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Solution-Processed Spin-Polarized Light-Emitting Diodes of
Colloidal Quantum Wells and Magnetic Nanoparticles

Savas Delikanli,* Arinjoy Bhattacharya, Betul Canimkurbey, Chang Huai,
Amani Almutairi, Arman Najafi, Hilal Korkut, Farzan Shabani, Furkan Isik,
James Pientka, Ibrahim Sarpkaya, Hao Zeng, Richard D. Schaller, Athos Petrou,*

and Hilmi Volkan Demir*

Electrical injection of spin-polarized carriers into semiconductors enables
circularly-polarized emission from spin-polarized light-emitting diodes
(spin-LEDs). The incredible level of tunability of magnetic and electronic
properties in colloidal nanocrystals offers unprecedented opportunities for the
modulation of polarization of light in solution-processed spin-LEDs based on
magnetic nanoparticles unlike epitaxially grown spin-LEDs restricted by a very
limited range of materials for their exploitation, and solution-processed
spin-LEDs based on chiral molecules, which do not allow the modulation of
polarization in general. Here, it is shown that electrical injection of
spin-polarized electrons from magnetic Fe;O, nanoparticles into CdSe/CdZnS
core/shell colloidal quantum wells (CQWs) in solution-processed LEDs that
allows for polarization modulation of electroluminescence. In this structure, a
monolayer of face-down oriented CQWs is deposited as an active layer to
avoid polarization losses due to the hopping of the electrons between the
CQWs before the radiative recombination process. In this solution-processed
spin-LED, the circular polarization reaches 4.5% at 3 K and survives up to 100
K. A net circular polarization is observed at zero magnetic field up to 100 K
because of the remnant magnetization of the Fe;O, nanoparticles. This new
colloidal spin-LED architecture presents significant prospects for future
solution-processed advanced opto-spintronic devices.

1. Introduction

The modulation of spin angular momen-
tum of carriers enables novel functionali-
ties in semiconductors, which can be ex-
ploited in optoelectronic applications.!' Be-
cause of the practical importance of the
manipulation of carrier spins, the field of
spintronics has been growing rapidly since
the discovery of giant magnetoresistance.
This progress has led to the development
of various spintronic devices, including
spin-polarized light-emitting diodes (spin-
LEDs).[2%] In a spin-LED, spin-polarized
carriers are electrically injected into a
semiconductor through a spin injector to
emit circularly polarized light, which can
be used for quantum information appli-
cations, chiral synthesis, and modulation
of ultrafast magnetization.[*¢1% The de-
gree of circularly polarized electrolumines-
cence (EL) of a spin-LED is determined
by the spin-injection efficiency, spin re-
laxation lifetime and recombination life-
time of the carriers.[*®1112] The correlation
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between the spin angular momentum and the optical polariza-
tion makes spin-LEDs an excellent platform for investigating and
understanding the fundamentals of spin phenomena in semi-
conductors, which in turn will assist further development of ad-
vanced spintronic devices.

Spin-LEDs have been fabricated using epitaxial growth tech-
niques including molecular beam epitaxy (MBE) for a few
decades and, in these spin-LEDs, spin polarized carriers are in-
jected through employing either a ferromagnetic or diluted mag-
netic semiconductor (DMS) layer as a spin injector.”! In these
epitaxially grown spin-LEDs, typically a ferromagnetic Fe layer or
a DMS layer made of either ZnMnSe or CdMn'Te were employed
for spin injection, while GaAs/AlGaAs quantum wells (QW) were
used as the emissive layer.[>12"1%] Recently, spin injection into Si
was also demonstrated using an Fe contact via MBE.I*! Very lim-
ited range of available materials for spin-injection and emissive
layers in these epitaxially grown spin-LEDs has hindered the full
exploitation of their potential thus far. Very recently a spin-LED
based on solution-processed materials has been demonstrated
using a chiral metal-halide perovskite layer with no polarization
modulation."!] This previous work relies on chiral-induced spin
selectivity as the spin aligner. This solution-processed spin-LED
based on a metal-halide perovskite chiral layer, however, undesir-
ably is not capable of the modulating of the optical polarization,
which is an indispensable key parameter in applications such
as quantum information, encoding, and modulation of ultrafast
magnetization.

Solution-processed LEDs based on magnetic nanoparticles
provide valuable opportunities to overcome the limitations of
these previously fabricated spin-LEDs with numerous avail-
able materials for spin-injection and emissive layers. Col-
loidal magnetic nanoparticles with highly controlled size,
shape and composition,['*18] and ease of formation of multi-
component heterostructures,['*?% allow for customizing their
magnetic properties for different applications, such as informa-
tion storage, 2!l nanocomposite magnets,!??l and bio-applications
such as remote stimulation of neurons,?* magnetic resonance
imaging!?* and tumor treatment.!>2¢! In particular, magnetite
(Fe;0,) nanoparticle arrays have demonstrated exceptionally
high carrier spin polarization and sizable magnetoresistance at
room-temperature,?’! making them a promising candidate as a
spin injector in spin-LEDs.
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Among the solution-processed nanocrystals, colloidal QWs
(CQWs) are an exceptional class of materials as an emissive layer
for solution-processed spin-LEDs, thanks to their highly tunable
emission in the visible range, narrow emission linewidth, high
photoluminescence quantum efficiency, and short recombina-
tion lifetimes (rr) at both room and low temperatures. zr of
CQWs is at least an order of magnitude smaller than that of QDs
emitting in a similar spectral regime,/?®%! due to the giant oscil-
lator strength and much smaller dark-bright exciton splitting.?!
Additionally, CQWs exhibit non-degenerate heavy and light hole
states similar to their epitaxial counterparts.*! In the context
of spin-LEDs, both a short 7zr and non-degenerate hole states
are beneficial for achieving a high degree of circularly polarized
emission,!?>3] since the circular polarization is determined by
the ratio between radiative recombination and spin lifetimes, and
a degenerate hole state would halve the achievable polarization
due to the contribution from the light hole state with opposite
polarization.[*14]

The advantages of both CQWs and magnetic nanoparti-
cles raise the tantalizing opportunity for realizing all solution-
processed spin-LEDs by combining the two types of materials, in
which QWs are used as the emitter and the magnetic nanopar-
ticle layer are used as the spin injector. Colloidal semiconduc-
tor and magnetic nanostructures with well-controlled size and
shape can be dispersed in solution, which allows for all-solution-
processed spin-LEDs using cost-effective techniques such as
spin-coating and self-assembly. More importantly, with the flexi-
bility of choosing a variety of QW and magnetic materials, these
solution-processed spin-LEDs may help to overcome the limita-
tions of previously fabricated spin-LEDs.

In this work, we report the first attempt to fabricate all-
solution-processed spin LEDs based on colloidal Fe;O, nanopar-
ticles and CdSe/CdZnS core/shell CQWs. With these devices, we
demonstrate electrical injection of spin-polarized carriers from
Fe,O, nanoparticle layer into the CdSe/CdZnS CQWs, realizing
circularly polarized emission that can be modulated by a mag-
netic field. We achieved a circular polarization of 4.5% at 3 K.
The circular polarization persists up to 100 K. In addition, we
demonstrated a net circular polarization in the absence of an ex-
ternally applied magnetic field up to 100 K, owing to the remnant
magnetization of Fe;O, nanoparticles. We further obtained the
temperature-dependent spin relaxation lifetimes using polarized
transient absorption (TA) spectroscopy and PL lifetime using a
time-resolved photoluminescence (TRPL) spectroscopy. The spin
lifetime in CdSe/CdZnS core/shell CQWs reaches 1.3 ns at 3 K
and decreases as the temperature is raised and is attributed to the
D’yakanov-Perel spin relaxation mechanism. The calculated spin
injection efficiency is #35% in our spin-LED, which is similar to
spin injection efficiencies from Fe contacts to GaAs QWs.[*]

2. Results and Discussion

In this study, we employed chemically synthesized CdSe/CdZnS
core/shell CQWsl3!l and Fe;0, magnetic nanoparticles!'’! in
our solution-processed spin-LED structure. The size of the syn-
thesized Fe;O, magnetic nanoparticles is ~10 nm, as can be
seen in the transmission electron microscopy (TEM) image in
Figure 1a. Details of the synthesis of Fe;O, magnetic nanoparti-
cles are provided in the Supporting Information. Fe;O, exhibits
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Figure 1. Structural and optical characterizations of the colloidal Fe;O, magnetic nanoparticles and CdSe/CdZnS core/shell CQWs. TEM images of a)
Fe; O, magnetic nanoparticles and b) CdSe/CdZnS core/shell CQWs. The insets of (a) and (b) show the high-resolution TEM images of the nanoparticles.
c) Absorption and PL profiles of CQWs before and after the ligand exchange. d) FTIR spectrum showing the successful ligand exchange.

a Curie temperature of 570 °C, which makes it a promising
candidate for realizing spin injection at room-temperature. In
addition, it has also been theoretically predicted to be a half-
metal with 100% spin polarization, which means only the mi-
nority spin (spin down) states are occupied, while the Fermi en-
ergy falls in the gap of the majority spin (spin up) DOS. While
true half-metallicity is hardly achieved at finite temperatures and
with spin-orbit coupling (which mixes the spin up and spin
down states), it could still be a material providing a high car-
rier spin polarization. Indeed, we have shown earlier that Fe,O,
nanoparticles exhibit impressive transport spin polarization.!?”]
Magnetoresistance (MR) of 35% was achieved at 60 K in Fe;O,
nanoparticle tunnel junction arrays with random orientation,
which translates to ~#70% spin polarization.[?’] A material with
a high carrier spin polarization is a prerequisite for efficient spin
injection in spin-LEDs.

CdSe/CdZnS core/shell CQWs used in this work was syn-
thesized via the seed-mediated growth method.’!! To obtain
CdSe/CdZnS core/shell CQWs, 4 ML CdSe CQWs were used
as seeds. These core CQWSs possess a narrow green emis-
sion at 511 nm with a full-width-at-half-maximum (FWHM) of
10 nm (shown in Figure S1, Supporting Information), owing to
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their atomically flat surfaces and uniform thickness. A wide-gap
CdZnS shell layer was grown around the seed CdSe CQWs to
suppress nonradiative recombination via surface traps and al-
low for longer spin-relaxation lifetimes. Details of the synthe-
sis procedures are given in the Supporting Information. The
lateral size of the CdSe/CdZnS core/shell CQWs is ~15 nm
as can be seen in the TEM image shown in Figure 1b. The
surface of the as-synthesized CdSe/CdZnS core/shell CQWs is
passivated with oleic acid (OA) and oleylamine (OLA). These
CdSe/CdZnS core/shell CQWs emit at 637 nm with a FWHM
of 28 nm, with contributions from only the heavy hole states, as
presented in Figure 1c. The PL quantum yield (PLQY) reaches
close to #90%, which can be attributed to the effective passiva-
tion with the wide gap shell and organic ligands. In addition,
CdZnS shell enhances the spin relaxation lifetimes strongly as
demonstrated earlier,? which is necessary for achieving circu-
larly polarized EL emission. Hence, the CdZnS shell is expected
to not only enhance the efficiency of the LED device but also
boost the EL circular polarization. In addition, the spin-relaxation
lifetime of CdSe/CdZnS core/shell CQWs is almost an order
magnitude longer than that of CdSe/ZnS core/shell CQWs as
presented in Figure S9. Therefore, in this work CdSe/CdZnS
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CQWs were used as emitters rather than CdSe/ZnS core/shell
CQWs.

The OA and OLA ligands of the core/shell CQWs possess long
organic chains, which limits the charge transport rate and the
spin-injection efficiency in spin-LEDs by enlarging the electron-
hopping distance and creating a potential barrier.[1®3334] To en-
hance the spin-injection efficiency in the spin-LEDs, we ex-
changed the long chain OA (C;4H;,0,) and OLA (C,;;H;sNH,)
ligands with shorter chain 2-ethylhexane-1-thiol (EHT), CgH,S.
The EHT is expected to increase the charge transport rate and
spin-injection efficiency by shortening the distance between the
spin-injecting Fe;O, layer and the active electroluminescent
layer.1%3334] The PL and absorption spectra of the CQWs re-
mained unchanged after the ligand exchange, as can be seen in
Figure 1c. In addition, the PLQY dropped slightly to 85% after
the ligand exchange, which proves the robust and efficient at-
tachment of EHT ligands to the CQWs. To confirm the ligand-
exchange, we performed the Fourier-transform infrared spec-
troscopy (FTIR) on the CQWs as presented in Figure 1d. The
vanishing of the peak at 1641 cm™', which is associated with the
vibration mode of the amine group of OLA, signifies the success-
ful ligand exchange with EHT.

The obtained CdSe/CdZnS core/shell CQWs passivated
with EHT and emitting at 630 nm were employed in the
spin-LED structure as the active emissive layer. The fab-
ricated spin-LED structure includes an indium tin oxide
(ITO) anode electrode on a glass substrate, a hole injection
layer of poly(ethylenedioxythiophene)-polystyrenesulfonate
(PEDOT:PSS), a hole transport layer of poly(N,N9-bis(4-
butylphenyl)-N,N9-bis-(phenyl)-benzidine) (poly-TPD), a
CdSe/CdZnS core/shell CQWs emissive layer, a Fe,;O, spin-
injection layer, a ZnO electron transport layer, and an aluminum
cathode electrode. The Fe;O, layer is designed to be at the
electron side of the device to inject spin-polarized electrons.
Additionally, we fabricated a control device without an Fe;O,
layer to investigate potential spurious effects, which we named
as the non-magnetic LED. The schematic of the spin-LED show-
ing each layer and the corresponding energy band diagram is
presented in Figure 2a,b, respectively. Energy band diagrams of
Al, ZnO, CQWs, p-TPD, PEDOT:PSS, and ITO were obtained
from previous works on solution-processed LEDs with similar
device architecture,3#%! while that of Fe;0, was obtained from
a previous report on thin films.*%) In this device, PEDOT:PSS
and poly-TPD were consecutively spin-coated on ITO patterned
glass substrate. A monolayer of face-down oriented CdSe/CdZnS
core/shell CQWs was deposited using a self-assembly technique,
which was previously developed by our group.**3’! Then Fe,0,
and ZnO layers were spin-coated consecutively, before the
evaporation of an Al cathode layer. In this device structure, the
electron-hole pair is confined in the CdSe/CdZnS core/shell
CQWs emissive layer since the PEDOT:PSS layer transports the
holes and blocks the electrons, while the ZnO layer allows the
transport of electrons and blocks the holes.

The cross-sectional TEM image of the fabricated spin-LED,
showing each deposited layer, is presented in Figure 2c. All of
the deposited layers, which can be clearly seen in the cross-
sectional image, appear to be smooth and uniform according
to the cross-sectional image. According to the cross-sectional
TEM image, the thickness of the Fe;O, layer is 55 nm, which
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corresponds to a thickness of 5 monolayers of Fe;O,. On the
other hand, the thickness of the CQW layer is 5 nm, close to
the thickness of our CQWs, which suggests the successful de-
position of a monolayer of face-down oriented CQWs on the
Fe; 0O, layer. In the closed-view cross-sectional image (left panel
of Figure 2c), a monolayer of CQWs lying in face-down orienta-
tion can be seen clearly, which clearly demonstrates successful
utilization of the self-assembly technique in our spin-LED struc-
ture. Such a monolayer of CQWs is crucial to minimize the po-
larization losses due to the hopping of the electrons between the
CQWs. The top-view scanning electron microscopy (SEM) im-
age shows a close-packed, self-assembled monolayer of CQWs
on a substrate coated with the layers of ITO/PEDOT:PSS/p-TPD
(Figure 2d). The roughness of the face-down CQW and Fe;0,
layer on the CQW layer on a substrate coated with the layers of
ITO/PEDOT:PSS/p-TPD was measured through atomic force mi-
croscopy (AFM), as presented in Figure 2e. According to the AFM
scan results, the CQW layer and the Fe, O, layer on the CQW layer
have a roughness of 1.8 and 2.0 nm, respectively.

Our spin-LED exhibits a narrow EL emission at 626 nm with
a FWHM of 31 nm at T = 3 K and zero magnetic field as given
in Figure 2f. The EL spectrum is very similar to the PL spectra
from similar CQWs,***1] which confirms that the EL emission
originates from the excitonic emission of the core/shell CQWs
as depicted in Figure 3a. The EL emission profile spectrally re-
mains the same as the voltage was increased up to 7 V as a re-
sult of strong confinement of the charge carriers in the CQW
active layer, as presented in Figure S2 (Supporting Information).
The turn-on voltage of the device drops as temperature increases
from 2.5 to 290 K which can be attributed to an increase in the
conductivity of the organic layers as presented in Figure S3.

In Figure 3a, the schematic of carrier recombination process
under an applied magnetic field in our spin-LED is provided. In
this device the Fe,0, layer drives the injection of spin polarized
electrons as depicted. The left circularly polarized (¢, ) and right
circularly polarized (o) EL spectra from the spin-LED at T = 3
K and a magnetic field B =5 T in the direction of light propa-
gation normal to the device layers are shown in Figure 3b. The
red line indicates the o, component of the EL spectrum, while
the black line indicates the o- component. The blue line repre-
sents the circular polarization P determined using the relation

pP= ;*:’, where I (I) is the intensity of the 6, (c.) EL compo-

nent, respectively. In our CQWs, only the heavy hole band is re-
sponsible for the recombination process, which means circular
polarization is equal to the electron spin polarization.*) The o,
(0.) EL arises due to radiative recombination processes between
spin —+ (+1) electrons and spin +% (—%) holes. It can be seen that
atafield of 5 T, the intensities of the o, and o are different, result-
ing in P = 4.5% at the peak wavelength of 630 nm (blue line). This
indicates that the majority of the recombining electrons, which
are injected through the magnetic Fe,0, layer, are in the —2 spin
state. In Figure S4 (Supporting Information), we show the EL
spectra at B = -5 T with a resulting P value of —4.5%. The mag-
netic field dependence of the EL circular polarization was mea-
sured by using field sweeps from 5 to -5 T, and at each field value
P was measured. The plot of the EL circular polarization P ver-
sus B for the above process is depicted in Figure 3c. In addition,
from the P versus B plot of Figure 3e, we determined that the
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Figure 2. Structural characterizations of the fabricated spin-LED. a) Schematic of the device architecture. b) Energy band diagram of the LED structure.
c) A cross-sectional TEM image of the LED. d) SEM image of the all-face-down self-assembled monolayer of CQWSs on a substrate coated with the
layers of ITO/PEDOT:PSS/p-TPD. e) AFM scan results of face-down CQW layer and Fe;O, layer on CQW layer on a substrate coated with the layers of
ITO/PEDOT:PSS/p-TPD. f) EL spectra of our LED device operating at 10V, 0 T, and 3 K. The inset of (f) shows a photograph of the working device.

1% and the average coercive
field B,~0.16 T. Such hysteretic polarization clearly signifies spin
injection from the ferrimagnetic Fe;O, nanoparticles. The mag-
netization hysteresis curves of Fe;O, at 5 and 290 K are provided
in Figure 3f. The EL circular polarization shown in Figure 3c,e
mimics the magnetization curve given in Figure 3f.

Figure 3b,c,e clearly shows that the spin polarization of the
injected electrons responsible for the EL circular polarization is
due to the presence of the Fe;O, nanoparticles. This is further
confirmed by the plot of P versus B from the non-magnetic LED
shown in Figure S5 (Supporting Information). The plot of P ver-
sus B for the non-magnetic LED exhibits a linear relationship
with a negative slope at all field values. The negative slope of the

average remanent polarization P

Adv. Optical Mater. 2026, 14, €02254 €02254 (5 of 10)

circular polarization is due to the lifted spin degeneracy under
the applied field as a result of Zeeman splitting and the thermal-
ization of carriers to the lowest state.’8! Further evidence that the
injection of spin-polarized electrons is due to the presence of the
ferromagnetic Fe;O, nanoparticle layer in spin-LED is provided
by the temperature evolution of the P versus B plot for the spin-
LED shown in Figure 3d. As the device temperature is increased
from 3 to 55 K the saturation value of P decreases to 1 % and at
T = 100 K it vanishes. Recently, the spin-LEDs based on chiral
molecules were shown to exhibit circularly polarized emission
at room-temperature. However, these spin-LEDs based on chi-
ral molecules do not have polarization modulation capability and
their circular polarization is usually quite low < 19%.[114243]
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Figure 3. Magneto-optical measurements demonstrating spin-polarized emission from a Fe;O,-based spin-LED. a) The schematic of the carrier recom-
bination process in the device. b) EL spectra of left-circularly polarized (red line) and right-circularly polarized light (black line) from our LED device
operating at 10V, 5 T, and 3 K. c) Circular polarization of EL at various temperatures and applied magnetic fields. d) Circular polarization of EL (at 5 T)
as a function of the temperature. e) Coercivity of circular polarization of EL at 3K. f) Magnetization of Fe;O4 nanoparticles as a function of the applied

magnetic field at 5 and 290 K.

In a spin-LED, the carriers are electrically injected into the ac-
tive layer from a magnetic layer with a net spin polarization. To
investigate the spin injection efficiency in the spin-LED, we mea-
sured the spin relaxation lifetime with the transient absorption
and recombination lifetime measurements with TRPL. The de-
tails of the measurements and the setups are given in the Sup-
porting Information. The measurements were performed from
3 K to room-temperature. The degree of circular polarization
in a spin-LED is dependent on spin injection efficiency, spin-
relaxation lifetime and recombination lifetime according to a rate
equation model:>*¢11]

_ I
1+ =

N

p

1)

where I is the spin injection efficiency, zs is the spin relaxation
lifetime, and 7 is the recombination lifetime. By determining P,
7s and 7t independently, IT can be obtained.[!!]

We measured the temperature-dependent spin relaxation life-
times with spin-polarized transient absorption spectroscopy.*?!
Transient absorption experiments were performed using a tita-
nium:sapphire laser with a 35 fs pulse width and a 2 kHz rep-
etition rate at low fluences (corresponding to 1>> excitons per
CQW). The wavelength of the pump was set near to the band-
edge transition (~10 nm blue side of the band-edge transition)
to retain spin polarization and avoid appreciable hot carrier re-
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laxation. To deduce the spin-polarized information from the TA
maps, the co-polarized TA data (meaning both pump and probe
have the same circular polarization) were subtracted from sepa-
rately measured cross-polarized data (meaning pump and probe
have the orthogonal circular polarization).*?] The dynamic be-
havior of the spin-selective photoinduced absorption (PIA) fea-
ture of CdSe/CdZnS core/shell samples from 3 to 295 K is pro-
vided in Figure S7 (Supporting Information) together with decay
dynamics fittings.

The obtained intensity-averaged lifetimes at various temper-
atures are provided in Figure 4a. As can be seen in Figure 4a,
the spin relaxation lifetimes shorten as the temperature is raised.
This trend is almost identical with the temperature depen-
dence of the circular polarization from the EL. This indicates
that the vanishing circular polarization at high temperatures is
caused by the shortening of the spin relaxation lifetimes. The
spin relaxation lifetime depends almost linearly on T~%° as pre-
sented in Figure S8 (Supporting Information), which suggests
that D’yakanov—Perel spin relaxation mechanism, which was
known to dominate at higher temperatures and in medium gap
materials,[1%*%] is responsible for such temperature-dependent
spin relaxation lifetimes, as previously reported in QWs grown
by epitaxial techniques.[*®]

In addition, we performed temperature-dependent TRPL to
obtain the recombination lifetimes. We studied the PL life-
time in the device from 3 K to room-temperature and the
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Figure 4. Polarization dynamics of the spin-LED. a) Temperature dependence of spin-relaxation lifetimes obtained by spin-polarized transient absorp-
tion spectroscopy. b) Temperature dependence of recombination lifetimes obtained by time-resolved photoluminescence spectroscopy. c) Temperature
dependence of polarization values obtained by magneto-EL spectroscopy and rate equation model using a spin injection efficiency value of 35%, along
with the spin-relaxation lifetimes provided in (a) and the recombination lifetimes given in (b).

intensity-averaged lifetimes are provided in Figure 4b. The TRPL
decay curves with the fittings are provided in Figure S10 (Sup-
porting Information). We found that the recombination lifetime
of the exciton in the CQW layer is ~9 ns at 3 K in our spin-LED
structure, whereas the spin relaxation lifetime is ~1.3 ns at 3 K.
Using Equation (1), the spin-injection efficiency of our device is
calculated to be ~35%. This value is about ¥2 of the carrier spin po-
larization of 70% previously reported in Fe;O, nanoparticles,?’]
and is similar to spin injection efficiencies from Fe Schottky con-
tacts to GaAs QWs.[l The spin injection efficiency is lower (19%)
in the spin-LED fabricated with CQWs passivated with long-
chain OA and OLA ligands as can be seen from Figure S6 (Sup-
porting Information), showing lower polarization values com-
pared to the spin-LED having CQWs passivated with short-chain
EHT.

This spin efficiency is expected to be insensitive to temperature
since the tunneling process is independent of temperature.[**’]
The lower spin-injection efficiency can be attributed to the passi-
vation of Fe;O, nanoparticles with longer chain ligands enhanc-
ing the spin scattering during the carrier hopping from Fe,O,
nanoparticles to CQWs.['! Hence, changing the long OA and
OLA ligands presents an effective pathway for enhancing the P of
the EL emission by improving the tunneling between interfacial
layers.!10]

As we know the spin injection efficiency, which is expected to
be temperature independent, one can calculate the P values at dif-
ferent temperatures based on Equation (1), using the measured
spin-relaxation and recombination lifetimes at various temper-
atures. As shown in Figure 4c, the measured value of P (P,,,)
(black dots) and the calculated P (P_,) (red dots) closely match
with each other. From this result, it appears that the main lim-
iting factor for the P value in the EL appears to be the rela-
tively short spin-relaxation lifetime as compared to the recom-
bination lifetime, which is similar to spin-LEDs based on CsPbl,
perovskites.['!] In addition, the rapid decrease in zs with increas-
ing temperature is responsible for the reduction in P value with
temperature. To improve the EL circular polarization and real-
ize room-temperature spin-LEDs, the recombination times can
be made one or two orders of magnitude shorter via Purcell ef-
fect by employing an additional plasmonic silver or gold layer be-
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tween the CQW layer and the hole transport layer in the device
structure.[44]

3. Conclusion

In summary, we have demonstrated the first all-solution-
processed spin-LEDs using electrical spin injection into colloidal
QWs from magnetic nanoparticles, which leads to circularly po-
larized EL emission modulated by an external magnetic field.
This solution-processed spin-LED yields a circular polarization
up to 4.5% at 3 K, with a net circular polarization that per-
sists up to 100 K in the absence of a magnetic field, due to
the remnant magnetization of the Fe;O, nanoparticles. The cal-
culated spin-injection efficiency of 35% is lower than the car-
rier spin polarization of the injector, which can be attributed
to the longer ligands of the Fe,;O, nanoparticles. Such an ef-
fect can be resolved by exchanging the long ligands (OA and
OLA) of Fe;0, with shorter ligands. In addition, we elucidated
the spin relaxation mechanism in CQWSs using temperature-
dependent polarized pump-probe measurements, which high-
light the D’yakanov-Perel mechanism as the driver of the ob-
served temperature-dependent spin relaxation lifetimes.

This newly developed, all-solution-processed spin-LED struc-
ture having magnetic nanoparticles as a spin polarizer layer, is
expected to open unprecedented routes for future advanced opto-
spintronic devices based on nanocrystals which have shorter re-
combination and long spin-relaxation lifetimes, and magnetic
nanoparticles with custom-designed magnetic and electronic
properties, thanks to the significant advancements in the col-
loidal synthesis methods. In addition, recombination lifetimes
can be shortened considerably (~two orders of magnitude) via
Purcell effect enhancement of the radiative recombination rate
by employing an additional plasmonic layer in the spin-LEDs
to achieve spin-LEDs operating at room-temperature efficiently.
With the ability to control optical polarization, these results based
on solution-processed spintronics together with further improve-
ments in the ligands and Purcell effect through the usage of plas-
monic particles are very encouraging for the realization of room-
temperature advanced spintronic devices for applications in op-
tical switches, modulators, and cryptography.
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4. Experimental Section

Synthesis of Fe;0, Magnetic Nanoparticles: The synthesis of Fe;O,4
magnetic nanoparticles was carried out using a previously reported
recipe.l’®l Iron(lll) acetylacetonate (2 mmol), 1,2-hexadecanediol
(10 mmol), OA (6 mmol), OLA (6 mmol), and benzyl ether (12 mL) were
mixed and stirred vigorously in a three-neck flask for 20 min under a flow
of nitrogen at room-temperature. The mixture was heated to 200 °C and
kept there for 2 h. Then, the solution was heated to ~300 °C and kept
there for 2 h. Finally, the reaction was cooled down to room-temperature
and Fe;O, magnetic nanoparticles were isolated from the side products
with selective precipitation using hexane as a solvent and acetone as an
anti-solvent. Hexane and acetone was added to the solution, and then
the mixture was centrifuged at 6000 rpm for 6 min. The supernatant was
discarded, and the black precipitate was redispersed in 5 mL of hexane
for further use.

Synthesis of CdSe/CdZnS Core/Shell Colloidal Quantum Wells (CQWs):
First, seed CdSe CQWs were synthesized. The synthesis of seed CQWs was
carried out using a previously reported recipe.’°l 13 mg of Se, 170 mg
of cadmium myristate, and 15 mL of ODE were put into a flask and de-
gassed for 30 min at room-temperature. Then, under a nitrogen flow, the
temperature was set to 240 °C, and 50 mg of cadmium acetate dihydrate
was added when the temperature reached 200 °C. T mL of oleic acid was
added 1 min after reaching the 240 °C to stop the synthesis. Then, the
mixture containing the CQW's was cooled down to room-temperature. To
remove the unreacted species and side products, selective precipitation
was performed using hexane and ethanol. The obtained CdSe CQW's were
stored in hexane for further use.

The synthesis of core/shell CQWs was carried out using a previously
reported recipe.l34] 22.5 mg of anhydrous cadmium acetate (Cd(OAc),),
55 mg of anhydrous zinc acetate (Zn(OAc),), 1 mL of OA, 7.5 mL of oc-
tadecene (ODE), and 1 mL of 4 monolayer CdSe CQWs in hexane with
an optical density of 120 (at 350 nm) were loaded into a three-neck flask.
This mixture was degassed under vacuum, first at room-temperature for
1 h and then at 80 °C for 30 min, to remove hexane, air, and other volatile
species from the reaction medium. The atmosphere was then switched
to nitrogen, 2 mL of oleylamine was swiftly injected into the flask, and
the temperature was set to 220 °C. As the temperature reached to160 °C,
injecting a mixture of 280 pL of octanethiol, and 16 mL of ODE was be-
gun at a rate of 20 mL h™" using a syringe pump, and the temperature
was set to 295 °C. Once the temperature reached 240 °C, the injection
rate was reduced to 4 mL h~'. The reaction was stopped by removing the
heating mantle and ceasing injection once 5 mL of the octanethiol-ODE
mixture had been injected, at which point the emission wavelength had
reached 640 nm. To remove unreacted species and side products, selec-
tive precipitation was performed using hexane and ethanol. First, 10 mL
of hexane were added to the reaction mixture at room-temperature and
centrifuged at 6000 rpm for 6 min. The precipitate was discarded, and 6—
7 mL of ethanol was added to the supernatant, which was centrifuged at
6000 rpm for 6 min. The supernatant was discarded, and precipitate was
redispersed in 5 mL of hexane to store.

Synthesis of ZnO Nanoparticles: 3 mmol zinc acetate dihydrate was dis-
solved in 30 mL of dimethyl sulfoxide (DMSO) solution and stirred vigor-
ously at 1000 rpm. Then, a mixture of 5.5 mmol tetramethylammonium
hydroxide (TMAH) in 10 mL ethanol was injected into the Zn-acetate so-
lution at a rate of 40 mL h™! under ambient conditions. Then, the mixture
was kept stirring for 2 h. Afterward, ZnO nanoparticles were precipitated
by adding ethyl acetate and redispersed in ethanol. To improve the sol-
ubility of ZnO nanoparticles, 160 pL of ethanolamine was added to the
mixture and kept stirring for 2 h inside the nitrogen filled glovebox. Finally,
the resulting nanoparticles were washed by addition of ethyl acetate and
redispersed in ethanol.

Details of Device Fabrication and Characterization: The fabrication pro-
cess began by cleaning pre-patterned ITO-coated substrates in four stages:
detergent, distilled water, acetone, and isopropanol, each for 15 min. A
PEDOT:PSS/isopropanol (1:1) solution (Osilla Al 4083, filtered through a
0.25 pm PTFE membrane) was then spin-coated onto the cleaned ITO-
coated glass substrates at 4000 rpm for 60 min. The coated substrates
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were baked at 120 °C for 30 min. Afterward, the substrates were trans-
ferred to a nitrogen-filled glove box (with O, and H,O levels kept below
0.1 ppm). Inside the glove box, the substrates were further baked for 5 min
at 110 °C to remove any residual moisture absorbed during the transfer.
Then, poly-TPD (8 mg mL~" in chlorobenzene) was deposited by spin-
coating. Self-assembly method was used for deposition of a single-layer
CQWs by following a previously reported work from the group.[?] After
that, Fe;0, (10 mg mL™" in hexane), and ZnO (25 mg/mL in ethanol)
layers were sequentially deposited by spin-coating. The spin-coating was
performed at 2000 rpm for 1 min per layer. The poly-TPD layer was baked
at 110 °C for 30 min, while the CQWs, Fe;O,, and ZnO layers were baked
at 60 °C for 20 min each. Finally, a 100 nm aluminum layer was deposited
through a shadow mask using an oxygen-free thermal evaporation system,
creating a 4.5 mm? active area. The devices were then encapsulated using
a sapphire coverslip and UV-curable resin.

For electrical characterization, an Agilent Technologies (U3606A) elec-
trometer was used to measure current-voltage characteristics. Atomic
force microscopy (AFM) analysis was carried out using a PSIA Train-
ing instrument, and microstructure analysis was conducted with an FEI
FIB/SEM system. Transmission electron microscopy (TEM) images were
acquired using an FEI (TECNAI) instrument.

Details of Magneto-Electroluminescence (MEL) Measurements: The top
of the fabricated spin-LEDs was covered with a sapphire piece right after
fabrication to protect the layers during the MEL measurements and be-
cause of the good heat conductivity of the sapphire. The LEDs were placed
in a variable temperature 7 tesla optical closed cycle magnet cryostat af-
ter creating contacts with silver paste and Cu wires. The temperature can
be varied from 2 to 400 K with temperature stability of ~+ 10 mK at each
temperature setting. Photos of a spin-LED after creating contacts with Cu
wires, after mounting sample to the sample holder, and after lit up are
shown in Figure S11 (Supporting Information).

The emitted EL was collected and focused onto the entrance slit of a
single monochromator equipped with a cooled CCD multichannel detec-
tor. A combination of quarter-wave plate and a linear polarizer placed im-
mediately before the entrance slit was used to separate the two circularly
polarized components of each EL spectrum.

Details of Temperature-Dependent Time-Resolved Photoluminescence
Measurements: A custom-built micro-photoluminescence (u-PL) setup
was utilized for conducting temperature-dependent time-resolved photo-
luminescence (TRPL) measurements. The sample was mounted on an
XYZ positioner in a closed-cycle cryostat (Attodry 1000) with a base tem-
perature of 3 K. The sample was excited using a 532 nm picosecond pulsed
laser diode operating under pulse mode at 5 MHz repetition rate, and the
emitted PL light was collected through a low-temperature compatible mi-
croscope objective with a numerical aperture (NA) of 0.82 and directed
through a 550 nm long-pass filter (Thorlabs FEL0550) before reaching the
detector. After passing through the filter, the light was directed to a single-
photon avalanche diode (SPAD) with a photon timing resolution of 50
ps. The HydraHarp 400 multichannel picosecond event timer and TCSPC
module (PicoQuant) were used to record PL decay curves. Temperature-
dependent measurements were conducted by progressively increasing the
temperature from 3 K to 295 K via a temperature controller (Lake Shore
Model 335).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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