbing layer thicker than 100 nm [8]. Thirdly, the 
calculated responsivity characterizes an active area of 24 mm2 which consists of numerous coupled 
rGO flakes. In contrast to that, much higher responsivity can be achieved when the device is 
fabricated in a single graphene flake with a size of tens of µm [9].   
 

 

Figure S7. IV-curves obtained for the EDT-treated LB films as compared to OA-capped QDs 
deposited by spin-coating. 
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