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Electrophoretic deposition can be used to form tightly assembled nanocrystal films at a macroscopic
scale, offering tremendous possibilities to exploit the unique functional properties of nanocrystals at a
device level. Herein, combining the experimentally measured electrophoretic deposition current time
trace with an analytical model, we can estimate the effective single particle charge in solution and obtain
information on the morphology and thickness of the film. Using this method, we formed vertically
aligned, void-free CdSe/CdS nanorod (NR) films as the emissive layers in red-emitting all-inorganic NR
light emitting diodes. To further optimize the performance of these LEDs, Pentaflurothiophenol (PF-BT)
molecules were used to passivate the nickel oxide hole transport layer (HTL) surface. With the reduced
hole injection barrier into NRs, less leakage current at NiO, HTL/NR interface and improved NR film mor-
phology, our best performing NR-LEDs achieved a highest external quantum efficiency of 10.8% with a
low turn-on voltage of 2.8 V and a maximum brightness (luminance) of 1735 cd m™2 at 5.5 V in an all-in-
organic LED architecture. Our work provides an effective route for the development of next-generation
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Introduction

Colloidal nanocrystal-based light-emitting diodes (NC-LEDs)
have become the next-generation display technology of choice
due to their high light-emitting efficiency, adjustable light-
emitting wavelength and excellent monochromaticity.'™
Significant progress has been achieved in NC-LEDs with
organic-inorganic hybrid structures through the use of high
quantum yield core-shell quantum dot (QD), whose device
external quantum efficiency (EQE) is exceeding 30%."°
However, organic carrier transport layers, such as the widely
used  poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonic
acid) (PEDOT:PSS), are sensitive to ambient condition and
humidity, which reduce the stability of LEDs. All-inorganic
NC-LEDs have been explored as more stable alternatives.®’
Researchers often use metal oxides such as NiO,, WO,, and
MoOy as hole-transporting layers in place of organic charge
carrier layers to improve device stabilities.® The EQE of all-in-
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nanocrystal-based LED displays with facile large-area mass production using cost effective methods.

organic NC-LEDs has improved rapidly in recent years to reach
10.1%.°

In addition to spherical QDs, researchers also explored
other types of nanoparticles, such as core-shell semiconductor
nanorods (NRs) or quantum-rods (QR) with 1D special mor-
phology as emissive materials in LEDs.'®"" The properties inher-
ited from core-shell QDs, such as the size-tunable narrow-wave-
length emission across visible and near-infrared range and high
photoluminescence quantum yield, are still available to core-
shell NRs while many unique properties associated with the an-
isotropy of NRs, for example a faster radiative decay rate, a large
Stokes shift and the polarized emission,'”> make NR-based LEDs
useful for various applications in the next-generation display
technologies. In addition, NRs can minimize the absorption-ori-
ginated losses compared to QDs and as a result, self-absorption/
inter-absorption can be significantly suppressed. This character-
istic can lead to an enhanced EQE in the fabrication of colour
conversion white LEDs."® A table summarizing current state-of-
the-art NR-LEDs in both organic-inorganic and all-inorganic
architectures is given in Table S1 of the Supplementary
Informaton (SI).

Despite these attractive properties, the development of
NR-LEDs still faces significant challenges. For example, it is
difficult to form a void-free, closely packed colloidal NR film
by simple spin-coating or dip coating techniques due to its
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unique 1D shape. In the past decade, vertical alignment of
NRs has been explored as a unique thin-film architecture and
great successes have been achieved.'*™” In current work, a
method called electrophoretic deposition (EPD) was utilized to
deposit thin NR films. The presence of ligand-induced surface
charges on core-shell NRs allows the NRs to be moved by an
external electric field in a solution and to eventually be de-
posited onto the surface of the electrode of opposite polarity
to the charge of NRs.'® Compared to the spin-coating method,
EPD leads to denser films and better adhesion of NRs to the
substrate due to the larger kinetic energy carried by each nano-
particle during the deposition process. This approach provides
a feasible route to form closely packed, crack-free and vertically
assembled NRs thin film as the emissive layer in a LED
device."”*° However, the film morphology and thickness can
still vary from one run to another even though great effort had
been made to control the concentration of NRs. It is therefore
necessary to develop a method to monitor the film growth in
real time and obtain information on the thickness and mor-
phology of the films without resorting to advanced microscopy
techniques, such as scanning electron and focused ion micro-
scopies, which can be expensive, time consuming and degrade
the samples studied.

In current work, we developed an analytical model to
describe the deposition current as a function of time, taking
into account the charged particle concentration changes
caused by the limited volume of the nanoparticle solution. By
monitoring the deposition current time trace, we can obtain
information regarding the effective single particle charge and
clustering in the solution, which showed significant impact on
the film morphology. The model also allowed us to predict the
thickness of the deposited film from the current time trace.
This simple yet effective method allowed us to achieve NR-
based all-inorganic LEDs with better control on the crack-free
CdSe/CdS core-shell NR film by EPD as the emissive layer.

To further improve the performance of the all-inorganic
NR-LEDs, Pentafluorothiophenol (PF-BT) molecules were used
to passivate the hole injection layer (NiOy) surfaces. The incor-
poration of PF-BT molecules not only promotes the hole injec-
tion from HTL to NRs with a favourable electronic band align-
ment but also effectively passivates the surface trap states of
the NiO, that function as non-radiative recombination centres.
From the best performing NR-LEDs, we achieved an EQE of
10.8%, the highest value obtained in all-inorganic NR-LEDs
reported so far, with a maximum brightness of 1735 ¢cd m™>
and a low turn-on voltage of 2.8 V, showing a great promise for
electrically pumped all-inorganic NR-based LEDs in future
display applications.

Experimental
Chemicals and materials

All chemicals used in this work were of analytical grade and
utilized as received without any further purification. Cadmium
oxide (>99%) (CdO), trioctylphosphine (90%) (TOP), trioctyl-
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phosphine oxide (99%) (TOPO), selenium (99.98%), sulphur
(99%), n-tetradecylphosphonic acid (TDPA, 99%), n-octadecyl-
phosphonic acid (ODPA), n-hexylphosphonic acid (HPA),
Pentafluorothiophenol (PF-BT) that was utilized here to passi-
vate the metal surface, zinc acetate dehydrate, ethyl acetate,
magnesium acetate and dimethyl sulfoxide, were all purchased
from Sigma Aldrich or Fisher Scientific. The substrates i.e.
silicon (Si) wafers were obtained from University Wafers and
ITOs were purchased from Delta Technologies. ZnMgO nano-
particles were purchased from Shenzhen Planck Innovation.

Synthesis of CdSe/CdS core-shell nanorods

CdSe/CdS NRs were synthesized following procedures
described in previous reports with some alternation. To syn-
thesized CdSe cores, 79 mg of CdO, 4.5 g of TOPO, 0.335 g of
TDPA were added in a 25 mL three-necked flask. The mixture
was then heated to 150 °C under argon atmosphere and after
reaching that temperature, the mixture was evacuated for one
hour in vacuum. Later, when the temperature was raised to
325 °C, the brown color solution changed to clear and colour-
less, indicating it was ready for the injection of 2.25 mL TOP.
Next step was to quickly inject 0.95 mL (1 mol L") of Se/TOP
stock solution into the flask and kept at this temperature for
10 s. In a typical synthesis of CdSe/CdS nanorods, 0.115 g of
CdO, 0.125 g of HPA, 0.6 g of TDPA and 6 g of TOPO were
mixed into a 25 mL three-neck flask and the mixture was
slowly increased to 150 °C under argon gas. Then, the mixture
was degassed for 1 h in vacuum, maintaining the temperature
of 150 °C. Eventually, the solution was heated to 300 °C under
argon atmosphere to dissolve the CdO until it turned optically
clear and colourless. At this point, 3 mL of TOP is quickly
injected into the flask. When the temperature reached at
325 °C a mixed solution containing S/TOP (2 mol L") and
CdSe seeds (0.5 mL) was quickly injected. The reaction was
kept at 325 °C for 10 min. After being washed in toluene and
IPA mixture, the nanorods are re-dissolved in toluene for
further use.

PF-BT passivation of the NiO, surface

The PF-BT molecules were deposited at the surface of the NiOy
by spin-coating a PF-BT solution (in toluene, 0.01 mg mL™") at
2500 rpm for 40 s onto ITO/NiO, substrate. The substrate was
then heated to 120 °C for 15 min. The ITO/NiO/PFBT film was
then washed in toluene to remove weakly bonded molecules.

Electrophoretic deposition of the CdSe/CdS nanorods layer

The purified CdSe/CdS nanorods were dispersed in anhydrous
toluene and then sonicated for 1 h before EPD. The NRs solu-
tion was made of various concentrations between 0.5 to 15 mg
mL™" (50-1500 mg of CdSe/CdS NRs into 100 mL of anhydrous
toluene). The deposition was run at the ambient condition
under the external potential of 400 V and the deposition time
was set between 180-300 s. The voltage is supplied from a
high-voltage power supply unit (TECHNIX SR-5-F-300) and the
current was monitored using a digital multimeter. During this
EPD process, two electrodes with same size were immersed

This journal is © The Royal Society of Chemistry 2025
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into NRs solution keeping a fixed distance of 2 mm apart.
After deposition, the electrodes were gently raised from the
NRs solution and dried in air for 5 minutes.

Fabrication of all-inorganic LED devices

LEDs were fabricated on ITO glass substrates, which were first
cleaned in an ultrasound bath using acetone and isopropanol
sequentially for 15 min. Prior to the HTL deposition, the ITO
glass was dried with nitrogen (N,) blowing. The sputtering
method was applied to deposit ~35 nm NiOy hole transporting
layer into ITO glass, followed by being annealed at 400 °C for
two hours. The sputtering chamber (AJA International) was
evacuated to reach less than 1 x 107° Pa before the deposition.
Commercially available 99.9% pure Ni target was used, and
the sputtering was done under 3.6 mTorr pressure with a gas
mixture of Ar and O,. After annealing, the ITO/NiOy substrate
was spin-coated with PF-BT dipole molecules. The CdSe/CdS
NR (in toluene, 5 mg mL™") layer was then deposited by EPD
and annealed at 120 °C in air for 15 min to dry up the solvent.
Next, ZnMgO nanoparticles (in ethanol, 1 mg mL™") were spin-
coated at 2000 rpm for 3 min and dried at 120 °C in air for
20 min. Finally, Ag as the cathode (~50 nm) was deposited
employing thermal evaporator through a shadow mask under
a high vacuum of ~1 x 1077 Torr.

Characterizations

The transmission electron microscopy images of the as-syn-
thesized NRs were characterized using a JEOL JEM-2100F
transmission electron microscope (TEM) with 200 keV electron
beam energy. CdSe-CdS nanorods were drop casted from the
diluted solution onto a 100-mesh carbon-coated copper grid.
GI-XRD of the thin films was performed in parallel-beam geo-
metry on an Anton Paar XRDynamic 500 diffractometer
(Cu Ka, 1 = 1.5406 A, 40 kv, 50 mA) with a goniometer radius
of 360 mm. A scan speed of 9 s per step and a step size of
0.02° in 26 was used. The angle of incidence (w) was fixed at 1°
whilst the detector was moved along the 26 circle. The optics
included a fixed divergence slit of 0.065°, in addition to a 0.05
rad Soller slit and 0.005 parallel plate collimator on the inci-
dent and diffracted beam path respectively. This setup maxi-
mises the signal arising from the thin film with respect to the
substrate, by limiting X-ray penetration into the sample.

KPFM was performed using an Ntegra Spectra scanning
probe microscope (SPM) operated in Frequency Modulation
(FM-KPFM). An AC voltage of 0.69 V RMS was applied between
the conductive probes, along with a 5 V DC bias and the
grounded samples at a frequency of 112.5 kHz. The cantilever
used for this measurement was a HA_NC - Pt tip.

The PL spectrum of the NRs solution was collected by an
Ocean Optics HR4000+ spectrometer under an excitation wave-
length of 405 nm. Here, the excitation power and collection
filter were 2.0 mW and 450 nm long pass filter respectively. The
absolute photoluminescence quantum yield of the NR film was
measured by using an integrating sphere coupled with an
Ocean Optics Flame spectrometer. The current-voltage and
luminescence-voltage characteristics were measured using a
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Keithley 2602B source, Thorlabs 4P3 integrating sphere, and an
HMO03004 oscilloscope coupled to a calibrated PDA200C photo-
diode amplifier from Thorlabs. The EQE was calculated as the
ratio of the photon flux and driving current of the device. The
electroluminescence (EL) spectra of the devices were obtained
by using an Ocean Optics HR4000+ spectrometer.

Results and discussion

Rate equations for electric field assisted nanoparticle
deposition from non-polar solution

The basic working principles of EPD can be found in many
textbooks on colloidal particles.*"** Some excellent work on
applying EPD method for structured nanomaterials and dis-
cussions of its mechanisms can be found in ref. 23 and 24.
Our model considers the concentration changes caused by the
finite volume of the nanoparticle (NP) solution, which is
around 6 ml in most of our experiments, and the dissolution
of the NPs back to its solution. More details of the model are
discussed in the SI. To summarize, if only one type of NPs is
considered in the solution, the coupled equations below can
be used to describe the deposited mass and concentration
change of NP solution with time:

D R — Rai (1)

dr = Idep — Iidis

Ryep =Im/q (2)

CVAq

[=——= 3

o ) (3)
R t
Ce = Co — Jﬂ% (4)

where w is the deposited mass on the substrate, R4, the depo-
sition rate, Ry;s the dissolution rate, I the deposition current, c,
the concentration of charged particles in solution, A the depo-
sition area of the electrode, v the velocity of the NPs, g the
charge of the single NP, m the mass of single particle, V the
volume of the solution and ¢, the initial concentration of
charged particles. As discussed in ref. 23, the velocity of NPs
under a constant electric field reaches a steady state of gE/
(6zrn) in less than a couple of nanoseconds. Here r indicates
the radius of a spherical particle and 7 is the viscosity of the
solution.>® The electric field E is considered as a constant in
our model. The validity of this assumption will be discussed
further in next section. In our EPD time scale of tens to hun-
dreds of seconds, the NP velocity can be approximated by the
steady state constant. With this approximation, the current (I)
is directly proportional to the charged particle concentration c.
via eqn (3). If we represent Rqep, and c. using current I and plug
them into eqn (4), we then get a differential equation of I as:

dI  qEA
dt  enrqv

(5)

Its solution is an exponential decay function I = I,e ™+, with
. 6nrnV %4 .
the time constant 7 = 7;1, and I, = coq—. This means that
qEA Tm

from the experimentally measured decay constant = and initial
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current I, we can obtain the single particle charge g once all
other values are known. This single exponential decay behav-
iour is true for monodispersed NPs. If other species or cluster-
ing of NPs exist in the same solution, the sum of multiple
exponential decay curves is expected. The mass deposition rate
Rgep can then be calculated from the measured current I via
eqn (2).

Once the dissolution rate Rg;s is known, we can also esti-
mate the net mass deposition on the substrate via eqn (1). As
discussed in the SI, our experimentally measured dissolution
rate Ry;s is proportional to the NP mass left on the substrate.
Eqn (1) can then be re-written as:
Iom _t

d—w*—e —yw (6)
dt ¢ /

The solution to eqn (6) is:

t __t
w=w, (ef? —e Tdis) (7)

Iom  114is
q 7T — Tdis

measured experimentally, we can obtain the w as a function of

time. From eqn (7), we can also calculate the time for the de-

1 .
where wy = and 745 =—. Since 745 can be
14

posited mass reaching its maximum value {nu =
TTdis . . .
——— (In7 — Inzgis) with a maximum mass deposition of
T — Tdis

Iom 714is _ tmax _ tmax
Wmax =—————— (€ 7 —e @i |,

q T — Tdis

CdSe/CdS NR deposition by EPD

In this work, the CdSe/CdS core-shell NRs were synthesized
via a seeded-growth method detailed in the Experimental
section, which was slightly modified from that reported by
Carbone et al.*® The core size of the NRs could be controlled
by alternating the reaction time, temperature and types of
phosphonic acid ODPA or TDPA.>” The aspect ratio of the syn-
thesized CdSe/CdS NRs can also be changed between 2.5-7.
One batch of NRs with an aspect ratio of 5.5 was confirmed by
the TEM images (Fig. S4) whereas the mean length and width
of the NRs were 33 + 2 nm and 6 + 0.5 nm respectively. The
optical properties of the CdSe core and CdSe/CdS core-shell
NRs are also shown in Fig. S4. The CdSe/CdS NRs maintain
high photoluminescence (PL) intensity and high PLQY in both
solution and in films (35%-40%). The CdSe core and CdSe/
CdS NR exhibit the emission peak centred at 530 nm and
612 nm respectively with a full width at half maximum
(FWHM) of 26 nm and 20 nm respectively, consistent with the
literature.?®

These colloidal CdSe/CdS NRs are stabilized in solution by
repulsive electrostatic interactions. The surface charge on NRs
strongly influences the assembly of these nanocrystals onto
films and super-lattice structures.>®*° In our experiments, two
pieces of electrodes, PF-BT treated NiO,/ITO sample and ITO
with the same dimensions, were used as the two conductive
electrodes in the EPD set-up. It is essential to keep the two
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electrodes in parallel positions to establish a uniform electric
field for EPD. The NRs were deposited on both electrodes,
even though more mass was observed on the negative elec-
trode, suggesting more positively charged NRs in the solution.
Meanwhile, the NRs possessing a permanent dipole moment®*
feel a torque which rotates them and causes alignment of the
long axis of the NRs with the direction of the electric field.

Fig. 1(a) shows deposition current vs. time curves from
three EPD depositions, named EPD1 to EPD3 in the following
texts. The NR concentration for EPD1 and EPD2 are both
15 mg ml~". However, their profiles are significantly different.
EPD1 curve can be fitted by a single exponential decay func-
tion with a fitted time constant 7, = 1226 + 13 s. The fitted
result agrees well with the predicted time constant from eqn
(5) Tpredice = 1341 s (parameters discussed in SI), with the 8.6%
difference likely stemming from the NR concentration uncer-
tainty and/or the effective radius r of the NRs. This single expo-
nential decay behaviour suggests that the solution for EPD1
contains one type of well dispersed NRs. The fitting to EPD1
yields an effective single particle charge of 0.3 + 0.02 e, consist-
ent with the ones reported in the literature.”® On the other
hand, EPD2 curve can only be fitted by a sum of two exponen-
tial decay functions with 7; remaining 1226 s and 7, = 34 + 0.4
s. This can be explained by either other species in the solution
or clustering of NRs. The clusters carry much larger charges,
therefore contribute significantly to the initial fast decay of the
current, but only account for 1.2% of the total mass of the NPs
in the solution according to our fitting. Fig. 1(b) and (c) show
the scanning electron microscopy (SEM) images of top surface
of CdSe/CdS NRs films after EPD1 and EPD2, respectively. We
can see that the surface formed by EPD1, with one type of well
disperse NRs, is more uniform than that formed by EPD2,
with at least two types of species with two different decay con-
stants. With this understanding in mind, we can speculate the
film uniformity from the deposition current time trace directly.
The solution for EPD3 has NR concentration of 5 mg ml ™,

i 04 \"’m 7
= ey,

g R TN

= 034 -
=1

(&)

|

o4 — EPD1 |
— EPD2
— EPD3
00 T T T T T
0 50 100 150 200
Time (s)
Fig. 1 (a) EPD deposition current vs. time traces from three samples.

The dashed curves are fitted curves. EPD1 is fitted with a single expo-
nential decay function while EPD2 and EPD3 are fitted with the sum of
two exponential decay curves. (b and c) SEM images showing the
surface morphology of NR films after EPD1 and EPD2.
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yielding the initial current about 1/3 of that for EPD1, consist-
ent with our model.

As discussed in ref. 24, the electric field distribution in the
solution can change from the initial value due to the depo-
sition of the NPs on the surface. In our experimental setup,
350-400 V was applied between the two electrodes, the de-
posited NR film can support current four orders of magnitude
larger than that shown in Fig. 1(a) under 7 V (as shown in later
figures). We expect the potential drop across the NR film is
less than 5% of total potential across the solution, therefore
our initial assumption of constant E field is reasonable in our
experiment (see SI for more information).

For our experiments, the smoothest films were obtained
when these CdSe/CdS NRs were washed two/three times before
being used in EPD. Washing more than three times may
produce clumpy films that are attributed to the partial loss of
capping ligands in washing cycles. An electric field strength of
200 V. mm™" was used to obtain vertically alignment of NRs on
the conductive substrate. As shown in Fig. S5, weaker electric
field strength leads to films with NRs mostly aligned horizon-
tally on the substrate. This alignment is also sensitively depen-
dent on the capping ligands on the NRs and the aspect ratio of
the NRs. The thickness of the NRs layer can be controlled by
the deposition time, voltage and concentration of NRs suspen-
sion, as discussed above. Being accelerated in the DC electric
field, the NRs arriving at the conductive substrate with signifi-
cant kinetic energy, ensures that the NR film formed by EPD
maintaining strong contact with the substrate surface and
between themselves.

CdSe/CdS NR film by EPD as the emissive layer in an all-
inorganic LED

The understanding developed in previous sections allowed us
to control better the morphology and thickness of the EPD
films. These films were used in a multi-layered architecture for
all-inorganic NR-LEDs with ITO (anode)/NiO, (HTL)/CdSe-CdS
(EML)/ZnMgO (ETL)/Ag (cathode), where the CdSe/CdS core-
shell NR films as the emissive layer, is illustrated in the
diagram of Fig. 2(a). A SEM image of the cross section of a
typical device is given in Fig. 2(b). Fig. 2(c) illustrates the
energy band diagrams of the NR-LEDs. (See Fig. S6 for the
determination of CdSe/CdS conduction and valence band posi-
tions.) In this case, holes and electrons are injected into NRs
layer via NiO, HTL and ZnMgO electron transport layer (ETL),
respectively, under forward bias. As an alternative to the
organic hole injection layer, the popular inorganic HTL, NiO
had been wused widely in all-inorganic NC-LED
fabrications.>** In our experiments, NiO was used as both
hole injection and hole transport layer. The use of thermally
robust NiO has shown higher stability under the high current
injection and at the ambient condition. Nevertheless, it is
difficult to control the nonstoichiometric charges across a
NiO, surface formed by reactive sputtering of Ni in O,, which
serve as localized electron trapping centres. The XPS spectra of
NiOy film that we grew are given in Fig. S7 and their analyses
are summarized in Table S2 of SI. In addition, the energy

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

(@) S ) i Vacuum fevel
b@\v g - ‘
(7,’5\0 e 37

ETL (ZnMgO) e 2

B |
e -

Ag
47 42

CaSe/CAS  ZnMgO

HTL (NiO) 605
Anode (ITO) 73
d (e): 18 Vacuum level
& o T
5° PSRN -
< i sH =| mo 407 .
o F z . NiO, PF- I
ETL (ZnMgO) i rl,r i z .
I"IW(CdSIUIMI’I‘Il riw/lr 2 CASe/CdS 7nmgo
I .
L1 I () i o
IL (Ni0,) s
Anode (ITO)

73

Fig. 2 Device architecture and band diagram of all-inorganic NR-LED
employing PF-BT molecular dipoles. Schematic illustrations of NR-LED
(ITO-anode/NiO4-HTL/CdSe-CdS-EML/ZnMgO-ETL/Ag-cathode)  and
energy level diagram of (a and c) with bare NiO, HIL and (d and e) with
PF-BT molecules between HTL and EML interface respectively. Panel (b)
shows an SEM image of the cross section of a typical NR-LED with a
configuration given in panel (a). The scale bar indicates 100 nm.

barrier between NiOx HIL and NC layer leads to excess holes
accumulated at the NiOy surface, affecting the device perform-
ance negatively via the luminance quenching. To overcome
these challenges, we used small polar molecules at the inter-
face of NiO,/NRs to passivate NiO, defects.*® In particular, we
followed the recipe demonstrated by Rhee and et al.*® by incor-
porating a single layer of PF-BT molecules on the NiO, surface,
which had shown to improve the hole injection properties of
the QD-LED devices because of their polar nature. The PF-BT
molecular dipoles tend to shift the position of the work-func-
tion of HIL based on the terminating group present in its back-
bone,*® therefore reduce the energy barrier between the HIL
and the emissive layer effectively, improving the performance
of all-inorganic LED devices. In our experiments, a layer of
PF-BT molecules was spin-coated on NiOy, HTL (PF-BT@NiOy)
(Fig. 2(d)). PF-BT@NiOy film was then undergone annealing at
120 °C and followed by a washing step in toluene to eliminate
the excessive molecules that are weakly bounded to the
surface. The energy alignment across the multilayer is then
modified, where the valence band energy levels of the NiOy
HTL is downshifted to facilitate the injection of the holes into
the NR layer, as shown in Fig. 2(e). In this structure, ZnMgO
nanoparticle film was chosen as ETL due to its high electron
mobility and matched conduction band level with that of NRs
emissive layer.’” The valence band edges of NiO, and
PF-BT@NiO, were obtained experimentally as discussed in the
following section.

Characterizations of PF-BT treated NiO, HTL

The effect of PF-BT on NiO, was first investigated using SEM,
as shown in Fig. 3(a and b). The surface morphology of the
NiO, film (NiO,/ITO) formed by the reactive sputtering of Ni in
O, followed by annealing the sample at 400 °C is significantly
different from that of the PF-BT passivated NiO, film (PF-BT@
NiO,/ITO). The white patchy features on the SEM image of
NiO, suggest regions with surface trapping centres, where elec-
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Fig. 3 SEM images of (a) NiO, film on ITO and (b) PF-BT molecules pas-
sivated NiO,/ITO, (c and d) Kevin Probe Force Microscopy (KPFM)
images for NiO,/ITO film before and after surface treatment with PF-BT
molecules, respectively. (e and f) Line profiles of KPFM signal along the
dashed lines indicated in (c) and (d).

trons are accumulated and charging effect takes place during
the SEM scanning. On the contrary, once PF-BT molecules are
deposited onto the NiO, film, well defined domains of NiOy
can be clearly observed, consistent with what was reported in
the literature,*® suggesting that the surface trapping centres in
the original NiO, film are well passivated. Please note that the
PF-BT monolayer is not visible in the SEM images.

To confirm the surface potential difference of the NiOy
films before and after PF-BT molecules passivation, Kevin
probe force microscopy (KPFM) images were obtained on both
surfaces as shown in Fig. 3(c) and (d). Both images are plotted
against the same colour palette, so the surface potential differ-
ence is clearly visible from the colour difference. After calibrat-
ing against Au and Al substrates with work functions 5.1 eV
and 4.3 eV respectively®® (Fig. S8) using the same Pt coated tip
(work function 5.3 eV), we can estimate the work function of
NiO, films/ITO substrate as 5.04 + 0.04 eV and that of NiO,
films/ITO substrate after PF-BT passivation as 5.14 + 0.02 eV.
This result is consistent with other literature and suggests that
the PF-BT surface passivation lowers the hole injection barrier
from PF-BT to the active NRs, potentially improving the injec-
tion current of the final devices.

The presence of PF-BT self-assembled monolayer (SAM) is
further confirmed by our X-ray photoelectron spectroscopy
(XPS). The full survey scans of NiO,/ITO and PFBT@ NiO,/ITO
samples are given in Fig. S9. Even though there are no signifi-
cant changes in the Ni 2p;, and O 1s peaks in both films,
implying that the crystal structure of NiOy is retained with or
without PF-BT SAM, the S 2p and F 1s binding energies at
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144.3 eV and 688.2 eV, attributed to sulphur and fluorine core
levels, respectively, are only observed in the PFBT@NiO,/ITO
sample (Fig. 4(a) and (b)). The binding energy of the hydro-
carbon peak of C 1s at 284.8 eV was used as the reference
(charge correction) for all binding energy calculations. The
crystallinity of both films was further characterised by grazing-
incidence X-ray diffraction (GI-XRD), and the results are pre-
sented in Fig. 4(c). The 26 peaks at 37.1°, 43.1°, 62.5°, 75.3°
and 78.9° match the positions for the cubic NiO (111), (200),
(220), (311) and (222) planes, as indicated by the black lines in
the figure (ICDD 00-047-1049). The other peaks are associated
with ITO. The same XRD peaks observed for both NiO,/ITO
and PFBT@ NiO,/ITO samples suggest that the PFBT passiva-
tion did not alter significantly the crystal structures of the
underlying NiOy layer.

To evaluate the hole transport properties of PF-BT modifi-
cation to NiO, HTL, two types of hole-only devices (HOD) were
fabricated following a configuration depicted in the inset of
Fig. 4(d), with the thickness of each layer as ITO (35 nm)/NiOx
(30 nm)/NRs (~60 nm)/NiO, (50 nm)/Ag (50 nm). The only
difference between the two HODs is the PF-BT layer.
Compared to the reference device (without PF-BT layer), the
presence of the PF-BT dipole layer enhances the current for
voltages above 2 V, attributed to the reduction of the energy
offset between the NiOx and NRs by the dipole layer. In
addition, the presence of the molecular interlayer reduces the
leakage current from NRs to NiO, below 1 V significantly from
13.5 mA cm™? to 1 mA cm™? due to the passivation of NiOy
surface states. The current density of HOD with PF-BT is also
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Fig. 4 (a and b) XPS spectra of S 2p and F 1s states for PFBT@ NiO,/ITO

sample, respectively. The XPS spectra on NiO,/ITO at the same binding
energy range are given as the reference. (c) GI-XRD patterns of PFBT@
NiO,/ITO and NiO,/ITO. The black bars are used to indicate the corres-
ponding NiO peaks in reference to ICDD 00-047-1049. (d) Schematic
drawing of PF-BT Passivated hole-only device where the device struc-
ture is ITO/PF-BT@NiO,/CdSe/CdS/NiO4/Ag and current density (J)—
voltage (V) characteristics of Hole only devices without versus with
PF-BT passivated NiO, HTLs (P@HOD).
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more comparable with that of the electron only device
(Fig. S10), suggesting a more balanced charge injection for
later LED devices.

Device performance

The above approaches to optimize the energy levels of the HTL
and the morphology of the active NR layer are orchestrated to
realize high performance all-inorganic NR-LEDs. NR-LEDs are
fabricated in a multi-layered structure of ITO (35 nm)/NiOyx
(35 nm)/PF-BT (<1 nm)/NRs (~60 nm)/ZnMgO (25 nm)/Ag
(50 nm), where NiOx HTL is modified by molecular dipoles as
discussed above. Fig. 5(a) shows a SEM cross section image of
a typical device, where vertically aligned two layers of NRs are
clearly observed. Fig. 5(b) shows a photograph of one of the
best performing devices operating at 3.5 V, showing uniform
red-light emission across the whole electrode (~3 mm?). The
characteristics of the NR-LED (P@LED) are given in Fig. 5(c)-
(f). As a comparison, some of the parameters of a non-passi-
vated NR-LED are given in Table 1. In the P@LED case, the J-V
curve exhibits typical diode-like behaviour, indicating the suc-
cessful fabrication of the device. When the applied voltage
exceeds the turn-on voltage, the current starts to increase
rapidly, and the emitting light can be detected. The turn-on
voltage of non-passivated LED device is 3.0 V. The P@LED
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Fig. 5 Comparison of the NR-LEDs device performances with and
without PF-BT. (a) Transmission electron microscopy image of the cross
section of a typical PQLED device. The scale bar indicates 100 nm. (b) A
photograph of a P@QLED device operating at 3.5 V. (c) Current density vs.
biased voltage characteristics, (d) luminance vs. biased voltage charac-
teristics, (e) external quantum efficiency (EQE) vs. biased voltage, and (f)
electroluminescence of two best performing NR-LED devices with and
without PF-BT.
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Table 1 Summary of the device performance of all-inorganic NR-LEDs
without dipole layer and with PF-BT on NiO,

Peak Turn-on Peak luminance
Device EQE (%) voltage (V) (cd m™?)
LED 0.8 3 228
P@LED 10.8 2.8 1735

exhibits a slightly lower turn-on voltage of 2.8 V, indicating an
efficient injection of holes into the NR-LED. We also found
that the current density of passivated LEDs is substantially
higher than those of the NR-LEDs without passivation in the
bias range of 1-7 V, for instance, 6.1 and 10.0 mA cm > at 4 V
from the non-passivated LED and P@LED device respectively,
which gives nearly a 2-fold increase in forward current. The
reason behind the higher injection current lies in the reduced
valence band offset between the NiO, and NRs, consistent with
the literature.*®

The passivation of surface states at the NiO, surface sub-
stantially decreases the non-radiative leakage current and the
reduced valence band offset between the NiO, and NRs leads
to higher and more balanced carrier injection into the emis-
sive NR layer. Both factors contribute significantly to the
overall performance enhancement to the P@LED. In addition
to the increase of current density, the luminance increases as
well. Fig. 5(d) shows that the device brightness reaches a
maximum of 1735 cd m™ (at 5.5 V) for the P@LED, more than
7-times increases compared to the device without passivation
(228 cd m™ at 6.6 V). As the current density and luminance
both increase after the incorporation of PF-BT, the EQE is also
observed to increase significantly as shown in Fig. 5(e). The
peak EQE reaches at 10.8% at 3.8 V, compared to the 0.8%
@4.4 V of EQE obtained for the non-passivated LED device.

We did notice the EQE droop in our devices, which can be
attributed to multiple factors, such as charge injection imbal-
ance, Auger recombination, and Joule heating.*® From
Fig. 5(e), we can see the efficiency roll-off is highly nonlinear
vs. applied voltage (current). Auger recombination, which is a
nonlinear nonradiative recombination process and contributes
significantly to the EQE droop of CdSe/CdS QD-based LEDs,*!
is speculated as one of main reasons for this efficiency roll-off.
After 6.5 V, the luminance drops rapidly while the current
still increases linearly. In this range, Joule heating could be
another source of the EQE droop, which has been observed
on NC-based LEDs fabricated on glass substrates.* More
investigations will be carried out to pin-point the actual cause
(s) of the EQE droop at high voltage range for our devices in
the future.

The EL spectrum of the P@LED is displayed in Fig. 5(f).
The symmetric and narrow EL emission peak of P@LED is
centred at 615 nm @ 5 V with full width half-maxima (FWHM)
of 30 nm. It is highlighted that the EL spectrum for P@LED
shows no parasitic emission, which suggests that the device
excitons are effectively generated and recombined inside the
NRs emitting layers.
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Conclusions

In summary, we established an analytical model to describe the
EPD process of NPs from a non-polar solution, which was used to
obtain information on the morphology, thickness of the deposited
film and the effective single particle charge of NPs in solution.
With the better control on the formation of vertically aligned
CdSe/CdS NR film as an emissive layer and the metal oxide HTL
surface modified by PF-BT molecular dipoles, the performance of
all-inorganic NR-LEDs are greatly enhanced. Such a passivation
process with dipole molecules tunes the energy levels of the HTL,
leading to more efficient charge carrier injection and suppression
of the trap-medicated non-radiative recombination. As a result, an
enhanced luminance is obtained from 228 cd m™2 for non-passi-
vated device to 1735 cd m™> for device passivated with PF-BT. The
passivated all-inorganic CdSe-CdS NR-based LED devices deliver a
high EQE of 10.8%. We anticipate that this metal oxide surface
passivation procedure incorporated with NRs alignment provides a
fruitful way to realize all-inorganic NR-LEDs with high brightness
and low turn-on voltage. Furthermore, this vertical alignment fea-
tures improved charge transport along the long axes of the NRs"®
and in film emission, which could be of particular importance for
the future development of electrically pumped NR-based lasers.
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