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5. Heterostructure of PbS Quantum 
Dots and Carbon Nanotubes for High 
Efficiency NIR Light-Emitting Field-
Effect Transistors 
Light-emitting field-effect transistors (LEFETs) are an emerging type of optoelectronic 

devices which combine electrical switching and light emission. Application of lead 
chalcogenide colloidal quantum dots (CQDs) in LEFETs allows to tune the emission of these 
devices continuously in the near-infrared region, reaching spectral regions which are 
impossible to reach with other solution-processable materials. In a recent work, we have 
demonstrated the first fully solid PbS CQD based LEFET showing an electroluminescence 
quantum efficiency of 1.3×10−5 at room temperature and about 1% below 100 K. In this work, 
we present devices of one order of magnitude higher EL quantum efficiency, obtained by 
using as active material a double layer deposited from a PbS CQDs ink and polymer wrapped 
semiconducting carbon nanotubes one. The combination of these two materials results in 
well-balanced ambipolar transport and high charge carrier mobility of about 0.2 cm2/Vs for 
both electrons and holes. Maximum external quantum efficiency of 1.2×10-4 is achieved at 
room temperature.  
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5.1 Introduction 

Colloidal quantum dots (CQDs) are versatile solution-processable nanocrystals which 
have great promise for optoelectronic applications. Among the properties that make them 
unique are the large spectral tunability, the outstanding monodispersity, the solution 
processability and good transport properties in thin films.[1–3] Due to the quantum 
confinement effect and their monodispersity, CQDs give rise to a single narrow peak in 
emission the energetic position of which can be simply adjusted by tuning the size of the 
particles.[4] Interestingly, the emission of CQDs can easily be extended to the near-infrared 
region (750 – 2500 nm) by using, for example, metal chalcogenides such as PbS.[5] Near-
infrared light has many important applications such as for navigation, night vision, and 
telecommunication.[6] However, it is rather problematic to achieve good quantum efficiencies 
in this spectral region, as the choice of inorganic semiconductors is limited (it is not possible 
to cover continuously this spectral range) and for other classes of materials such as organic 
semiconductors the NIR region has demonstrated to be rather difficult to cover.[7] 

Therefore, NIR light-emitting devices are one of the possibly important niches of 
applications for CQDs. Typically, electroluminescent devices use the light-emitting diode 
(LED) configuration and the performance of them is persistently improving.[8] However, 
when considering scaling down enormously the pixel dimension another device geometry 
may be more beneficial. Namely the – light-emitting field-effect transistor (LEFET), which 
offers also the possibility to have direct switching of the light source.[6]   

The first (real) LEFET based on CQDs (CQD LEFET) was based on PbS.[9] This device 
employed a film of PbS CQDs capped with 3-mercaptopropionic acid (MPA) and was gated 
with ion gel. The maximum external quantum efficiency (EQE) was reported to be 2×10-5, 
which was comparable with the one of LEDs fabricated with the same material at the time of 
publication. The next in time notable example is the ambipolar CQD LEFET based on PbS 
CQDs capped with tetrabutylammonium iodide (TBAI) which used a solid gate dielectric.[10] 
Iodide ligands provide much better passivation of the CQD surface than MPA leading to an 
improvement of the electroluminescence EQE up to 1.3×10-5 at room temperature and of 1% 
below 100K. Importantly, these results were obtained using a device structure with a solid-
state gate dielectric having a lower capacitance than the ion gel used in the above mentioned 
pioneering work (vide infra). 

However, two common issues limit device performances in both the abovementioned 
PbS CQD LEFETs: i) the layer-by-layer approach used for the CQD film deposition and ii) 
the unbalanced ambipolar charge transport of the active layer. 

Layer-by-layer deposition has been widely employed method for the formation of 
conductive CQD films by replacing the long insulating native ligands with shorted ones using 
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a solid-state reaction.[11] Besides being a time-intensive and a wasteful process, this method 
leads to defects in the film and formation of trap states at the CQD surface, which deteriorate 
both the light-emission properties and the charge transport in the active layer.[12] Recently, a 
new method has been developed to substitute the long insulative native ligands, the so-called 
phase-transfer ligand exchange (PTLE), which allows to make a solution (an ink) of CQDs 
with short ligands.[13,14] This ink can then be used for a single-step deposition of conductive 
CQD films by various techniques and thus is much more attractive for the development of 
CQD-based technologies.[15,16] 

The second problem is much more fundamental. Majority of PbS CQDs synthetic 
methods result in non-stoichiometric, Pb-rich particles,[17–19] which give rise to n-type 
behavior of the films.[20] It has been demonstrated that tuning the size of the CQDs and 
changing the nature of the capping ligands can adjust the degree of the n-doping to a certain 
degree,[21] but obtaining PbS CQD films with highly balanced ambipolar transport from an 
ink is still an open challenge.  

Here we demonstrated the first PbS CQD LEFET fabricated from colloidally ligand-
exchanged inks, consisting of PbS CQDs capped with the widely-used methylammonium 
lead iodide ligands. We utilized a bilayer structure where on top of the n-type CQD film we 
deposited a network of polymer wrapped single-walled semiconducting carbon nanotubes 
(CNTs). The heterostructure shows a well-balanced ambipolar transport and almost identical 
hole and electron linear mobilities (0.2 cm2/Vs). The EQE of the resulting device was found 
to be 1.2×10-4, which is almost an order of magnitude higher compared to the previously 
reported PbS CQD LEFETs. 

5.2 Results and discussion 

The CQD LEFETs were fabricated onto borosilicate glass substrates where gold 
source/drain electrodes were lithographically defined and the gate dielectric (PMMA/Al2O3) 
and electrode were deposited on top of the active layer, defining a bottom contact/top gate 
FET configuration (see schematic in Figure 5.1A). The CQD film, composing the active layer 
was deposited by spin-coating of an ink of methylammonium lead iodide (MAPbI3) capped 
PbS CQDs in 2,6-difluoropyridine (DFP). This is to the best of our knowledge, the first 
example of CQD LEFETs fabricated using a CQD ink, namely without using the layer-by-
layer coating method. DFP is chosen as a solvent because it allows the high colloidal stability 
of the PbS-MAPbI3 CQDs ink.[22] As mentioned, the gate dielectric is deposited onto the 
CQD film and consists of 10 nm of poly(methyl methacrylate) (PMMA) deposited by spin 
coating and 80 nm of Al2O3, grown by atomic layer deposition (ALD). The PMMA interlayer 
is necessary to prevent chemical degradation of the CQDs when exposed to the highly 
reactive trimethylaluminum during the ALD of Al2O3.

[10] Also, the thin PMMA layer serves 
as an adhesion layer between the CNTs network and the oxide layer and ensures low density 
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of trap states at the semiconductor-dielectric interface.[23] Finally, the device is finished by 
evaporation of the gate electrode through a shadow mask. The fabrication of CQD-CNTs 
LEFETs differed only in deposition of a CNTs network onto the CQD film by blade-coating. 
The CNTs ink consist of poly(3-dodecylthiophene-2,5-diyl)-wrapped (P3DDT) 
semiconducting CNTs, prepared by using our previously published method.[24] P3DDT-
wrapped semiconducting CNTs exhibit strong p-type electronic transport properties.[25,26] 
More details on CQD ink preparation and device fabrication can be found in the Experimental 
Section.   

 

Figure 5.1. Schematic structure of CQD LEFET (A) and resulting output characteristics 
(B). (C) transfer characteristics of CQD LEFETs, the sweeps are measured at drain voltage 
equal to 2 V (red) and 5 V (blue). Schematic structure of CQD-CNTs LEFET (D) and 
resulting output characteristics (E). (F) the transfer characteristics of CQD-CNTs LEFETs, 
the sweeps are measured at drain voltage equal to 2 V (red) and 5 V (blue). 
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The output characteristics of LEFET fabricated using PbS-MAPbI3 active layer reveal 
ambipolar transport with the dominance of negative charge carriers (Figure 5.1C). The 
transfer curves (Figure 5.1E) show more clearly the strongly electron-dominated ambipolar 
transport, with linear electron mobility of about 5.2×10-3 cm2/Vs and hole mobility of about 
1.9×10-5 cm2/Vs, which are in a good agreement with literature reports.[22,27] The fabrication 
of LEFETs with an active layer with such imbalance electron and hole mobilities will hamper 
the possibility to achieve high electroluminescence quantum efficiency. It has been 
demonstrated in the case of organic semiconductors that more balanced mobilities and 
therefore better LEFETs could be achieved when blending hole and electron transport 
materials[28,29] or when a heterostructure of the two is fabricated.[30] 

We therefore adopted a similar strategy by fabricating a heterostructure using the 
electron transporting PbS-MAPbI3 and the hole transporting polymer-wrapped CNTs. 

The schematic structure of the CQD-CNTs LEFETs is shown in Figure 5.1B. A network 
of polymer-wrapped semiconducting nanotubes is deposited on top of the CQD layer and 
before the gate dielectric. It is interesting to note that this is possible due to the orthogonality 
of the solvents employed for the deposition of the two semiconductors. 

When the gate voltage is applied, the conductive channel is created in the close 
proximity of the gate dielectric, as the CNT layer has a thickness of few nanometers, the 
channel is formed at the interface between the two materials, involving both of them in the 
transport (vide infra).[31] This results in almost ideally balanced ambipolar output 
characteristics (Figure 5.1D), where the saturation current of the hole channel becomes 
almost equal to the one of the electron one for the same absolute value of the gate voltage. 
This is important because the working principle of LEFETs is based on the creation of an 
ambipolar regime, when one electrode injects holes and the other electrode injects electrons 
into the channel.[6] Recombination of electrons and holes with subsequent light emission 
occurs at the meeting point of two subchannels (recombination zone). Even taking into 
account the unavoidable diffusion, the recombination zone of LEFETs is typically much 
narrower than the width of the transistor channel. The position of the recombination zone in 
the channel can be moved by tuning the applied drain and gate voltages. This not only 
confirms the “truly ambipolar” nature of a device with coexisting electron and hole channels, 
but also is important for the light-emission efficiency.[32] Positioning the recombination zone 
further from the electrodes helps to suppress electrode-induced exciton recombination as well 
as carrier extraction at the electrodes.[32,33]  

Figure 5.1F shows the transfer characteristics of the CQD-CNT LEFETs representing a 
typical V-shape transfer curve for ambipolar transistors and confirming the well-balanced 
transport of the device. The inclusion of the CNTs not only resulted in more balanced 
characteristics but also in higher drain current and higher off-state current. Furthermore, the 
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position of the off state in the CQD-CNT LEFETs is almost constant for forward and reverse 
scanning directions, which is not the case for CQD devices that are affected by large 
hysteresis. Noteworthy, the hysteresis in the CQD-CNT device is much less pronounced, 
especially for holes. Such a small hysteresis for holes is atypical for PbS CQD films, which 
usually display pronounced hole trapping. This is a further indication that the hole transport 
in our heterostructure is occurring through the CNT network. The extracted values of the 
linear mobility for holes and electrons are about 0.2 cm2/Vs, which is 4 and 2 orders of 
magnitude higher than what obtained for PbS CQD only LEFET, respectively.  

 

Figure 5.2. (A) Absorption and photoluminescence spectra of oleate-capped PbS CQDs 
in hexane (red solid and dashed lines), absorption and photoluminescence spectra PbS CQDs 
capped with MAPbI3 in DFP (blue solid and dashed lines) (B) Absorption and 
photoluminescence spectra of CQD-CNT heterostructure (black solid and dashed lines) as 
well as electroluminescence spectrum of CQD-CNT LEFETs (orange). 

When considering electroluminescent devices, the optical properties of the emitting 
material need special attention. The summary of the optical properties of the employed PbS 
CQDs is shown in Figure 5.2A. Dispersion of PbS CQDs capped with native OA ligands in 
hexane has the first excitonic peak position at 1.47 eV. Upon ligand-exchange with MAPbI3 
and redispersion in DFP, the peak position in the absorption spectrum shifts to 1.4 eV, which 
is typically explained by the difference in dielectric permittivity of the solvents (1.9 for 
hexane and 107.8 for DFP) and lowering of the quantum confinement of the CQDs after the 
ligand exchange. The same trend is observed with the emission spectra.  
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The emission spectra CQD-CNT heterostructure shows a single peak originating from 
the CQD layer (Figure 5.2B), while the emission of the CNTs is not detectable (see Figure 
5.A1; the emission spectrum of CNTs has a series of distinct sharp peaks due to the presence 
of CNTs with different chirality and thus different bandgap). This is due to the very small 
amount of CNTs present in the approximately 3-6 nm layer and their limited quantum yield, 
which is much lower than the one of the CQD layer.  

The CQD-CNT film exhibits the maximum of photoluminescence at 0.83 eV (Figure 
5.2B). The origin of such pronounced red-shift of the emission in films compared to the one 
from the ink is attributed to the appearance of trap state or to the further loss of quantum 
confinement of CQDs at the elevated temperature of the deposition process.[34] The 
absorption spectrum of CQD-CNT film is shown in Figure 5.2B. The spectrum shows a large 
broadening in the low energy region, most probably attributable to the weakening of the 
quantum confinement.[10,34] 

The CQD film is subjected to elevated temperature (70 °C) during the blade-coating 
deposition of the CNTs, the ALD dielectric growth (t = 100 °C) and the post-annealing of 
the device, which is performed at 140 °C. The feature at 0.75 eV in the emission spectrum is 
an artefact originated by the drop of the sensitivity of the detectors for low energy photons. 
It is useful to note that PbS-MAPbI3 ink in DFP and the corresponding CQD film show almost 
identical full width at half-maximum of the emission peaks (0.22 eV). 

The EL emission maximum for the CQD-CNT LEFET is at 0.86 eV (Figure 5.2B). The 
small discrepancy between the peak positions of the electro- and photoluminescence can be 
explained by the very different excitation mechanism. In the case of the PL, a laser beam of 
400 nm is exciting the sample through the band gap. Photoexcitation leads to recombination 
of charge carrier in the excited material, as due to the band-gap of the systems composing the 
heterostructure we can state that energy transfer is minimized. In the case of the EL, carriers 
are injected in the active layer, forming at appropriate bias a simultaneous accumulation of 
holes and electrons at the interface with the gate dielectric. At this point thanks also to 
diffusion, they may recombine. Therefore, the peak position can be shifted between the two 
spectra on the order of tens meV. In this case, the electroluminescence is shifted 0.03 eV 
towards the blue, which was previously ascribed to the state filling of the transport levels at 
higher carried densities.[10]  
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Figure 5.3. (A) Drain current of the CQD-CNT LEFET versus the gate voltage (B) EQE 
of electroluminescence of the same device as a function of the applied electrode potentials.   

The dependence of the drain current versus the gate voltage is shown in Figure 5.3A. 
The so-called off-state of the device was found to be at about -2V. For the light-emission 
measurements, the LEFET was placed right onto the calibrated photodiode inside a dark 
measurement chamber and was electrically connected by using the probes to the 
semiconducting analyzer, therefore we can say that the EQE is most probably 
underestimated. The maximum light emission in the devices was measured by applying a 
positive drain voltage and negative gate bias (Figure 5.3B). The absolute value of the EQE 
is increasing with the applied drain voltage, which was previously attributed to the filing of 
the trap states in the channel.[10] The maximum value of the EQE was found to be 1.2×10-4 
which is almost an order of magnitude higher compared to the previous record in NIR-
emitting CQD-based LEFETs. This improvement of the EL EQE has as first important reason 
the balanced ambipolar charge transport obtained coupling the n-type CQD layer with a p-
type polymer-wrapped semiconducting CNTs layer, but also to the better passivating of the 
CQD after phase-transfer ligand exchange compared to the layer-by-layer deposition. These 
results show that better efficiencies can be obtained in CQDs LEFETs working both on the 
quality of the materials but also optimizing the device structure. 
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5.3 Conclusions 

In this work, we presented the first PbS CQD LEFET fabricated from colloidal ink. By 
combining a n-type layer of PbS CQDs with p-type layer of polymer-wrapped 
semiconducting CNTs we obtained a well-balanced ambipolar transport, which is key to 
achieve an improvement in the external quantum efficiency of the device. The linear hole 
and electron mobilities were found to be about 0.2 cm2/Vs. The device exhibit 
electroluminescence with an emission maximum at 0.86 eV, which is slightly blue-shifted 
compared to the PL of the PbS CQD film. Interestingly, while the CNTs appear very 
important for the electrical performance of the device, we did not find measurable signature 
of their EL. The maximum external quantum efficiency of the electroluminescence is 1.2×10-
4 which is almost an order of magnitude higher compared to the previous reports on PbS 
CQD LEFETs.  

5.4 Experimental Section 

PbS CQDs synthesis: 

All the solvents and reagents were analytically pure and were used without further 
purification. Synthesis and isolation of PbS CQDs capped with oleic acid was performed by 
using a hot-injection method as described except for the amount of OA (56 mL instead of 70 
mL) and injection at a lower temperature (80 °C).[35]   

Preparation of the inks: 

Solution-phase ligand exchange was performed by using a previously published 
method.[22] In a typical procedure, 10 mL of N-methylformamide solution of 50 mM MAPbI3 
was combined with 10 mL of oleate-capped PbS CQDs in hexanes with a concentration of 5 
mg/mL. The mixture was stirred by using a magnetic stirring bar until all the CQDs are 
transferred into a polar phase. Then the top phase was discarded and the bottom phase was 
washed thrice with hexanes. Ligand-exchanged CQDs were precipitated by addition of 
acetone, collected by centrifugation and finally re-dispersed in DFP to form an ink.  

Device Fabrication.  

A 0.7 mm thick borosilicate glass substrates were cleaned with detergent and then 
consequently ultrasonicated in deionized water, acetone and isopropanol and dried in oven at 
120 °C for at least 20 min. Then the source and drain electrodes consisting from 3 nm of Ti 
and 37 nm of Au were patterned by using UV lithography. The substrates were treated with 
O2-plasma for 3 min before the CQD film deposition. CQD film was deposited by spin-
coating PbS-MAPbI3 ink in DFP inside the N2-filled glovebox at 1000 rpm. A network of 
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semiconducting CNTs was deposited by blade-coating two layers of CNT ink at 70 °C with 
3 mm/s blade speed. The CNT ink consisted of poly(3-dodecylthiophene-2,5-diyl)-wrapped 
(P3DDT) semiconducting CNTs and was prepared using the method as described in our 
previously published work.[24] Then an approximately 10 nm PMMA layer was spin-coated 
from 6 mg/mL solution in acetonitrile at 3000 rpm and dried on a hotplate for 1 min at 120 
°C. The gate dielectric was finished by growing 80 nm of aluminum oxide at 100 °C by 
atomic layer deposition from trimethylaluminum and water precursors (Picosun R200 
Advanced deposition system). Finally, the device fabrication was finished by thermal 
evaporation of gold gate electrode through a shadow mask. The device was annealed for 20 
min at 140 °C inside the N2-filled glovebox. 

LEFET Characterization 

The capacitance of the gate dielectric on indium tin oxide (ITO)/PMMA/Al2O3/Al 
devices was measured using Solarton 1260 impedance gain‐phase analyzer. Electrical 
characterization of the CQD LEFET was done using a Keithley 4200-SCS semiconductor 
parameter analyzer. Absorption spectra were recorded using a Shimadzu UV-3600 
spectrometer. Electroluminescence and photoluminescence spectra were collected using a 
spectrometer and recorded by an Andor iDus 1.7 μm InGaAs camera. For the EQE 
measurements, the response of calibrated photodiode to the emitted light from the LEFETs 
was measured. The EQE was calculated by using the following formula: 

EQE =
Idiode

Id
∙

1
Save

∙
e

hc
∙
∫ λ ∙ ELnorm(λ)dλ
∫ ELnorm(λ)dλ

 (5.1) 

where Idiode is the recorded current by a calibrated photodiode and Sav is the average 
sensitivity of this photodiode,  Id is the source-drain current of a transistor.  
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5.6 Appendix 

 

Figure 5.A1. Absorption (A) and photoluminescence (B) spectra of dispersion of 
polymer wrapped semiconducting CNTs in o-xylene. 
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