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Abstract: Despite the successful application of self-assembled molecules (SAMs) 
as hole-selective contacts in light-emitting diodes (LEDs), examples of the use of 
electron-selective SAMs are scarce. Here, we investigate the potential of 
naphthalene diimide (NDI) as an efficient electron-selective contact in CdSe@ZnS-
based LEDs. CdSe@ZnS quantum dots, due to their exceptional optical properties, 
have found a range of applications in optoelectronics. In particular, they have been 
widely studied in LEDs because of their stability, tunable and narrow emission, and 
high photoluminescence quantum yields. In this work, two SAMs based on NDI 
cores have been synthesized, incorporating different terminal groups to study their 
structure-device function relationship. SAM3 contains one carboxylic acid moiety 
and one long alkyl chain as its substituents, whereas in SAM12, both substituents 
are carboxylic acids. Both inverted (n-i-p) and regular (p-i-n) device configurations 
have been explored and analyzed and our results show that the substituents play an 
important role in controlling device characteristics. Therefore, the application of 
NDI derivatives as electron selective contacts have been demonstrated opening the 
door for further research into the underexplored field of electron selective SAMs in 
optoelectronic devices. 

 Keywords: naphthalene diimide derivatives; self-assembled molecules; electron-
transporting layers; CdSe quantum dots; light-emitting devices 

1. Introduction 

The application of self-assembled molecules (SAMs) as selective contacts in optoelectronic devices has 
grown exponentially during the last years due to their ease of application and high efficiency of the devices [1,2]. 
SAMs are widely used to modify the energy levels and surface energy of metal oxides to which they bind 
chemically through anchoring groups such as phosphonic or carboxylic acids. As a consequence, the ITO work 
function is closely aligned with the HOMO/LUMO levels of hole and electron transporting layers, respectively. 
This energy alignment enhances stability by reducing charge accumulation at the interface and improving the 
overall charge transport properties of devices [3]. Moreover, SAMs possess chemical stability and exhibit solubility 
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in organic solvents which facilitates the solution processing with minimal material consumption. There are many 
examples of SAMs reported for application in solar cells, photodiodes or organic field effect transistors [4–8]. 
However, in the context of the light emitting diodes (LEDs), the use of SAMs is still quite limited, with only a few 
studies reported in the literature about their application as hole-selective contacts [9–16]. Moreover, the design 
and synthesis of efficient electron-selective materials is a significant challenge. For example, Kumar et al. have 
recently reported the synthesis of triazine derivatives incorporating cyanide groups within their molecular structure 
and proposed them as potential electron-selective SAMs for LEDs. Although full device fabrication was not carried 
out as part of proof-of-concept study, the new SAMs were evaluated and found to be highly promising molecular 
systems for this application [17]. 

Naphthalene diimide (NDI) is a highly effective electron acceptor group possessing physical and electronic 
properties that make it a suitable candidate for an electron-transporting layer (ETL). NDI can be chemically 
modified easily through simple synthetic procedures either at the conjugated backbone or the nitrogen atoms to 
introduce solubilizing side chains for easy solution processing. Although NDI has been primarily used in the 
fabrication of air-stable n-type organic field-effect transistors [18,19], it also shows potential as photoactive layer 
in light-emitting devices (LEDs) and solar cells [20–23], and even as an additive in the electron transport layers 
of perovskite solar cells [24]. 

In this work, two NDI-based derivatives named SAM3 and SAM12, both containing the same linker unit to 
the carboxylic acid moiety, have been synthesized and tested as electron-selective contacts in light-emitting 
devices. SAM12, which contains two carboxylic acid groups at the imide positions, has been previously reported 
as an ETL in perovskite solar cells [20]. SAM3, featuring a single carboxylic acid group, was selected in order to 
investigate whether this structural change can influence device performance (see Figure 1). To determine whether 
differences following functionalization in this way influence the performance of light-emitting devices, we 
fabricated devices using CdSe@ZnS quantum dots (QDs) as the emissive material. These inorganic semiconductor 
nanocrystals, with sizes ranging between 1 and 15 nm, possess unique light-emitting properties due to the quantum 
confinement effect induced by their nanometer size that causes high photoluminescence quantum yield, narrow 
photoluminescence emission peak and color purity. In addition, their chemical stability ensures that the devices 
are both durable and reproducible. Their application in LEDs has been widely reported and results in devices with 
low turn-on voltage and high-performance values [25]. Therefore, we have explored the effect of NDI on the 
performance of both n-i-p and p-i-n device configurations where the electron selective contact is between the ITO 
and the emissive layer or between the emissive layer and the top metallic electrode, respectively. The prepared devices 
are functional in both configurations, yet, SAM12 delivers higher luminance while SAM3 higher efficiency. 

 

Figure 1. Molecular structures of naphthalene diimide derivatives SAM3 and SAM12. 
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2. Materials and Methods 

2.1. SAMs Synthesis and Characterization 

2.1.1. Synthesis of SAM3 

1,4,5,8-Napthalenetetracarboxylic dianhydride (1 g, 3.73 mmol), β-Alanine (0.33 g, 3.70 mmol) and 
octylamine (0.62 mL, 3.73 mmol) were stirred in dry dimethyl formamide (DMF, 20 mL) at 140 °C under an argon 
atmosphere. After 16 h, the reaction mixture was cooled to room temperature and then refrigerated for 30 min. 
The crude was quenched with water and the organic layer was extracted thrice with ethyl acetate, washed with 
brine and then dried over MgSO4. The organic extract was filtered, collected and concentrated under reduced 
pressure. The pure product was obtained using silica gel column chromatography eluting with 10% MeOH in 
CHCl3, as a white solid (0.37 g, 22%). Mp: 274–276 °C. 1H NMR (400 MHz, DMSO) δ 12.41 (s, 1H), 8.58 (s, 
4H), 4.30–4.22 (m, 2H), 4.05–3.99 (m, 2H), 2.67–2.60 (m, 2H), 1.65 (q, J = 7.3 Hz, 2H), 1.40–1.20 (m, 10H), 
0.90–0.82 (m, 3H). 13C NMR (101 MHz, DMSO) δ 172.84, 162.89, 162.84, 130.84, 130.81, 126.66, 126.54, 
126.41, 36.53, 32.42, 31.71, 29.16, 29.04, 27.79, 26.99, 22.55, 14.42. MS (ESI+) m/z = 450.1802 [M]+ (calculated 
for C25H26N2O6

+: 450.1791). 

2.1.2. Synthesis of SAM12 

1,4,5,8-Napthalenetetracarboxylic dianhydride (1 g, 3.73 mmol) and β-Alanine (0.731 g, 8.205 mmol) were 
stirred in dry DMF (20 mL) at 140 °C under argon atmosphere. After 16 h, the reaction mixture was cooled to 
room temperature, dissolved in MeOH and filtered. The crude was concentrated under reduced pressure and 
precipitated in diethyl ether, filtered and dried under high vacuum to yield the product as a white solid (0.64 g, 
42%). mp: >296 °C. 1H NMR (400 MHz, DMSO) δ 8.59 (s, 4H), 4.30–4.19 (m, 4H), 2.63 (t, J = 7.8 Hz, 4H). 13C 
NMR (101 MHz, DMSO) δ 172.90, 162.85, 130.83, 126.65, 126.43, 36.59, 32.50. MS (ESI+) m/z = 433.0625 [M 
+ Na]+ (calculated for C20H14N2NaO8

+: 433.0642). 
NMR spectra for both compounds data are provided in the supporting information (Figures S1–S4). 

2.2. Device Fabrication 

Indium-doped Tin Oxide (ITO)-coated glass substrates, purchased from Xin Yan Technology Ltd. (Kwun 
Tong, Hong Kong) were used as substrates. They were cleaned using an ultrasonic bath through a sequential 
immersion for 10 min in an alkaline cleaning solution (Hellmanex soap, Sigma Aldrich，St. Louis, MO, USA), 
DI water, acetone, and isopropanol (IPA). Subsequently, the ITOs were transferred to UV/ozone equipment for 
ozone treatment, which was carried out for 30 min, immediately prior to the deposition of the next layer.  

2.2.1 For n-i-p configuration (ITO/ETL/CdSe@ZnS/PVK/PEDOT:PSS/Al)  

SAM3 and SAM12 as ETL were dissolved in methanol (MeOH) at a concentration of 0.1 mg/mL and left to 
stand overnight at 50 °C without stirring. The following day, the solution was filtered. Once the ITOs were cleaned 
and treated with ozone, they were immersed in the SAMs solution overnight at 50 °C. The devices were then rinsed 
with MeOH to remove the unattached molecules, dried with nitrogen, and subsequently stored in a glovebox for 
the deposition of commercial CdSe@ZnS quantum dots (QDs, Sigma-Aldrich or Cytodiagnostic, 11.5 ± 0.5 nm 
particle size, 5 mg/mL in toluene, capped with oleic acid). Each device was coated with 50 µL of QDs solution 
via spin coating at 1000 rpm for 60 s, followed by thermal annealing at 100 °C for 20 min. Then, 60 µL of poly(9-
vinylcarbazole) (PVK) solution, prepared at a concentration of 10 mg/mL in 1,4-dioxane, was deposited by spin 
coating at 3000 rpm for 45 s, followed by thermal annealing at 120 °C for 20 min. Then, the devices were taken 
out of the glovebox, and 4 drops of a pre-filtered PEDOT:PSS/IPA solution (at 1:1 vol%) were deposited via spin-
coating at 7500 rpm for 45 s. The coated samples were then annealed at 150 °C for 20 min. Finally, 100 nm of 
aluminum were deposited by thermal evaporation under a vacuum of 1 × 10−6 mbar to complete the device structure 
which has an active area of 9 mm2.  

2.2.2 For p-i-n configuration (ITO/PEDOT:PSS/poly-TPD/CdSe@ZnS/ETL/Al) 

The PEDOT:PSS/IPA solution (1:1 vol%) was sonicated for 5 min, filtered, and deposited on ITO-coated 
glass substrates via spin-coating at 2000 rpm for 30 s. The coated substrates were annealed at 110 °C for 20 min. 
Subsequently, the devices were transferred into a glovebox, where an 8 mg/mL poly-TPD solution in 
chlorobenzene was spin-coated at 2000 rpm for 30 s and thermally annealed at 110 °C for 20 min. Each device 
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was then coated with 50 µL of QDs solution (Sigma-Aldrich 5 mg/mL in toluene, 11.5 ± 0.5 nm particle size, 
capped with oleic acid) via spin coating at 1000 rpm for 60 s, followed by thermal annealing at 100 °C for 20 min. 
Solutions of SAM3 and SAM12 were prepared at a concentration of 0.1 mg/mL in MeOH and spin-coated 
deposited at 3000 rpm for 30 s without any additional thermal treatment. The deposition of the solutions of SAMs 
onto the multilayer was performed by three different ways: with a 5-s delay between deposition and the start of 
the spin coating, in static mode right before starting the spin coating or dynamic, where the solution is deposited 
when the spin coating is ongoing. A 25 nm layer of TPBi, used as the reference material for the electron 
transporting layer, was thermally evaporated under a vacuum of 1 × 10−6 mbar. Finally, 100 nm of aluminum were 
deposited by thermal evaporation under a vacuum of 1 × 10−6 mbar to complete the device structure. 

Further information about characterization techniques can be found at the Supplementary Information. 

3. Results 

3.1. Characterization of the SAM Molecules 

The molecules were characterized to determine their optical properties and energy band alignment. The UV-
vis absorption and emission spectra were recorded on solutions of the samples in DMF (10−5 M) (Figure S5). The 
emission spectrum was recorded at λexc = 381 nm (maximum of absorption). Both samples have identical optical 
properties with maxima in absorption at 350 and 381 nm and emission maximum at 450 nm. An optical band gap 
was calculated from the cut off wavelength (λcut off), see Table 1. According to cyclic voltammetry, the two 
compounds present a reversible reduction event at around −1.0 V (vs. Fc+/Fc) and a more complex wave at −1.5V 
(Figure S6). The reduction potentials were determined by square wave voltammetry and used to evaluate the 
electron affinities as EA (eV) = −(ERED + 4.8) eV, which are shown in Table 1. DFT calculations revealed that the 
calculated LUMOs match the electrochemically determined electron affinities (Figure S7). The fundamental 
energy gaps were determined from the DFT results and shown in Table 1. 

Table 1. Optical properties and energy band alignment of SAM3 and SAM12 estimated in DMF solution. 

 λcut off (nm) a Eopt (eV) a EA (eV) b HOMO (eV) c LUMO (eV) c Efund (eV) c 
SAM3 400 3.1 −3.8 −7.29 −3.66 3.63 
SAM12 400 3.1 −3.9 −7.38 −3.75 3.63 

a Values estimated or derived from the UV-vis spectra; b Values estimated by square wave voltammetry; c Values estimated by 
DFT calculation. 

Moreover, the estimation of the tilting angles reveals that the NDI core is not fully perpendicular to the 
carboxylic anchoring group, pointing that the SAM will rather be tilted respect to the ITO surface (Figure 2). On 
the other hand, in the case of SAM12, it is highly unlikely that the molecule anchors to the ITO substrate via the 
two carboxylic acids. This is due to the considerable bending strain that would be required. Instead, it would rather 
have a Z-form with the second carboxylic acid group pointing towards the QDs layer on the multi-stacked device 
configuration. 

 

Figure 2. Schematic illustration of the optimized geometry of the SAM3 (left) and SAM12 (right) molecules and 
the tilting angles formed between the NDI core and the functional moieties. 

3.2. Deposition of SAMs onto the ITO Substrate and Construction of n-i-p Devices 

Films made of glass/ITO/SAMs were fabricated and characterized using a range of techniques to analyze the 
surface modifications. Contact angle measurements were carried out to study the surface wettability of the ITO-
coated substrates and to identify any changes in the ITO surface caused by the deposition of an additional layer. 
The water contact angles of ITO/SAM3 and ITO/SAM12 films were estimated to be 104° and 65°, respectively 
(Figure 3). The differences in the contact angles compared to bare ITO (23°) confirm that both SAMs were 
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successfully deposited using bath deposition technique. Additionally, SAM3 exhibited greater hydrophobicity than 
SAM12, likely due to the direct contact between the long alkyl chains attached to this derivative and the water, 
confirming the presence of the alkyl chains on the top of the SAM layer. This increased hydrophobicity can 
significantly influence the formation of the films of QDs, a factor that will be further analysed using the atomic 
force microscope (AFM) technique. The study of the surface of the substrate after the deposition of the SAMs 
shows that the pattern is similar in all cases, indicating a homogeneous and uniform coverage. However, the 
roughness mean square (RMS) values differ slightly from 2.7 nm of ITO and SAM3 to 2.4 nm for SAM12, 
respectively. The lower RMS of SAM12 suggests a more uniform monolayer formation on ITO. 

 

Figure 3. Contact angle measurements of water on ITO, ITO/SAM3 and ITO/SAM12 surfaces (top); images of 
AFM of the ITO surface and the hole selective contacts deposited onto ITO/SAM3 and ITO/SAM12 and of the 
QD films deposited onto ITO, ITO/SAM3 and ITO/SAM12. 

To further corroborate the surface modification of ITO by SAM molecules, we employed X-ray photoelectron 
spectroscopy (XPS). The formation of a chemical bond between SAMs and ITO is confirmed by the shift in the 
binding energy of the peaks corresponding to In 3d and Sn 3d on the ITO/SAMs compared to those on bare ITO 
(Figure S8a,b). Moreover, both SAMs displayed a consistent peak at 400.2 eV in the N 1s region, assigned to the 
imide (C=O)–N–(C=O) bonds, which are not observed on the ITO substrate (see Figure S8c). On the other hand, 
the C 1s spectra recorded on ITO were deconvoluted into distinct peaks, corresponding to C–C or C–H at 284.8 
eV, C–O or C–N at 286 eV, and 289.1 eV assigned to satellite π–π*, all of them arising from adventitious carbon 
(Figure S9). The measurement on ITO/SAM films revealed the presence of the C–C peak at 284.8 eV, the C–O or 
C–N peak at 286.1 eV, a new peak not observed on ITO due to C=O/O–C=O at 288.3 eV and a fourth peak at 
290.6eV due to adventitious carbon for SAM3 and SAM12, respectively (Figure S9). As expected, the atomic 
concentration of carbon is higher in SAM3 in comparison to SAM12 whereas the concentration of oxygen is lower 
(Table S1). Regarding the O 1s spectra, peaks were observed for the oxygen lattice in ITO at 529.9 and 529.8 eV, 
for C=O at 532.5 and for C–O at 533.4 and 533.2 eV for SAM3 and SAM12, respectively. The bare ITO substrate 
also presented three peaks: one at 530 eV from the oxygen lattice in ITO, and two peaks at 531 eV of C=O, and 
532.9 eV from C–OH eV (see Figure S8 and Table S1), where the carbon compounds are presumably coming from 
cleaning residues or environmental contaminants. 

Once the coverage of the ITO by the SAMs had been assessed, we turned to the characterization of the 
ITO/SAM/QD films. AFM analysis of ITO covered with QDs showed heterogeneous coverage with the presence 
of aggregates, and slightly higher RMS compared to the bare ITO film (4.2 vs. 2.7 nm, respectively). When the 
QDs are spin-coated onto the ITO/SAM substrates, the resulting films also contain some aggregates, Figure 3. The 
RMS values increase in comparison to the values detected onto ITO/SAM, especially in the case of 
ITO/SAM3/QD. However, the QDs film on ITO/SAM12 shows a lower roughness of 3.3 nm compared to that on 
ITO/SAM3 (4.7 nm). This suggests that SAM12 promotes a more uniform deposition of QDs, which would 
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improve film morphology. The electron mobility (µe) of the SAMs has been measured on electron-only devices 
with the architecture ITO/SAM/QD/TPBi/Ag and estimated by the space charge limited current (SCLC) method by 
Equation (S1). One control device without SAMs has been prepared as a reference. The µe was found to be 4.3 × 10−5 
and 2.9 × 10−5 cm2/V·s for SAM3 and SAM12, respectively, which is lower than the value found on the reference 
of 4.5 × 10−4 cm2/V·s for the ITO. Overall, we estimate that the perpendicular configuration of the SAMs onto the 
ITO electrode permits the interaction of the ligands with the surface of the QD but avoids the π–π stacking of the 
NDI core with the ITO, which is reflected in the lower electron mobility values. 

Steady-state and PL time decay measurements were employed to investigate the interface between SAMs 
and CdSe@ZnS quantum dots. As shown in Figure 4a, the highest emission intensity corresponds to the ITO/QDs 
film, while the spectra for films with SAM3 and SAM12 exhibited significant quenching in their emission. The 
maximum of the emission band is 648 nm for all the samples, whereas the full-width half maximum (FWHM) is 
25.1 nm, values that are similar in all the samples. The decay lifetime of the samples has been measured by time-
correlated single photon counting (TCSPC) after excitation at 405 nm, recording at 650 nm and acquisition of 
5000 cps (Figure 4b). The decays are fitted to a biexponential equation (Equation S2) where the faster decay is 
assigned to processes occurring at surface-related traps and the slower decay is assigned to radiative recombination 
transitions in internal defect states within the QDs [26,27]. The estimation of the average lifetime has been done 
according to Equation (S3) and shows that the PL decay is shorter for the ITO/SAMs/QDs (see Table S2). A closer 
inspection of the decay processes reveals that the number of events in the faster process increases in the SAM-
containing films in comparison to ITO/QDs samples while the decay lifetime of the slower process accelerates. 
This is more evident for SAM3, suggesting to an effect of the alkyl moiety on the surface of the CdSe/ZnS that is 
not observed for the –COOH group present on SAM12. 

In order to study the possible effect on the surface, ligand exchange tests have been done in polar (MeOH) 
and non-polar solvents (toluene) mixing SAM3 and the QDs in solutions, however, no clear shift was observed in 
any of the two reactions (see Figure S10). Therefore, our hypothesis is that the changes in the decay lifetimes are 
due to the partial ligand exchange on the surface of the QDs by the functional moieties of the SAMs, which neither 
affect the dispersion of the QDs in solution nor the formation of aggregates in films, but is reflected in the 
fluorescence quenching [28]. 

  
(a) (b) 

Figure 4. PL emission spectra of glass/ITO/ETL/QDs films after excitation at 405 nm (a) and the corresponding 
PL decay after acquisition of 5000 cps recorded at 650 nm (b). The continuous line represents the fitting of the 
decay to the biexponential Equation (S2). 

The next step was the fabrication of light-emitting devices using the NDI-based SAMs as electron-selective 
contacts (Figure 5). The architecture of the device followed the n-i-p scheme, where the electron transport material 
is deposited onto the ITO, sandwiching the photoactive QD layer with the hole transport material made by PVK 
and PEDOT:PSS and topped with the metallic electrode of aluminum. The energy level of the SAMs are adequate 
to act as electron selective contacts: the HOMO level is deep enough to block the holes in the emissive layer 
whereas the LUMO levels permit the injection of electrons into the QDs. The performance of devices prepared 
with SAM3 and SAM12 was compared with devices without electron selective contact as reference. Measurement 
of the variation of luminance and current density with applied bias are shown in Figure 5 and described in Table S3. 

600 620 640 660 680 700

P
L

 I
n

te
n

si
ty

 (
a

.u
.)

Wavelength (nm)

 ITO/QD
 ITO/SAM3/QD
 ITO/SAM12/QD

0 20 40 60 80 100

P
L 

In
te

ns
ity

 (
C

P
S

)

Time (ns)

 ITO/QD
 ITO/SAM3/QD
 ITO/SAM12/QD



Méndez et al.   Mater. Sustain. 2025, 1(2), 9 

https://doi.org/10.53941/matsus.2025.100009  7 of 11  

 

Figure 5. Schematic representation of SAM-based LED device architecture (a), energy levels of all the materials 
involved in the device configuration (b), luminance (c) and current density (d) dependence with applied bias in n-i-p 
devices. Compliance at 0.2 A was used in the measurements, which accounts for the saturation of the current density 
at voltage values above 12 V for the ITO/QD and ITO/SAM12/QD devices. 

Light emission occurs at bias above 7 V, reaching maximum values at 11 V for reference and SAM12 and at 
14 V for SAM3. It is worth mentioning that the presence of SAMs induces lower current densities at lower voltages 
compared to the bare ITO, due to the higher LUMO level acting as an effective electron-blocking layer for 
injection, whereas SAM3 reduces the current density at higher voltages. Despite the luminance values are similar 
between SAM12 and the reference, the deviation in the maximum luminace values obtained is reduced in the case 
of SAM12 pointing towards more reproducible devices (Figure S11a). 

The higher luminance of SAM12 in contrast to SAM3 can be assigned to the more adequate levels of the 
HOMO/LUMO, to the smoother surface formed by the QDs on top of the former and the lower PL quenching, 
pointing towards the importance of achieving a good dispersion in the photoactive film and the interaction with 
surface ligands. However, higher current densities are required in SAM12-devices to achieve higher luminance 
values, which is translated into lower values of current efficiency (Figure S11b). 

3.3. Application of SAM3 and SAM12 in p-i-n Configuration 

The SAMs have also been tested in the p-i-n structure where the electron selective contact is deposited onto 
the photoactive layer (Figure 6a,b). In order to assess the charge kinetics in these systems, photoluminescence and 
PL decay measurements were employed to investigate the interface between SAMs and CdSe@ZnS quantum dots. 
The samples studied included ITO/QDs and ITO/QDs/ETL, where the electron selective contacts were either 
SAM3, SAM12, or TPBi (used as a reference). The PL emission spectra reveal a maximum emission band at the 
range of 648 nm for all the samples (Figure S12a). The PL decays, depicted in Figure S12b, show that the 
ITO/QDs/TPBi sample lifetime was longer than the neat QDs film. In addition, the presence of SAMs increases 
the percentage of nonradiative processes on the surface and reduces the fluorescence lifetime decays. In 
comparison to the ITO/SAM/QDs configuration, the average decay lifetimes are shorter. 

To get additional information about the role played by the SAMs on the devices, we studied different 
conditions for the SAMs deposition. Solutions of SAM3 and SAM12 were prepared in MeOH and stirred 
overnight at room temperature. The next day, the solutions were filtered and spin coated on the QDs by three 
different strategies described the experimental section: the 5 s delay before spinning, static deposition and 
deposition during spinning (dynamic mode). As a reference, 25 nm of TPBi were evaporated. The performance of 
the devices, with structure ITO/PEDOT:PSS/polyTPD/QD/SAM/Al shown in Figures S13 and S14 indicates that 
the deposition in dynamic mode offers higher luminance values for both SAM3 and SAM12 whereas spinning 
after a 5 s delay or deposition in static conditions do not show significant differences among them. It is worth 
mentioning that the current density values are not significantly affected by the deposition method. The comparison 
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of the devices prepared in dynamic mode indicates that devices prepared with SAM12 have more luminance than 
those prepared with SAM3, but are lower than the TPBi reference (Figure 6c and Table S5), probably due to the 
quenching of light emission observed by TCSPC. 

The higher luminance and the lower current density of the TPBi reference results in higher EQE, whereas 
SAM3 and SAM12 show similar results at high current densities (Figure S15a). Finally, the EL spectra show a 
peak at 665 nm in all the devices (Figure S15b). The 20 nm redshift observed for all the devices in comparison to 
the PL measurements is assigned to the electric-field induced Stark effect [29]. In comparison to n-i-p architecture, 
the turn-on voltage values are lower, due to the more effective energy level alignment between the materials that 
leads to lower current density values. The bias dependence of current density is similar for SAM3 and SAM12 
devices, Figure 6d. Therefore, in both the n-i-p and p-i-n configurations, the SAM12 offers higher luminance 
values at the expense of higher current density values which cause lower efficiency values than for SAM3. Despite 
both SAMs quenching the light emission from the QDs, in the case of SAM12, the decrease in the lifetime decay 
is less pronounced than for SAM3, whose long alkyl chain can interact through ligand exchange with the surface 
of the QDs. On the other hand, the higher LUMO level of SAM3 modulates the electron injection into the emissive 
layer, which favours the efficiency of the devices. 

 

Figure 6. Schematic representation of SAM-based LED device architecture (a), energy levels of all the materials 
involved in the device configuration (b), luminance (c) and current density (d) dependence with applied bias in the 
p-i-n devices. 

Overall, the performance of the light emitting devices depends on a number of factors such as: (i) the 
composition of the photoemissive material, that determine the wavelength of the colour emission, (ii) the nature 
of the charge transport materials which is directly related to the carrier mobility and to the quality of the film 
deposited on top, (iii) the presence of defects at the interface that can act as charge traps reducing the radiative 
recombination, or as local points for charge accumulation that lead to charge imbalance, and (iv) the energy level 
alignment of the materials that affect the injection barriers [25,30]. All these factors (the injection barrier, the 
carrier mobility and the density of charge traps) influence the charge balance which in turn determines the turn on 
voltage, the maximum luminance and the external quantum efficiency [15]. On the other hand, electron injection 
in CdSe/ZnS devices is more efficient than hole injection, so in order to reduce the electron injection rate, the 
insertion of electron blocking layers between the electron transport material and the emissive layer have been 
tested and reported [31]. The incorporation of electron selective SAMs in CdSe/ZnS has influenced the factors 
mentioned above resulting in functional devices, despite their moderate performance. Thus, further exploration of 
the thickness of the photoemissive materials and the hole transport layers and the quality of the films would benefit 
charge balance in the devices and increase light emission, enhancing the performance of the devices. 
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4. Conclusions 

We have prepared proof-of-concept devices in which NDI derivatives have been applied for the first time as 
electron selective contacts in quantum dot-based light-emitting diodes. The synthesized molecules differ in their 
functional moieties, which have demonstrated a crucial effect on the formation of the QD film and the performance 
of the devices. For example, SAM12 shows higher luminance in both n-i-p and p-i-n configurations, which is 
attributed to the smoother formation of the QD film and lower quenching of light emission compared to SAM3. 
On the other hand, the long alkyl chain of SAM3 interacts with the surface of the QDs, reducing the fluorescence 
lifetime decay. However, the LUMO level acts as a barrier for excessive electron injection, modulating the current 
density and achieving better efficiencies. 

Therefore, in this work, we have demonstrated the application of NDI derivatives as electron selective 
contacts, which establishes a foundation for further research into the underexplored field of electron selective 
SAMs in optoelectronic devices. 
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