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Abstract

This work reports the design, manufacturing and numerical simulation approach of
a 6-pixel (4.5mm? /pixel) electroluminescent quantum dot light emitting device (QLED)
based on CulnSs/ZnS quantum dots as an active layer. The QLED device was fabri-
cated using a conventional multi-layer thin film deposition. In addition, the electrical
[-V curves were measured for each pixel independently, observing how the fabrication
process and layer thickness have an influence in the shape of the plot. This experi-
mental device, enabled us to create a computational model for the QLED based on the
Transfer Hamiltonian approach to calculate the current density J(mA /cm?), the band
diagram of the system, and the accumulated charge distribution. Besides, it is worth
highlighting that the simulator allows the possibility to study the influence of different

parameters of the QLED structure like the junction capacitance between the distinct



multilayer set. Specifically, we found that the Anode-HIL interface capacitance has a
greater influence in the I-V curve. This junction capacitance plays an important role
in the current density increase and the QLED turn-on value when a forward voltage
is applied to the device. The simulation enabled that influence could be controlled
by the selection of the optimal thickness and transport layers during the experimental
fabrication process. This work is remarkable since it achieves to fit simulation and ex-
periment results in an accurate way for electroluminescent QLED devices; particularly
the simulation of the device current, which is critical when designing the automotive

electronics to control these new nanotechnology lighting devices in the future.

1 Introduction

Lighting in the automotive world has undergone a radical change in recent years thanks to
light emitting device (LED).? For example, the use of halogen lamps is being replaced by
these LEDs. One of the main advantages, apart from the low energy consumption and the
long useful life, is the style that these devices offer. The current and future trend in the
automotive world is to achieve even greater lighting surfaces with flexible features and shapes
in three dimensions (3D) as shown in Fig. 1. However, the current LED technology formed by
discrete devices of point light sources makes this task very complex and expensive. Hence, the
possibility to find new lighting alternatives for the automotive industry and develop methods
to easily simulate the electrical behaviour of these new devices, shape the motivation of this

work.

Figure 1: . Automotive lighting system design integration. Headlamps with large and curved
light blue surface for DRL (daytime running light).



A nanomaterial called quantum dots (QDs) can end these issues in the automotive field.
QDs are nanocrystal semiconductors where electrons are confined in a region of space of
nanometric dimensions. Specifically, LED lighting devices based on QDs (quantum dot
LEDs), known by their acronym QLEDs (for electroluminescence physical phenomenon),
offer a promising future as a new generation of lighting devices due mainly to three factors:

purity of color, processibility and stability.?

1.1 Cd-free nanoparticles

Cadmium chalcogenide based materials were first nanocrystals studied due to the emission
wavelength found in the visible spectrum with high quality optical properties.* However,
the use of toxic heavy metals such as Cd and Pb is restricted in some countries and the
technology trend should avoid them.? Therefore, demonstration of high-performing Cd-free
QLEDs will likely be crucial to securing widespread industry, particularly automotive field,
and government support for those lighting devices.

Nowadays, the main challenge of Cd-free QDs is to achieve at least a performance com-
parable to Cd-based QDs. Thus, many research groups are looking for new nanochemistry

methods to design and fabricate Cd-free quantum dots.®

1.2 QDs for Lighting Systems

Over last few years a diversity of Cd-free QDs have been synthesized from materials includ-
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ing indium phosphide (InP), copper indium sulfide (CulnS,), silver indium sulfide
(AgInS,),120 ZAISe (Zn-Ag-In-Se),?! doped Zn chalcogenides,?*?3 graphene,? silicon,?
indium arsenide (InAs),?®2% Zinc selenide (ZnSe)?® and Gallium arsenide (GaAs).3!
Therefore analyzing the materials before, which offer the possibility to be used as the
active layer of the QLED, and focusing on emission wavelength and quantum yield (QY) as
main parameters to determine the efficiency of the QDs used, it is possible to imagine the

best scenario relating to the material selection for lighting systems.

Once a thorough study on the Cd-free materials for the active layer of the QLED has



been carried out, it is possible to conclude that indium phosphide (InP) and copper indium
sulfide (CulnS,), together with their alloys in the different core/shell structures, are the best

candidates to form the active layer of the QLED as shown in Fig. 2

QY vs Emission A
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Figure 2: . Emission spectra range vs QY of Cd-free QDs (InP and CulnS,).

The literature shows that more effort has gone into InP as base material for the emitting
layer than of CulnS;. When comparing figures of merit between both materials it can be
concluded that one of the reason is the large FWHM (full width at half maximum) values
that CulnS, QLEDs (~100nm) exhibit, probably because of the radiative transitions in
donor-acceptor levels and/or the emission from surface defects sites.?6 In fact, it can be
twice than InP(~50nm) counterpart which experimentally implies that InP shows a purer
color than CulnSs-based QLEDs, which is important for display technology.

Nevertheless, it is easier to achieve deeper red color with CulnS, QDs which can result in
advantages to the design of state-of-the-art automotive lighting systems, particularly taillight
applications3?33 Moreover, the purity of the color in this automotive field relating to FWHM
values might not be so critical comparing to electronic consumer displays and therefore
great attention should be drawn in CulnSy QDs as emitting layer to form the QLED. Thus
we selected CulnS,/ZnS as the main candidate for the QLED device manufacturing and

modelling.



2 CulnS;-based quantum dots

Likewise, environmentally friendly CulnSs-based quantum dots, particularly colloidal CulnS, /ZnS
(core/shell structure) in toluene solvent were acquired commercially from NNCrystal and
Mesolight suppliers. Thereby, QD size, absorption & emission spectrum, FWHM and PL
QY (photoluminiscence quantum yield) were measured to confirm what was expected from

both bibliography and QD supplier datasheet.

2.1 QDs size

High Resolution Transmission Electron Microscopy (HRTEM) Titan®) was used to measure
the QD size. Thus, Fig. 3 shows the nanoparticles measurement in HRTEM mode, presenting

also the histogram extracted.

CulnS,/ZnS

Frequency
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Diameter (nm)

Figure 3: . TEM pictures from (S/TEM) Titan®) in transmission mode to calculate the
diameter of the QDs core/shell. QDs histogram + normal fit added.

Table 1 shows the diameter results in comparison with datasheet numbers.



Table 1: QDs size (diameter) measurements vs supplier datasheet.

CulnSy/ZnS QDs Datasheet(nm) Measured(nm)
core 3.3£0.5 3.4+0.3
core/shell 5.5+0.5 5.4£0.5

2.2 Absorption, Emission, FWHM and PL QY

UV-VIS:NIR (ultra-violet-visible-near infra-red radiation) spectrophotometer and PL QY
spectrometer were used to measure absorption & emission spectrum, FWHM and PL QY.

Fig. 4 shows the comparison results with supplier datasheet.
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Figure 4: . CulnSy/ZnS Absorption & Emission spectrum (datasheet vs measured).

Likewise, Table 2 shows the diameter results.

Table 2: QDs parameter measurements vs supplier datasheet.

CulnSy/ZnS QDs Datasheet Measured

PL peak(nm) 611 622
FWHM (nm) 107 108
QY (%) 43 41

These data from the supplier, i.e. size, absorption & emission spectrum, FWHM and

QY, were confirmed by the experimental measurements, with minimal deviations between



them.

3 QLED Device

Once CulnS,/7ZnS QDs were characterized, QLED device was designed, manufactured and
electrically characterized. Relating to the QLED structure it comes essential the good se-
lection of the materials to conform the different internal layers. The objective is to obtain
the best heterojunction band diagram to make possible the highest recombination rate at
the core of the QD active layer and the balance charge injected from cathode and anode.3*
Therefore, the selection of electron and holes injection and transport layer materials along

with the blocking electron or hole films are vital to the performance of the whole system.

3.1 QLED Design

Experimental QLEDs based on CulnS; quantum dots have been reported in the literature.
By adapting these reported methods, we constructed a device following the structure3®36
depicted in Fig. 5. In addition, the bulk material energy levels diagram are shown in the

Fig. 6.

Figure 5: . QLED architecture based on material layers selection.

Once the theoretical structure was designed and the material layers were selected due to
the optimal compatibility with the energy levels set as target to achieve, the physical design

took place.
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Figure 6: . QLED bulk material

energy levels diagram proposed for the different layers in device with respect to vacuum.

3.2 QLED Manufacturing

Likewise, this experimental process was performed following thin-film layer deposition tech-
niques. The QLED manufacturing process followed could be found in many references.3% 37

Those steps were adapted to the one described from Ossila supplier.3®
3.2.1 Chemicals.

IPA (Isopropyl alcohol), Decon90™, PEDOT:PSS (Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate), TFB(Poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine)) (99%),
Chlorobenzene (99.8%), CulnS,/ZnS quantum dots, ZnO NPs (Avantama N-10), Aluminum,

UV curable epoxy.
3.2.2 Substrate cleaning.

Substrates were purchased from Ossila with pre-patterned ITO (Indium Tin Oxide) elec-
trodes. It meant that ITO was used for the anode electrode of the QLED. Pre-cleaning
routine, to remove dirt and dust, was put in place by using Decon90™ cleaning solution,
followed by a sonication bath and UV Ozone clean for 10 minutes creating a pristine and

hydrophilic ITO surface. >



3.2.3 Layer deposition.

PEDOT:PSS, used for HIL layer, was first filtered using solvent safe syringe ended in a
0.45pm PES (hydrophilic) filter and deposited on the pre-patterned ITO substrate by spin
coating technique at 5000 rpm for 30 seconds to produce a film thickness of ~20nm. After
cleaning the cathode area with chlorobenzene solvent, the substrate was placed on a hotplate
at 150°C for 30 minutes to cure and remove the water from the HIL layer, and placed to
cool at ambient temperature.

TFB, used for HTL layer, was preprocessed by making a mix of 8mg/ml concentration
in chlorobenzene. The mix was filtered through a solvent safe syringe ended in a 0.1ym
PTFE(hydrophobic) filter and deposited just above HIL layer, by spin coating at 4000 rpm
for 30 seconds to produce a film thickness of ~30nm. Again, after cleaning the cathode area,
the substrate was put on a hotplate at 150°C for 30 minutes to cure, and placed to cool at
ambient temperature.

QDs characterized in the previous steps were used as EL layer following same strategy.
Then, colloidal quantum dot solutions were deposited on the substrate, just above HTL layer,
by spin coating at 2000 rpm for 20 seconds to produce a film thickness of ~20nm. Moreover,
after cathode cleaning, the substrate was put on a hotplate at 60°C for 15 minutes to cure,
and placed to cool at ambient temperature.

Zn0O nanoparticles suspended in 2-propanol were used as ETL layer. They were filtered
through a safe syringe ended in a 0.1um PTFE(hydrophobic) filter and deposited on the
substrate, just above EL layer, by spin coating at 1500 rpm for 60 seconds to produce a film
thickness of ~35nm. Finally, after ETL deposition, cathode was cleaned and substrate was
put on a hotplate at 60°C for 30 minutes to cure, and placed to cool at ambient temperature.

Aluminum, used as cathode, was deposited by thermal evaporation technique to create the
last metallic contact. Then, a cathode mask was put inside the vacuum thermal evaporator
and ~100nm of Al were deposited on ETL layer with an evaporation rate of 1.5A /s. Finally,

the substrate was placed on a hotplate at 150°C for 15 minutes for annealing purposes, and



placed to cool at ambient temperature.
3.2.4 Encapsulation.

After cathode deposition was implemented, an encapsulation process was performed with the
goal to protect the devices against degradation by oxygen and moisture. Thus, UV curable
epoxy was placed just above the active layer and a glass coverslip on top of the substrate.
After that, a curing process was carried out by using a low power UV light (of 380 nm) for

30 minutes.
3.2.5 External metallic contacts.

To complete the manufacturing of the QLED device, metallic legs acquired from Ossila were
used to connect and access electrically to each independent pixels anodes and the common

cathode electrode. Final QLED device electrically driven is shown in the inset of Fig. 7

3.3 QLED Characterization

Once the QLED was manufactured, the next step was to electrically characterize the lighting
device. This experimental design was performed following basic electronics techniques, by
using a SMU (Source Meter Unit) to finally obtain the I-V performance curve of each pixel
individually and depicted in Fig. 7.

Fig. 7 shows different I-V curves depending on the pixel measured. The current difference
shown is due to variability in the manufacturing process. Since it is a prototype where the
main thin film deposition technique is performed by spin-coating as laboratory tool, the
thicknesses of the different layers that makeup the QLED are not uniform. This leads to
different electrical behaviors for each pixel.

According to our model, different electrical behavior found for each individual pixel is
explained by the contribution of the capacitance physically attached to each QLED layer.
Thereby these capacitive couplings have an important contribution to the total device cur-
rent. Our model shows how the capacitance at the Anode-HIL interface has a great contri-

bution in the I-V performance.
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Furthermore, the localization and structure of the CulnS, /ZnS QDs in the device prevents
lateral charge spreading and Coulomb repulsion of charges into the QDs,® being the carrier
tunneling, the prominent mechanism for current flowing through the QLED device.
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CURRENT (mA)
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n
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Figure 7: . Figure illustrating the fundamental QLED I-V curve measured and tempted to
modelling and simulate.

4 Electrical Modelling

The goal to be achieved consists in creating an electronic transport model for the whole
QLED system i.e. anode-ETL-QD-HTL-cathode by simulating the I-V characteristic, the
charge distribution and the band diagram of the QLED device to correlate the electrical
behavior from QLED designed and manufactured. Likewise, Transfer Hamiltonian approach,
developed for interacting Si quantum dots embedded in a SiO, dielectric matrix in contact

with two electrodes by Illera et al.,***> was adapted to the QLED device case.

4.1 Transfer Hamiltonian approach

The Transfer Hamiltonian method was first introduced by Bardeen® to the case of solid
junctions,*” to calculate the current passing through a planar tunnel junction when a small
bias V is applied between the electrodes.*®

Furthermore, using that approach the whole system can be described as independent

11



subsystems connected by a transmission probability through the dielectric media.*? Gener-
ally, for a more complex system, it is possible to define the current flowing between two
parts (4,7) of the latter. Assuming no inelastic scattering and symmetry in the transmission
coefficient,*° the net current flux between two parts of the system can be written as

_ Amq

Lij = == | Ty(E)pi(E)p;(E)(f; (E) — fi (E))dE (1)

where T}, (E) is the transmission probability, p; (E), p,; (E) are the density of states and f; (E),
f;(E) are the non-equilibrium energy distribution functions in each side of the barrier. Yet,

the distribution functions of each part of the system are unknown.*?

4.2 The QLED model

After analyzing the previous work from Illera et al., our particular device has a different
application (lighting system) and therefore a distinct working physics architecture. As gen-
erally explained below, it implies a different adaptation of the Transfer Hamiltonian method
to the QLED device experimentally fabricated in this work. Therefore, the main differences
are raised from quantum dots used i.e. Si/ SiO, (Illera et al. work) and CulnS,/ZnS (present
work), and new transport layers introduced as shown in Fig. 5 and Fig. 6.

Moreover, to adapt the particular QLED system developed in this work to the theoretical
approach made by Illera et al., the Transfer Hamiltonian approach has been followed taking
into account all layers and not only the quantum dots. Thus, transport layers and QD layers
have been processed as individual subsystems associating a Non Coherent Rate Equation
(NCRE) for each one. Furthermore, the interactions between all layers are introduced by
transition rates and capacitive couplings taking into account the density of states (DOS) of
each subsystem. Finally, to solve the multielectron problem, the effects of the local potential
are computed within the self-consistent field (SCF) regime in the same way proposed by

Hlera et al. Likewise, the QLED system modelled in this work is depicted in the Fig. 8.

12



Transport Transport

Electrode layers Quantum Dots layers

Electrode

Figure 8: . QLED model proposed with all transport layer form experimental device intro-
duced i.e. Anode/HIL/HTL/QDs/ETL/Cathode.

4.2.1 Total charge.

As well described by Illera et al. and in equilibrium state, the electrochemical potential
is the same throughout the whole system, being the current between any two parts of the

system equal to zero.

Ii; =0 (2)

Now, if an external bias voltage (V) is applied at the electrodes, the whole system is driven

0

out of equilibrium,*° creating carrier currents as a consequence of the different population in

each electrode.*! Thereby, the electrochemical potential of the electrodes became as follows

pr — pr = qV (3)

Likewise, the total charge inside each QLED layer (i) takes the usual definition,

N; = /pl- (E)n;,(E)dE (4)

Where both p;(E) and n; (E) are the density of states (DOS) and the energy distribution
functions (unknown) for each layer (i) respectively.?? For the sake of clarity and following

llera et al. work, the energy distribution function for each layer (i) from the QLED will be

13



defined as n; (E), while fi (E) and fr(E) will be reserved for the energy distribution function
of the left and right electrodes. Then, it is possible to write the evolution of the charge over

time as follows*°

Nt =Y [ (5)

Here the subscript i refers to the ith layer and j runs over the other components of the
system. Thus, taking into account the definition of the current between two parts (i-j) of
the system defined by the Transfer Hamiltonian approach in Eq. 1, it is possible to get a set

of integro-differential equations for the charge evolution in time as shown in Eq. 6.

dN; 47

e 761(/ Triprpi(fr —ni)dE + /TRipRpi(fR —n;)dE
(V-1)
J#

The above equation shows all the current term contributions i.e. contributions from the
electrodes (first and second term) and the contribution of all neighbor layers (j) with the
layer under study (7) (last term). 4045

Using semiclassical and one-dimension Wentzel-Kramers-Brillouin (WKB) approximation
for transmission coefficients and taking into account electron and hole carrier contributions

4045 it was possible to set a rate equation system to solve the

with no inelastic scattering,
unknown distribution functions for each layer (transport and QDs) by evolving Eq. 6 to the

steady state.
4.2.2 DOS (Density of States).

Quantum dots. Following again Illera et al. work's, a simplified model to represent
the discrete energy levels ¢; in the QDs, based on finite spherical potential well approach

was used (applied for the conduction band (CB) and valence band (VB)).4? The number

14



of binding states and their energetically position depend on the height of the well Vy, the

radius R of the QD and the electron effective masses (in the core [miéﬁe] and in the shell

e/h
[msl/lell])‘
M | (90
cot (x) = — | —= (—) —1 ,where
mzore x
2m¢,. Vi 2m*
o=\ TR and v = [Togr R (1)

Eq. 7 does not have an analytical solution and numerical methods need to be used to
solve it.4>% The solutions of Eq. 7 contain the discrete binding energy levels ¢; of the QD.

It is worth saying that the energy level solutions above need to be shifted. Particularly,
since the Schrédinger equation gives the zero energy origin located at the bottom of the well,
it becomes essential to shift the energy €; proportional to the bulk band gap E, so as to have

a common Fermi level. Therefore, it is possible to define

E; = € + Eshift (8)

where Egp; ¢4 is proportional to bulk band gap E,.
Once the discrete energy levels of the QDs have been calculated and following the defi-

nition of the DOS for these kinds of nanostructures, it is possible to define the DOS as,

o) =3 )

where 7 is the broadening of the level and it is related to the tunnel probabilities. %43

Transport layers. It is necessary to make the same study for the transport layer to
conform the whole QLED system. Transport layers could be considered as different struc-
tures than QDs. Then, infinite potential wells under EMA (Effective Mass Approximation)

approach were considered to calculate the energy level spectra. This first approach is the

15



1‘49

simplest example of quantum well.*” Thus, for a quantum well of width a, the energy levels

associated are the following ones

h2 242

€ = ——
2m*a?

(10)

where the integer i € N is the quantum number that labels the states.*’
Finally, and following the definition of DOS for these kinds of 2D dimensional nanostruc-
tures,® it is possible to define the DOS as

* n

p (B =255 0(E -« (11)

2
mh i=1

where ¢; are the energies quantized states and O(E — ¢;) is the step function.®®

4.2.3 Potential energy.

As can be extracted from Fig. 8, each QLED junction was modeled as a current tunnel
junction in parallel with a capacity. These capacities represent the electrostatic influence
between the different parts of the system.*?

Following Illera et al. work and generalizing the same strategy relating to electron-
electron interaction, not only for QDs but for the transport layers of the QLED device, it
is possible to evaluate the change in the local potential V; for all layers (QDs and trans-
port).Therefore, electron-electron interaction due to injected charge is included directly by

the solution of the Poisson equation Eq. 12.

V. <gﬁvi> _ 48N (12)

Q

where €, is the relative permittivity of the dielectric media and {2 is the layer volume. AN;
is the change in the number of electrons, calculated respect to the number of electrons Ny
initially in the ith layer.®!

Likewise, the general solution of the Poisson equation for the local potential energy i.e.

16



U,=-qV; of each layer can be written as follows. %!

Ci;
U, = ; Ctoii (—qV;) + Upi AN; ,where

2

Z q
(joi:: (%' and Lfi:: 13
. G ’ " o "

where the subscript j runs over all the components of the system, C;; is the capacitive
coupling between the ith and jth component and C,, ; is the total capacitive coupling of ith
layer. Moreover, the charge energy constant Uy, is the potential increase as a consequence

of the injection of one electron into the layer (QD or transport layer).
4.2.4 Self consistent solution.

Once this point was reached, all elements that take part in the whole transport mechanism
through the Transfer Hamiltonian approach were analyzed. Yet, as it can be deduced from
the equations Eq.(4),(9),(11) and (13), there are dependencies among them. It means that
it is necessary to enter in a self consistent field in order to get a final solution value.

The flowchart and algorithm implemented is depicted in Fig. 9.

| QLED Physical parameters \
¥

| New Voltage STEP lﬁ—
¥

Calculate

n; Pj Ui

Check
AU=U—Uy4

YES Calculate

ly

CONVERGENCE?

Figure 9: . Self consistent field algorithm implemented.
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4.3 Simulations Results

Once the theoretical background behind the QLED modelling was established and the algo-
rithm proposed to implement the latter was codified in the software, the current density, the
total QLED current, the electronic charge density evolution and the band diagram of the
device were extracted from the QLFEDsim simulator. Thereby, Fig. 10 shows the physical
modelling carried out for the QLED device where all geometrical parameters were extracted

from the experimental part.

N
N

z-size (nm)

0 20 40 60 80 100 120
x-size (nm)

Figure 10: 3D view for QLED model with all transport layer form experimental device
introduced i.e. Anode/HIL/HTL/QDs/ETL/Cathode. NB: the quantum dots represented
in the figure are spherical. Different scales were used in each direction for the sake of clarity.

Table 3 presents all experimental parameter values used in the simulation. 352768

Table 3: QLED Layers (ANODE-HIL-HTL-EL-ETL-CATHODE) bulk material properties.

LAYER er(€0) m?(mg) mj (my) Ea(eV) E;(eV) o(eV) BG(eV)
ITO - - - - - 4.70 -
PEDOT:PSS 17 0.25 1.30 3.60 5.30 4.50 1.70
TFB 15 0.25 1.30 2.60 5.50 4.50 2.90
CulnSs(core) 8.7 0.16 1.30 4.36 5.86 5.36 1.50
ZnS (shell) 8.9 0.28 0.61 3.90 7.80 6.30 3.90
ZnO 8.5 0.23 1.21 4.30 7.67 5.30 3.37

Al - - - - - 4.30 -

18



4.3.1 Theoretical vs Experimental.

The current density curve versus the bias voltage applied to the device was simulated taking
into account the QLED device area of QD diameter(core/shell from Table 1 ). Moreover,
after obtaining the current density for the QLED modelling, it was possible to make the
approximation to the real 3D device. This approximation was based on ballistic behavior
on the system and the way followed, as a first approach, was to multiply the current density
by the area given in individual pixels from QLED manufactured experimentally. This pixel
area is set to 4.5mm?.

Both experimental and theoretical I-V results were compared and presented in Fig. 11.
In conclusion, it can be seen that simulated I-V curve keeps in the experimental range of

curves measured from the 6-pixel QLED device manufactured.

Current vs Voltage
25

Current (mA)
P
2
F
D

0.5

Voltage (V)

Figure 11: . Experimental curve for the 6-pixel QLED device manufactured compared to
the simulated curve (red-square line) obtained from QLFEDsim simulator.

4.3.2 Band Diagram.

Fig. 6 showed the proposed energy levels from vacuum level. Thus, using the bulk mate-
rial values from Table 3 of electron affinity and band gaps shown, it is possible to follow
“electron affinity rule” and band alignment® at the different material junctions to depict the

heterojunction band diagram in both equilibrium and dynamic state.

Equilibrium band diagram of the heterojunction. The band diagram of the het-

erojunction in equilibrium for the conduction band (CB) and valence band (VB) i.e. when

19



those materials are put in contact (with no bias voltage applied) is presented in Fig. 12.
Here, the Fermi level in equilibrium is placed at the y-axis origin (Efy=0eV). The goal is to
give an illustration of the band diagram shape of the heterojunction in a relative way and

not in an absolute definition.

QLED band diagram (Equilibrium)

4-
ANODE HIL HTL QUANTUM DOTS ETL CATHODE

- rgulhe e

N
Z
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Figure 12: . Equilibrium band diagram of the heterojunction from QLEDsim.

Dynamic band diagram of the heterojunction. Now QLED forward biased was
considered i.e. a voltage V>0 was applied to the electrodes. Therefore, the system was out
of the equilibrium and as any heterojunction system, the band diagram was modified with
the voltage applied. Thanks to QLFEDsim simulator, it is possible to calculate the potential
energy increase in each layer allowing us to draw the following Fig. 13 for each bias voltage
step for V=[2,5,8,10]V. Fig. 12 (equilibrium) and Fig. 13 (biased) depict the conduction and
valence band profiles when the potential (calculated from Eq. 13) is considered. The equation
yields the potential in each device layer, the details of the potential profile within each layer
are not represented. Each core/shell quantum dot layer is considered as a single-material
layer, and therefore the potential profile representation within the quantum dots should not

be considered as an accurate representation.
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Figure 13: . Dynamic band diagram of the heterojunction.

4.3.3 Accumulated charge distribution.

Once the QLED is out of equilibrium and the band diagram was described, the accumulated
charge distribution in each layer was depicted for each voltage step taken. Thereby, it is
possible to calculate the variation of number of electrons (AN=N-Nj) for each voltage step.
That relationship indicates the variation of electrons (N) respect to the initial number (Ny).
That initial value of the charge is obtained at zero bias voltage in equilibrium state. Thus,
if the variation is negative, it implies that the system loses charge (hole accumulation).
On the other hand, if the variation is positive, the system increases its charge (electron
accumulation).??%® Therefore, the following Fig. 14 describes the accumulated charge for
each layer depending on the voltage step variation applied dynamically. Furthermore, that

accumulated charge for each layer out of the equilibrium is represented from a graphical
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colormap description in Fig. 15.

Acct lated Charge AN

&
S

Accumulated charge AN
[N
o o

Voltage (V)

Figure 14: . QLED accumulated charge for each layer.
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Figure 15: . QLED graphical color mapping of accumulated charge.

4.4 Validity of Simulation Model

Although the numerical data are validated experimentally and are in good agreement with

the experiment results, we would like to highlight some of the limitations of the present

simulator developed.
4.4.1 Radiative recombination.

The actual theoretical model does not deal with this topic in the present simulator version.

In order to introduce the latter, a generation/recombination rate might be incorporated in
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Eq.(6). Yet, we decided to postpone this study due to the relative low visible radiative

phenomena of the device and the good agreement obtained with the experimental results.
4.4.2 Density of States.

DOS is key to calculate the final I-V curve of the system. In the current computational
model, some basic approaches have been used depending on the subsystems treated i.e.
quantum dots and transport layers.

Thereby, DOS for QDs elements are calculated based on the use of a Lorentzian shape
to introduce the broadening of the discrete energy levels as shown in Eq.(9). On the other
hand, transport layers could be considered as different structures from QDs and they have
been identified as two-dimensional materials. For these kinds of 2D dimensional confinement
nanostructures, DOS was defined in Eq.(11).

However, other techniques as ab-initio methods like DFT (Density Functional Theory)
could give more accurate results when comparing with reality. Thus, a more realistic mod-

elling for DOS might help to improve the QLED simulator results.
4.4.3 Thermal Dissipation.

From a macroscopic point of view, heat dissipation might play an important role when
designing the QLED device for real applications, particularly for automotive lighting ones.
Yet, thermal dissipation features were not considered in the current computational model,
since the characterization of the experimental QLED fabricated was performed in a short
period of time i.e. electrical characterization was made through SMU laboratory tool in a
matter of seconds. Therefore, the influence of self heating in the I-V figure was considered
negligible for the objective of this work, and the good agreement between experimental and

simulation results seems to support our approach.
4.4.4 Electrode Interface Capacitance.

As shown in Eq. 13, the solution of the Poisson equation in our model for the local potential

42,51

can be divided in two terms. The first one is called the Laplace term and it contains
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the capacitive couplings between the different layers of the QLED device. These capacitive
couplings have an important contribution in the final QLED current since they dominate
the DOS shift, changing therefore the number of energy levels which might contribute to the
transport process. 42

Furthermore, our model shows that the junction capacitance at the interface between the
electrodes and the related transport layers plays an important role in the I-V performance,
specifically in both the current device capability and the QLED turn-on voltage parameters.
Particularly, Anode-HIL interface capacitance has a greater influence in the I-V plot shape.

Thereby, the Fig. 16 proves how these two parameters i.e. current capability and turn-on
voltage can be modified by adjusting the interface capacitance at the anode side. Thanks
to the QLED simulator developed, this task can be carried out easily by either changing
the transport layers or directly estimating that impact of the capacitance value in the whole
model system.

It is worth saying that the values of capacitance used in our work for Anode-HIL interface
are the same order of magnitude than the capacitances given by the Coulomb blockade effect

in similar systems. Moreover, those values are below the maximum capacitance per unit area

(Cpnaz) reported by Islam et al. ™™ and shown in Eq.(14).

€r€p

Cznax -
t

(14)

where €, is the relative permittivity of the dielectric media, €, is the free space permittivity
and t is the layer thickness.

Eventually, in order to help to design a real QLED device, that Anode-HIL interface
capacitance should be put under control. Firstly during the manufacturing process (HIL
layer deposition on the anode electrode by using accurate thin-film deposition techniques) to
have uniform layers which would lead to the same I-V characteristics for all pixels built on
the same substrate. And secondly, by modifying that capacitance value through some kind

of the transport layers doping, which could give an optimal charge injection balance into the
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Figure 16: . I-V QLED plot varying Anode-HIL interface capacitance.

device.
4.4.5 Quantum Dot size.

Another topic to bear in mind is the variation of current transport with the QD size. As
reported in the literature, a current increase with the dot size is expected since both the DOS
of QDs and the conduction gap have a strong influence in the final current. Specifically, as
size increases, the available states inside the nanoparticles increases, while the QD band gap
decreases due to relaxation of quantum confinement. Those effects contribute to increasing

the current with the dot size.**

25



5 Conclusions

An electroluminescence device, i.e. a 6-pixel (4.5mm?/pixel) QLED system, based on char-
acterized CulnSy/ZnS QDs was designed and fabricated with a conventional structure: ITO
as anode, PEDOT:PSS (HIL), TFB (HTL), CulnS,/ZnS QDs(EL), ZnO NPs (ETL) and Al
layer as cathode. In addition, each pixel was electrically characterized to obtain the electrical
[-V curve, which gives some insight about how the fabrication process and layer thickness
have an influence in the shape of the plot.

Furthermore, a computational model based on the Transfer Hamiltonian approach to
describe the electrical behavior of the lighting system was presented. Thus, I-V curve was
simulated and compared with experimental results, reaching a remarkable agreement as
shown in Fig. 11.

The influence of critical parameters as the junction capacitance between the anode and
the HIL layer was studied in the simulator to report the close relation of I-V curve with the
fabrication process relating to the thickness and material type which conform the electrolu-
minescent device.

That variability in the fabrication process step has a huge influence in the device per-
formance, specifically in the current flowing throughout the device. Therefore, the compu-
tational model offers the possibility to model an electroluminescent QLED device by antici-
pating the electrical performance in a theoretical design step before going to the automotive
QLED manufacturing at the laboratory.

To conclude, QLEDs might offer a great advantage in the automotive field, offering the
possibility of using this technology worldwide in automotive applications such as interior
and exterior lighting products. Thus, starting by the development of an experimental device
along with a good electrical simulation behavior, the QLED model developed could set the

basis for further research on the field of vehicle lighting systems.
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