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Modeling and numerical simulation of electrical and optical
characteristics of a quantum dot light-emitting
diode based on the hopping mobility model:
Influence of quantum dot concentration
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(Received 12 August 2021; revised manuscript received 28 October 2021; accepted manuscript online 4 November 2021)

We present a comprehensive numerical framework for the electrical and optical modeling and simulation of hybrid
quantum dot light-emitting diodes (QD-LEDs). We propose a model known as hopping mobility to calculate the carrier
mobility in the emissive organic layer doped with quantum dots (QDs). To evaluate the ability of this model to describe
the electrical characteristics of QD-LEDs, the measured data of a fabricated QD-LED with different concentrations of QDs
in the emissive layer were taken, and the corresponding calculations were performed based on the proposed model. The
simulation results indicate that the hopping mobility model can describe the concentration dependence of the electrical
behavior of the device. Then, based on the continuity equation for singlet and triplet excitons, the exciton density profiles
of the devices with different QD concentrations were extracted. Subsequently, the corresponding luminance characteristics
of the devices were calculated, where the results are in good agreement with the experimental data.

Keywords: hybrid quantum dot light-emitting diode (QD-LED), concentration-dependent hopping mobility,

effective transport model, Gaussian band structure

PACS: 85.60.Jb, 85.60.Bt

1. Introduction

The feasibility of electrical and optical simulation and
modeling of quantum dot light-emitting diodes (QD-LEDs)
is of great importance. These hybrid structures benefit
from the variety of the organic transport layers as well as
the high-performance optical properties of the semiconductor
nanocrystals as the emitters.[':?] Generally, the levels of the
valence band (VB) edge and the conduction band (CB) edge
of the QDs, respectively, are lower than the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) of the commonly used organic transport
layers; this leads to much more injection of electrons into
the QDs.[*! The unbalanced injection of different charge car-
riers into the quantum dots (QDs) causes exciton quenching
via non-radiative pathways like Auger recombination!*%! and
field-induced Onsager exciton dissociation.!”! Therefore, QD
charging is one of the main challenges for the efficiency of
QD-LEDs. Replacing the direct charge injection with exciton
transfer mechanisms can be a solution to this problem. For
this purpose, the QDs are incorporated into the host organic
materials so that excitons generated on the host and their en-
ergies are then transferred to QDs via Forster resonant energy
transfer (FRET).[?#! The idea of using polymer: QD blends
can overcome the poor structural stability, such as aggregation
and grain boundaries observed in the QD-only layers, and can

improve the device efficiency.*~!]
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Despite considerable experimental studies on hybrid QD-
LEDs, few theoretical modeling and numerical simulations
have been performed. In previous work,[!?l we introduced a
model for simulating organic light-emitting diodes (OLED)
with organic dopant in the emissive layer, in which the carrier
mobility was described using the Poole-Frenkel model. This
field-dependent mobility model is commonly used to calculate
the mobility of the organic layers doped with organic emitters,
in which the doping percent is generally lower than 1%. In
QD-LEDs that typically have a high percentage of QDs em-
bedded in the organic hosts, the mobility and, consequently,
the current density characteristics, are strongly dependent
on the concentration of QDs. Therefore, the Poole-Frenkel
model, which is not explicitly dependent on concentration,
cannot be a suitable model for describing the carrier mobil-
ity in QD-LEDs.[!3] However, the hopping mobility 4161 is
constructed based on the Gaussian distribution of the density-

[14] mod-

of-states (DOS) '] and the effective transport energy
els, and the dopant concentration is explicitly included in its
formulation. The validity of these models in describing the en-
ergy distribution of organic layers doped with organic dopants
and in calculating the carrier mobility of such films has been

s.1:171 Some similarities between

confirmed in other studie
QDs and organic species in the localization and carrier trans-
port gave us the idea that these models could be successful in
describing the energy distribution and calculating the carrier

mobility of polymer: QD blends. 3]
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In this study, we utilize the hopping mobility model to
calculate the carrier mobility in a polymer layer doped with
different concentrations of QDs, which is used as a blend emis-
sive layer of the hybrid QD-LEDs fabricated by Kang et al.")
To verify the ability of the hopping mobility model to describe
carrier mobility and charge transport in QD-LEDs, the simula-
tion results will be compared with the electrical characteristics
of the fabricated devices. Then, the exciton density profiles
will be extracted based on the continuity equation for singlet
and triplet excitons, and the corresponding luminance charac-
teristics will be calculated and compared with the experimen-
tal data.

2. Theoretical models
2.1. Charge carrier transport model

The conventional framework used to obtain current den-

sity consists of drift-diffusion equations coupled with Pois-

12,18

son’s equation, >8] in which the drift-diffusion equations are

continuity equations of charge carriers, and Poisson’s equation
relates the electrostatic potential to the density of the charge

carrier: (9]

d dy\

dx <8O€rdx> ——‘](P_n)7 (1
dp _ 1dJ,

T g B @
on 1dJ,

% T gdx )

where & is the permittivity of the material; y is the electro-
static potential; g is the charge of an electron; p (n) is the den-
sity of holes (electrons); ¢ is time; J, (J,,) is the current den-
sity of holes (electrons); and R is the recombination rate. We
use the bimolecular Langevin recombination model, in which
R = rpn and r is the recombination coefficient as!?"]

_ 9
'S ee (Lp + tn) “)

where u, (U,) is the mobility of holes (electrons). Charge
carrier mobility in the emissive layer is described separately
in Subsection 2.3. While, for the organic charge-transporting
layers, we use the field-dependent Poole—Frenkel mobility

modelZ

u(E) = no(T)exp (VE/E ). )

where Uy and Ej are the zero-field mobility and characteristic
electric field of the materials, respectively; T is the device tem-
perature; and E is the electric field. Due to the different work
function of the electrodes and possibly the dipole layers at the
electrode/organic interfaces, the relation between the applied
voltage and the electric field should be written in the effective

form(!2]

!
/ E (x) dx = Vapp — Vbiv (6)
0

where [ is the total thickness of the device; Vypp is the applied
voltage; and Vi is the built-in potential as Vi; = (W, — We) /g,
in which W, and W, are the work functions of the anode and
cathode, respectively. ']

Since in this study we consider the steady-state condi-
tions, the time derivatives in the continuity Eqgs. (2) and (3)

should be omitted. Thus, the current density of holes and elec-

trons can be calculated respectively as!®!
d ( Enomo dp
Jp, = — | ——— ) —qgDp,— 7
p q:u’Pp dx( q q )4 dx7 ( )
d (E dn
Jn=auun— ( =2 ) + gD, —, ®
dx q dx

where D), and D, are the diffusion coefficients of holes and
electrons which, by assuming the Einstein relation, can be ex-
pressed as D, = ,kT /q and D, = p,kT /q, respectively;!!?!
k is the Boltzmann’s constant; and the energy levels of the
HOMO and LUMO are represented respectively by Egomo

and Er umo, which can be written as!?

Enomo = — (qW+ xc +Eg) , )
Erumo = — (q¥ + Xc) s (10)

where . and E; are the electron affinity and the energy gap,
respectively. We applied the Maxwell-Boltzmann statistics
to calculate the density of holes and electrons in the organic
charge-transporting layers as!!?!

Enomo — EF,

P = NHomo exp (kTp)’ (11
Eg, — E

n = NLumo exp (FkTwMo> : (12)

where Ef, (EF,) is the quasi-Fermi energy for holes (elec-
trons); and Ngomo (NLumo) is the effective DOS for the car-
riers in the HOMO (LUMO). The discontinuity of the energy
levels of different layers results in an imbalance in the carrier
densities at the interface of layers, which should be considered
as an internal boundary condition when solving the current
density equations. The energy diagram of an abrupt heteroin-
terface is shown in Fig. 1. The electron current density across
the conduction band barrier can be described by thermionic
emission over the barrier and tunneling through it which, by
utilizing the WKB approximation in one dimension?? and
assuming the Boltzmann energy distribution, can be written

as!?3

AE
Jp = —qvp, (14+8)m (0_) X exp (—IIC‘;{MO>

+qvy, (14 8)n (0*), (13)

068504-2



Chin. Phys. B 31, 068504 (2022)

in which
AT?

—_—, (14)
gNLUMO, ,

Vi, =
where v, is the thermal velocity of electrons; A is the effec-
tive Richardson constant for electrons; and & is the tunneling
factor, which represents the contribution due to field emission
and can be calculated by

5_ ! /ELUMO(°+) exp (EUJMO((Mc )

kT kT

X exp (_2” / " /2 (Eromo () — Ex)dx> dE,, (15)
0

J Emin

where E; is the energy component in the x direction, # is the
Planck constant, and m;, is the electron effective mass. A sim-
ilar relation can be written for the thermionic emission bound-
ary conditions of holes.

(1)
AE‘LUMO
ELUMO
EF,nl

Fig. 1. A schematic energy diagram of an abrupt heterointerface.

We treated the contact of electrodes and the organic layers

(12

as a Schottky contact,!'?] in which two components constitute

the carrier current density: the thermionic emission and the

[24,25

tunneling. 1 Thus, the net current density of electrons can

be expressed as
Jn= qVn,sr (nel - neq) +Jn,tun7 (16)

where v, ¢ is the surface recombination velocity for electrons,
ner is the electron density at the cathode, neq is the quasi-
equilibrium electron density at the cathode, and J,, t, is the
tunneling current. The surface recombination velocity and the
quasi-equilibrium electron density can be calculated by!?!

Vasr = 16€06: (kT 1/ ¢, (17)
neq = NLUMO €Xp (— qf?) ; (18)

in which ¢, , is the energy barrier for electrons as!?%!

qE
nb = ¥nb,0 — 5 19
Onb = Pnpo—1/ ImeoE, (19)

where ¢, 1, o is the zero-field energy barrier for electrons. Sim-

ilarly, the corresponding equations for holes can be written.

2.2. Gaussian distribution of DOS in doped organic films

It is well established that there are tail states in the
Gaussian-like DOS of the organic layers, due to structural dis-
order, defects, and impurities.?”) Doping the organic host with
the QD dopants broadens the DOS of the organic host signif-
icantly, and causes the deepest tail states to be filled and de-
activated by charges introduced by the dopants. Arkhipov et
al.l1%17:28] guggested that the broadening of DOS is due to
the Coulomb interaction between ionized dopants and carri-
ers. Their proposed model indicates that the energy disorder
in doped organic materials is mainly due to van der Waals and
dipole—dipole interactions within a system of molecules which
are random in position and orientation. The ions of doped QDs
in organic materials interact coulombically with localized car-
riers in intrinsic hopping sites and give rise to Coulomb poten-
tial fluctuations. Thus, doping of a disordered organic semi-
conductor further increases the energy disorder and will even-
tuate in broadening of the effective DOS distribution. On the
other hand, doping increases the density of carriers that fill
deep localized states and, consequently, raises the Fermi level
and affects the energy gap of the host material. While the for-
mer effect strongly suppresses the hopping rate of carriers, the
latter facilitates equilibrium conductivity. It has been shown
both analytically and experimentally that, at high doping lev-
els (more than 1%), the Coulomb-induced disorder tends to be
saturated and the trap-filling effect dominates. Consequently,
mobility steeply increases with the increasing concentration of
dopants in the heavily doped organic materials./!7-?8]

Generally, charge transport in organic semiconductors is
modeled by carrier hopping within a Gaussian-like energy dis-
tribution, which is a relatively broad system of positionally
random and energetically disordered localized states. When
the QD dopants are incorporated into a random medium, their
hopping sites are also affected by positional and energy dis-
order. In fact, doping of the organic layer with QDs varies
the undoped DOS distribution of the pristine materials, and
properly describing the mobility of carriers needs a strongly
asymmetric distribution, rather than a Gaussian symmetric
distribution.[?3! Therefore, we can realistically describe the
energy distribution of both organic host and QD dopants by

a double-peak Gaussian function as!!4-16]

8v (EP) = &nomo (EP) t8vg (EP)

__Niumo exp ( E; >
-/ 2
2TEGLUMO 20-LUMO

068504-3



Chin. Phys. B 31, 068504 (2022)

Ncs (En+ AEc)?
=2 exp| 2L ) 2D
Varo, "( 20,

where g, (g.) is the total DOS in the valence (conduction)
band; gm0 (€Lumo) 18 DOS of the host HOMO (LUMO);
8vg (8cp) is DOS of the dopant VB (CB); E, = Exomo — E,
E, = E — ELumo; Eaomo (ELumo) is the center of the Gaus-
sian DOS of the host HOMO (LUMO); AEy = Egomo — Evs;
AEc = Ecg — ELumo; Evs (Ecp) is the center of the Gaussian
DOS of the dopant VB (CB); Nyomo (NLumo) is the density
of the Gaussian DOS of the host HOMO (LUMO); Nyg (Ncg)
is the density of the Gaussian DOS of the dopant VB (CB);
Chomo (OLumo) 18 the width of the Gaussian DOS of the host
HOMO (LUMO); and o, (0;) is the width of the Gaussian
DOS of the dopant VB (CB). By assuming the Fermi—Dirac
occupation probability for the equilibrium distribution of the
charge carriers, one can calculate the carrier density in the or-

ganic layer doped with QDs as!!>16]

o0

p=ptpi= [ Ay (E)f(Erp—Ey) (22
+o<)

n=rny+ng= / dEuge (En) f (En—Ern),  (23)

where p (n) is the total hole (electron) density in the valence
(conduction) band; py, (ny) is the hole (electron) density of the
host; pq (nq) is the hole (electron) density of the dopant; and
f is the Fermi—Dirac function.

2.3. Effective transport energy and hopping mobility

Arkhipov et al. developed a variable-range hopping
model based on the Miller—Abrahams equation for the hopping
rate.['®! In this semi-analytical model for the hopping mobil-
ity in disordered organic doped materials, the hopping trans-
port is a percolation problem, in which the average hopping
rate and, concomitantly, the mobility are controlled by carrier
jumps from deeper sites (in which most carriers are localized
in equilibrium) to shallower sites (which play the role of trans-
port states). The carrier hopping rate decreases strongly as the
distance and energy between the starting and target sites in-
crease. Thus, a carrier will most probably jump to a site cor-
responding to an optimized combination of the distance and
energy difference; the temperature, carrier localization radius,
and the shape of the DOS distribution determine the combina-
tions. It has been shown both analytically!'#! and by Monte—

Carlo simulation!?®! that if a DOS distribution is partially filled
|

~2/3

tthy [ Fus
1, = dE,g, (E dE
14 kTp - p V( 17) e

19 Elnn _2/3 Elr,n
Uy = 627?: {/_ dE, g (En)} /_ dE

with carriers, there are the hopping sites, so-called effective
transport levels of the energy Ei;, such that a charge carrier
will most likely jump from a currently occupied state to a hop-

el?8] (see Fig. 2). In other words, effective transport

ping sit
energy can be defined for a Gaussian DOS, at which charge
carriers equilibrate over time after multiple hopping between
the sites.[>”] Tt is shown in Fig. 2 that in a pristine organic ma-
terial with a Gaussian DOS, the distribution of localized carri-
ers has a maximum at the energy of Ey, = —62/kT below the

maximum of the intrinsic Gaussian distribution.[!”]

Energy

B, D _ T E Em T

) S e — e o
Em _ _._: o o _

_ - e
ry - e
KX
> DOS

Fig. 2. A schematic presentation of energy states and carrier transport in the
Gaussian DOS of the organic layer. A sample percolation path of electrons
is shown by arrows.

The effective transport energy for holes and electrons
(Ey,p and Ey; ;) can be calculated respectively bym’m]

Eup

gy (Ep) (Evp—E))° 6
/ e exp [i (Ep,ppf E,,p) IKT] 2 (AT,

(24)

E[r.n
/ dE 8c (En) (Etr,n _En)3
n
1 +exp[—(E, — Ern)/kT]

_6 3
= n(?’nkT) , o (25)

where 1/7, (1/7,) is the carrier localization radius for holes
(electrons). One can acquire the equilibrium hopping mobility
by the procedure starting by using the Gaussian distribution
of DOS described by Egs. (20) and (21); then, by determin-
ing the quasi-Fermi energy of holes and electrons by Egs. (22)
and (23); next, by calculating the effective transport energy
for holes and electrons by Eqgs. (24) and (25); and finally, by
computing the mobility of holes and electrons (1, and ) re-

spectively as!!4-16]

gv(Ep) E,—Ey,
el i () @0
s ) £y~
"1+ exp[(E, — Er.) /KT] eXP( T > @7

where 8 , (¥,,) is the attempt-to-jump frequency of holes (electrons).
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2.4. Exciton continuity equations

The excitons are generated during the recombination of
electrons and holes in the device; they can be annihilated
via several processes. The continuity equations of the sin-
glet and triplet exciton for the QD-LEDs have several gen-

eration/annihilation terms, which can be respectively written
25112301

%S = %R —kiscS +kriscT — kisS — ks S
- I%SSZ +V - (DsVS) — kg8, (28)
d 3
ET = ZR +kiscS — kriscT — ket T — knetT
—krrT? +V - (DrVT), (29)

where the notations are explained in the following: S (7') is the
singlet (triplet) excitons density; ksc is the inter-system cross-
ing constant; krisc is the reverse inter-system crossing con-
stant; ks = NpL/Trs (ker = 1/77) is the radiative decay rate
for singlet (triplet) excitons, in which npr is the photolumi-
nescence quantum efficiency (PLQE) and 7,5 (71) is the sin-
glet (triplet) excitons’ lifetime; kpnrs (k) is the non-radiative
decay rate constant for singlet (triplet) excitons; kss (kTT) is
the bimolecular annihilation constant for the singlet—singlet
(triplet—triplet) exciton annihilation process; Ds = l%s /s
(Dt = I%T /Ter) is the singlet (triplet) exciton diffusion coef-
ficient, in which Lpg (Lpt) is the singlet (triplet) exciton dif-
fusion length; and kp is the FRET rate, which is discussed
separately in Subsection 2.5. We neglect the exciton quench-
ing due to the diffusion of metallic atoms of the cathode into
the adjacent organic layers, because of its small effect on the
exciton density in the organic charge-transporting layers.

For the blend emissive layer, the contribution of QD
dopants to the continuity equations of the singlet and triplet

excitons should be considered as[!2!8]
0 1
ESd = ZRd — kis,dSd — knrs,aSd + kgS, (30)
0 3
gTd = ZRd — ki, aTa — ket a T4, 3D

where Sq (7y) is the singlet (triplet) excitons density of
dopants; ks ¢ = Nprd/ Trs.a (kera = 1/Tr,0) is the radiative de-
cay rate for singlet (triplet) excitons of the dopants, in which
Nprd is the PLQE and %54 (Ti1,4) is the singlet (triplet) ex-
citon lifetime of the dopants; and kns 4 (kneT,a) is the non-
radiative decay rate constant for singlet (triplet) excitons of
the dopants. The Langevin recombination rate at the host
molecules in the emissive layer is determined using the car-
rier density in the host as Ry, = rppny while, to determine the
Langevin recombination rate at the dopants, the carrier den-
sity in the dopant should be considered as Ry = rpgng. Thus,
there are two recombination rates at the emissive layer: one

for the host molecules and another for the QD dopants. In this
study, we neglect the dopant exciton diffusion and the dopant
concentration quenching in the continuity equations of dopant
excitons due to the presence of ligands and the relatively large
distance between the QDs.

2.5. Forster resonant energy transfer

As mentioned in the introduction, we aim to activate and
enhance the energy transfer to the QDs via FRET instead of
the exciton forming on them. The rate of FRET between a
donor and an acceptor located at a distance d can be expressed

31]
1 /Re\®
kp=— | — 32
F T(d>7 ()

as[

where 7 is the fluorescence lifetime of a donor in the absence
of an acceptor. The parameter denoted by Rp is called the
Forster radius, the critical distance at which the probability
of the radiative emission and energy transfer of the donor are

equal,!'? and can be calculated by[3!]

Re = 0.02108 [®npLn*7]""® (in nm), 33)

where k2 is the orientational factor (2/3), n is the refraction
index of the layer, npy is the PLQE of the donor fluorescence
in the absence of the acceptor, and J is defined as the overlap
integral between the emission spectrum of the donor and the
absorption spectrum of the acceptor, which can be calculated
as follows: 3!

7= [ fo(ea(d)2'd, (34)

where fp is the normalized fluorescence of the donor, € is
the molar extinction coefficient of the acceptor, and A is the
wavelength. It is deduced from Egs. (32)—(34) that the spectral
overlap between the donor emission and the acceptor absorp-
tion spectra is a prerequisite for the FRET.

2.6. Luminescence model

When the singlet and triplet exciton profiles of the device
(i.e., the exciton density in a linear direction perpendicular to
the center of the layers) are obtained using the exciton conti-
nuity equations, the luminescence characteristics of the device
can be calculated. For this purpose, we use a model whose
ability to accurately describe the luminance characteristics of
the light-emitting devices has already been validated. The lu-
minance of the QD-LED can be calculated in the photometric
unit (candelas per square meter cd/m?) as!!>32!

683 .
L= 22y )
TC b

1
x /0 (kisS+ kis.aSa + ke T + keraTy) dx, (35
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where hv specifies the energy of emitted photons; ngy, is the
refractive index of the substrate; 7M,ps contains the efficiency
loss due to absorption and light confinement in the layers; and
V (A) denotes the luminous efficiency function or eye sensi-
tivity function.

3. Device structure

To evaluate the ability of this model to describe the
electrical characteristics of QDLEDs, the measured data of
a QD-LED (fabricated by Kang et al.l”!) were taken as a
reference device, and calculations were performed for its
The fabricated de-
vice consists of an anode, a hole injection layer (HIL), a

structure with different concentrations.

R —
LiF /Al (EIL/Cathode)
150 nm
Alqs (ETL)
30 nm /O
PVK: CdSe-QD (EML) o
40 nm )
[©)

poly-TPD (HTL)
45 nm
PEDOT:PSS (HIL)
25 nm
ITO (Anode)
150 nm

Glasss substrate

(c)

Tris(8-hydroxyquinolinato)aluminum (Algs)

A

Poly(N-vinylcarbazole) (PVK)

hole transport layer (HTL), a blend emissive layer (EML),
an electron transport layer (ETL), an electron injection layer
(EIL), and a cathode, respectively, as shown in Fig. 3(a).
is detailed
as: indium tin oxide (ITO)/poly(3,4-ethylene dioxythio-
phene):poly(styrene sulphonate) (PEDOT:PSS)/poly(N,N’-

The device structure, from anode to cathode,

bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine) (poly-
TPD)/poly(N-vinylcarbazole) (PVK):CdSe-QDs/tris(8-
hydroxyquinolinato)aluminum (Algz)/lithium fluoride

(LiF)/aluminum (Al). A schematic energy diagram of the
hybrid QD-LED is presented in Fig. 3(b), and the chemical
structures of the organic materials used in the devices are
presented in Fig. 3(c).

(b) —1.9eV
—2.3 eV —2.4 eV
—2.7 eV 98V
LiF/Al
PEDOT:PSS| poly-TPD| PVK Alqgg
—4.4 eV
ITO
v CdSe-QD
—5.1eV —5.2 eV
—5.4 eV 55V
—6.7 eV

4O——Ot

Poly(N,N’-bis(4-butylphenyl)-N,N'-bis(phenyl)benzidine) (poly-TPD)

o

OSO OSO

Poly(3,4-ethylene dioxythiophene):poly(styrene sulphonate) (PEDOT:PSS)

Fig. 3. (a) and (b) The structure and a schematic representation energy diagram of the hybrid QD-LEDs, respectively. (c) Chemical structures of the organic

materials (Alg3, poly-TPD, PVK and PEDOT:PSS).

To prepare the EMLs, the TOPO CdSe-QDs (Nanosquare
Inc., Korea) with emission wavelengths of 530 nm (corre-

sponding to the 2.6 nm CdSe-QDs[*¥) as monochromatic

emitters and PVK (Sigma-Aldrich Co. LLC) as the host ma-
trix were used by the spin-coating method.[”! PVK has shown

great capability to incorporate QDs and, over the last decade,
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many researchers have focused on designing hybrid QD-LEDs
based on the PVK:QD emissive layer.[>3*40] The attained
concentration ratios of the EMLs, in the form of PVK:CdSe-
QDs, were 1:0.5, 1:1, and 1:2, which are denoted as devices A,
B, and C, respectively. The optical characteristics of the mate-
rials used in the EML are represented in Fig. 4, which shows
the PL spectra of the PVK and the absorption of the CdSe
nanocrystals. There is a clear spectral overlap between the
emission of PVK and the absorption of CdSe QDs, suggesting
the possibility of efficient FRET from PVK molecules to CdSe
nanocrystals. By calculating the overlap integral (Eq. (34)) us-
ing the measured spectra of the PVK emission and CdSe ab-
sorption and then inserting it into Eq. (33), the Forster radius
was defined as Rg ~ 9.4 nm.

— PVK PL
— QD absorption

1.00

0.75

0.50

0.25

Intensity (arb. units)

I
400 500 600

Wavelength (nm)

Fig. 4. The PL spectra of the PVK!l and the absorption of the 2.6 nm CdSe
QDs,m] normalized to one.

4. Numerical solution methods

Due to the simple device geometry (Fig. 3(a)), there is a
lateral invariance which causes the state variables to have con-
stant values in a certain monolayer parallel to the electrodes.
Thus, it is principally sufficient to use a one-dimensional de-
vice modeled along an axis perpendicular to the center of the
layers, starting from the anode and ending at the cathode. ]
The Scharfetter—-Gummel method**! is used to discretize the
space to solve the coupled, non-linear, and partial differen-
tial equations described in the theoretical models (Egs. (1)—
(3); (7) and (8); and (28)—(31)). This discretization method
converts the continuous nature of the problem to a discretized
non-linear algebraic system that has roughly the same behav-
ior. The discretized system was solved using Newton’s iter-
ative method!*! so that an estimated solution becomes more
accurate consecutively, and the procedure was continued until
the convergence criteria were satisfied.!!?! The applied voltage
to each electrode starts at zero bias and increases stepwise. At
each bias point, the charge carrier density profile, the extent of
the Langevin recombination rate, and the exciton density pro-
file are calculated; then the current density and luminance are
obtained based on them.

5. Simulation results and discussion

The essential parameters for simulating the carrier trans-
port are the energy levels (electron affinity and energy gap of
the organic materials, and work functions of the electrodes),
permittivity of the materials, DOS of the carriers, and the car-
rier mobility parameters. The energy levels and permittivity of
the organic layers are shown in Table 1, which are taken from
experimentally measured data.[**=?] The work function of the
ITO and LiF/Al are 4.7 eV and 2.8 eV, respectively.>34
In this study, the DOS of the carriers in the HOMO and

LUMO, Nygomo and N umo, are taken as 1 x 1020
18]

cm~3 for
all materials.!

The carrier mobility in the organic layers is cal-
culated by the Poole—Frenkel model using the parame-
ters listed in Table 2, which are taken from experimental
measurements. '8-3561 This model cannot describe the depen-
dence of carrier mobility in the EML on the concentration
of QDs. For the EML, we used a proposed model based on
the Gaussian distribution of energy states''®! and the effective

[14

transport energy,!!'¥ called the hopping mobility model.

Table 1. The energy levels and the permittivity of the organic layers.

Electron affinity Energy gap Permittivity
Xe (eV) Eg (eV) &
PEDOT:PSS 2.7 2.4 22
Poly-TPD 2.3 2.9 35
PVK 1.9 35 3.0
Algs 24 3.1 33

Table 2. The input values used to describe the carrier mobility in the organic

layers.
Hon Eon Hop EOp
(cm?/V-s) (Vicm) (cm?/V-s) (V/cm)
PEDOT:PSS 1.00x107° 1.08x10* 240x107° 227x10*
Poly-TPD  1.00x 107™° 1.08x10* 1.70x 1073 251 x 10*
Algs 1.51x 1077 1.01x10* 9.16x 1071 1.09x 10*

Density, width, and the center of the Gaussian peak of the
host and dopants are necessary to form the Gaussian energy
distribution in the EML and can greatly affect the resulting
hopping mobility. Based on the results of research on the size
and ligand effects on the DOS of CdSe nanocrystals,>=]
we deduce that the QDs used in this study have a Gaussian-
like peak in the CB with an energy of Ecg = 2.2 eV and a
Gaussian-like peak in the VB with an energy of Eyg = 5.6 eV.
On the other hand, the PVK HOMO and LUMO energy lev-
els are measured!® at Egyomo = 5.5 eV and Ep ymo = 2.2 eV.
Therefore, the QD’s CB peak is aligned with the PVK HOMO
peak, and the center of the QD’s VB peak is 0.1 eV outside
the PVK gap. After estimating the location of the center of
the Gaussian peaks for the host and dopants, we proceed to
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determine its width and density. Typical values for effec-
tive width (o) and density (N) of the Gaussian peaks to de-
scribe energy distribution of the doped polymers have been
reported in the ranges of 0.03 eV-0.15 eV and 10" cm—3-

10?2 cm—3, respectively,!1617:28]

considering that Opopants >
OHost and NHost > NDopants-

We optimized the density and width of Gaussian peaks
of the host and dopants to obtain an appropriate description
of DOS that could fit the current—voltage results to the exper-
imental data of the reference device. In fact, to evaluate the
capability of the proposed model to describe the mobility of
organic layers doped with QDs, we used the phenomenologi-
cal fitting of the simulation results. At the beginning we fol-
lowed the parameters of the host material, using experimental
results for the undoped device.!”) A PVK film has a density of
1.2 g/em3[61:621 and a molecular weight of 193.24 g/mol,[63:64]
so its molecular density is about 3.7 x 10>! cm™3. With this
initial guess for the density of host states and by comparison
with current—voltage characteristics of the undoped device, the
optimal values of the density and width of the Gaussian peak
of PVK were obtained as 4.6 x 102! cm=3 and 0.036 eV, re-
spectively.

Then, we sought the parameters needed to correctly de-
scribe the Gaussian peak of QD dopants in devices A-C. It

should be noted that, for the preparation of EML in each de-
vice, a certain weight ratio of host and dopant was used to
prepare a solution in the form of PVK:CdSe-QD and then
this solution was spin-coated. Therefore, using the density of
2.6 nm CdSe-QD (about 2.4 g/cm?) and the PVK density, one
can convert the weight ratio of EMLs to the corresponding
volume ratio. The volume percent of CdSe-QDs in the EML
of devices A—C can be calculated as 20%, 33.3%, and 50%,
respectively, which we call the volume percent constant and
denote as c,,. We applied the effect of doping on the DOS
of EML in Egs. (20) and (21) by multiplying the Gaussian
peak densities of the dopant and host in ¢y, and (1 —c,, ), re-
spectively. Given that ¢, = 20% and by fitting the simulated
results of the current—voltage characteristics to the experimen-
tal data of the reference device A, we obtained the density
and width of the Gaussian peak of QD dopants as 0.075 eV
and 2.9 x 10%? cm~3, respectively. By fixing the Gaussian
peak width of QD dopants and varying its density by a volume
percent constant, we fitted the current—voltage characteristics
of devices B and C to their corresponding experimental data;
therefore, the volume percent constants for devices B and C
were obtained as 36.6% and 53.8%, respectively. The parame-
ters required to describe the double-peak Gaussian distribution
of the EML of devices A—C are listed in Table 3.

Table 3. The input values used to describe the double-peak Gaussian DOS of the PVK host and QD dopants in the EML of devices A-C.

Nuomos NLumo® (cm™) Ohomo> Oumo (€V) Cyp Nyg, Ncg® (em™3) Oy s Oy (€V) AEy (eV) AEc (eV)
Device A 3.7 x 10%! 0.036 20% 5.8 x 107! 0.075 —0.1 0
Device B 2.9 x 10%! 0.036 36.6% 10.6 x 10*! 0.075 —0.1 0
Device C 2.1x10%! 0.036 53.8% 15.6 x 10%! 0.075 —-0.1 0

ANgomo = NLumo = (1 7CVP) X (4.6 x 102! cm*3), bNVB = NcB = Cyp X (2.9 x 1022 cm*3).

The distribution of energy states in the EML of devices
A-C was constructed by using the parameters listed in Table 3
and Egs. (20) and (21), and the corresponding double-peak
Gaussian graphs are presented in Fig. 5. Each of the conduc-
tion peaks in this figure is the result of overlapping two peaks:
one to describe the DOS of the PVK, and the other to describe
the DOS of the CdSe-QDs. Meanwhile, the valence peaks of
the host and dopants are separated by 0.1 eV. Then, we calcu-
lated the Fermi energy, the effective transport energy and the
hopping mobility of the EML by utilizing Egs. (22)—(27). In
this study, the carrier localization radius (1/7) in Egs. (24) and
(25), and the attempt-to-jump frequency (%) in Egs. (26) and
(27), are taken as 0.2 nm and 8 x 1012571, respectively.“6’28]

The measured current density characteristics of the fab-
ricated devices A—C are compared to the numerical results in
Fig. 6. It can be seen from the figure that the turn-on voltage
(Vo) of the hybrid QD-LEDs decreases when the CdSe-QD
concentration increases from 0.5 wt% in device A to 1 wt% in
device B; then, when the concentration increases to 2 wt% in
device C, it demonstrates counterproductive behavior and Vi,

tends to move strongly towards higher voltages.

" L.oF ---- Device A
% g — Device B
3 Device C
o
. 5 057
B
[=Ne)
QO
AT
1 1 1 Z 1 a
—-0.4 -0.2 0 0.2 3.2 3.4 3.6 3.8

Energy (eV)

Fig. 5. Double-peak Gaussian DOS of the PVK and CdSe-QDs in the EML
of devices A-C with 1:0.5, 1:1, and 1:2 weight ratios of PVK:CdSe-QD, re-
spectively.

To investigate how carrier mobility has influenced the cur-
rent density of devices A—C, the mobility of electrons and
holes, calculated by Egs. (26) and (27), is shown in Fig. 7.
It can be seen from the graph that the electron mobility in-
creases when raising the concentration of QDs, although its
behavior is not linear. On the other hand, as the concentration
of QDs rises from device A to device B, the hole mobility also
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increases; but when further raising the concentration of QDs,
the hole mobility decreases sharply. Therefore, the construc-
tive and non-constructive effect of the concentration of QDs
on the current intensity characteristics of the devices is mostly
attributed to changes in the hole mobility and slightly due to
the electron mobility.

Device A Exp.

2008 g Device A Num.

Device B Exp.
1504 —— Device B Num.
Device C Exp.

—— Device C Num.
1001

50 1

Current density (mA /cm?)

Voltage (V)

Fig. 6. The comparison between the measured current density characteristics
and the numerical results of the reference devices A—C with 1:0.5, 1:1, and
1:2 weight ratios of PVK:CdSe-QD, respectively.

—m— e mobility
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Fig. 7. The calculated electron and hole mobility of devices A-C with differ-
ent concentrations of CdSe QDs in the EML.

The effect of QD concentration on the hole mobility and
current density can be explained by the distribution of energy
states in the EML of hybrid QD-LEDs. In fact, enhancement
of the QD concentration broadens the DOS of the EML and
progressively creates many hopping sites inside the gap. In-
creasing the QD concentration also enhances the density of
charge carriers, while the energy distribution of trapped carri-
ers becomes shallower. This situation results in a higher aver-
age jump rate and sharply increasing mobility.['”-?8] Accord-
ing to Fig. 5, the Gaussian energy distribution of QDs in de-
vices A and B causes the PVK Gaussian peak to be higher and
wider. Therefore, increasing the concentration of QDs from
device A to device B improves the hole mobility. In device
C, we face a different situation; although, when increasing the
QD concentration in the EML as PVK:CdSe-QD from 1:1 in
device B to 1:2 in device C, there is a growth in the peak of the

host material, but the excessive growth of the QD peak shifts
the effective transfer energy to out of the gap. Therefore, the
energy distribution of trapped carriers becomes deeper, which
leads to steeply decreasing hole mobility. From an experimen-
tal point of view, the drastic regression in the electrical effi-
ciency at a higher doping concentration can be attributed to the
aggregation of QDs and the formation of grain boundaries. It
is worth noting that we did not find a way to methodically vary
the parameters of other models to describe the dependence of
carrier mobility on the concentration of dopants in the blend
layer, so we could not compare the results of our proposed
model with the other models.

In the following, the effect of QD concentration on the
luminescence efficiency of QD-LEDs is investigated by cal-
culating the luminance characteristics of the devices. For this
purpose, a model based on the exciton density in the device
was used, which was successfully validated for OLEDs in our
previous study.!'?! Of course, here we also included the con-
tribution of triplet excitons in the model due to the presence of
QDs. The formation of excitons in the device takes place dur-
ing the recombination process. The recombination rate in the
EML of devices A—C was calculated based on the Langevin re-
combination model, and the resultant profiles at V,p,p, = 16.5V
are shown in Fig. 8. According to the figure, we find that the
rate of exciton formation in PVK molecules is much higher
than QDs, which indicates a slight direct charge injection into
the QDs. Then, using Egs. (28)—(31), the exciton densities in
the organic host and QD dopants were calculated; the resultant
profiles at Vyp, = 16.5 V are presented in Fig. 9. It is clear in
this figure that the exciton density in the host is several times
lower than in the dopants. Therefore, from the results of the
recombination rate and the exciton density, we can conclude
that the excitons mainly form at the host molecules and are
well transferred to the QDs during the FRET process. Both
the recombination rate at the host and the exciton density in
the QDs are higher in device B than in the other two devices,
which ensures higher luminescence efficiency.

—— Device A
— Device B
1020 L— Device C

Recombination rate of the organic host

/X

[

U

10" -

Recombination rate of the QD dopants

n
Ll [
iy

1010 -

10

N NS — S

Recombination rate (cm~3s71)

0 10 20 30 40

Position (nm)

Fig. 8. Recombination rate profiles in the EML of devices A-C at Vyp, =
16.5 V, separately for the organic host and the QD dopants.
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Table 4. Parameters of PVK (host) and CdSe-QDs (dopants) for the calculation of exciton density.

MpL Ts (ns) Lps (cm) kss (cm*-s~") Tt (ns) Lpr (cm) krr (em? -5~ 1)

PVK 0.42 8.3 8.9x 1077 2.0x 10710 800 6.3x 1076 1.6x 10710

CdSe-QDs 0.35 9.0 - 3.0x1078 9.2 - 42x 10711
102 — Device A bxciton density of the QD dopants these mechanisms when calculating the luminance of devices.
—— Device B It can be seen from Fig. 10 that, similar to the current den-
o 10*" |- — Device C sity characteristics, device B has much higher luminescence

g 1018 efficiency than the other two devices at any applied voltage.

;:; 100 \ } Despite the advantages of QD-LEDs, such as easy tun-
2 ing of the emission color by adjusting the particle size, sat-
"E 10* - Bxciton density of the organic host urated color purity, and a low-cost solution-processed fabri-
2 1012k cation method, their luminance characteristics are generally
5 Lol lower than those of OLEDs. Although, with the incorporation
of CdSe QDs within the PVK matrix in the reference devices
10%F . . . . . and by optimizing the QD concentration, one of the major

Position (nm)

Fig. 9. Exciton density profiles of devices A—C at Vypp = 16.5 V, separately
for the organic host and the QD dopants. Parameters of the PVK (host) and
CdSe-QDs (dopants) for the calculation of exciton density.
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Fig. 10. The comparison between the measured luminance characteristics
and the numerical results of the reference devices A—C with 1:0.5, 1:1, and
1:2 weight ratios of PVK:CdSe-QD, respectively.

Based on the exciton density profiles and from Eq. (35),
the luminance characteristics of devices A—C were calculated;
the results are compared to the experimental data of the refer-
ence devices in Fig. 10. An accurate description of the carrier
mobility and subsequently obtaining the proper density of the
carrier and exciton in the device made it easy to fit the lumi-
nance characteristics of the devices to the experimental data.
The required parameters for calculating the exciton density in
the PVK host and CdSe-QD dopants are listed in Table 4. It
has been confirmed that in the PVK, the contribution of inter-
system crossing and reverse intersystem crossing mechanisms
to the relaxation of singlet excitons is negligible, and the ef-
ficient mechanism is FRET.[%] In the simulation of similar
devices, the non-radiative decay rate constants for singlet and
triplet excitons have also been set to zero due to their negli-
gible effect on exciton density.[*"! So, we ignored the rate of

causes of the low efficiency of QD-LEDs (i.e., the aggregation
and grain boundary of the QDs) has been improved; it can be
said from Fig. 10 that the luminance of devices A—C are still
lower than common OLEDs. In fact, the external quantum effi-
ciency (EQE) of QD-LEDs is limited by the PLQE of the QDs
in a thin film. By employing material with a higher PLQE,
the EQE should proportionally increase.!”) Surface modifica-
tion methods, such as polymer encapsulation, surface grafting,
and ligand exchange, can improve the PLQE of the QDs up to
30% due to better packing of the QD surface and passivation

66,671 Another solution for the

of the PL quenching defects.!
poor PLQE of QDs is the shelling of inorganic atomic layers
with a wider bandgap on the surface of core QDs, which en-
hances the PLQE by effectively reducing the nonradioactive
recombination.[%® Although the PLQE of core-only QDs has
been reported to be lower than 50%, the best reported values
of PLQE are around 80% for inorganic-shelled QDs, which
is competitive with organic species. Another important factor
that has an influence on the device efficiency is the arrange-
ment of energy levels, which controls the density of charge
carrier in the layers. The energy diagram of the QD-LED
should be designed to maximize the amount and alignment
of different charge carriers in the emissive layer, which im-
proves the exciton formation rate and, consequently, the lumi-

nescence efficiency of the device. ]

6. Conclusion

A comprehensive numerical framework for the electri-
cal and optical simulation of hybrid QD-LEDs, with a blend
emissive layer consisting of an organic matrix and differ-
ent concentrations of QD dopants, was investigated. The
ability of the proposed model to describe the current den-
sity and luminance characteristics of QD-LEDs was evaluated
by comparing and fitting the simulation results to the mea-
sured data of the reference device as ITO/PEDOT:PSS/poly-
TPD/PVK:CdSe-QDs/Alqs/LiF/Al with different concentra-
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tions of QDs in the emissive layer. To describe the electrical
characteristics of the devices, a hopping mobility model was
constructed based on the Gaussian distribution of DOS and the
effective transport energy models. The results show that the
proposed model based on hopping mobility can correctly de-
scribe the concentration-dependent electrical behavior of QD-
LEDs. Then, based on the continuity equation for singlet and
triplet excitons, the exciton density profiles of QD-LEDs were
extracted and the corresponding luminance characteristics of
the devices were calculated. The results of the luminescence
model are in good agreement with the experimental data of the
reference devices. It is concluded that the proposed framework
can be successful in describing the transport of charge carriers
and excitons in QD-LEDs. So, we adapted the hopping mo-
bility model to calculate the carrier mobility in the polymeric
emissive layer blended with QDs, and successfully evaluated
the model efficiency by comparing the numerical results with
the experimental data. The proposed model could be a way to
fill the research gap in the field of simulation of hybrid QD-
LEDs that have a blend emissive layer.
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