Materials Today Physics 46 (2024) 101492

Contents lists available at ScienceDirect .
materialstoday

PHYSIES
Materials Today Physics

journal homepage: www.journals.elsevier.com/materials-today-physics

materiastoday

ELSEVIER

Charge transport dynamics and emission response in quantum-dot
light-emitting diodes for next-generation high-speed displays

Jeong-Wan Jo ™', Yoonwoo Kim *', Bo Hou ", Sung-Min Jung® ", Jong Min Kim*

2 Electrical Engineering Division, Department of Engineering, University of Cambridge, 9 JJ Thomson Ave, Cambridge, CB3 OFA, United Kingdom
b School of Physics and Astronomy, Cardiff University, 5 the Parade, Newport Road, Cardiff, Wales, CF 24 3AA, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:

Quantum-dot light-emitting diodes
Emission response

Emission intensity drop

Dynamic charge transport model
High-speed display systems

Inorganic quantum-dot light-emitting diodes (QD-LEDs) have gained significant attention as optoelectronic de-
vices for next-generation display systems due to their superior colour properties. A comprehensive understanding
of the charge transport dynamics and transient emission responses of the QD-LED is crucial to achieving high
motion picture quality next-generation QD-LED display systems. In this study, we investigated the transient
emission response of QD-LED devices through an advanced charge transport simulation model tailored to the
quantum-dots (QDs). The dynamic response of the QD-LED devices is evaluated using the time-resolved elec-
troluminescence measurement method for both cadmium-based and cadmium-free red, green, and blue QD-
LEDs. The QD-LED devices exhibit notable emission drops during pulse voltage application. The charge trans-
port simulation quantitatively reveals that the on and off switching speeds and the emission drops are intricately
influenced by the electron and hole injection balance and a combination of carrier recombination factors within
the QD layer. The charge transport simulation also shows that space-charge accumulation, due to the combined
effects of charge imbalance and Auger recombination, quantitatively explains a potential device degradation
mechanism. Therefore, the QD-specified charge transport model provides a crucial approach in designing and
optimizing QD-LED devices for next-generation high-speed QD-LED displays with ultimate colour quality and

long lifetimes.

1. Introduction

Recently, inorganic colloidal quantum-dot light-emitting diodes
(QD-LEDs) have gained significant attention as optoelectronic devices
for next-generation smart lighting or display systems due to their su-
perior colour purity, colour tunability, and electrical and chemical sta-
bility [1-14]. To date, extensive research has been focused on improving
the external quantum efficiency (EQE) and lifetime of the QD-LED de-
vices, achieving over 20 % EQE along with a lifetime of 1,000,000 h
[10-30]. These achievements have significantly accelerated the devel-
opment of electroluminescence (EL) full-colour active matrix (AM)
displays based on QD-LED with various QD patterning technologies
[20-40].

Similar to other solid-state self-emissive devices such as organic
light-emitting diodes (OLEDs) or gallium-nitride light-emitting diodes
(GaN-LEDs), QD-LEDs show very fast emission responses due to the
electron-involved carrier dynamics [41-44]. The on- and off-response
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characteristics seriously affect the motion picture quality in display
applications [45,46]. However, these emissive devices have significant
emission drops even in a single frame time, which causes unexpected
brightness reduction in displaying high-speed motion pictures [47-51].
Moreover, in time-divisional volumetric displays that utilise extremely
high frame rates, such as binocular stereoscopic displays, autostereo-
scopic displays, and depth-fused augmented reality (AR) or virtual re-
ality (VR) displays, the slow response and emission drop of the display
devices significantly degrade the three-dimensional depth cue [52-55].
Therefore, achieving fast QD-LED devices without emission drop is
crucial for more vivid colour and bright high-speed motion pictures and
immersive experiences in the next-generation display systems that uti-
lise extremely high frame rates.

To achieve the fast emission response of the QD-LEDs, extensive
studies of the individual material parameters and their connection to the
device response time of the QD-LED are crucial. From the device
perspective, the response behaviour is affected by the carrier
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recombination processes [56-60]. However, there is a lack of detailed
knowledge about device-specific carrier actions across QD-LEDs, which
is essential for characterising and tailoring the emission response of the
QD-LED devices. Therefore, given the complexity of physical parame-
ters, employing computer simulations appears to be unavoidable to
clearly understand the underlying physics in emission response and to
achieve a fast emission response of QD-LED devices by optimizing the
material and device configurations [61-68].

In this study, we investigate the dynamic emission response of QD-
LEDs based on the QD-specified computational charge transport
model. The experimental emission response curves are captured by the
time-resolved electroluminescence (TrEL) measurement method under
the external driving voltage of a square wave pulse [44,50]. The on- and
off-response behaviours as well as the emission drop in a pulse period
are analysed for red, green, and blue QD-LEDs fabricated in this study.
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dynamic motion of carriers and their corresponding emission responses
are quantitatively analysed by the charge transport simulation for
various device and material configurations to represent the charge
balance conditions and the recombination processes of the QD-LED
device. In the simulation, various energy band level alignment config-
urations are used for the charge-balanced and charge-imbalanced con-
ditions. The carrier recombination processes such as Langevin radiative
recombination process, Shockley-Read-Hall (SRH) and Auger
non-radiative recombination process are also included in the simulation.
Finally, the performance degradation mechanism of the QD-LED device
is computationally analysed by investigating the effect of the band
alignment and the recombination process on the space-charge accu-
mulation of QD nanoparticles. This computational analysis of the tran-
sient emission response of the QD-LEDs paves the way for advancing
high-speed displays based on QD-LED technology.

To analyse the dynamic response of the QD-LED devices, we introduce a
computational charge transport simulation model based on an electric
field-dependent carrier injection specified for the QD-LEDs. Here, the
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Fig. 1. Device architecture of the QD-LEDs and charge transport mechanisms. (a) Device architecture of the QD-LED device used in this study. A PEDOT:PSS, a TFB,
and a ZnMgO are used for HIL, HTL, and ETL. CdSe/ZnS core/shell red, green, and blue QDs are used for the EMLs of Cd-based QD-LEDs, and InP/ZnS core/shell red
and green and ZnSe/ZnS core/shell blue QDs are used for the EMLs of Cd-free QD-LEDs. ITO and Al are used for the anode and the cathode electrodes. In the
simulation, the thicknesses of the HIL, HTL, and ETL are assumed to be 20 nm, 40 nm, and 40 nm, respectively. The thickness of the EML is set to 15 nm for the
assumption of a bilayered QD stack with 7.5 nm QD particle size. (b) Energy-band level of each layer across the device, together with the possible current paths
throughout the device. AEy and AE( are the band-offsets for hole and electron injection from HTL and ETL to the QD layer. The band misalignment parameter & is
defined by § = AEy - AEc. Under the assumption that all other parameters are identical for the hole and electron injection, the charge-balanced condition is indicated
by 6 = 0 eV while the charge-imbalanced condition is indicated by 6 > 0 eV for electron-rich and by § < 0 eV for hole-rich conditions. The possible current flows for
the hole and electron are described by the ballistic drift-diffusion current densities JPD and JY at HIL, HTL and ETL, the carrier injection current densities J%, and J} at
the HTL/QD and QD/ETL junctions, and the carrier hopping current densities JI; and Ji between two QDs. (c) Possible carrier recombination processes including the
Langevin radiative recombination process, SRH and Auger non-radiative recombination processes. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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2. Theory
2.1. QD-LED device architecture

Fig. 1 illustrates the device configuration of the QD-LEDs employed
in both the computational charge transport simulations and the exper-
iments. The QD-LED device is composed of a stack of multiple layers,
which includes an anode electrode, a hole injection layer (HIL), a hole
transport layer (HTL), an emissive layer (EML), an electron transport
layer (ETL), and a cathode electrode (Fig. 1a). An indium tin oxide
(ITO), poly(3,4-ethylene dioxythiophene): polystyrenesulfonate
(PEDOT:PSS), poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,40-(N-(4-s-
butylphenyl)) diphenylamine)] (TFB), QD nanoparticles, zinc magne-
sium oxide (ZnMgO), and aluminium (Al) are used for anode electrode,
HIL, HTL, EML, ETL, and cathode electrode, respectively. Cadmium
selenide (CdSe)/zinc sulphide (ZnS) core/shell QD nanoparticles are
utilised for Cd-based red, green, and blue EMLs. Indium phosphide
(InP)/ZnS core/shell QDs are utilised for Cd-free red and green EMLs,
and zinc selenide (ZnSe)/ZnS core/shell QDs are utilised for Cd-free blue
EML. A forward bias pulse voltage is applied across the anode and
cathode electrodes, and the physical parameters such as electron and
hole densities are simulated along the z direction perpendicular to the
device plane.

2.2. QD-LED specified computational charge transport simulation model

The flat-band energy level of each layer across the entire QD-LED
device is illustrated in Fig. 1b. The current densities are divided into
three different current flow models: the hole and electron ballistic drift-
diffusion current densities JpD and J2 within HIL/HTL and ETL, the hole
and electron injection current densities Ji, and J} at the junctions be-
tween QD and the HTL or ETL, and the hole and electron hopping cur-
rent densities Jg and J¥ by charge exchange through the quantum
tunnelling process between two neighbouring QD nanoparticles.

The spatial carrier density distribution across the device is deter-
mined by the continuity equations described in Eq. (1) [66].
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Here, p and n are the hole and electron densities, and q is the electric
charge of a proton. J;, and J;, represent the hole and electron current
densities, and U is the recombination rate per unit volume.

The electric-field-dependent hole and electron injection current
densities J{, and J, through the carrier capturing process are given by Eq.
(2) [65,68].

J. = qropSyoTpud” gfi/sz (Nop — Pop), @
J, = —qropSopoTau® &3/ *ng(Nop — ngp).

Here, rop represents a radius of QD nanoparticles, and S, and S, are
injection coefficients associated with the carrier capture cross-section
for holes and electrons. ¢ denotes the cross-sectional area of the QD
nanoparticles 6 = 1 x r%D, and uSD and u@® stand for the mobilities of
hole and electron in the QD layer, respectively. &, and &, denote the
electric fields at the interfaces of QDs toward HTL (for hole) and ETL (for
electron). These are defined as &, = — d¢p/0z — AEy/(q x rop) > 0 and &,
= — 0¢/0z — AEc/(q x rop) > 0 at HTL/QD and QD/ETL junctions,
respectively. Here, ¢(z) represents the electrical potential distribution
across the device, and AEy and AE( represent the valence and conduc-
tion band offsets at the HTL/QD and QD/ETL junctions, respectively.
AEy and AE( are defined as AEy = E{;ITL - ESD and AE; = E8D - EETL as
illustrated in Fig. 1b. These valence and conduction band offsets, AEy
and AEc, will be employed to configure charge balance conditions in the
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simulation. py and ng are the hole and electron densities at the HTL/QD
and ETL/QD boundaries, respectively. Nop represents the density of QD
nanoparticles, and pgp and ngp refer to the hole and electron densities at
the QD layers facing the HTL and ETL, respectively.

The carrier hopping current densities, Jg and J, between two QDs
indexed by positive integers [ and m are expressed as Eq. (3).

J: = *qudQD(PQD,l *PQD.m), 3)
JS = qgndQD (TlQD_l - TlQD,m)

Here, {}, and {, are the tunnelling coefficients of the hole and electron
between two neighbouring QDs calculated from the tunnelling proba-
bility of the barrier by the shell between the cores of two QDs [68]. dop
denotes the diameter of QD nanoparticles. The material parameters for
the QDs used in the simulation are listed in Table S1. In the table, the
diameter of the QD nanoparticles is set to be 7.5 nm with the assumption
of the 5.5 nm core diameter and 1.0 nm shell thickness, for simplicity of
simulation condition. However, due to the size-dependent emission
wavelengths of the QD nanoparticles, the Cd-based and Cd-free red,
green, and blue QD nanoparticles show different particle sizes depend-
ing on their core materials. The transmission electron microscopy (TEM)
images of the CdSe/ZnS core/shell red, green, and blue (Cd-based) and
InP/ZnS core/shell red and green and ZnSe/ZnS core/shell blue
(Cd-free) QD nanoparticles are presented in Fig. S1.

The ballistic drift-diffusion current densities described in Eq. (4) are
used for the current flow in the transport layers.
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Here, u, and py, are mobilities of holes and electrons in the transport
layers. kg and T denote the Boltzmann constant and the absolute tem-
perature of the device. &, and &, denote the electric fields within the
transport layers derived from the electric potential field. The electric
potential ¢(z) is solved by the Poisson’s equation given in Eq. (5).

d M\ g
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Here, ¢, and ¢ are dielectric constants of each layer and permittivity of
free space. Np and Np are donor and acceptor doping concentrations of
each layer.

2.3. Recombination processes in the QD-LED device

The recombination processes that occur in the EML of the QD-LED
device are described in Fig. 1c. The electrons and holes accumulated
in QD nanoparticles undergo three recombination pathways: Langevin
band-to-band radiative recombination process which generates photons
[64], the SRH non-radiative recombination process involving a defective
trap energy state within the bandgap in the crystal lattice [63], and the
Auger non-radiative recombination process due to the crowded
high-energy carriers under high bias voltages [66]. First, the bimolec-
ular radiative recombination rate Urap is calculated by Eq. (6).

Urap = B(pQDnQD - 7112) (6)

Here, B is the Langevin recombination strength and n; is an intrinsic
carrier concentration of the QD core material. SRH recombination rate
Usgry and Auger recombination rate Upyg are used to include the non-
radiative recombination processes within the device as shown in the
following equations [63,66].

2
Poplgp — 1
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Unus = (CpPop + CaTlon) (PenTion — 17) @)

Here, 7, and 7, are SRH recombination lifetimes for holes and electrons,
respectively, while C;, and C;, denote the Auger recombination proba-
bilities for holes and electrons, respectively. By assuming that the den-
sities of holes and electrons are equal (pgp = ngp = k), which indicates a
charge-balanced condition, the ambipolar equations of SRH and Auger
recombination rates are derived. These equations simplify to Usgyy = A(k
—ny) and Uayg = Ck(k? - n?), where the ambipolar SRH recombination
frequency is defined as A = 1/(zp+7,) and the ambipolar Auger
recombination probability C is given by C = C;, + Cp. Finally, the total
emission intensity I is determined by integrating the radiative recom-
bination rate over the entire EML region, as described by Eq. (9).

Iy :EG/ Urap dz (C)]
EML

3. Material and methods
3.1. Experimental fabrication of QD-LED devices

Patterned ITO glass (ITO thickness: 100 nm) purchased from Ossila
Ltd. is cleaned in acetone and isopropyl alcohol (IPA) via sonification.
Following the oxygen plasma treatment, PEDOT:PSS (AI 4083, Ossila
Ltd.) as HIL is spin-coated with 4,000 revolutions per minute (rpm) for
60 s and annealed at 150 °C for 10 min. TFB (in chlorobenzene, 12 mg
mL~!, American Dye Sources) as HTL is then spin-coated at 3,000 rpm
for 60 s and annealed at 150 °C for 30 min. Cd-based QD solutions
(CdSe/ZnS core/shell red, green, and blue nanoparticles in octane, 12.5
mg mL 1) and Cd-free QD solutions (InP/ZnS core/shell nanoparticles
for red/green and ZnSe/ZnS core/shell nanoparticles for blue in octane,
12.5 mg mL 1) as EMLs are spin-coated at 3,000 rpm onto HTL surface
and annealed at 100 °C for 10 min. QDs are purchased from Suzhou
Xingshuo Nanotech Co., Ltd. ZnMgO nanocrystals (in butanol, 25 mg
mL™Y) as an ETL are spin-coated onto the QD layers at 2,000 rpm and
annealed at 100 °C for 10 min. Finally, Al (Testbourne Ltd.) as a cathode
electrode is deposited by a thermal evaporation process under high-
vacuum conditions. The devices, with an active area of 3.0 mm x 1.5
mm, are finally encapsulated within a glove box using UV-curable ad-
hesives (Thorlabs Ltd.). All QD-LED devices were fabricated in a glove
box and subjected to a positive ageing process for one week by storing
the devices under controlled conditions. Additionally, the electro-
optical properties such as current density, luminance curves and the
EQE curves for the applied voltage ranging from O V to 6 Vin 0.2 V
increments have been measured as part of the electrical ageing process.
These ageing processes allow the devices to reach a more stable state,
reducing initial performance fluctuations typically observed immedi-
ately after fabrication. Following the ageing process, the time-
dependent emission characteristics of the QD-LED devices were
measured.

The experimental electro-optical characteristics of Cd-based and Cd-
free red, green, and blue QD-LED devices, including current density -
voltage - luminance curves, luminance - EQE curves, and current density
- EQE curves, are plotted in Fig. S2. These figures demonstrate that the
devices fabricated in this study exhibited typical device operation in
EQEs and luminances for the applied voltage. In Fig. S2, the Cd-based
and Cd-free red, green, and blue QD-LED devices exhibit experimental
EQE droop at the high current range, indicating the presence of the
Auger recombination process in the QD-LED devices [56-58,60,68].

3.2. Experimental setup for TrEL measurement

The time-dependent emission response behaviour of QD-LED devices
is measured by a TrEL method depicted in Fig. S3. Fig. S3a schematically
illustrates an optical setup for the TrEL measurement. A periodic square-
wave pulse is applied to the device by the function generator (33220A,
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Agilent Technologies, Inc.), and the photons emitted from the QD-LED
device are transferred to the photodiode (DET10A2, Thorlabs Ltd.)
through collimation optics with the two convex lenses which are aligned
with the QD-LED devices and the photodiode. The high-speed photo-
diode of 1 ns time resolution converts the photonic stimuli into an
electrical signal, and the electrical signal is captured by an oscilloscope
(HDO4104A, Teledyne Lecroy). The photograph of the experimental
setup used in this study is shown in Fig. S3b.

4. Results

4.1. Experimental time-dependent emission response curves for QD-LED
devices

Fig. 2 shows the experimental emission response of QD-LED devices
captured using the TrEL measurement method [30,36]. To measure the
time-dependent emission response, Cd-based and Cd-free red, green, and
blue QD-LEDs were fabricated via a spin-coating process. Fig. 2a and b
presents the normalised emission response of the Cd-based (Fig. 2a) and
Cd-free (Fig. 2b) red, green, and blue QD-LED devices across several
square-wave pulses. The devices are cyclically turned on for 4 ms with 6
V external voltages, operating at a 50 % pulse duty cycle, and then
turned off for the subsequent 4 ms (total cycle period is 8 ms). As
illustrated in the figure, emission spikes are observed immediately after
the voltage is switched on. These emission spikes include the drop in
emission after reaching their maximum value during the pulse duration.

The emission responses of the Cd-based red, green, and blue QD-LED
devices are shown in Fig. 2c. The on-response times, defined by the
transition time from 10 % to 90 % of their maximum emission, for the
Cd-based red, green, and blue devices are measured to be 0.31 ms, 0.30
ms, and 0.20 ms, respectively. The blue device shows a slightly faster on-
response time compared with the other colours. The off response times,
defined by the transition time from 90 % to 0 % of their initial in-
tensities, for the respective Cd-based red, green, and blue devices are
also measured to be 0.34 ms, 0.36 ms, and 0.39 ms. The emission re-
sponses of the Cd-free red, green, and blue QD-LED devices are shown in
Fig. 2d. The on-response times are 0.30 ms, 0.39 ms, and 0.44 ms for InP
red, InP green, and ZnSe blue QD-LED devices. The off response times
are 0.55 ms, 0.57 ms, and 0.58 ms for InP red, InP green, and ZnSe blue
QD-LED devices. The Cd-free QD-LED devices show slightly slower
response speeds compared with the Cd-based QD-LED devices.

Fig. 2e and f shows the emission intensity responses during the pulse
voltage duration for the Cd-based and Cd-free QD-LEDs devices.
Notably, the emission intensities for both Cd-based and Cd-free QD-LED
devices reach their maximum just after the voltage application and
decrease during the pulse width. These are similar behaviours previ-
ously observed in OLED operations [33-37]. In Fig. 2e, the emission
intensity drop for the Cd-based QD-LED devices becomes increasingly
serious in the order of red, green, and blue devices. The intensity drops
from the maximum emission are measured to be 5 % for red, 18 % for
green, and 54 % for blue devices during a 4 ms pulse duration. In
contrast, the intensity drop for the Cd-free QD-LED devices becomes
more serious in the order of blue, green, and red devices as shown in
Fig. 2f. The intensity drops for Cd-free red, green, and blue devices are
24 %, 15 %, and 7 %, respectively, during the same pulse duration. The
response characteristics for Cd-based and Cd-free red, green, and blue
QD-LED devices with their maximum EQEs are summarised in Table 1.
The recombination parameters affect both the response characteristics
and the EQE of the QD-LED devices, simultaneously. However, the op-
tical efficiency determined by the layered structure of the device and the
optical properties of QD materials affects only the device EQE. There-
fore, a direct relationship between the response characteristics and the
EQE of the device is hardly observed in our experiments.

The discrepancy in emission responses, especially for the emission
intensity drop and the time to reach their maximum intensity, is
attributed to the differences in the charge injection between the hole and
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Fig. 2. Experimental emission response of QD-LED devices captured by the TrEL measurement method. Normalised transient emission response curves of (a) the Cd-
based red, green, and blue QD-LED devices and (b) the Cd-free red, green, and blue QD-LED devices for a given pulse voltage. The device is switched on with 6 V
external voltages for 4 ms as a 50 % duty cycle and switched off for the next 4 ms, periodically with 125 Hz frequency (one period time is 8 ms). On and off responses
of (¢) Cd-based red, green, and blue devices and (d) Cd-free red, green, and blue devices. The on-response times of the Cd-based red, green, and blue devices are 0.31
ms, 0.30 ms, and 0.20 ms, respectively, while the off-response times are 0.34 ms, 0.36 ms, and 0.39 ms for the respective devices. The on-response times of the Cd-
free red, green, and blue devices are 0.30 ms, 0.39 ms, and 0.44 ms, respectively, while the off-response times are 0.55 ms, 0.57 ms, and 0.58 ms for the respective
devices. The emission drop during the pulse width is observed for both (e) Cd-based and (f) Cd-free QD-LEDs across the colours. The emission drops from their initial
intensities for the Cd-based red, green, and blue QD-LED devices are 5 %, 18 %, and 54 %, respectively. The emission drop from their initial intensity for the Cd-free
red, green, and blue QD-LED devices are 24 %, 15 %, and 7 %, which is the opposite behaviour compared to the Cd-based QD-LED devices. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Experimental response times and emission drops in various QD-LED devices with
the maximum EQEs.

Parameters Cd-based QD-LEDs Cd-free QD-LEDs
CdSe/ CdSe/ CdSe/ InP/ InP/ ZnSe/
ZnS ZnS ZnS ZnS ZnS ZnS
Red Green Blue Red Green Blue
Maximum EQE 9.6 8.0 1.2 3.6 0.9 2.3
[%]
On response 0.31 0.30 0.20 0.30 0.39 0.44
time [ms]
Off response 0.34 0.36 0.39 0.55 0.57 0.58
time [ms]
Emission drop 5 18 54 24 15 7

[%]

electron and the carrier recombination properties of the QD layers [44].
From our experiment, the emission drop of the Cd-based QD-LED de-
vices increases as the colour changes from red and green to blue. In
contrast, the emission drop of the Cd-free QD-LED devices becomes
larger as the colour changes from blue and green to red (Fig. 2f). One of
the reasons is that Cd-based and Cd-free QDs have different energy level
configurations as the optical energy band gap increases according to the
red, green, and blue colours. These emission intensity drops cause un-
expected brightness reduction in displaying high-speed motion pictures
in display applications, which requires the compensatory over-driving
signal scheme for the one-pixel driving thin-film transistor (TFT) cir-
cuits [47]. The differences in electro-optical responses for the colours
will also distort the original colours in displaying high-speed motion
pictures, requiring more sophisticated optimisation of signal schemes
for each colour depending on the QD colour [49]. The electro-optical

response characteristics, including on/off-response times and emission
intensity drop of the QD-LED device will be quantitatively analysed in
the following sections by the QD-specified computational simulation
model.

4.2. Off response of device emission by carrier recombination

First, the off response of the QD-LED devices is analysed by a
simplified carrier decay model. Assuming that there is no carrier injec-
tion or leakages after the voltage is switched off, electrons and holes
accumulated in QD nanoparticles decay only through the carrier
recombination process. Considering the charge-balanced condition in
which the electron and hole densities at QDs, ngp and pgp, are
completely equal to k (ngp = pgp = k), the equation for time-dependent
carrier density decay at QD is simplified from Egs. (1)-(8) to Eq. (11).
ok

—= — Ak —BK* - Ck®

ot (1)

Here, the intrinsic carrier concentration n; is neglected since k > nj.
When more than two recombination processes undergo simultaneously,
Eq. (11) can only be solved by a numerical integration method in the
time domain with the initial carrier density ko.

Fig. 3 shows the time-dependent carrier density decay at the QD
layer and their emission intensities under various combinations of A, B,
and C parameters after switching off the voltage. Fig. 3a and b shows the
time-dependent carrier density and emission intensity for the different
Langevin recombination strengths B when the SRH and Auger recom-
bination processes are neglected (i.e., A=0 slandC=0.0cm®s™). As
the Langevin recombination strength increases, a faster decay of the
carrier density is observed (Fig. 3a). The off response time is approxi-
mately 0.2 ms when B = 10~ % em® s, closely matching the experi-
mental off response time (Fig. 3b). Fig. 3c and d presents the time-
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Fig. 3. Time-dependent carrier decay at the QD layer and its emission intensity under various combinations of Langevin radiative recombination strength B, SRH
recombination frequency A, and Auger recombination probability C after switching off the voltage. (a) The carrier density decay and (b) intensity decay for the
different Langevin recombination strengths B when the SRH and Auger recombination processes are excluded (A = 0 s'and C = 0.0 cm®s™). (¢) The carrier density

decay and (d) intensity decay according to the SRH recombination frequency A (B = 10 cm®s ' and C = 0 em® s 1). The time-dependent (e) carrier decay and (f)

intensity decay for different Auger recombination probability C (B =10"'* cm®s™! and A = 10® s™1). The major factor determining the off-response characteristics is
the combination of recombination parameters. For the experimental off responses around 0.3 ms given in Fig. 2, the B, A, and C parameters are inferred to be A = 10°

s, B=10""cm®s7}, and C = 10732 em® s72, respectively, in this study for the full time-dependent charge transport simulation model.

dependent carrier density and emission intensity according to the SRH careful selection of QD materials and optimisation of their process
recombination frequency A when B =10"*cm3s ' and C =0 em®s7 2. conditions. In detail, since the non-radiative SRH recombination di-
As A increases, the carrier density decays more quickly (Fig. 3c), and a minishes the EQE of the device, careful selection of core and shell ma-
more rapid decrease in emission intensity is observed (Fig. 3d). terials, as well as QD synthesis methods, is crucial. This enables lower
Considering the experimental off-response time of around 0.3 ms, it is SRH recombination rates in QDs by minimizing trap sites caused by
guessed that A can be chosen to be at least less than 10 s} from the lattice mismatches at the core/shell interfaces. Additionally, since non-
simulation. The time-dependent carrier density only by the SRH radiative Auger recombination also reduces the EQE, choosing materials
recombination process (where B =0 cm®s™! and C = 0 cm® s™1) is given with lower dielectric constants and designing QD structures are vital to
in Fig. S4a for comparison. minimizing Auger recombination probabilities. However, given that

The time-dependent carrier density and emission intensity for dielectric constants and QD core radius directly influence the optical
different Auger recombination probability C, when B = 10714 cm? 571 energy bandgap of QDs, a balanced optimisation between minimizing
and A = 10% 571, are presented in Fig. 3e and f. Carrier density decays Auger recombination probability and maintaining the desired optical

6 energy bandgap is necessary [69,70].

rapidly when the Auger recombination probability exceeds 1073 ¢cm
s! (Fig. 3e), and the off response time of emission intensity is around
0.2 ms for Cless than10~32 cm® s~! (Fig. 3f). The time-dependent carrier
density only by the Auger recombination process (where A and B are

both neglected) is given in Fig. S4b for comparison. The recombination . . .
rates for the condition of A = 103s~!. B= 104 em3s~!. and C = 1032 To observe the impact of the carrier mobilities of the transport layers

cm”s
em® s7! are plotted in Fig. S4c. Langevin radiative recombination pre- on the dynamic emlsmlon. respons.e of the QD'_LED de\./1.c<.es, the on- and
dominates across the entire time domain. However, Auger recombina- off-response characteristics for different carrier mobilities of the HTL
’ and ETL are simulated by the QD-specified charge transport model.

tion predominates immediately after the switch-off (when carrier ) . R )
density is high), and SRH recombination surpasses Auger recombination Flg'. 4.shows th? d.yna.rmc cgrrler dlst.rlbutlon flcross the d§v1ce an.d. the
variation of emission intensity over time for different carrier mobilities

as the carrier density decreases. Through the simplified time-dependent - .
carrier decay model, it is confirmed that the major factors determining of .the HTL and ETL. The voltage is switched on to. 5V at 0.01 ms and
switched off to 0 V at 0.51 ms for the duty duration of 0.5 ms. Here,

the off-response characteristics are the combination of recombination R o . -
charge injection coefficients for hole and electron S, and S, are identi-

parameters. To achieve enhanced off-response time, it is required to » . .
have higher Langevin recombination strength with higher SRH and cally set to 0.5 for charge-balanced conditions. The material and device
parameters for the QDs and the transport layers used in the simulation

Auger recombination parameters. Nevertheless, since the SRH and . :
are listed in Tables S1 and S2.

Auger recombination process deteriorates the device EQEs [57-60], an . - . o
exceptionally high Langevin recombination strength with low SRH and HT;Fhe %}_;Iﬁamlc 1)3eha\/210117r10fjle'ctron and ?ole carrier <'ilstr.1but10ns for
Hp ~=pn =10""cm*V " s " (inEq. (3)) is presented in Fig. 4a and b.

Auger recombination parameters is crucial, despite the positive impact . . :
of the SRH and Auger parameters on the off response time of QD-LED When the voltage is switched on (1?1g. 4a), the holes am.i electrons at the
boundary of the HTL and ETL facing the QD layer quickly accumulate

devices.
This can be achieved by adjusting SRH and Auger parameters by within 10 ps due to the high carrier mobility of the transport layers.
Meanwhile, the carriers at the QD layer are accumulated relatively

4.3. Computational simulation of carrier dynamics in QD-LED devices
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Fig. 4. Dynamic carrier distribution across the device and the variation of emission intensity over time for different carrier mobilities of the HTL and ETL under the
charge-balanced condition. Hole and electron distributions after (a) switching on and (b) switching off when the carrier mobility of the ETL and HTL is equal to 10~>

cm? V! 571, Hole and electron distribution after (c) switching on and (d) switching off when the carrier mobility of the ETL and HTL is equal to 10 % em? V™

s,

The simulated emission intensity over time for different charge injection coefficients under a charge-balanced condition (S, = S,) at HTL and ETL carrier mobilities of
(€102 em?V s and (f) 107° cm?® V! s71. When the mobility of the transport layer is high enough (1072 cm? V! s71), faster response time with higher intensity
is observed as the charge injection coefficient increases. The same behaviour is observed when the mobility of the transport layer is low (107® cm?® V! s71). The
response delay at the on response due to the slow accumulation of the carriers at the HTL/QD and QD/ETL boundaries is observed when the mobility of the transport

layer is low.

slowly, balancing between the carrier injection and the recombination
processes in the QD layer. When the voltage is switched off (Fig. 4b), the
boundary carriers in the transport layers deplete rapidly. However, the
carriers at the QD layer decay slowly regardless of the rapid depletion of
HTL and ETL boundary carriers. This is because the carrier decay after
switching off is determined solely by the carrier recombination process,
neglecting the carrier leakages.

The dynamic behaviour of electron and hole density distributions for
low carrier mobility of ﬂETL = uETL =10"%cm?V~!s7!in HTL and ETL is
presented in Fig. 4c and d. When the voltage is switched on (Fig. 4c), the
carriers at the HTL and ETL boundaries accumulate slowly due to the
low carrier mobilities of the HTL and ETL. This results in a much slower
accumulation of the carriers at the QD layer, leading to a delay in
emission response [48,71]. When the voltage is switched off (Fig. 4d),
the carriers at the HTL and ETL boundaries deplete slowly. However,
since the decay of carrier density at QD is determined only by the
recombination processes and remains unaffected by the slow depletion
effect of the carriers at the HTL and ETL boundaries, the decay speed of
carriers is observed to be similar to the case of high HTL/ETL mobility.
The simulated carrier densities at the HTL/ETL boundary and at the QD
layer over time are plotted in Fig. S5.

The simulated emission intensity over time for different charge in-
jection coefficients under a charge-balanced condition is plotted in
Fig. 4e and f. When the mobility of the transport layer is high enough
103 em?v1sh (Fig. 4e), as the charge injection coefficient in-
creases, higher intensity is observed with faster response time. This is
attributed to the larger accumulation of the carriers at the HTL/ETL
boundaries as carrier injection sources. However, when the mobility of
the transport layer is relatively low 10 ¢ em?vts™ (Fig. 4f), delayed
response after the voltage application is observed due to the slow carrier
accumulation at the boundaries of HTL and ETL [71]. Therefore, it is
confirmed by the dynamic charge transport simulation that higher

carrier mobility of the transport layer is required to minimise the delay
of the electro-optical response in the QD-LED device.

4.4. Parametric analysis of dynamic behaviour of QD-LED devices

The time-dependent emission responses of QD-LEDs for various
charge balance conditions and recombination parameters are presented
in Fig. 5. The intensity curves for the time are simulated under pulse
voltage. To quantify the charge balance conditions, a band misalignment
parameter &, defined by 5§ = AEy - AE( for the energy band offsets AEy
and AEc, is employed in the simulation. Other parameters related to the
carrier injection for hole and electron are assumed to be identical.
Hence, the charge-balanced condition is represented by § = 0 eV, while
the charge-imbalanced conditions due to the misalignment of the energy
band level are described by 5 > 0 eV for the electron-rich case.

The dependency of the normalised emission response for the
different recombination constants under a charge-balanced condition (&
= 0 eV) is analysed in Fig. 5a—c. In Fig. 5a-as the Langevin recombi-
nation strength B increases, a faster on/off response caused by the higher
radiative recombination rate is observed. In Fig. Sb-as the SRH recom-
bination frequency A increases, a faster off response is observed due to a
higher SRH recombination rate, while the on-response speed is barely
changed, reflecting the balance between carrier injection and the
recombination process. In contrast, as the Auger recombination proba-
bility C increases, faster responses in both on and off switchings are
observed by a higher Auger recombination process (Fig. 5¢). From the
results, it is observed that the response speed increases as the recom-
bination parameters increase. However, the maximum intensity in-
creases as the Langevin radiative recombination strength increases and
SRH and Auger non-radiative recombination parameters decrease
(Fig. S6). Although the response of the device becomes faster as the A
and C parameters increase, these factors inhibit the maximum intensity,
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Fig. 5. The time-dependent emission response of QD-LED devices for various charge injection conditions and recombination parameters. The emission response of
QD-LED devices under a charge-balanced condition (5 = 0 eV) for (a) different Langevin radiative recombination strength B, (b) SRH non-radiative recombination
frequency A, and (c) Auger non-radiative recombination probability C. (d) The emission response of QD-LED devices under different charge balance conditions for the
different band misalignment parameter (§ = 0 eV, 0.05 eV, 0.10 eV, 0.15 eV, 0.20 eV), The emission response of the device for (e) different SRH recombination
frequency A and (f) Auger non-radiative recombination probability C under the charge-imbalanced condition of 5 = 0.2 eV.

thereby deteriorating the device efficiency. Consequently, to achieve
QD-LED devices with high intensity and fast response simultaneously,
QD materials having extremely large B with low A and C are required.

The response of the QD-LED device for the charge-imbalanced con-
dition is analysed in Fig. 5d-f. In Fig. 5d, the band misalignment
parameter § varies from 0.0 eV to 0.2 eV with a 0.05 eV step. Here, A, B,
and C are set to be 10° s’l, 10~ cm® s’l, and 10732 cm® s’l, respec-
tively. The emission intensity increases just after the voltage application
and decreases during the pulse width, showing the maximum emission
intensity and emission drop at the band misalignment condition. Here,
the emission drop increases as the band misalignment parameter § in-
creases. The increment of the emission intensity at the beginning of
voltage application is caused by the predominance of Langevin radiative
recombination among the recombination processes (Fig. S7a). Then, due
to the decay of minority hole carriers by the recombination processes,
the difference in carrier densities increases, causing the increment of the
Auger recombination rates (Figs. S7a and b). This induces the emission
drop during the pulse width at the band misalignment condition.
Therefore, the emission intensities reach their maximum just after the
voltage application and then decrease during the pulse width. Here, the
maximum intensity also decreases as the band misalignment parameter
increases (Fig. S7c¢). From the result, it is quantitatively validated that
the charge balance is a critical condition to prevent emission intensity
drop during the voltage application. The response curves for different
SRH recombination frequency An under the charge-imbalanced condi-
tion at § = 0.2 eV are presented in Fig. 5e. The intensity drops less during
voltage application as the SRH recombination frequency A increases.
This is because the minority hole carrier decays more slowly after
reaching its maximum carrier densities at higher A values (Fig. S8a). In
contrast, as the A increases, the maximum intensity decreases due to
significant carrier reduction by a higher SRH recombination process
(Fig. S8b).

The response curves for different Auger recombination probabilities
under the charge-imbalanced condition at 6 = 0.2 eV are presented in
Fig. 5f. As the Auger recombination probability C increases, the intensity

drop occurs more significantly, amplifying the intensity drop from the
charge-imbalanced condition. Moreover, as the C increases, the intensity
reaches its maximum more quickly according to the dynamics of mi-
nority hole carriers in Fig. S8c. In contrast, maximum intensity decreases
as the C increases, due to the lack of hole by non-radiative recombina-
tion coupled with the charge-imbalanced condition (Fig. S8d). The
discrepancy in intensity drop across both the Cd-based and Cd-free red,
green, and blue QD-LEDs from our experiments in Fig. 2 can be
explained by the charge imbalance and variations in Auger recombi-
nation probability. The misalignment of the energy band between the
QDs and the transport layers can cause the charge injection imbalance.
The variations in the energy level configuration of the QDs, such as
differences in energy bandgap and the edges of the conduction or
valence bands, across red, green, and blue colours result in more serious
band misalignment resulting in a significant emission intensity drop
during the voltage application. It is found from the literature that the Cd-
free QD-LEDs can be more balanced than the Cd-based QD-LEDs [6,
72-74]. In detail, the Cd-free QDs can have a higher conduction band
level than the Cd-based QD materials, leading to more balance in the
band alignment. Therefore, the Cd-based QD-LED devices show a larger
emission drop compared with the Cd-free QD-LED devices as shown in
Fig. 2. Moreover, this intensity drop is further amplified by the Auger
recombination process. The charge balance condition is strongly con-
nected with the hole and electron injection to the QD layer. The
mismatch of the hole and electron injection is determined by the dif-
ference in band-offsets, tunnelling probabilities, carrier mobilities,
electric fields at interfaces of HTL/QD and QD/ETL, and other material
properties between HTL and ETL such as carrier mobility, dielectric
constant, doping density, etc.

In order to maximise the charge balance in QD-LED devices, exper-
imental attempts are being actively made to achieve charge balance by
selecting materials for the transport layers and inserting various in-
terlayers between QD/ETL or QD/HTL [72-74]. To select and guide
proper HTL/ETL and QD materials, the influence of various variables
such as energy level, mobility, dielectric constant, and effective mass on
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dynamic electro-optical characteristics can be comprehensively ana-
lysed by simulating electro-optical properties of devices with the
QD-specified charge transport model. Especially, when the dielectric
constants or mobilities of HTL and ETL are different from each other, the
QD-specified charge transport model can guide experiments by pro-
posing the optimal energy level for balancing carrier injection. Espe-
cially, if an actual device shows an experimental emission drop, this can
be minimised by proper materials or interlayers designed by the charge
transport simulation. To achieve this, a more detailed experimental
study on the relation between the intensity drops and material proper-
ties, including energy band levels and recombination parameters, is
required to minimise the intensity drop in QD-LED devices and to
enhance their electro-optical properties. We expect that the
QD-specified charge transport model is useful not only for predicting but
also for analysing and optimizing the experimental electro-optical
properties.

4.5. Space-charge accumulation in QDs after switching off the voltage

Fig. 6 shows the electrical space charge accumulation mechanism in
the QDs after switching off the voltage. The dynamic carrier density at
the QD layer under charge-balanced (5§ = 0 eV) and electron-rich charge-
imbalanced conditions (§ = 0.2 eV) are simulated in Fig. 6a. The electron
and hole densities are identical at the charge-balanced condition, while
the excessive electron is observed at the electron-rich charge-imbal-
anced condition due to the lack of hole injection by higher valence band
offset compared with the conduction band offset for the electron. The
charge densities at the QD layer over time are presented in Fig. 6b. In the
charge-balanced condition, the space charge is always neutral at the QD
layer due to the identical hole and electron densities. In contrast, the
negative space-charge density of —0.21 C em ™2 is accumulated at the
QDs for the electron-rich charge-imbalanced condition. This indicates
that the space charge accumulation at the QDs after switching off the
voltage is affected by the charge imbalance between the hole and the
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electron.

Fig. 6¢-f shows the distributions of carriers, charge density, poten-
tial, and their corresponding electric field across the device sufficient
time after switching off the voltage. In Fig. 6¢, under the charge-
balanced condition (6 = 0 eV), the electron and hole densities at QDs
are identical to around 107 ecm™3. The hole density at the HTL/QD
boundary and the electron density at the QD/ETL boundary are both
approximately 5 x 10'3 cm ™2 at the voltage-off state. In contrast, under
the charge-imbalanced condition (6 = 0.2 eV), excessive electrons of 7 x
10'7 cm ™2 density and the minority holes of 2.4 x 10'° cm™ density are
accumulated at the QDs even for the voltage off state. Moreover, highly
excessive holes are accumulated at the HTL/QD boundary with a density
of 4 x 10'7 cm ™3, while the electron at the ETL/QD boundary is depleted
to 8 x 10°% cm 3 density, due to the electrical interaction with excessive
electrons at the QD layer. In the charge-imbalanced condition, the space
charge density at the HTL/QD interface after switching off the voltage is
observed to be 0.28 C cm 2 due to the excessive accumulation of holes at
the HTL/QD interface (Fig. 6d). The distribution of potential and the
electric field after switching off the voltage are plotted in Fig. 6e and f.
Under the charge-balanced condition, the internal potential within the
QDs shows a linear distribution due to the charge neutrality of the QDs.
In contrast, under the charge-imbalanced condition, a non-linear po-
tential distribution across the QDs is induced with a stronger localized
electric field within the QD layer due to the negatively charged QDs.

The ionised QDs by the excessive electron can attract and react with
oxygen and moisture to the QD surface by the localised electric fields,
affecting the surface states of the QDs and potentially leading to
oxidation or hydrolysis reactions on the QD surface [75-79]. These
surface reactions from the ionisation of the QDs after switching off the
voltage alter the electro-optical properties of the QDs, degrading the
lifetime of the QD-LED devices. The ionisation of the QDs is mainly
attributed to the charge imbalance between the hole and electron at the
QDs caused by the mismatch of the carrier injections, especially due to
the band offset difference between hole and electron injections. From
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Fig. 6. Electrical space-charge accumulation mechanism in the QD-LED device after switching off the voltage. (a) The dynamic carrier density at the QD layer under
charge-balanced (§ = 0 eV) and electron-rich charge-imbalanced conditions (§ = 0.2 eV). (b) The charge densities at the QD layer over time for § = 0 eV and 5 = 0.2
eV. Due to the identical hole and electron densities, the charge is always neutral at the QD layer in the charge-balanced condition. In contrast, the negative space-
charge density of —0.21 C cm 3 is induced at the QDs for the electron-rich charge-imbalanced condition. The distributions of (c) carriers, (d) space charge density, (e)
electric potential, and (f) electric field across the device at sufficient time after switching off the voltage. Under the charge-imbalanced condition, a non-linear
potential distribution across the QDs is induced with a stronger localized electric field within the QD layer due to the negatively charged QDs.
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the space charge accumulation at the QDs predicted by the charge
transport simulation, it is quantitatively revealed that achieving the
charge-balanced condition is a key requirement to minimise the degra-
dation of the QD-LEDs and to enhance the lifetimes of the device.
Consequently, the QD-specified dynamic charge transport simulation
model is useful not only for predicting the transient emission response
behaviour of the QD-LED devices but also for designing and optimizing
the materials and device configurations to maximise the electro-optical
properties and the lifetime of the QD-LED devices. Therefore, this
computational approach will pave the way for advancing high-speed,
full-colour QD-LED display technologies, thereby contributing to the
development of next-generation displays with superior motion picture
image quality.

5. Conclusion

We investigated the dynamic emission response of QD-LEDs based on
the QD-specified computational charge transport simulation model.
From the experiments, the Cd-based QD-LEDs demonstrate fast on and
off response times of approximately 0.3 ms and 0.4 ms respectively,
while the Cd-free QD-LED devices exhibit slower on and off response
times of around 0.4 ms and 0.6 ms, respectively. The emission drop in
Cd-based QD-LEDs increases in the order of red (5 %), green (18 %), and
blue (54 %) during a 4 ms pulse, while the emission drop decreases in
the sequence of red (24 %), green (15 %), and blue (7 %) in Cd-free QD-
LEDs.

The experimental on- and off-responses and emission drop of the QD-
LED devices were quantitatively analysed by the QD-specified charge
transport model for combinatorial carrier recombination processes and
different charge balance conditions. As the A, B, and C increase, faster on
and off response speeds were observed due to the faster decay of the
carriers. An increased carrier injection coefficient also significantly en-
hances the on-response speed of the QD-LED device. The charge-
imbalance condition, especially for the misalignment of the energy
band levels, results in a serious intensity drop during the voltage
application. The device degradation mechanism of the QD-LEDs was
also quantitatively analysed by the dynamic charge transport simulation
model. Under charge-imbalanced conditions, the QDs were negatively
charged even after switching off the voltage. This space charge accu-
mulation at the QDs causes the device degradation, diminishing its
lifetime. Therefore, to achieve a fast response speed without emission
intensity drop and a long lifetime, careful design and optimisation of
material composition and device configuration based on the QD-
specified charge transport model is required. This computational anal-
ysis of the transient emission response of the QD-LED will pave the way
for advancing high motion picture and colour quality next-generation
display technologies with high-speed driving systems based on QD-
LED technology.
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