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Abstract: We investigate the effect of a magnetic field on red, green, and blue CdSe/ZnS
quantum dot light-emitting diodes (QDLEDs). Circular multilayer ferromagnetic cobalt/platinum
(Co/Pt) disks are deposited on a MgF2 layer covering an Al electrode, and a perpendicular
magnetic field is applied to the QDs in the active layer. Carriers injected into the active layer are
then trapped and efficiently recombined inside the QDs because of strong carrier localization
caused by the perpendicular magnetic field. The luminescence of the QDLEDs in the multilayer
increases by 33.31% at 7.5 V, 22.34% at 7.5 V, and 16.73% at 7.0 V compared with that of
QDLEDs without the multilayer. The time-resolved photoluminescence of all the QDLEDs
also indicates that their increased luminescence results from improved radiative recombination
through the stronger carrier localization in the QDs.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Quantum dot light-emitting diodes (QDLEDs) have drawn a lot of attention owing to their
narrow bandwidth, wide emission spectrum, high color purity, good photo stability, and low cost
[1,2]. These advantages make QDLEDs superior for replacing organic light-emitting diodes
(OLEDs) or polymer light-emitting diodes (PLEDs). Because of these advantages, QDLEDs
have been applied to flexible light sources, optoelectronics, and other biomedical fields [3,4].
However, QDLEDs still have low electroluminescence (EL) efficiency because of low carrier
injection [5], high nonradiative energy transfer [6], and poor out-coupling efficiency [7]. Surface
or interface defect-related trapping and carrier release through thermal escape also cause low
QDLED efficiency [8–10]. Overcoming carrier release requires localizing the carriers inside
the QDs to attain a high efficiency. However, there have not been many studies on preventing
carrier release from a QD before radiative recombination. Although methods such as shell
thickness optimization [11] and multi-shell structure [10] have been introduced to enhance carrier
confinement in the QD core region, they require a precise and optimized process for each QD
core and shell material.

The effect of a magnetic field on QDs has been reported in a few studies [12,13]. These studies
suggest the possibility of increasing optical properties by applying an external magnetic field to a
QD. They found that an external magnetic field changes photoluminescence (PL) properties such
as peak position, full width at half maximum (FWHM), and luminescence intensity. The changes
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in optical and electrical properties are due to carrier trajectory changes and increased carrier
localization by the external magnetic field. Larsson et al. reported that a strong carrier localization
prevented carrier release when a magnetic field was applied to a QD [12]. Furthermore, the
change in carrier trajectory due to the magnetic field pushes the carriers in a lateral direction and
consequently increases the carrier population around the QDs. As a result, the external magnetic
field enhances the PL intensity. The changes in optical and electrical characteristics caused by
magnetic fields have been analyzed through semiconductor devices such as Hall-effect sensors
[14,15], a GaAs/AlGaAs heterostructure [16], InGaAs/GaAs, [17] and InGaN/GaN multiple
quantum wells (MQWs) [18,19]. These results indicate that the magnetic field easily traps the
carriers in local potential minima such as the In-rich region, and PL is increased by the increase
in radiative recombination rate at the potential minima. External magnetic fields have also been
used to improve performance of OLEDs [20–22]. The increase of PL intensity in inorganic and
organic LEDs is also attributed to the carrier trajectory change from straight to helical due to
the magnetic field. In particular, the magnetic field gradient generated by magnetic structures
directly deposited on devices effectively alters the carrier trajectory via scattering and trapping
[14,15,19]. However, all previous studies on QDs have been under the conditions of a uniform
external magnetic field and low-temperature environment. There is no published report on the
effect of the magnetic field gradient from directly deposited magnetic structures on QDLEDs.
In this study, we demonstrated that QDLED luminescence can be increased using the

perpendicular magnetic field and magnetic field gradient from directly deposited circular
ferromagnetic Co/Pt multilayer (FCPM) disks on a MgF2 capping layer. Using the perpendicular
magnetic field and its gradient, carriers can be spread further in the lateral direction of the
active layer and strongly localized in the QD, resulting in enhanced radiative recombination.
During the measurement, we observed that with circular FCPM disks the luminescence of a
red QDLED increases more than the luminescences of green and blue QDLEDs. To further
understand the magnetic field gradient effect in QDLEDs, we performed time-resolved PL
(TR-PL) measurements on the QDLEDs with and without the circular FCPM disks.

2. Method

Figures 1(a) to 1(g) illustrate the fabrication sequence for the QDLEDs with circular FCPM
disks. First, a patterned indium tin oxide (ITO) glass substrate was sonicated for 10 min in
each of the following sequentially: acetone, deionized water, and isopropyl alcohol (IPA). After
cleaning, the ITO glass substrate was exposed to an ultraviolet ozone treatment for 20 min
(Fig. 1(a)). Then, PEDOT:PSS (Clevios P VP AI 4083, H. C. Stark) was spin-coated on the
substrate at 5,000 rpm for 40 sec and baked at 140 °C for 10 min under ambient conditions.
Subsequently, poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine] (poly-TPD) (American
Dye Source) was dissolved in chlorobenzene with a concentration of 10 mg·mL−1, spin-coated
onto the PEDOT:PSS-coated ITO glass at a rate of 4,000 rpm for 40 sec in a nitrogen-(N2-)filled
glove box, and sequentially baked at 110 °C for 20 min (Fig. 1(b)). Red, green, and blue-emitting
CdSe/ZnS core-shell QDs were purchased from Nanosquare. The QDs were dispersed in toluene
with a concentration of 10 mg·mL−1 and used in QDLED fabrication without any purification.
The core and shell materials of the red, green, and blue dots were the same in this study. The
differences were the core sizes and shell thicknesses. (In general, when the QD composition is
constant, a small QD has a peak wavelength in the blue region that shifts gradually to the red
region as the size increases.) The average size of red, green, and blue QD is around 5.8, 3.2, and
1.4 nm with 0.3 to 0.7 nm ZnS shell thickness, respectively, and the CdSe core region shows
a zinc blende (sphalerite) structure. The peak positions of wavelength for red, green, and blue
QD are 630, 540, and 450 nm, respectively. The CdSe/ZnS QDs were then spin-coated onto the
poly-TPD and PEDOT:PSS-coated ITO glass. The red and green QDs were spin-coated at a rate
of 1,800 rpm for 30 sec and the blue QD at 1,250 rpm for 30 sec (Fig. 1(c)). After baking at 80
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°C for 30 minutes in the N2-filled glove box, 2.5 wt% ZnO NPs (Nano Clean Tech) dispersed in
mixed alcohol was spin-coated under ambient conditions at 2,000 rpm for 40 sec and baked at
110 °C for 10 min (Fig. 1(d)). A 100 nm-thick Al layer was deposited via thermal evaporation as
the electrode on the ZnO layer (Fig. 1(e)). After fabrication of a standard QDLED, a 20-nm-thick
MgF2 layer was deposited on the Al electrode through e-beam evaporation to prevent sputtering
damage to the Al electrode and ZnO layer (Fig. 1(f)). Then, a 5-nm-thick Ta layer was deposited
to improve adhesion between the MgF2 and the Co layer. Ten pairs of Co/Pt (1 nm/1.5 nm) and
10-nm-thick Ta layers were sequentially deposited on the adhesive Ta layer using DC sputtering,
as shown in Fig. 2. The 10 nm-thick Ta layer was deposited on the FCPM to protect the FCPM
from air oxidation. Both the Al electrode and the circular FCPM disks were fabricated with
shadow masks during evaporation. The diameter of the circular disks and space between the disks

Fig. 1. Schematic of fabrication steps for QDLEDs with a ferromagnetic Co/Pt multilayer:
(a) ITO-deposited glass substrate; (b) spin-coated PEDOT:PSS and poly-TPD as a hole
transport layer on ITO glass; (c) spin coating of red, green, and blue quantum dots on hole
transport layer in (b); (d) spin-coated ZnO as an electron transport layer on a QD layer;
(e) thermally evaporated 100-nm-thick Al layer as an electrode on ZnO; (f) electron-beam-
evaporated MgF2 as an insulating and capping layer on Al and DC-sputtered ferromagnetic
Co/Pt multilayer; (h) tilted and (i) cross-sectional scanning electron microscope (SEM)
images of QDLED shown in (g).
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were each 60 µm. Figure 1(f) shows the QDLED structure without circular FCPM disks; the
structural sequence is ITO/PEDOT:PSS (∼40 nm)/poly-TPD (∼50 nm)/CdSe/ZnS core-shell QDs
(∼20 nm)/ZnO (∼30 nm)/Al electrode (∼100 nm)/MgF2 (∼20 nm). The full QDLED structure
with circular FCPM disks is shown in Figs. 1(g) to 1(i). Figure 1(h) and 1(i) show a tilted
angle and the cross-sectional scanning electron microscope (SEM) images of a QDLED with
ferromagnetic Co/Pt multilayers. As shown in Fig. 1(i), the interface of the QDLED fabricated
with a spin coating is not clearly distinguished. Therefore, we added colors to the SEM image to
help identify each layer easily.

Fig. 2. (a) Schematic of the circular ferromagnetic Co/Pt multilayer disk structure, and (b)
vibrating sample magnetometer (VSM) characteristics of ferromagnetic Co/Pt multilayer on
a Si substrate. The inset shows a ferromagnetic Co/Pt multilayer film on a Si substrate (1×1
cm2) for VSM measurements.

The structure of the Co/Pt multilayer is illustrated in Fig. 2(a). The Co and Pt layers were
deposited via sputtering under optimized conditions for applying the perpendicular magnetic
field to the QD layer. Typical ferromagnetic metals or alloys such as Fe, Ni, Nd, and CoFe
require a magnetization process to align the magnetic field. Because this process requires a
high temperature and vacuum with a strong external magnetic field, it is difficult to use in
organic-based devices. Therefore, we used the FCPM because the alternately deposited Co
and Pt layers spontaneously generate a magnetic field in a perpendicular direction without a
magnetization process [23,24]. The thickness of the Co and Pt layers and number of Co/Pt pairs
(Fig. 2(a)) were optimized by measuring the vibrating sample magnetometer (VSM), as shown in
Fig. 2(b). When the Co thickness was too thin during sputtering, intermixing occurred between
the Co and Pt layers. When it was too thick, the direction of the magnetic field gradually began
to slant in the parallel direction from the perpendicular [25]. Therefore, the optimal FCPM
magnetic moment was obtained using a 1 nm-thick Co layer and 1.5 nm-thick Pt layer within the
10 pairs of Co/Pt layers (Fig. 2(a)). The deposition rates of the Co and Pt layers were 0.171 and
0.176 Å/s, respectively. To confirm the magnetic field direction and strength of the FCPM, we
measured the magnetic properties of an FCPM deposited on a 1×1 cm2 Si substrate, as shown in
the inset of Fig. 2(b). These magnetic field measurements were done using a VSM (Lake Shore
Cryotronics). As a result, we obtained a remanent magnetic field of 0.18 T in the perpendicular
direction and a negligibly small magnetic field in the parallel direction, as shown in Fig. 2(b).

The electrical and optical properties of the QDLED were obtained using a PR-650 spectrascan
colorimeter (Photo Research) coupled with a Keithley 2400 source measurement unit. Inside the
colorimeter, a photodetector was fixed at a distance of 355 mm from the QDLED. The light from
the 14.5 mm2 emitting area of the QDLED was collected using a light-focusing magnification
lens. All of the electrical and optical property measurements were performed in the N2-filled dark
glove box to prevent stray light and oxidation at room temperature. In the TR-PL measurement,
a pulsed 375 nm laser diode was used to excite the blue QDLED, and 473 nm was used for
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the green and the red QDLEDs. A single-photon-counting photomultiplier tube was used for
detection through the bottom side of the ITO glass.

3. Results and discussion

Figure 3 shows that luminescence increased after deposition of the circular FCPM disks on
MgF2. As shown in Fig. 1(g), the circular FCPM disks covered the Al electrodes of the red,
green, and blue QDLEDs. Figures 3(a) to 3(c) show the current density–voltage (J–V) and
luminance–voltage (L–V) characteristics of the red, green, and blue QDLEDs before and after
FCPM deposition. The turn-on voltage for the red, green, and blue QDLEDs was the same at 3.0
V with and without circular FCPM disks. However, the series resistance of the QDLEDs slightly
increased with the circular FCPM disks. The increase in resistance is due mainly to the altered
carrier motion in the QDLEDs along the parallel direction caused by the perpendicular magnetic
field and its gradient generated from the circular FCPM disks. The increase in resistance due to
the magnetic field is already reported in InGaN/GaNMQWs, an AlGaN/GaN heterostructure, and
an OLED [16,18,19]. After deposition of the circular FCPM disks, the luminescence of the red
QDLED increased from 7,231 cd·m−2 to 10,842 cd·m−2 at 7.5 V (Fig. 3(a)). The luminescence
of the green QDLEDs increased from 7,651 cd·m−2 to 9,852 cd·m−2 at 7.5 V (Fig. 3(b)) and
that of the blue QDLEDs from 3,419 cd·m−2 to 4,106 cd·m−2 at 7.0 V (Fig. 3(c)). To further
understand the changes in electrical and optical properties, we compared the current efficiency of
the red, green, and blue QDLEDs before and after FCPM deposition at the maximum current

Fig. 3. (a) Current density–voltage (J–V) and luminance–voltage (L–V) characteristics of
red, green, and blue QDLEDs before (black squares) and after (colored dots) deposition of
the ferromagnetic Co/Pt multilayer (FCPM). J-V characteristics are plotted as solid squares
(without FCPM) and solid dots (with FCPM). L-V characteristics are plotted as hollow
squares (without of FCPM) and hollow dots (with FCPM).
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injection and luminescence. The current efficiency of the red QDLED changed from 0.72 cd·A−1

to 1.15 cd·A−1 at 7.5 V, that of the green QDLED increased from 0.74 cd·A−1 to 1.0 cd·A−1

at 7.5 V, and that of the blue QDLED increased from 0.37 cd·A−1 to 0.6 cd·A−1 at 7.0 V. The
enhancement of current efficiency is attributed to the simultaneous increase of luminescence
and the change in electrical properties. This indicates that the magnetic fields enhance carrier
injection into the QDs and carrier recombination in the QD layers.

Fig. 4. Schematics of (a) tilted-angle and (b) front-angle cross-sectional view of a QDLED
with a ferromagnetic Co/Pt multilayer and magnetic field profiles; (c) carrier motions under
the perpendicular magnetic field and magnetic field gradients in the edge region (marked “a”)
where the magnetic field was strong and directed upward, and in the center region (marked
“b”) where the magnetic field was weak and directed downward. The carrier trajectories
denoted by “1”, “2”, and “3” have high, resonant, and low kinetic energy under the magnetic
field gradient, respectively.

As shown in Figs. 4(a) and 4(b), the perpendicular magnetic fields generated by the circular
disks of ferromagnetic Co/Pt multilayers are strong at the edge region where the field direction
downward and relatively weak at the center region where the field direction upward [14,15].
Consequently, the magnetic field gradient is created, as shown in Fig. 4(b). The kinetic energy of
a carrier and the position at which the carrier enters the magnetic field determine its trajectory
based on the magnetic field gradient. When the carriers enter a region of the strong or weak
magnetic field, denoted respectively by “b” and “a” in Figs. 4(a) to 4(c), they will be scattered or
trapped depending on the carrier kinetic energy. Carriers with high kinetic energy can penetrate
the edge (outer core) and the center (inner core) regions and reach the opposite side of the outer
core again. In this case, the carrier exhibits a helical motion while passing through the magnetic
field region, and is scattered in a random direction (1 in Fig. 4(c)). However, Carriers with low
kinetic energy cannot enter through the edge region of the circular disk where the magnetic field
is strong, and they will be scattered backward (3 in Fig. 4(c)). When carriers with the appropriate
kinetic energy (i.e., resonant energy) pass through the outer core region, they move along the
interface between the inner and outer cores with a snaking motion (2 in Fig. 4(c)) [14]. The
increase of the series resistance of QDLEDs with FCPM in Figs. 3(a)–3(c) is owing to carrier
scattering or temporal trapping [14,26,27].
In organic-based LEDs, the mobility of holes is faster than electrons and the effective mass

of holes is about 10-20% heavier than electrons. [28]. In general, carrier trajectories such as
the radius of the helical motion, the direction of propagation, and the direction of rotation are
mainly effected by effective mass, magnetic field strength, and gradient of the magnetic field.
Also, the carrier velocity under the magnetic field is determined by the carrier effective mass,
magnetic field strength, and magnetic field gradient [29]. Therefore, the electron and the hole
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under the same strength and gradient of the magnetic field exhibit little difference in radius of
helical motion due to the similar effective mass, but the direction of rotation and propagation
are contrary to each other because of their opposite charges. Accordingly, the carrier density
around each QD increased due to lateral diffusion of the carrier, and the probability of radiative
recombination increased because of the perpendicular magnetic field localized carriers in the
QD. Furthermore, the magnetic field strongly localizes carriers in QDs, which increases radiative
recombination. The stronger carrier localization minimizes ejection of carriers from the QD core
region through thermal release [9,12]. In fact, carriers receive sufficient thermal energy to escape
from a QD even below room temperature [10]. The released carriers enter the nonradiative
recombination center and reduce the QD efficiency. This is why the enhanced EL intensity of the
QDLEDs is due to the increased carrier localization in QDs by the perpendicular magnetic field
and its gradient.
The luminescence of the red, green, and blue QDLEDs increased by 33.31%, 22.34%, and

16.73%, respectively, after deposition of the circular FCPM disks, as shown in Fig. 3. The red
QD is larger than the green and blue QDs, so an increase of luminescence enhances with QD size.
This shows that the magnetic field gradient affects larger QDs more. This is because QD size
determines the carrier capturing potential [8]. Although the magnetic field intensity produced
by the circular FCPM disks is the same for all QDs, the magnetic field gradient localizes more
carriers in larger QDs because such QDs have sufficient room to trap more carriers in their cores.

Fig. 5. EL spectra of (a) red, (b) green, and (c) blue QDLEDs without (black squares) and
with (colored dots) deposition of the ferromagnetic Co/Pt multilayer.

Figure 5 shows the FWHM of the QDLED EL before and after deposition of the circular
FCPM disks. After deposition, the FWHM of the red QDLED increased by 4.22 nm (from 33.77
nm to 37.99 nm) at 7.5 V and that of the green by 3.84 nm (from 41.45 nm to 45.29 nm) at 7.5 V.
The FWHM of the blue QDLED increased by 4.15 nm (from 32.43 nm to 36.58 nm) at 7.0 V.
The FWHM of the EL spectra for all QDLEDs after disk deposition increases in proportion to
QD size. It has been reported that the FWHM of a QD broadens under an external magnetic field
[8,30]. This broadening is attributed to energy level splitting by the Zeeman effect or localization
of the surface defect and core–shell interface by the magnetic field [10,30,31]. The QD energy
level is split and the degeneracies removed when a magnetic field is applied to the QDs. In
addition, strong localization by the magnetic field causes carrier trapping at a shallow potential,
as shown by the fluctuation in QD surface composition and defects at the core–shell interface.
As a result, the emission spectra of the QDLEDs with circular FCPM disks become broader
than those without these disks, as shown in Fig. 5. When the magnetic field is applied to the
QD, the spatial confinement increases as the QD size decreases, thereby increasing the interlevel
separation. Therefore, even if the magnetic field strength is constant, the energy level separation
by the Zeeman effect increases as the QD size decreases. As a result, the EL spectrum becomes
broader as the QD size decreases [8,32]. However, although the FWHM increased after FCPM
deposition, it did not change with size in this study. Because energy level splitting strongly
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depends on magnetic field strength, a stronger magnetic field is needed to verify the changes in
FWHM due to QD size.

Fig. 6. TR-PL spectra without (black squares) and with (colored dots) a ferromagnetic
Co/Pt multilayer for the (a) red, (b) green, and (c) blue QDLEDs.

We performed TR-PL measurement to further understand the effect of the magnetic field
gradient on the optical properties of the QDLEDs. Figure 6 shows the TR-PL decay times before
and after FCPM disk deposition. The TR-PL decay time of the red QD decreased from 3.24 ns
to 2.23 ns, that of the green QD from 4.00 ns to 3.19 ns, and that of the blue QD from 3.57 ns
to 3.14 ns. The reduced decay times reveal that the carriers were strongly localized in the QDs
and recombined more efficiently [33]. Therefore, the enhanced QDLED luminescence is due
primarily to the strong localization of carriers in the QD caused by the circular FCPM disks.
Furthermore, the decrease in decay time was greatest in the red QDLED and smallest in the
blue QDLED. This is another indication that the effect of the magnetic field gradient generated
from the FCPM disks is greater in QDLEDs with larger QDs because the carriers are strongly
localized and recombine more efficiently in them.

4. Conclusion

In summary, we have enhanced the luminescence of red, green, and blue QDLEDs by depositing
circular FCPM disks on top of the MgF2 capping layer of an Al electrode. The circular FCPM
disks increased the EL intensities of the red, green, and blue QDLEDs by 33.31%, 22.34%, and
16.73%, respectively, compared with QDLEDs without the disks. The EL intensity increased
because the magnetic field and its gradient produced by the FCPM disks changed the trajectory
of carriers, thereby enhancing carrier injection into QDs. In addition, the magnetic field gradient
suppressed carrier loss from thermal release through localization. On the basis of FWHM and
TR-PL measurements of the EL spectra, we conclude that the increase in QDLED EL is due
mostly to the magnetic field and its gradient. Furthermore, a shorter TR-PL decay time reveals
more efficient carrier recombination due to the suppressed carrier escape through increased
localization. Improving QDLED luminescence using a perpendicular magnetic field from circular
FCPM disks may be an alternative way to design high-efficiency QDLEDs.
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