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Abstract

Quantum dots (QDs) are of great interest for creating optoelectronic devices due to their tunable bandgap,
high stability and simple solution processability for device fabrication. One of the ways to increase the
efficiency of such devices is to combine QDs with different carbon nanostructures. Lead sulfide PbS QDs with
a ligand shell of oleic acid (OA), methylammonium iodide (MAI) and Pbl2 were employed to study the process
of charge transfer process between QDs and sheets of reduced graphene oxide (rGO) and graphene oxide
(GO). QDs have been linked to graphene sheets by the (3-mercaptopropyl) trimethoxysilane in colloidal
solution. As a result, we observed a change in intensity and kinetics of QDs PL, that allowed to estimate the
efficiency of the charge transfer. The transfer efficiency for the QD-rGO system was found to be higher than
that of the QD-GO system, ~ 80 % vs. 66 % respectively. Modification of the QDs surface with MAI and Pbl2
allowed to achieve a charge transfer efficiency of up to 83 % and 89 %, respectively.
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1. INTRODUCTION

Lead sulfide colloidal quantum dots (CQDs) have widely spread as a material for optoelectronic devices
including photodetectors [1,2], light-emitting diodes [3,4], and solar cells [5-7] due to their huge bandgap
tunability, multiple-exciton generation effect and facile solution-processing. Most common tools to improve the
properties of such devices are CQDs surface passivation and optimization of the device structure. For
example, outstanding stability was achieved in solution-processed CQDs solar cells even in ambient air
conditions through surface passivation [8]. Recent advances in QD solar cells fabrication by device architecture
engineering, surface passivation and layers optimization led to reported certified power conversion efficiency
(PCE) of 11.6 % [9]. However, a lot of challenges is still to go. One of the main problems for PbS based
optoelectronic devices is their rapid degradation under the high relative humidity of ambient air. Recently, it
was shown that creating hybrid materials with graphene for active layer fabrication results in the reduction
of moisture sensitivity in non PbS based devises [10-14] as well, as in PbS based solar cells [15]. Beside this,
combing PbS CQDs with graphene materials is a promising way to fabricate highly effective photodetectors
[16,17] and phototransistors [18,19]. In such devices, the charge carriers are generated in the CQDs and after
this electrons are transported to the graphene layer according to the energy structure of CQDs-
graphene/rGO/GO interface that schematically depicted in Figure 1 for rGO/PbS case. The charge transfer
efficiency of this interface limits the efficiency of this type of devices.

In our study we involved time-resolved PL characterization to evaluate the speed of charge carrier transfer
speed in the blend of PbS CQDs and rGO/GO sheets. The PbS CQDs were attached to the rGO and CO
sheets using the organic linker molecule. Moreover, the surface of QDs was modified by Pbl. and MAI to
improve the CQDs quality and optimize the charge transfer efficiency.
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Figure 1 Schematic energy diagram of PbS-rGO

2. MATERIALS AND METHODS

Stabilized with poly(sodium 4-styrenesulfonate) rGO and GO water dispersions were purchased in Sigma-
Aldrich (900197 and 777676 aldrich). Moreover, we prepare thin films from both dispersions to ensure the
parameters of materials using SEM and AFM. Figure 2 illustrates a typical single rGO sheet. The thickness
we found trough AFM measurements was approximately 1 nm for both materials.

Figure 2 SEM image of rGO sheet

The oleic acid (OA)-capped PbS CQDs were synthesized via well-known protocol from [20]. Briefly, 1 mmol
PbO (99.99 %, Aldrich), 4 mmol OA (90 %, Fisher) and 10 ml octadecene (ODE) (90 %, Acros) were mixed in
the three-neck 25 ml for Pb precursor preparation. The mixture was heated up to 170 °C under vacuum for
approximately 30 minutes until clarification and flushed with Ar. At T=134 °C the mixture of 0.2 mmol
hexamethyldisilathiane ([TMSi]2S) in 0.5ml ODE was swiftly injected and heated for 10 min. The reaction was
quenched by cooling down in Ar atmosphere and by the addition of acetone to precipitate the PbS
nanocrystals. The solution was centrifuged (6000 rpm, 10 min), redispersed in hexane (Sigma-Aldrich) and
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precipitated 2 more times with acetone. The final nanocrystals were redissolved in toluene for further use and
measurements.

The iodide-capped PbS was obtained by modifying OA-capped PbS via protocol from [21]. In short, 0.02 M
Pblz solution in 12 ml of dimethylformamide (DMF) and 6 ml of methanol was injected into a suspension of as-
prepared PbS nanocrystals (2 mL, 50 mg mL~"). The resulting solution was shaken for 1-2 min, leading to a
precipitation of the PbS nanocrystals. After centrifugation, the PbS nanocrystals were redispersed in a mixture
of 1,2-dichlorobenzene (DHBZ)(1 mL) and butylamine (BA) (0.2 mL). MAI treatment as well was provided using
OA-capped PbS in the prolonged protocol described in [22].

The CQDs were attached with the rGO/GO sheets using 3-mercaptopropyltrimethoxysilane(MPTS), as
described in [23]. For MPTS treatment of CQDs, MPTS was added in toluene/DHBZ:BA/DMF OA/iodide/MAI-
capped CQDs solution with vortexing for 2 minutes. The solution was precipitated by acetone with
centrifugation (6000 rpm, 10 min) and redispersed in the initial solvent.

3. RESULTS AND DISCUSSION

We prepared a series of samples to make our — T T T T T T
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PbS CQDs in DMF and OA-capped PbS CQDs
- MPTS - GO blend in DMF. MPTS treatment
results in redshift in spectra accompanied by an
increase of PL lifetimes. Such behavior is in
contrast to the [23], where 11-mercaptoundecanoic acid treatment was provided to obtain reference PL
lifetimes and results in a decrease of PbS CQDs PL lifetimes. We believe the change in surface passivation
and medium permittivity affect our CQDs in this way. However, the difference in synthetic protocols and in the
applied chemical treatment can explain such discrepancy in the results.

Figure 3 PL spectra of the OA-capped PbS, OA-
capped PbS treated with MPTS and OA-capped PbS -
GO blend

For all of our blend samples we provide our calculations via the next two equations from [24] and [23]:

Kot = —— — — (1)

Thlend  Tref

where:
k.- the rate of electron transfer
Triend - the decay time of QD-GO/rGO blend
Trer - the decay time of MPTS treated CQDs

k k
— et =1- ref (2)
Ket+kradt+kirap Kblend
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where:
kraq- the radiative decay rate
Kirap- the rate of trapping carriers on CQDs surface
krer- the decay rate of MPTS treated CQDs
Kkpiena - the decay rate of QD-GO/rGO blend

Our calculations for the samples are given in Table 1. This is noticeable that transfer speed calculations give
opposite results to the efficiency calculations in the case of OA-capped CQDs and MAI-capped CQDs. In this
case the different shell compositions result in different kx.pand kraqrates, what counts like (AKiap +Akraq) linear
mistake for decay rates calculations and like a nonlinear mistake in efficiency calculations. Both parameters
for iodide-capped CQDs case are outstanding in comparison to all other structure types. It is obvious that the
iodide shell around the CQDs core provides easier charge transfer because of better conductivity.

Table1 The charge transfer rate and efficiency of the charge transfer rate for the obtained samples

Sample Ket, s1+108 n, %
OA capped PbS+rGO 6.8 80
lodide capped PbS+rGO 74 89
MAI capped PbS+rGO 6.6 83
OA capped PbS+GO 4.3 66

Figure 4 illustrates the formation of a spin-coated film from our solution. There are rGO sheets densely
occupied by the CQDs. It should be emphasized, that the values of charge transport efficiency strongly depend
on the CQDs-rGO proportion. For our study, we employ actual proportions that result in effective device
following [6]. The enlargement of rGO content results in the further decay of PL lifetime. For example, 10-time
amplification of the rGO content in MAI capped PbS+rGO blend leads to an increment of decay rate to ket=17.9
and transfer efficiency to n=93 %. However, such blend proportions do not result in high performance in despite
better charge transfer.

Figure 4 SEM image of the spin-coated film of OA-capper PbS-GO blend
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4, CONCLUSIONS

Our group produced a series of experiments that clarify the PbS-rGO/GO charge transfer mechanism. MPTS
organic linker forms a well-defined CQDs-rGO/GO system providing both a mechanical connection between
system components and better charge transport. The shell also plays an important role in charge process; the
iodide shell affords 89 % charge transport efficiency against 80 % in case of basic OA-capped CQDs. The
efficiency and transfer rate values were calculated for real device components proportions. The SEM
measurements show that CQDs-rGO/GO system forms layers that similar to the rGO/GO layers. The results
of our findings reveal details that could important for engineering of solution-processed photovoltaic devices.
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