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2. Comparing Halide Ligands in PbS 
Colloidal Quantum Dots for Field-
Effect Transistors and Solar Cells  
Capping colloidal quantum dots (CQDs) with atomic ligands is a powerful approach to 

tune their properties and improve the charge carrier transport in CQD solids. Efficient 
passivation of the CQD surface, which can be achieved with halide ligands, is crucial for 
application in optoelectronic devices. Heavier halides, i.e. I- and Br-, have been thoroughly 
studied as capping ligands in the last years, but passivation with fluoride ions had not received 
sufficient consideration. In this chapter, effective coating of PbS CQDs with fluoride ligands 
is demonstrated and compared to the results obtained with other halides. The electron 
mobility in field-effect transistors of PbS CQDs treated with different halides shows an 
increase with the size of the atomic ligand (from 3.9×10-4 cm2/Vs for fluoride-treated to 
2.1×10-2 cm2/Vs for iodide-treated), while the hole mobility remains unchanged at around  
10-5 cm2/Vs. This leads to a relatively more pronounced p-type behavior of the fluoride- and 
chloride-treated films compared to the iodide-treated ones. Cl-- and F--capped PbS CQDs 
solids were then implemented as p-type layer in solar cells; these devices showed similar 
performance to those prepared with 1,2-ethanedithiol in the same function. The relatively 
stronger p-type character of the fluoride- and chloride-treated PbS CQD films broadens the 
utility of such materials in optoelectronic devices.  
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2.1 Introduction 

Colloidal quantum dots (CQDs) are solution-processable semiconductor nanocrystals, 
which have been used to fabricate various optoelectronic devices, such as solar cells, 
photodetectors and field effect transistors.[1] As-synthesized CQDs are capped with long-
chain insulating oleic acid ligands to stabilize their colloidal state and passivate their surface. 
Only replacing these bulky native ligands it is possible to enable electronic coupling between 
the individual quantum dots.  

Ideally, the ligand exchange must ensure an efficient passivation of the quantum dot 
surfaces, preserve quantum confinement, in particular when the CQD solid is used as active 
layer for solar cells and photodetectors,[2] and allow for rational adjustment of the electronic 
characteristics (doping levels, carrier mobilities etc.). Towards these goals, capping CQDs 
with inorganic ligands received much attention with the introduction of metal chalcogenide 
complexes.[3] Soon thereafter various small inorganic ligands, such as chalcogenides, halides, 
pseudohalides and halometallate complexes showing chemical versatility and providing 
better processability were introduced for colloidal quantum dot solids.[4–10] 

The research on halide ligands is mainly fueled by their prospects in solar cells. Iodide, 
bromide, chloride have been used intensively as ligands for CQD solids.[7,8,11–14] PbS quantum 
dot films with Br- and I- ligands show n-type transport behaviour and exhibit a high degree 
of surface passivation.[7,11] Furthermore, iodide capping results in exceptionally air-stable n-
type CQD solids, which are widely employed as main light absorber layer in CQD solar 
cells.[15]  

The treatment of PbS CQDs with halides results in a short interdot distance favoring 
good charge transport.[16,17] Fluoride is the smallest ion in the halide series and one of the 
smallest possible ligands, potentially giving the shortest interdot spacing compared to any 
other ligand. Despite the prospects, limited attention has been dedicated to the fluoride-
treated lead chalcogenide CQDs. Previous reports have mainly focused on the stability of the 
films towards oxidation based on the study of their optical properties.[18,19] While, the 
transport properties of fluoride-treated lead chalcogenide CQD films have not been 
investigated up until now. 

In this work, the optical and electronic properties of thin films of PbS CQDs treated with 
the four halide atomic ligands are compared. Not only the fluoride ligand is introduced for 
the fabrication of PbS CQD devices but its performance are also compared with the other 
three halide ligands in a homogeneous set of experiments. The properties of the halide-treated 
films are found to obey a trend-wise dependence on the ligand size. The fluoride-treated 
sample displays the lowest electron mobility, which increases two orders of magnitude 
moving down in the periodic table (F-Cl-Br-I). Interestingly, the hole mobility for all the 
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halides remains roughly the same. Moreover, in the fluoride-treated PbS quantum dot 
transistors we observe a time-dependent decreasing of the electron current, suggesting a high 
sensitivity of this active layer to the traces of contaminants in the glovebox.  

2.2 Results and discussion 

In a few reports, treatment of lead chalcogenide quantum dots with fluoride was 
performed by using tetrabutylammonium fluoride (TBAF).[18,20] Tetrabutylammonium halide 
salts are typically available in high purity, setting them favorable for photovoltaic research. 
Unlike other tetrabutylammonium halides, dried TBAF is reported to decompose at room 
temperature by Hofmann elimination;[21] hence TBAF is only available in hydrated form or 
in a solution of water or tetrahydrofuran.[22] The exposure of CQDs to humidity is known to 
have a significant influence on the material properties,[23–25] making hydrated fluoride source 
rather undesirable. Anhydrous TBAF can be generated in situ from the reaction of 
hexafluorobenzene with tetrabutylammonium cyanide and used for synthetic purposes, but 
the experimental conditions are rather incompatible with the use in the CQD solids.[26] 
Consequently, an anhydrous fluoride compound that can contend tetrabutylammonium halide 
series is required for a good comparison between the different halide-treated CQD films. 
Herein, a tetramethylammonium fluoride is chosen as the source for the fluoride atomic 
passivation due to its simplicity and facile preparation in anhydrous form.[21] Thus, four 
anhydrous tetraalkylammonium halide salts, namely tetramethylammonium fluoride 
(TMAF), tetrabutylammonium chloride (TBACl), tetrabutylammonium bromide (TBABr) 
and tetrabutylammonium iodide (TBAI), were used for the solid-state ligand exchange. The 
ligand exchange and the chemicals used in this work are schematically illustrated in Figure 
2.1A.  

 CQDs with the size between 2.7 and 3.5 nm diameter, as calculated from the first 
excitonic peak energy of the absorbance spectrum, were used for all the experiments.[27] Thin 
films of PbS quantum dots treated with the four halides were prepared by spin-coating with 
subsequent ligand exchange and washing, using the layer-by-layer approach reported 
earlier.[28] Samples for electron microscopy were prepared by drop-casting on carbon-coated 
copper grids, the ligand exchange and washing were performed as for the device fabrication. 
More details on the sample preparation are reported in the Experimental methods section. 

Smaller PbS CQDs, ca. 3 nm in diameter, have a truncated octahedron shape, mostly 
dominated by {111} facets, while larger PbS particles have cuboctahedron shape with {111} 
and {100} facets.[29] The variation in faceting creates a significant difference in chemical 
reactivity and assembly of the CQDs. Larger lead chalcogenide CQDs, of size from 3.8 to 6 
nm typically form square superlattices after halide treatment,[17,30] while, in general, smaller 
CQDs give rise to arrays with a much higher level of disorder. However such “small” 
particles attract keen interest due to their application in CQD solar cells. In this work, a 
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relatively large CQD size (3.5 nm) was chosen in order to show the effect of halide treatment 
on their assembly, while smaller particles were used for device fabrication.  

 

Figure 2.1. (A) Schematic illustration of PbS colloidal quantum dots with native oleic 
acid ligands and, after the ligand exchange, with halide ligands. Fourier-transformed TEM 
images of single CQD domains treated with (B) TBAI and (C) TMAF. The scale bars are 500 
µm-1. 

Figure 2.1 illustrates the difference in the CQDs ordering after the ligand exchange with 
iodide (panel (B)) and fluoride (panel (C)) ligands. The typical square superlattice is observed 
after the iodide treatment of CQDs with cuboctahedron shape, but domains with hexagonal 
packing are also present.[17] Ligand exchange with F results in a predominantly hexagonal 
ordering (Figure 2.1C) with pronounced disorder. A similar behavior, with a different degree 
of disorder is found in bromide- and chloride-treated samples (Figure 2.A1). The distance 
between the single CQDs clearly indicates that the ligand exchange took place also when 
fluoride ligands are used. Moreover, the presence of fluorine in the ligand-exchanged films 
is observed using energy-dispersive X-ray spectroscopy (EDX) as reported in Figure 2.A4. 
However, EDX has low sensitivity to light elements, such as fluorine. Therefore, the 
detection of fluorine in the sample containing a high amount of heavy atoms suggests a 
significant fluorine concentration in the thin film. 

Electron diffraction patterns of the PbS CQDs treated with TBAI and TMAF are shown 
in Figure 2.A2. The lack of some of the reflections in the TBAI-treated sample indicates a 
dominant out-of-plane orientation of the individual CQDs with their {100} facets normal to 
the surface. Moreover, a preferential in-plane orientation with the neighboring CQDs 
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aligning with their {100} facets facing each other is also observed as four dominant peaks in 
the innermost ring. Such organization is not observed in the F--treated sample, in which all 
expected reflections are observable as rings, confirming the qualitatively observed disorder 
of these films. 

The average interdot distance is extracted from the Fourier-transformed TEM images of 
single domains. No clear difference is observed between the fluoride- and iodide-treated 
samples due to the high level of disorder. The average center-to-center interdot spacing in all 
halide-capped samples is 4.5 nm, while the oleate-capped CQDs show a 4.9 nm periodicity. 
The reduction of the interdot distance after the halide treatment is a further confirmation of 
the removal of the long oleate ligands. 

 

Figure 2.2. (A) Absorbance spectra of thin films of 3.5 nm PbS CQDs capped with native 
oleic acid (OA) and with the four halide ligands; the curves are vertically shifted for clarity. 
(B) Normalized PL spectra of the same films reported in (A). 

Figure 2.2 shows the optical properties of thin films treated with the four halide ligands, 
and of an oleate-capped CQD film as reference. The absorbance spectra (Figure 2.2A) show 
a trend in the degree of confinement. In general, the first excitonic peak shifts towards higher 
wavelengths, and becomes broader upon ligand exchange with halides. A clear peak is 
observable only in PbS-I and PbS-Br samples, and not in the PbS-Cl and PbS-F ones. The 
different energies of the peak (OA<I<Br) are attributed to a ligand-dependent loss of quantum 
confinement and overlap of the electronic wavefunctions of individual CQDs in the film. The 
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variation of peak widths (and most likely the lack of excitonic features in the PbS-Cl and 
PbS-F samples) are signs of increased inhomogeneous coupling due to disorder as observed 
also in the TEM micrographs. Figure 2.2B shows the normalized steady-state 
photoluminescence (PL) spectra of the same samples. All halide-treated samples show a red-
shifted emission peak compared to the pristine films, indicating again the increased electronic 
coupling between CQDs. The red shift of the PL spectra increases from iodide- to fluoride-
treated films in the order I<Br<Cl<F, and is in line with the trend observed in the absorption 
spectra. Although we do not observe a trend-wise dependence of the average interdot spacing 
on the ligand size, the trend in the spectral features suggests that the effective confinement 
set by the local interdot spacing and dielectric environment changes.  

The broadening of the PL signal confirms the presence of energetic disorder in the 
halide-treated CQD films, and suggests that the spreading in the absorption peak position is 
responsible for the lack of the excitonic feature of the Cl- and F--treated samples. The PL 
peak position of the fluoride-treated sample is not visible due to the cut-off of the detector at 
~ 1600 nm, for this reason measurements were repeated using PbS CQDs with higher band 
gap (3.0 nm size). In this PbS-F sample, a large variation between the PL spectra taken at 
different spots is observed (examples are shown in Figure 2.A3), confirming the significant 
inhomogeneity of films obtained with the fluoride ligand.  

The ligand exchange process inevitably increases the disorder as the interdot spacing 
decreases. The degree of positional disorder leads to energetic disorder, which is observed to 
vary between different samples. The smaller the ligand, the larger the shrinkage of the 
interdot distance allowing for larger positional disorder. Moreover, the different kinetics of 
the reactions of the PbS surface with the ligands it is co-responsible for the positional 
disorder.16 The inhomogeneity and broad PL peak observed in the fluoride samples, and the 
lack of nanoscale ordering from the electron diffraction patterns are in complete agreement 
with these arguments.  

In some previous reports was shown that quantum confinement is preserved in Cl-, Br- 
and I--capped PbS CQDs films after the solid state ligand exchange.[7] Well-defined excitonic 
peaks were observed in absorption spectra as well as a minor red shift between the samples 
treated with different halides. We believe, the discrepancy with our results is caused by the 
different protocol used for CQD film fabrication, which at parity of concentration could alter 
the reactivity of the ligands. In particular experiments in ref. 6 were performed in ambient 
condition while ours are performed in inert atmosphere inside a nitrogen-filled glove box.10 
Another significant difference to underline is that we use thermal annealing for all the 
samples used for the UV-vis and PL measurements, and for field-effect transistors. This is an 
important step to obtain well performing devices. We have seen earlier that our fabrication 
protocol leads to higher ligand exchange efficiency than reported in other works.16 
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Field-effect transistors (FETs) are powerful tools to study electronic properties of 
semiconducting materials, to understand the degree of coupling between CQDs induced by 
the ligands, and to test their quality. Figure 2.3A shows the schematic structure of the bottom-
gate bottom-contact field-effect transistor used in this work. The details of the structure, the 
fabrication and measurements can be found in the Experimental methods section.  

The transfer characteristics of the FETs are shown in the Figure 2.3B. All transistors 
show ambipolar transport; however, with the dominance of the negatively charged carriers. 
The electron current increases two orders of magnitudes moving down the group in the 
periodic table (F-Cl-Br-I), while the hole current for all the halide-treated CQD transistors is 
approximately the same. The extracted charge carrier mobilities are in line with the observed 
trends for the current in the transfer curves (Figure 2.3C). The electron mobility has a value 
of 2.1×10-2 cm2/Vs for PbS-I, 2.7×10-3 cm2/Vs for PbS-Br and 8.0×10-4 cm2/Vs for PbS-Cl, 
in a good agreement with previously reported values.[12,17] It is important to note that the 
fluoride-based sample, which is reported for the first time, fits in the trend.  

The influence of the halide ligands on the hole current is less pronounce than on the 
electron current, the hole mobility values are within the same order of magnitude for all 
samples (below 10-4 cm2/Vs). The PbS-F device exhibits a fairly balanced transport compared 
to the typical electron-hole asymmetry of the n-type TBAI or p-type NaSH-treated 
samples,[31] with µh = 3.0×10-5 cm2/Vs and µe = 3.9×10-4 cm2/Vs. The variation of the linear 
mobility values of the PbS-F samples is shown in Figure 2.A6, the spread is larger than for 
the other samples but within one order of magnitude. 
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Figure 2.3. (A) Schematic structure of a PbS CQD FET; (B) transfer characteristics for 
the p- and n-channel operation of PbS CQD FETs prepared with different halide ligands 
with the solid lines representing the forward scan and the dashed lines the reverse scans (the 
color indicates the sample as described in the left panel); (C) comparison of the linear 
mobility values extracted from the transfer curves. 

It is important to point out that the trend observed in the electron mobilities is against 
the common assumption that smaller halides should lead to better coupling and therefore 
better transport. The red-shift of the PL emission peaks suggest that the coupling energy 
increases from I to F, while the electron mobility increases from F to I. Instead, the peak 
width shows a similar trend of the electron mobility, suggesting that the electron transport in 
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these films is limited by energetic disorder, or in other words the possibility of carrier 
localization in highly coupled domains, in agreement with previous reports.[32,33] An 
alternative explanation for the trend of the electron mobility could evoke a different 
contribution of the ligands to the density of states of the CQD film or to a shift of the Fermi 
level induced by the ligands.16  

On the other hand, the hole mobility increases from I to Cl, suggesting a coupling-
limited transport. In line with previous observations and reports, the holes are more confined 
to the CQD cores in off-stoichiometric particles due to the lead-dominated surface providing 
a larger wavefunction delocalization for states above the Fermi-level.[31,34] Alternatively a 
shift of the Fermi level could be also a possible explanation for this trend.  

The values of the threshold voltages for PbS-F FETs and the other halide-treated devices 
are dramatically different. For PbS-F the threshold voltages for holes and electrons are 15 
and 62 V, respectively, while in the case of Cl-, Br- and I--treated samples, the threshold are 
approximately equal to 40 V for holes and 50 V for electrons. The higher threshold voltage 
for electrons and holes in PbS-F is an indication of a more pronounced charge carrier trapping 
than in the case of the other samples. 

A diminishing electron current in PbS-F devices was observed during measurements 
(Figure 2.A5). This is typically the sign of a high sensitivity of the CQD solids to traces of 
contaminants in the glovebox (for example O2 or H2O),[35] which may be due to a different 
ability of the halides to protect the inorganic PbS core and the exposure of dangling bonds 
after the F- treatment. In fact, the ligands have to form a compact and robust shell on the CQD 
surface to sterically inhibit the attack of oxygen or water. The iodide shell has been shown to 
protect the PbS CQDs upon air exposure, and PbS-I CQD solid retains the n-type properties 
even in air.[11] In contrast, bromide- and chloride-capped CQDs switch polarity after air 
exposure. The fluoride ligand is the smallest of the halide family and therefore does not 
provide a good steric screening of the lead chalcogenide core to inhibit the attack of oxidative 
species; oxidation of fluoride-treated lead chalcogenide CQD films has been proven earlier 
by spectroscopic studies.[18,19] Another possible explanation of the large instability of the 
fluoride-treated samples is related to the protic attack of MeOH on the CQD surface followed 
by desorption of halide ligands. It has been reported that the kinetic energy of the ligand 
desorption upon the attack of protons changes in the order OA<Cl<Br<I,[11] consistently with 
the Pearson hard-soft acid-base concept. Fluoride is a hard Lewis base and is “harder” than 
chloride, thus making more labile bonding with the rather soft Pb ions. Therefore the 
desorption energy of the fluoride from the PbS CQD surface should be lower than for 
chloride. However, the washing step with a protic solvent (MeOH) can partially remove 
fluoride from the CQD surface and thus leading to an increased susceptibility of the inorganic 
PbS core towards oxidation and the formation of traps, which are especially active towards 
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holes. This is consistent with the behavior of the threshold voltage in the p-type transfer 
characteristics (Figure 2.3B). 

Unfortunately, using acetonitrile as an aprotic solvent was problematic. The issue is that 
acetonitrile is not compatible with anhydrous fluoride salts[36] and therefore cannot be used 
for all four halides. The observations from the experiments might be greatly complicated by 
formation of trans-3-amino-2-butenenitrile from the reaction between fluoride and 
acetonitrile close to the CQD surface.[21] The acetonitrile solution of TMAF turned yellowish 
upon dissolving of the white TMAF powder, which shows that the abovementioned reaction 
between fluoride and acetonitrile is fast and occurs at room temperature.  

For CQD solar cells the lack of p-type materials with high doping has been recently 
identified as a performance limiting factor,[37] and improvements in the device performance 
have been made by doping the p-type layer in the typical quasi-pn junction device 
architecture.[38,39]Air sensitivity has been reported to lead to a more pronounced p-type 
behavior in thiol-capped CQDs,[23] for this reason they became the most employed ligands 
for p-type layer for CQDs solar cells. However, halide salts are much better because of their 
low volatility and toxicity, and, in general, halides give rise to larger environmental stability 
to the CQD layers.15 Here, we investigate the ability of PbS-F and PbS-Cl to serve as a p-
type layer for CQD solar cells, forming fully inorganic PbS CQD devices. Moreover, the 
elimination of environmentally unfriendly and difficult to handle thiol-based ligands is an 
important step in the development of CQD devices.  
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Figure 2.4. (A) J-V characteristics of the PbS CQD solar cells under AM1.5G 
illumination, forward and reverse scan directions are plotted in order to show the sample 
hysteresis. PbS treated with three ligands, namely TMAF, TBACl, and EDT are reported as 
p-type layers. Inset: CQD solar cell structure used in this work. (B) EQE spectra of the same 
devices reported in A. (C) Device performances of PbS CQDs solar cells with different p-
type layers. 

Solar cells based on the widely used quasi-pn junction architecture, where the layer of 
PbS treated with 1,2-ethanedithiol (EDT) of the original structure is replaced by fluoride- or 
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chloride-treated layers, are fabricated.[11,15,40] Figure 2.4A shows the performance of CQD 
solar cells with the different quasi p-type layers under AM1.5G illumination. The devices 
using fluoride or chloride ligands for the p-type layer results in a very high short-circuit 
current density (Jsc) of 28.8 and 27.3 mA/cm2, respectively. The high Jsc can be explained by 
a good energy level alignment and by the ability of the PbS layers treated with small halide 
to block electrons. Notably, our solar cells with only halide-capped CQDs possess higher Jsc 
than devices using the PbS-I/PbS-EDT structure, indicating that PbS-Cl and PbS-F can play 
similar role to PbS-EDT determining the energy band bending. This is in line with the trend 
expected for the energy levels of PbS with these ligands.[20] 

The open-circuit voltage (Voc) of the halides-treated p-type layer is 0.51 V, which is 
lower than the 0.55 V measured for devices obtained with EDT-treated CQDs. The lower Voc 
of the devices fabricated with halide-treated p-type layers could be attributed to a higher 
amount of trap states, which increase the non-radiative recombination, or to the decreased 
band-gap of the CQDs.[41] The values of the fill factor (FF) are 0.50 for the device with PbS-
F, 0.53 for device with PbS-Cl and 0.51 for the PbS-EDT reference. The power conversion 
efficiency (PCE) for all three devices exceeds 7% and does not significantly changes between 
the different types of samples. However, as explain above the partial figure of merit of these 
devices (Voc, FF and Jsc) account for the different physical properties. The table in Figure 
2.4C summarizes the device performances for p-type layers obtained with different ligands. 
The Table S1 includes the average and standard deviation for the fabricated devices. 

Figure 2.4B shows the external quantum efficiency (EQE) spectra of the solar cells with 
different p-type layers. The Jsc values obtained from the integration of the EQE spectra are 
23.7 mA/cm2 for devices using EDT ligands, 22.5 mA/cm2 for devices using Cl and 24.2 
mA/cm2 for the one using F. Obviously, the values of the Jsc calculated from the EQE spectra 
do not perfectly correlate with the Jsc from the J-V measurements. A possible source of 
inconsistency is the low intensity of the light used for the EQE measurements combined with 
the large absorption of the layers, however, even when the EQE spectra are measured with 
light bias the discrepancy in the Jsc remains. The most important discrepancy between the 
EQE spectra of the three types of devices is occurring between 400 and 650 nm. This large 
difference could be determined by the different distribution of the electric field within the 
active layer determined by the variation of the band gap of the different p-type layers and by 
the dissimilar transport properties of the studied films. 

2.3 Conclusions 

In conclusion, we compared the treatment of PbS CQDs with all four halides and studied 
optical and electronic transport properties of the resultant films. For a proper comparison, we 
introduced tetramethylammonium fluoride as a new anhydrous source of fluoride ligands for 
CQDs. We found that the fluoride ligand exchange takes place, and a trend-wise dependence 
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between the degree of quantum confinement on the choice of halide ligand is measured. A 
larger disorder is observed for CQDs treated with F and Cl ligands.  

The field effect electron mobility increases with the ligand size while the hole mobility 
remains approximately the same for all the halide-treated CQDs. The comparison of the 
trends in mobility and the red-shift and broadening of the photoluminescence emission 
spectra suggest that the electron transport is disorder-limited, while the coupling energy is 
one of the factors determining the hole mobility. The different trends lead to, in proportion, 
larger p-type behaviour of the fluoride- and chloride-treated films compared to the iodide-
treated ones. 

Finally, we successfully implemented quantum dot film treated with chloride and 
fluoride as a p-type layer in CQD solar cells. These fully inorganic solar cells showed similar 
power conversion efficiency to devices fabricated with EDT-treated CQDs as a p-type layer. 
The possibility to exclude thiols such as EDT in the fabrication process is very important for 
the possible industrialization of CQD solar cells. 

2.4 Experimental Section 

Materials and reagents 

 All the solvents and reagents were analytically pure and were used without further 
purification. Lead (II) acetate trihydrate (Pb(CH3COO)2×3H2O, ≥99.99%), 
bis(trimethylsilyl)sulfide (TMS2S), 1-octadecene (ODE, 90%), oleic acid (90%), 
tetrabutylammonium chloride (TBACl), bromide (TBABr) and iodide (TBAI) were 
purchased from Sigma Aldrich. Anhydrous tetramethylammonium fluoride (TMAF) was 
purchased from ABCR. PbS colloidal quantum dots were prepared according to the method 
of Hines et al.,[42] with slight modifications. Pb(CH3COO)2×3H2O (1.5 g, 4 mmol), ODE (47  
mL) and oleic acid (2.8-3.2 mL, depending on the desired size of final CQDs) were mixed in 
a three-neck flask. The mixture was degassed under vacuum at 120 °C for 1 hour. After that 
temperature was stabilized at 90-140 °C (depending on the desired size of final CQDs) under 
nitrogen flow. The heating mantle was removed and solution of TMS2S (0.42 mL, 2 mmol) 
in 10 mL ODE (dried) was injected into vigorously stirring lead oleate solution. After 5 min, 
the reaction mixture was cooled down to room temperature. NCs were washed three times 
with toluene/ethanol solvent/non-solvent pair, re-dissolved in hexane and filtered through 0.2 
µm PTFE filter. 

PbS CQD thin film field-effect transistor (FET) fabrication and measurements  

The CQD field-effect transistors were fabricated on top of highly doped Si substrates 
covered with a 230 nm thermally grown SiO2 dielectric. Pre-patterned interdigitated 
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electrodes consist of 10 nm ITO and 30 nm of Au are served as a source and a drain with a 
channel width of 10 mm and length of 20 µm. The substrates were cleaned by sonication in 
acetone and isopropanol and dried in the oven. The CQD films were deposited by a layer-by-
layer approach using a modified method from Shulga et al.[28] Namely, the “scaffold” layer 
was spin-coated at 1000 rpm from 1 mg/mL solution of OA-capped CQDs in hexane. The 
solid-state ligand exchange was performed with a 20 mM solution of tetraalkylammonium 
halide in MeOH and the film was washed twice with pure MeOH. This concentration of 
halide ligand is similar or slightly lower than what could be considered as standard in the 
field.[7,15]    The “filler” layer of CQDs was spin-coated from 5 mg/mL solution. The substrate 
was dried for the 20 s at 120 oC on a hotplate after each CQDs deposition and ligand exchange 
step. The devices were annealed after the fabrication for 20 min at 120 oC. All transistor 
measurements were performed with Agilent E5262A semiconductor parameter analyzer. All 
fabrication and measurement steps were performed in a N2-filled gloveboxes with O2 and 
H2O concentration below 0.1 ppm. The hole and electron mobility values were extracted from 
the transfer (ID-VG) characteristics of the FETs in the linear regime using the gradual channel 
approximation and the parallel plate capacitance of the oxide layer. No obvious Schottky 
barrier was observed between ITO/Au electrodes and CQD film in the output curves, 
suggesting limited effect of the contacts on the linear mobility. 

Absorbance and PL measurements 

Samples for absorbance and PL measurements were fabricated on quartz substrates 
using the above-mentioned procedure. The samples were annealed after the fabrication for 
20 min at 120 oC. Absorption spectra were recorded using a dual-beam Shimadzu UV-3600 
spectrometer. PL spectra were measured by exciting the sample with the second harmonic 
(400 nm) of a Ti:sapphire laser (Coherent, Mira 900, repetition rate 76 MHz). The PL 
emission was spectrally dispersed in a monochromator with a diffraction grating of 30 
lines/mm and recorded by a cooled array detector (Andor, iDus 1.7 μm). The excitation 
density was set using a neutral density filter, and the samples were measured under nitrogen 
to prevent photodegradation during the experiment. All spectra were corrected for the 
response of the setup obtained using a calibrated lamp. 

Electron microscopy 

TEM and electron diffraction data were collected using a JEOL JEM-2010 at 200 keV. 
Samples were prepared by drop-casting a diluted PbS-OA CQDs dispersion in hexane onto 
carbon-coated Cu grids. The ligand exchange was done by immersing the grids in 20 mM 
solutions of the halide ligands in MeOH for 35 s, followed by a washing in pure MeOH. No 
annealing was performed after deposition, as we find out in a previous experiment16 that the 
annealing procedure does not vary the structural organization of the film. Energy-dispersive 
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X-ray spectroscopy (EDX) measurements were obtained with a Nova NanoSEM 650 
scanning electron microscope.  

CQD solar cell fabrication  

Device fabrication. Pre-patterned FTO glass substrates (13 Ω/sq), were cleaned with 
detergent, sonicated in acetone and isopropanol and dried in oven at 120 oC for at least 20 
min. Then the FTO substrates were treated by O3 for 20 minutes. Titanium oxide (TiO2) sol 
was prepared by mixing ethanol, titanium(IV) butoxide and HCl (37%) in the ratio 20:2:1, 
then the sol was spin casted onto FTO substrates and annealed at 450 oC for 30 min. 

PbS CQDs films were deposited in a nitrogen filled glove box. A layer-by-layer spin-
casting method was used for the preparation of the PbS quantum dot films. PbS CQDs with 
the first excitonic peak of 851 nm (in solution), which correspond to the energy band gap 
value of 1.46 eV, were used for solar cells fabrication. Oleate-capped PbS CQDs were spin 
casted from hexane (10 mg/ml) onto the TiO2 films. Ligand exchange was performed by 
subjecting the films to 40 mM TBAI solution, or, 20 mM methanol TBACl solution, or, 20 
mM methanol TMAF solution, or, acetonitrile EDT solution (with concentration of 0.01% 
by volume) for about 35 s. After deposition spin-drying was used to remove the residuals of 
the ligands solutions. The ligand-exchanged films were washed twice with methanol or once 
with acetonitrile for the halide- and EDT-treated films, respectively. The cycle of deposition 
of the oleate-capped PbS CQDs, ligand exchange and washing was repeated 12 times for 
TBAI-treated layer and four times for p-type layers (EDT, TBACl or TMAF). The halide-
treated films of PbS CQDs were annealed at 90 oC for 25 min to remove the residuals of 
methanol and to improve the films quality. 

The devices were finalized by thermal evaporation of 5 nm of MoO3 and 80 nm gold 
under the pressure of 4×10-8 mBar at a rate of 0.1 Å/s for MoO3 and 0.5 - 2 Å/s for gold. The 
device area was defined by the overlap of FTO and Au electrodes, which is 0.16 cm2.  

Current-voltage characterization. CQD solar cells were measured in the nitrogen 
filled glove box under simulated AM1.5 G solar illumination, using a Steuernagel Solar 
constant 1200 metal halide lamp set to 100 mW/cm2 intensity and a Keithley 2400 source-
meter. Light intensity was calibrated using a monocrystalline silicon solar cell (WRVS 
reference cell, Fraunhofer ISE). For efficiency calculations, the illuminated area was 
confined by a shadow mask (0.10 cm2) to avoid any edge effects. The temperature was set to 
295 K and controlled by a nitrogen gas flow through a liquid nitrogen bath.  

The external quantum efficiency (EQE) measurements. The EQE was measured 
under monochromatic light at short circuit conditions. For the source of white light a 250 W 
quartz tungsten halogen lamp (6334NS, Newport) with lamp housing (67009, Newport) was 
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used. Narrow bandpass filters (Thorlabs) with a full width half maximum (FWHM) of 10 ± 
2 nm from 400 nm to 1300 nm and a FWHM of 12 ± 2.4 nm from 1300 nm to 1400 nm were 
used for monochromatic light. The light intensity was determined by calibrated PD300 and 
PD300IR photodiodes (Ophir Optics) for visible and infrared parts of the spectrum, 
respectively. 
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2.6 Appendix 

 

Figure 2.A1 TEM micrographs of the 3.5 nm PbS CQDs treated with TMAF (A), TBACl 
(B), TBABr (C) and TBAI (D). The scale bar is 100 nm. Insets: Fourier-transformed TEM 
images of single domains with 500 µm-1 scale bar. 

 

Figure 2.A2 Electron diffraction of the PbS CQDs treated with TBAI (A) and TMAF (C). 
Radial distribution of the electron diffraction pattern intensity across the diffraction ring for 
the PbS-TBAI sample (B).  

PbS CQDs have a cubic rock salt structure. The electron diffraction pattern of the TBAI-
treated PbS CQDs (Figure S2A) display features that are assigned to the 200 and 220 atomic 
planes, indicating a preferential orientation relative to the substrate. Figure S2B shows a 
profile plot of the intensities around the diffraction circles for the same sample. The angle 



 

- 41 - 

between the <200> and <220> directions is close to 45o, which is consistent with the rock 
salt structure; the presence of peaks superimposed on a circular pattern suggests in-plane 
disorder with a preferential common orientation of the individual CQDs. Epitaxial necking 
has been shown to cause such alignment.[17] The diffraction pattern measured for the fluoride-
treated sample are shown in Figure S2C; the assignment shows the absence of a preferential 
out-of-plane orientation, and the complete circular patterns shows the lack of in-plane 
supercrystalline order on the atomic scale. 

 

Figure 2.A3. PL spectra of the fluoride-treated PbS CQD film taken at different spots. 
The difference of the peak position indicates the inhomogeneity of the film. The particle size 
in this case was 3.0 nm. 

 

Figure 2.A4. EDX spectrum of the fluoride-treated PbS CQD solid.  
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The peak around 0.68 eV indicates the presence of fluorine in the film. The strong peaks 
from Si and O arise from the quartz substrate. The quantification of the amount of light atoms 
such as fluorine is a challenging task with standard techniques as EDX or XPS. Our samples 
contain lead and sulfur and are processed from solution with many chemical treatments. 
Therefore, the samples also display typically carbon and oxygen as contaminants and  may 
not be giving clean and easy to interpret data in particular when an extremely surface sensitive 
technique as XPS is used. Hence we only report qualitative EDX data. 

 

Figure 2.A5. Transfer characteristics of a representative PbS-F CQD FET showing 
decreasing current after few minutes inside a nitrogen-filled glovebox. 

 



 

- 43 - 

 

Figure 2.A6. Charge carrier mobility values for PbS-F FETs, as extracted from the 
transfer curves. The horizontal black lines represent the mean values. The lower amount of 
data points for the electron mobility is the result of the electron current fading during the 
measurements. 

Table 2.A1 Performance parameters of colloidal quantum dot solar cells. First are 
reported the best values obtained, the average and standard deviation are given in brackets. 

L Jsc (mA/cm2) Voc (V) FF PCE (%) 

TMAF 
28.8 

(28.2 ± 0.7) 

0.51 

(0.51 ± 0.01) 

0.50 

(0.50 ± 0.01) 

7.4 

(7.3 ± 0.1) 

TBACl 
27.3 

(27.1 ± 0.1) 

0.51 

(0.50 ± 0.01) 

0.53 

(0.50 ± 0.01) 

7.3 

(7.0 ± 0.2) 

EDT 
25.6 

(25.4 ± 0.3) 

0.55 

(0.54 ± 0.01) 

0.51 

(0.52 ± 0.01) 

7.2 

(7.1 ± 0.1) 
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