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Charge Transport in Blue Quantum Dot Light-Emitting

Diodes
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Although quantum dot light-emitting diodes (QLEDs) are extensively studied
nowadays, their charge transport mechanism remains a subject of ongoing
debate. Here, the hole transport in blue quantum dots (QDs)
(CdZnSe/ZnSe/ZnS/CdZnS/ZnS based) is investigated by combining
current-voltage and transient electroluminescence measurements. The study
demonstrates that the hole transport in QD thin films is characterized by a
trap-free space-charge-limited current with a zero-field room temperature
mobility of 4.4 X 10~"" m? V=" s~1. The zero-field hole mobility is thermally
activated with an activation energy of 0.30 eV. Applying the Extended

Without an accurate description of
charge transport, the degradation pro-
cess of QLEDs cannot be quantified.

Previously, extensive studies on the
charge transport of quantum dots (QDs)
were carried out and different trans-
port mechanisms were proposed.l]
On one hand, it was suggested that
the charge transport is band-like. An
increase in both the linear and satura-
tion mobility in field-effect transistors

Gaussian Disorder model provides a consistent description of the QD hole
current as a function of voltage and temperature. The QD hole mobility is
characterized by a hopping distance of 2.8 nm in a Gaussian broadened

density of states with a width of 0.12 eV.

1. Introduction

Quantum dot light-emitting diodes (QLEDs) are considered as
the next-generation display technology due to the wide color
gamut, pure color emission, large-area solution processability,
and excellent size-dependent properties. However, the relatively
low stability of such devices, especially blue QLEDs, suppresses
their commercialization. For the improvement of device stabil-
ity, it’s critical to understand the degradation mechanism behind.
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(FET) was observed with decreasing
temperature, Which is the hallmark of
band transport.?] A similar result has
also been obtained from the temperature
dependence of the photoconductance.l’!
It should be noted that in both mea-
surements, the reported mobility of
QDs is >10 cm? V! s7!, indicative of
strongly coupled and doped QDs. In such high-mobility QDs, a
transition in the temperature dependence of the charge transport
is observed; at high temperatures, the mobility increases with de-
creasing temperature, while at low temperatures, the mobility de-
creases with decreasing temperature. This has been attributed to
a reduction in carrier concentration due to the presence of shal-
low traps. At high temperatures, all carriers can escape from the
traps such that all carriers can be considered as free, and band-
like transport is observed. At low temperatures the carrier con-
centration is reduced when lowering the temperature due to en-
hanced trapping, leading to a decrease in the transport thus lead-
ing to a transition in the transport mechanism.[?! It should be
noted that such a decrease is often expressed in terms of an ef-
fective mobility, although it stems from a decrease of the carrier
concentration. Furthermore, Lan et al. use the fact that the ra-
tio of electric Hall mobility (u.y.;) and FET mobility (t.ppr) is
close to unity to explain the delocalization required for band-
like transport.l*] However, a ratio close to unity can also be ob-
served for ions in electrolytes, and this result alone can there-
fore not prove delocalization in QDs. As an alternative to the
above-mentioned classical band-like transport including traps,
phonon-assisted small polaron hopping models have been pro-
posed based on theoretical simulations, but extensive experimen-
tal verification is still lacking.!®]

Alternatively, in the case of QDs without strong coupling and
mobility significantly <10 cm? V= s~!, hopping transport is con-
sidered to be appropriate. The observed temperature dependence
of the conductivity in such QD films was attributed to the fact that
the energy landscape of a QD array is inherently disordered.[®]
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Minute variations in the size, shape, and position of the nanocrys-
tals result in differences in the energies of electrons (or holes) oc-
cupying the quantum-confined orbitals. In such disordered sys-
tems, charge transport is expected to take place via the variable-
range hopping mechanisms.[*7) Apart from the temperature de-
pendence, Yu et al. found that the charge transport in quantum
dots also depends on the applied electric field.®] By studying the
dependence of conductivity on temperature and electric field in
n-type doped QD thin films, the charge transport characteristics
of QD thin films were described. However, from conductivity
measurements, it is hard to disentangle the effects of carrier con-
centration and charge carrier mobility. Instead of measuring the
conductivity of QD thin films, Mentzel et al. investigated charge
transport in a field-effect transistor.[! By characterizing the cur-
rent as a function of electric field and temperature, it was shown
that QD solids are well described by a hopping model. However,
the field dependence of hole mobility was not discussed. Fur-
thermore, the annealing temperature appears to have some in-
fluence on the QD transport mechanism in FET devices.['”) QDs
may melt or sinter at elevated temperatures, potentially causing
alterations in the charge transport mechanisms within the QD
structure. Further research is needed to draw conclusive results.

In addition to the aforementioned investigations conducted
using FET devices or conventional thin films, there have been
research efforts focusing on QD charge transport in the context
of QLEDs. Ginger et al. studied the current-voltage characteris-
tic of CdSe-based QLEDs with different electrode materials, QD
sizes, and temperatures.'!l By fitting the current-voltage char-
acteristic of QLEDs with a space-charge-limited current (SCLC)
model considering deep traps, the electron mobility and trap den-
sity of the QD thin films were obtained. Furthermore, Hikmet
et al. also obtained electron mobility and trap density of a QD
layer by fitting the current-voltage characteristics of the QLED
with a SCLC model.'”] However, in a QLED, the transport is
bipolar, meaning it is dependent on both hole and electron trans-
port. Furthermore, in such bipolar devices, the recombination
process also strongly affects the device current. Therefore, it is
hard to disentangle and understand the individual contributions
of the electron or the hole transport and recombination by fit-
ting the current density-voltage (J-V) characteristic of a bipolar
device.

To understand the hole transport in QD thin films we fabricate
hole-only devices based on Cd,Zn,,Se/ZnSe/ZnS/CdZnS/ZnS
QDs similar as used in conventional QLED devices. We inves-
tigate the charge transport in thin films and its dependence on
electric field and temperature. We find that at low voltages the
current depends quadratically on voltage, which is a fingerprint
of a space-charge-limited current. By transient electrolumines-
cent measurements, we confirm that the obtained SCLC room
temperature mobility of 4.4 x 107! m? V-1 s71 is not affected by
trapping. Furthermore, the mobility is thermally activated with
an activation energy of 0.30 eV, characteristic for hopping trans-
port in a disorder broadened density of states. The extended
Gaussian Disorder model (EGDM) is applied to model the J-V
characteristics over the full voltage regime and provides informa-
tion on the electric field, temperature, and charge carrier density
dependence of the hole transport in QD thin films. This quan-
tification will strongly support the understanding of the perfor-
mance of QLEDs and their degradation process.
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Figure 1. Device structure of hole-only devices: ITO/PEDOT:PSS/
QDs/MoO;/Al.

2. Results and Discussion

In this work, we fabricated hole-only devices based on
QDs with a device structure conmsisting of indium tin ox-
ide (ITO)/PEDOT:PSS/QDs/MoO;/Al. The QDs wused to
fabricate the devices have a core/shell/shell structure of
Cd,Zn, Se/ZnSe/ZnS/CdZnS/ZnS with a diameter of ~6 nm.
The outer thick shell of ZnS with a wide band gap, along with
the use of capping ligands oleic acid (OA) and 1-dodecanethiol
(DDT) as surface passivated materials, can enhance the stability
of quantum dots (QDs). The thickness of the QD layer in the
device was controlled at ~#110 nm to obtain an appropriate
current density. To derive the charge transport properties of the
QDs directly, we did not use any additional charge transport
layer in the devices. For the hole-only devices, a huge electron
injection barrier was formed by evaporating a layer of MoO, with
a high work function on the QD layer. Furthermore, the work
functions of the electrodes on both sides of the device are close
to the valence band of the QDs, thereby preventing electron
injection so that we can selectively study the bulk transport
properties of holes in the device. The J-V measurements are
performed in a nitrogen atmosphere in a temperature range of
217-297 K.

The device structure and energy diagram are shown in
Figure 1. The energy level of QDs is determined by cyclic
voltammetry in degassed dichloromethane solution at room
temperature and the low-energy cutoff wavelength of the ab-
sorption spectrum (Figure S1, Supporting Information). To
achieve efficient hole injection the high work function elec-
trode MoO; (6.1 eV) is applied. The hole-only devices thus
comprised a single layer of QD material sandwiched between
a PEDOT:PSS bottom electrode and a MoO,/Al top electrode
(Figure 1).

In Figure 2a the log-log J-V characteristic is shown for positive
bias, corresponding to hole injection from the MoO; contact.
From the slope of the log] — logV plot (Figure 2a), we observe
that the current density | depended quadratically on the voltage
V at low bias voltage. This behavior is the characteristic of a

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

85U8017 SUOWIWOD SA[Ea.D 3dedtdde au Ag peusenob a1e sajole YO ‘9Sh JO Sa|nI Joj Akeiqi8UIJUQ AB]IA UO (SUONIPUOD-PUE-SWS)ALI0O"AB | 1M Aled 1[Bul [UO//:SANL) SUOIPUOD Pue SWLB | 8U1 89S *[202/TT/02] U0 Akeiqi8ulluO A8]IM ‘YoIessay JBWIA|Od SSE Id I Ad Z¢T00rZ0Z W e/Z00T 0T/I0p/wod A& 1M Aeiq1jeul|uo//sdny woij pepeojumod ‘TT ‘%202 *X09T66TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC
MATERIALS

Open Acces:

&

www.advancedsciencenews.com

10°% p— .
(a)

Current Density (A/m?)
e

—
e
T

O Hole current
—— Fit with solpe=2

0.1 1
Voltage (V)

-
(=]
N

(b)

8]
‘O' ]
- )
® 63.5nm

1022 o e 110 nm
® 130 nm

10-23 1 1
0.1 1

Voltage (V)

Figure 2. a) Current density J versus voltage V of a hole-only device with
thicknesses L = 110 nm, measured at room temperature. The solid line
represents the calculated SCLC (Equation (1)) with p (0)= 4.4 x 107"
m? V=1 s71.b) JL3-V curves of hole-only devices of different thicknesses.

space-charge-limited current, with the current density described
by the Mott-Gurney law, 3]

2
] =3 eEnts M
with €, the vacuum permittivity, ¢, the relative permittivity, p the
mobility (here the hole mobility), V the voltage and L the thick-
ness of the QD layer. The observation of space-charge-limited cur-
rent enables us to obtain the charge carrier mobility directly from
the J-V characteristics. The calculated (low field) charge-carrier
mobility u(0) is 4.4 x 1071 m? V-1 s71. In order to further con-
firm whether the injected hole currents are truly space-charge
limited, it is imperative to examine the thickness dependence of
the hole current. Figure 2b shows the JL3-V curves of three hole-
only devices of different thicknesses. Since the measurements
converge onto a singular curve, this observation suggests that
the current inversely correlates with the cube of the layer thick-
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ness. Combined with the quadratic dependence on voltage this
unequivocally confirms that the injected current is space-charge
limited.

However, a fundamental question remains, namely whether
the obtained mobility is a drift mobility or an effective mobility. In
the case of shallow hole traps the current-voltage characteristics
are given byl

2
] =3 e 0uts @)
where 6 represents the proportion between the free hole carrier
density p and the total injected hole density p+p,, where p, is the
density of trapped holes that do not contribute to the current.
The product Oy is typically termed “effective mobility”. Also, this
trap-limited J-V characteristic exhibits a quadratic voltage depen-
dence and inverse cube law on sample thickness, similar to the
classical SCLC (Equation (1)). The fundamental difference is that
in case of the classical SCLC (Equation (1)) all carriers move with
a velocity of v = uE, with E the applied electric field, whereas for
the trap-limited current only a small fraction 6 of the injected car-
riers can move with a mobility u, whereas the majority of injected
carriers resides in traps. Applying Equation (1) to this case would
underestimate the mobility of the free carriers by orders of mag-
nitude. Which mechanism applies to the QDs is also relevant to
understand the enhancement of the current at higher voltages,
where it rises more steeply than quadratic with voltage. In the
classical case, the mobility is enhanced by the electric field and
carrier density, whereas in the trap-limited case more carriers can
escape from the traps at higher electric field due to the Poole—
Frenkel effect. In that case, the enhancement of the current is a
carrier density effect and not a mobility effect.

To disentangle whether the obtained mobility is the average
mobility resulting from hopping transport or an effective mobil-
ity governed by shallow traps we have performed transient exper-
iments in order to determine the hole transit time 7. In case that
the classical SCLC model applies, the mobility obtained from the
hole transit time

LZ

"= Tdv (3)

equals the mobility obtained from SCLC. In contrast, for the
trap-limited case the transient mobility will be much higher than
the effective (6u) SCLC mobility, since the transit time is gov-
erned by the mobility u of the small fraction of free carriers.
Typically, time-of-flight measurements (TOF) are used to deter-
mine the charge carrier mobility via Equation (3) in disordered
systems. However, due to the often highly dispersive transient
photocurrent traces in low mobility materials, the determination
of charge-carrier mobilities can be complicated and at low fields
practically impossible.l'! Therefore, we use transient electrolu-
minescence (TEL) measurements to measure and investigate the
electric field dependence of the hole mobility. In contrast to TOF
measurements, which need a relatively thick semiconductor film
(approximately um in thickness), TEL can be directly used in con-
ventional QLEDs featuring a film thickness of ~#100 nm. In TEL
measurements, there is a time lag between the application of a
voltage pulse and the onset of the electroluminescence (EL) of
devices. The observed time lag (z,) is equal to the transit time
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Figure 3. Time-integrated light output 1., versus voltage pulse length
for a QLED at T =297 K.

Tpulse

of charge carriers (Figure S3, Supporting Information). Within
the context of a TEL measurement, as shown in Figure 3, a rect-
angular voltage pulse is administered to the QLED, varying in
duration. In case that charge transport is unbalanced, the mea-
sured transit time 7, is correlated with the transit time of the
fastest charge carrier. In an earlier study, we fabricated hole-only
devices and electron-only devices without charge transport layer,
with the structures of ITO/PEDOT:PSS/QDs (100 nm)/MoO, /Al
and Al/QDs (100 nm)/LiF/Al, respectively.'®! By comparing the
different between hole and electron current, we have found that
the holes are the dominant and fastest carrier in our QD system.
By comparing the different between hole and electron current, we
have found that the holes are the dominant and fastest carrier in
our QD system. Therefore, in a QLED, following the application
of voltage, the holes embark on a journey from the anode to the
cathode. After a finite transit time 7, the holes reach the recom-
bination zone at the cathode where they meet with the slow elec-
trons and electroluminescence is generated. Consequently, the
delay time 7, between the commencement of the voltage pulse
and the initiation of light emission served as an indicator of the
hole transit time.['”) Using the TEL method, shown in Figure 3,
we analyzed the transit time of holes in QLEDs as a function of
applied voltage. The resulting transient hole mobility is plotted
in Figure 4. At an applied voltage of 4 V (E*5 = 458.8 (V cm™!)%9)
the obtained hole mobility amounts to 9.1 x 1071 m? V-1 g7,
From the J-V characteristics, we observe that at the same elec-
tric field the current is outside the quadratic regime and is about
five times larger than the predicted quadratic SCLC (Equation (1))
using a mobility of 4.4 x 10! m? V- s71. The estimated SCLC
mobility at the same electric field is therefore close to 2.2 x 10710
m? V-1 s71 and is in excellent agreement with the TEL mobility.
This agreement between SCLC and transient mobility demon-
strates that the observed J-V characteristics represent the classi-
cal trap-free SCLC.

Having established that the room temperature mobility is not
an effective trap-limited mobility but the intrinsic drift mobility
we now investigate the temperature dependence of the charge
transport. As a first step, we determine the low field mobility u(0)
from the quadratic part of the -V characteristics as a function of
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Figure 4. Hole mobility calculated from the observed response times in
transient electroluminescence measurements as a function of the square
of electric field. The solid line is a guide to the eye.

temperature. The resulting Arrhenius plot is shown in Figure 5.
The thermally activated charge transport is described as:

w0 = e (-2 g
B

Equation (4) provides a good description of the temperature
dependence of the mobility with prefactor u, = 4.5 x 107
m? V7! s7! and activation energy A = 0.30 eV (Figure 5). A
similar temperature dependence was also observed in previous
studies on charge transport in QDs.”"! The strong temperature
dependence further indicates that the charge transport in our
QD thin film is mainly governed by hopping. The activation
energy in QDs is smaller than polymer (PPV ~0.48 eV), which
means the energetic disorder in QDs is smaller than polymer,
leading to larger mobility.'’]

1010 : . r
0
210" 3
E
)
§ 1072} 3
s
10-13 ! L !
0.003 0.004 0.004 0.005 0.005
1T (1/K)

Figure 5. Arrhenius plot of the zero-field mobility versus temperature. The
zero-field mobility is obtained from the experimental |-V characteristics us-
ing Equation (1). The solid line is fitting by Equation (4) and corresponds
with an activation energy of 0.30 eV.
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Besides temperature and electric field, the carrier density can
also influence the hopping transport in an energetically disor-
dered system, as in the case of organic semiconductors with
disordered energy distribution.'8! Here, due to the weak inter-
molecular interaction, the charge carriers need to “hop” from
one localized energy site to another with the assistance of a
phonon.["] The electrical field and temperature dependence of
hopping transport in organic semiconductors has been exten-
sively studied. By taking into account the density-, field- and tem-
perature dependence of mobility and solving the master equa-
tion for hopping transport in Gaussian distributed energy sites,
Pasveer et al. proposed the Extended Gaussian Disorder Model to
describe the charge carrier mobility in organic semiconductors,
which provided a consistent description of the trap-free charge
transport in large range organic semiconductors.!'%]

In our case, quantum dots are nanocrystals with a size of
2-20 nm. The composition, size, shape, and spacing of the quan-
tum dots will all influence the transport properties.!?! It is hard
to achieve quantum dots dispersed in a solvent with homoge-
neous composition, size, shape, and spacing.?! Furthermore,
to improve the solubility and stability of quantum dots, organic
molecules are always introduced as ligands to quantum dots,
which further weaken the interaction between the QDs.!"™?2] At
the same time, the undercoordinated surface atoms with dan-
gling bonds always act as traps in QDs.[??] These factors cause
localization and disorder of the energy sites in the QD system,
resulting in hopping dominated transport of charge carriers.

Following the formalism developed for disordered organic
semiconductors we apply the Extended Gaussian Distribution
model, which simultaneously contains the electric field, temper-
ature, and charge carrier density dependence of the charge car-
rier mobility, to the charge transport in our quantum dot thin
films.[18] Tn the EGDM the mobility is given by

u(Tp, E) =, (Tp)ug (T E) (53)

where

@ apwr)

\/1+0.8<%)2—1> (5¢)

The exponent é is given by:

In (((;ch:r)2 - a/kBT) —In(In4)

6 =12
(0'/kBT)2

(5d)
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Figure 6. Current density J versus voltage V of a hole-only device with
thickness L = 110 nm for various temperatures. The solid lines are the
fits from the EGDM model.

p represents the hole density, o is the width of the Gaussian den-
sity of states (DOS), and a the hopping distance. By numerically
solving the current density and Poisson equation in combination
with the EGDM mobility the J-V characteristics can be calcu-
lated. As Figure 6 shows, the J-V characteristic of the hole trans-
portin Cd,Zn,  Se-based quantum dot thin films can be well de-
scribed at different temperatures by the EGDM, including the
high voltage regime.

Furthermore, we can obtain the hopping distance a of charge
carriers as the transport in quantum dot thin films, which
amounts to 2.8 nm. This hopping distance is physically reason-
able, which corresponds to the average distance between two
quantum dots (Figure S2, Supporting Information). As discussed
before, due to the differences in the size, shape, and trap sites of
quantum dots, the energy distribution of quantum dots is disor-
dered, with a width of the Gaussian distribution of energy sites
0f 0.12 eV, which is obtained from the EGDM fit.

Understanding of the transport mechanism in the blue quan-
tum dot thin film will quantitatively support our understanding
of the device operation of blue QLEDs. As a next step, radiative
recombination rates, nonradiative recombination processes, and
the aging mechanism of such devices have to be determined. This
information is important to improve the stability of blue QLEDs,
paving the way to their commercialization. The hopping trans-
port as observed in the QDs under study is the result of the weak
interaction between QDs, which leads to the localized energy dis-
tribution. Therefore, a possible way to increase the mobility of
charge transport in quantum dot films is to increase the interac-
tion between the QDs of the system.

3. Conclusion

In conclusion, we have investigated the charge transport in
a blue QD thin film. By fabricating hole-only devices based
on Cd,Zn,  Se/ZnSe/ZnS/CdZnS/ZnS blue QDs. The current-
voltage characteristics are characterized by a trap-free space-
charge-limited current, evidenced by the agreement between the
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SCLC and transient mobility. Furthermore, from the tempera-
ture dependence, we find a thermally activated hopping trans-
port of holes in blue QD thin films with an activation energy of
A = 0.30 eV. Furthermore, the electric field, temperature, and
charge carrier density dependence of the hole transport in QD
thin films is well described by the Extended Gaussian Disorder
Model. The understanding of the transport mechanism in such
a system paves the way to quantitatively analyze the performance
and the degradation mechanism of QLEDs.

4. Experimental Section

Material and Hole-Only device Fabrication: The quantum dots used
to fabricate the hole-only devices had a core/shell/shell structure of
Cd,Zn,Se/ZnSe/ZnS/CdZnS/ZnS with a diameter of ~6 nm. The lig-
ands of quantum dots were oleic acid (OA) and 1-dodecanethiol (DDT).
The photoluminescence (PL) and electroluminescence (EL) spectra are
illustrated in the Figure S4 (Supporting Information). To fabricate hole-
only devices, quantum dots dissolved in octane were spin-coated on a
glass/indium tin oxide (ITO)/PEDOT:PSS substrate. The thickness of the
QD layer is in the range of 63.5-130 nm. The MoO; (10 nm) and Al cath-
ode (100 nm) were then thermally evaporated on top of the quantum dot
layer (chamber pressure 10 =7 mbar). The corresponding device architec-
tures used in this study are ITO/PEDOT:PSS/QDs/MoOs /Al.

Device Characterization: The current density-voltage (/-V) measure-
ments were conducted in nitrogen atmosphere with a Keithley 2400 source
meter. These measurements were performed at a temperature range of
217-297 K. To measure the transit time () of charge carriers in quantum
dot light-emitting diodes, an ITO/PEDOT:PSS (25 nm)/TFB (25 nm)/QD
(30 nm)/ZnMgO (40 nm)/Ag QLED was used as a test device. A pulse
generator (GW INSTEK MFG-2230M) was utilized to input a voltage pulse,
resulting in a light output pulse. The width of the voltage pulse 7,5 Was
increased from 2 to 100 ps, and the pulse amplitudes were varied gradu-
ally from 4 to 7 V with a 0.5 V step. The pulse period was set to be 1 ms.
The integrated light output (I,,;) was measured by a Keithley 6514 elec-
trometer in current mode. When 7. >> 7, a linear relation between [,
and 7,5 would be obtained, and the intercept of the linear part with the
Tpulse=aXis corresponds to 7.
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