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ARTICLE INFO ABSTRACT
Keywords: Advanced bioimaging requires a uniform and large-area near-infrared (NIR) light illumination source. Achieving
NIR-QLED uniform light typically involves the use of inorganic near-infrared light-emitting diodes (NIR-LEDs), such as

Larger-area devices
Non-invasive bioimaging
Radiance
Industrial-friendly

AlGaAs or GaAs, which are often complemented by additional optical components like reflectors and diffusers.
However, the use of such optical components imposes limitations on their applicability and flexibility. On the
other hand, Quantum dot NIR LEDs (NIR-QLEDs) offer distinct advantages for bioimaging, as they directly emit
light uniformly across their entire surface, without the need for any additional optical components. However, for
state-of-the-art quantum dot-based NIR LEDs, the previous NIR-QLEDs have suffered from suboptimal charge
transport and rapid degradation, limiting their radiance and EQE. This work addresses these limitations by
demonstrating an industrial-friendly, all-solution processing technique for NIR-QLED device fabrication with
significantly enhanced radiance and efficiency by utilizing copper (Cu) doped InP/ZnSe quantum dots (QDs). Cu-
doping in InP/ZnSe QDs generates localized intra-gap states, enhancing carrier trapping and radiative recom-
bination while suppressing non-radiative pathways, leading to unprecedented NIR peak emission at 924 nm and
a narrow full-width at half maximum (FWHM) of 81 nm. These intra-gap states facilitate pure NIR emission,
thereby substantially enhancing the device’s efficiency. Based on the energy levels of the doped InP/ZnSe
quantum dots (QDs), ZnMgO and WO are employed as the electron transport layer (ETL) and hole transport
layer (HTL), respectively. ZnMgO and WO provide favorable conduction and valence band offsets, ensuring
efficient carrier injection while suppressing leakage currents. The NIR-QLED exhibited an external quantum
efficiency (EQE) of approximately 16 %. With a high current density of 250 x 1073 A cm™?, the radiance improved
to 62 W sr™! m™2. The all-solution processing technique employed in this work enabled the fabrication of a large
emission area measuring 35 mm x 35 mm. Under illumination from this NIR-QLED, subcutaneous deep vein
images were clearly observable. Consequently, this all-solution process not only simplifies the production process
but also facilitates scalability, paving the robust route for the development of larger-area devices tailored for
complex bioimaging applications.
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1. Introduction

Near-infrared light-emitting diodes (NIR-LED) have widespread ap-
plications in remote sensing, security, optical communication, and
biomedical imaging [1]. The Near-Infrared (NIR) wavelength range,
800-2500 nm, is highly versatile, with its wavelength of interest
depending on the specific application [2]. In the field of in vivo bio-
imaging, NIR is particularly promising for visual examination, biological
detection, and photodynamic therapy. Specific NIR wavelengths pene-
trate biological tissues due to reduced scattering and absorption,
enabling deeper imaging. This property makes NIR an ideal tool for
imaging and therapeutic applications in living organisms [3,4]. Typical
NIR-LEDs are manufactured by a highly complex process that includes
photolithography, molecular beam epitaxy (MBE), and metalorganic
chemical vapor deposition (MOCVD) [5]. These complex and costly
epitaxial growth techniques are employed to deposit III-V inorganic
semiconductors, such as GaAs, InGaAs, and InGaAlAs [1,6-8]. There-
fore, there is increasing demand for alternative fabrication techniques,
making the development of innovative NIR LEDs increasingly crucial [9,
10]. Compared to conventional NIR-LEDs, near-infrared quantum dot
LEDs (NIR-QLEDs) offer a high alternative for surface lighting applica-
tions due to the unique properties of colloidal quantum dots (QDs).
Unlike bulk semiconductors with fixed bandgaps, QDs exhibit
size-dependent tunable emission due to quantum confinement effects.
Additionally, QDs provide high colour purity, solution processability,
and enhanced flexibility in device integration, distinguishing them from
both bulk and molecular materials. These advantages make QDs an
attractive candidate for next-generation NIR light sources with tailored
optical and electronic properties [11,12].

Interestingly, the existing advancements primarily concentrate on
cadmium-based QLEDs exhibit red and green efficiencies exceeding
25 %, while blue QLEDs surpass 20 % EQE [13]. However, the innate
toxicity associated with cadmium-containing quantum dots (QDs) poses
a major barrier to their widespread industrial use. Because of this
problem, there has been a lot of interest in using cadmium-free materials
including silicon, InP, ZnSe, and CulnS; to improve the performance of
QLED devices. Si QDs often suffer from broad emission bandwidths,
surface-related non-radiative pathways, and relatively low EQE, limiting
their deployment in high-performance optoelectronic devices [14,15].
Among the several types of quantum dots (QDs), indium phosphide (InP)
QDs are particularly noteworthy due to its remarkable ability to tune its
color across a wide range of the solar spectrum and its exceptional
emission properties. Consequently, InP QDs have emerged as a potential
substitute for cadmium-based QDs in the development of efficient
quantum dot light-emitting diodes (QLEDs) [16]. The production and
optimization of indium phosphide quantum dots (InP QDs) have
received a great deal of attention to improve the efficiency of quantum
light-emitting diodes (QLEDs) [17].

PbSe QDs, synthesized via solution-based methods, demonstrate
narrow, bright, and tunable NIR emissions [18]. PbSe QDs exhibit a
pronounced ability for strong quantum confinement, as evidenced by a
significant blue shift in absorption peaks with decreasing nanocrystal
size [19]. This is explained by the significant exciton Bohr radius of
46 nm, which is about eight times larger than that of CdSe. Moreover,
PbSe QDs exhibit an exceptionally high quantum yield, reaching up to
89 % in the near-to-mid infrared wavelength range, making them highly
appealing as fluorophores for NIR LEDs [20]. But the external quantum
efficiency (EQE), the ratio of emitted photons to the electrons injected,
was not significantly improved [21]. To overcome this, Hu et al., for
instance, presented a ligand replacement method for PbSe QDs,
although the device fabricated had an EQE of only 0.73 % [22].
Recently, another group achieved an EQE of 2 % by fabricating NIR LEDs
using PbS QDs with ZnO as the charge transport layer [23-26]. Addi-
tionally, the Bulovic group reported an improved device performance by
utilizing PbS/CdS core/shell QDs and achieved significantly increased
EQE 4.3 % by adding the CdS shell, compared to devices that utilized
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core-only PbS QDs. Although lead chalcogenide QDs have been widely
explored for NIR-LEDs, their EQE remains low due to several intrinsic
limitations. These include high surface trap densities leading to
non-radiative recombination, weak quantum confinement effects,
strong Auger recombination, and poor charge injection efficiency [12,
27-29]. To address these limitations, numerous efforts have been made
to develop advanced NIR LEDs. Significant progress has been made,
particularly in NIR LEDs with peak emissions categorized as NIR Ia
(800-900 nm), NIR Ib (900-1000 nm), and NIR II (1000-1700 nm).
However, despite the use of organic semiconductors and colloidal QDs,
these devices continue to face major challenges, including poor opera-
tional stability and limited radiance, which hinder their practical ap-
plications [30]. Therefore, the development of novel materials is
essential to fabricate efficient NIR-QLEDs for real-world use.

In this work, we have successfully synthesized environmentally
sustainable InP/ZnSe core/shell QD doped with copper (Cu) to achieve
tunable characteristics. The results indicate that the introduction of Cu
doping into the InP/ZnSe induces a photoluminescence (PL) shift from
the visible to the near-infrared (NIR) range, with the PL peak shifting
from 650 nm to 924 nm. Moreover, the NIR LED based on these QDs
demonstrated efficient charge transfer within the device. The incorpo-
ration of Cu as a dopant significantly enhanced the device’s perfor-
mance, yielding NIR emission centered at 924 nm with an FWHM of
81 nm. The device exhibited a relatively low turn-on voltage of 1.8 V,
indicating efficient electron-hole recombination. As a result, a high EQE
of 16 % was achieved, along with a peak radiance of 62 W sr™* m™ These
results underscore the potential of Cu doping in the InP/ZnSe QDs to
improve their optoelectronic characteristics, enabling the development
of highly efficient and stable NIR-QLEDs. This advancement holds
promise for revolutionizing biological imaging technologies in the near
future.

2. Results and discussion
2.1. Core/shell quantum dots with copper doping

Fig. 1 illustrates a schematic diagram of the synthesis process of InP/
ZnSe:Cu QDs. The synthesis of copper-doped InP/ZnSe was achieved via
a continuous thermal injection technique. Transmission electron mi-
croscopy (TEM) analysis, depicted in Fig. 2a, The HRTEM image con-
firms the formation of spherical InP/ZnSe:Cu QDs with an average size
of ~7 nm. The inset highlights well-defined lattice fringes with an
interplanar spacing of 0.4 nm. The clear fringes indicate high crystal-
linity, essential for efficient charge carrier transport and reduced non-
radiative recombination. However, some degree of aggregation is
observed, which may influence energy transfer processes. Notably, the
structure integrity of the QDs demonstrates excellent reproducibility, as
shown in the histogram in Fig. 2b, which shows a mean particle (QD)
size of 7 + 1.2 nm. The resultant InP/ZnSe:Cu QDs film, prepared via the
antisolvent deposition technique, demonstrates an exceptionally low
root mean square (RMS) roughness of ~ 0.9 nm (see Figure S2a Sup-
porting Information). Cross-sectional SEM image of the fabricated NIR
QLED structure as (see Figure S2b Supporting Information). The device
shows a clear multilayer configuration consisting of a WOs hole trans-
port layer (HTL), a Cu-doped InP/ZnSe quantum dot (QDs) emissive
layer, and a ZnMgO electron transport layer (ETL). The image confirms
uniform film formation and sharp interfacial layering, consistent with
the intended device architecture.

The XRD spectrum in Fig. 2¢ exhibits diffraction peaks that match the
cubic zinc blend structure of InP/ZnSe. The broad peak width indicates a
nanoscale crystallite size consistent with the HRTEM observations. A
slight peak shift relative to bulk InP/ZnSe suggests successful Cu
incorporation, inducing lattice strain and potential modifications in the
electronic structure. Energy-dispersive X-ray spectroscopy (EDAX)
spectra of InP, InP/ZnSe and InP/ZnSe:Cu QDs, shown in Fig. 2d, clearly
display the characteristic elemental peaks for each compound which
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Fig. 1. Schematics of the InP/ZnSe: Cu QDs synthesis procedure.
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Fig. 2. (a) TEM image with HR-TEM, the inset showing the QD crystal, (b) Histogram peaks of QDs, (¢) XRD Pattern of InP/ZnSe:Cu and (d) EDAX Pattern of InP/

ZnSe:Cu.

confirms the successful synthesis of InP/ZnSe QDs, with distinct peaks
corresponding to In, P, Zn, and Se. The detected Cu signal in Fig. 2d
confirms successful doping, which may influence the electronic and
optical properties of the QDs through defect states and altered band
alignments.

The photoluminance spectra of InP/ZnSe and InP/ZnSe:Cu QDs are
centered at 640 nm and 924 nm, respectively, as illustrated in Fig. 3a
and 3b. The mild dual-shoulder absorption observed in Fig. 3a aligns
with known behavior in InP/ZnSe core/shell quantum dots exhibiting

slight size or compositional heterogeneity. Such inhomogeneity,
particularly in core/shell systems, can lead to overlapping electronic
transitions due to variations in shell growth and interface quality
[31-33]. Furthermore, the emission spectrum exhibits a narrow band-
width, characterised by a minimal full-width half-maximum (FWHM)
value of 44 nm for undoped and 81 nm FWHM for Cu doped QDs. Fig. 3¢
shows the Raw photoluminescence (PL) spectra of InP/ZnSe QDs (black)
and Cu-doped InP/ZnSe:Cu QDs (red), measured under identical con-
ditions. The Cu-doped QDs exhibit a significantly higher PL intensity,
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Fig. 3. Absorption and PL of (a) un-doped InP/ZnSe QDs and (b) doped InP/ZnSe:Cu QDs, Raw PL intensity of doped and undoped QDs (d) band gap of doped and

undoped InP/ZnSe QDs.

confirming the enhancement effect of Cu doping. This enhancement is
attributed to the reduction of surface trap states and the introduction of
shallow acceptor states, promoting efficient radiative recombination.
The film-based photoluminescent quantum yield (PLQY) was measured
to be 30 %. For high-resolution biological imaging, the FWHM is a
critical parameter influencing image quality and precision. A narrow
FWHM is essential for bio-imaging applications as it ensures that the
emitted light is confined within a specific wavelength range, enhancing
spectral purity and contrast throughout the imaging process. This pre-
cision is essential for distinguishing between distinct biological tissues
or molecular indicators by minimizing the overlap between the emission
spectra of several fluorophores or light sources. The PL spectra depicted
in Fig. 3b exhibit a narrow FWHM of approximately 81 nm, with a
notable increase following Cu doping. This broadening of the FWHM is
attributed to the increase in defect density states resulting in the emis-
sion peak’s broadening. The addition of Cu atoms localizes the bandgap,
thereby increasing the range of energies available for electron recom-
bination and expanding the emission spectrum. The narrow FWHM
enhances pseudo-colour precision and separation, enabling more vivid
and realistic images by allowing more precise light localization [28]. To
investigate the effect of Cu doping on the optical properties of InP/ZnSe
QDs, QDs were synthesized with varying Cu concentrations (0.1 mL,
0.2 mL, and 0.3 mL). As shown in Figures S3a and S3b, both the PL peak
wavelength and emission intensity exhibited a dependence on Cu doping
levels. This suggests that Cu incorporation modulates the electronic
structure of the QDs, influencing bandgap transitions and defect state
interactions, thereby altering their optical characteristics. By varying
the amount of Cu doping, the PL intensity of In/ZnSe QDs has signifi-
cantly changed. The InP/ZnSe:(Cu-0.2 mL) QDs exhibited a significantly
higher PL intensity compared to InP/ZnSe:(Cu-0.1 mL) QDs as (see
Figure S3a Supporting Information). However, for InP/ZnSe:

(Cu-0.3 mL) QDs, the excessive Cu doping created hole scattering cen-
ters, limiting the effective photoexcited electron transfer process,
thereby reducing PL intensity [34].

Furthermore, the incorporation of Cu dopants modulates the elec-
tronic structure through two primary mechanisms. Firstly, Cu doping
induces a bandgap reduction, as evidenced by the redshift in the ab-
sorption spectra (Fig. 3b). Secondly, it introduces mid-gap states that
function as recombination centers, thereby enhancing PL emission in the
NIR region. This dual effect significantly alters carrier dynamics and
transition probabilities, promoting radiative recombination while
modifying energy band alignment, ultimately improving the optoelec-
tronic performance of the material [35,36]. Therefore, Cu atoms are
incorporated into the InP/ZnSe lattice structure, creating intermediate
energy states within the InP/ZnSe QDs modifying its bandgap. The Cu*
dopants are most likely incorporated into the ZnSe shell or accumulate
at the InP/ZnSe interface.

Cu most likely substitutes Zn?* ions in the ZnSe lattice, due to similar
ionic radii and oxidation state compatibility. This substitution in-
troduces shallow acceptor states near the valence band edge, which act
as radiative centers for NIR emission [37]. These states facilitate radi-
ative transitions from the conduction band to the Cu-induced acceptor
level, effectively reducing the emission energy and resulting in the
observed redshifted NIR emission. This mechanism is consistent with
previously reported behavior in Cu-doped semiconductor nanocrystals,
where dopant states act as radiative centers without introducing
deep-level non-radiative traps [38]. With the incorporation of Cu
dopant, the valence band shifts, and the excited electrons can jump from
the conduction band to this newly created Cu state, resulting in signif-
icant bandgap tuning from visible to NIR region. The transfer of energy
from the host lattice to the dopant states is remarkably efficient,
resulting in a prominent emission from the Cu-related states [39-41].
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The process described is commonly known as sensitization, where the
host material efficiently transfers energy to the dopant, leading to effi-
cient radiance [42]. This also result into the formation of intra-gap states
located above the valence band, which leads to a downward shift in the
energy of the emitted photons by these QDs. As can be seen in Fig. 3c, the
two bands can be observed at 1.9 eV and 1.3 eV. Although the band gap
of InP/ZnSe (1.9 eV) QDs is comparatively larger which means more
energy is needed to transfer an electron to the conduction band. New
energy levels are introduced for the Cu doped QDs, indicated by the
dashed lines in the valence and conduction bands, narrowing the
bandgap to 1.3 eV. This effectively shows how the electronic structure of
InP/ZnSe QDs is altered by copper doping, significantly reducing the
band gap energy of the QDs. This reduction in band gap leads to change
in optical properties and make them attractive in applications where
lower energy emission or absorption is required. We perform TRPL
measurements comparing undoped and Cu-doped InP/ZnSe QDs. As (see
Figure S3b Supporting Information) that Cu doping leads to a signifi-
cantly longer PL decay lifetime (up to ~800 ns), confirming slower
recombination kinetics associated with dopant-mediated radiative
pathways. The undoped QDs exhibit faster decay (~200 ns), indicating
stronger non-radiative losses. These results directly validate our claim
that Cu doping alters carrier dynamics and enhances radiative recom-
bination efficiency.

2.2. Computational analysis

Density functional theory (DFT) studies were conducted to confirm
and further investigate the effect of Cu doping on the bandgap of InP/
ZnSe QDs. We performed electronic structure calculations using ab initio
DFT with generalized gradient approximation (GGA) as implemented in
Vienna Ab-initio Simulation Package (VASP) [36,37]. The projector
augmented wave (PAW) method, along with the plane wave basis set,
was used for both doped and undoped QDs. Energy convergence test was
conducted, the cutoff energy at 500 eV and testing the k-point mesh up
to 3 x 3 x 1. The system was simulated using a super cell with a peri-
odic boundary conditions in the x-y plane and a vacuum layer in the
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z-direction. As illustrated in Fig. 4a and 4b, the spatial distribution of
charge carriers (electrons and holes) in undoped quantum dots is inef-
ficient, resulting in suboptimal charge separation. This imbalance can
hinder effective charge transfer, increase recombination rates, and ul-
timately degrade overall device performance by limiting exciton disso-
ciation and transport efficiency.

In contract, Figs. 4c and 4d show that Cu forms stable bonds with the
surrounding atoms in InP/ZnSe quantum dots, which helps in stabilizing
the overall structure. The Cu dopant in QDs also help to passivate the
surface defects, which often act as non-radiative recombination centers
that quench photoluminescence and reduce stability.

By passivating these defects, Cu doping enhances the photostability
of the QDs [43]. Bader’s charge analysis (see Fig. 4c) indicates a uniform
charge distribution, with In and Zn atoms transferring charges to P and
Se atoms (cyan color represents a transfer of charge while yellow in-
dicates acceptance of charge). After doping, the Cu atom transfers
additional charge of approximately 0.23 eV to Se on the surface of the
QDs, enhancing charge transfer and improving photostability. This
improved charge transfer contributes to more steady and effective cur-
rent flow in Cu-doped QDs compared to undoped ones [44].

The Projected Density of States (PDOS) for the two distinct quantum
dot (QD) materials are computed. Fig. 4e shows undoped QDs where P
and Se are the main contributors to the valence band (below the Fermi
level), with In also having a certain impact. Se, along with In, dominates
the conduction band (above the Fermi level), with Se having a signifi-
cant influence. The distinct energy gap between these bands indicates
that a significant amount of energy is needed to move an electron from
the highest occupied states (valence band) to the lowest unoccupied
states (conduction band) as shown in Fig. 4b. P and Se contribute more
to the valence band than to the conduction band, with Se and In having
the most influence.

The addition of Cu doping, as shown in Fig. 4f, modifies the distri-
bution of electronic states, particularly by introducing new energy levels
within the band gap of the QDs. These intra-gap states can lead to a
reduction in the effective band gap energy, which can shift the photo-
luminescence (PL) emission to lower energies (redshift) and broaden the
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Fig. 4. (a),(c). Electronic structures of undoped and Cu-doped QDs, (b),(d) differential charge densities of undoped and Cu-doped QDs, (e),(f) Projected density of

states of undoped and Cu-doped QDs.
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emission spectrum [45,46]. After the Cu-doping in QDs, a notable in-
crease in bond lengths was observed for In-P (2.61-2.63 A), Zn-Se
(2.398-2.432 A), and Se-P (2.220-2.285 A). This increase results in a
reduced band gap and an enlarged size of the QDs, leading to a dimin-
ished quantum confinement effect and consequently longer bond
lengths within the quantum dot which is presented in Table 1.

2.3. NIR-QLED characteristics

The final fabricated device is composed of the following structure:
ITO/WO3 (HTL)/ InP/ZnSe:Cu (EML)/ZnMgO (ETL)/Al (cathode), as
illustrated in Fig. 5a. To improve the charge balance and understand the
mechanism, we fabricated two similar structures with PEDOT:PSS as the
HTL and ZnO as the ETL. ITO/PEDOT:PSS (HTL)/InP/ZnSe:Cu (EML)/
ZnMgO (ETL)/Al and ITO/WO3 (HTL)/InP/ZnSe:Cu (EML)/ZnO (ETL)/
Al The energy level diagrams and working mechanisms of the undoped
and doped QDs NIR-QLED are illustrated in Figs. 5b and 5c. The tuning
of the emissive layer band had a notably large impact on the device
performance. Considering the bandgap of InP/ZnSe QDs and the valance
band of 5.7 eV, there is a considerable energy offset at the interface for
hole injection, which limits the device efficiency. Once the Cu-doped
InP/ZnSe QDs are employed, this interface barrier reduces from 5.6 eV
to 5.1 eV, as shown in Fig. 5c. This reduction in the energy offset
siphoning the holes injecting into the QDs layer, resulting in a significant
enhancement in the device efficiency [31]. The high energy barrier also
promotes unwanted non-radiative recombination. Charge carriers
recombination takes place at this interface resulting in false emission
that is not from the QDs. Consequently, a larger external driving voltage
is required for charge carriers to overcome the substantial energy bar-
rier, leading to higher operating voltages and inferior device perfor-
mance. Besides, increased operating voltages can also raise device
temperature, which could lead to the Joule thermal effect which
shortens the device’s lifetime. Zinc oxide (ZnO) is predominantly used as
the electron transport layer (ETL) material in the fabrication of
InP-based QLEDs. However, the high electron mobility (~1.2 x0~>
em™287v71) of ZnO causes the QDs charging, limiting the carriers’
recombination within the emissive layer. On the other hand, commonly
used hole transport layers (HTLs) such as PEDOT: PSS
(1.0 x10~%em~2v~1S™1), poly-TPD (-5.4 eV, 1.0 x10 %ecm~2v~1s71),
and PVK (-5.8, 1.0 %10 %cm2v-1s™1) have relatively low hole mobil-
ities [47].

This unequal charge carrier mobilities result in higher electron
density than hole density inside the QDs layer, making it an electron-
dominant device. Thus, resulting in electroluminance quenching due
to the Auger recombination, this may also cause the Joule effect
reducing the device lifetime. To overcome this issue, Zn.g)Mg(0.1)O was
employed as an ETL to facilitate more favorable electron injection into
the active layer [48]. Due to its high electron mobility (3.1 x 1073
cm?V-'s™") and favorable energy level alignment between ZnMgO
(-3.7 eV) and QDs (-3.6 eV), ZnMgO facilitates efficient charge injection
into the QD layer. Additionally, its wider bandgap compared to ZnO
enhances electron transport while effectively blocking holes, thereby
minimizing recombination losses. This property enables ZnMgO to
function as an efficient hole-blocking layer (HBL), improving charge
carrier recombination and the overall device performance [49]. We use
WO:s as the HTL for the NIR QLED. WOs with a hole mobility of about
9.1 x 10~ em~2v~1s7! has a deep valence band level that aligns well

Table 1
Change in bond length and charge transfer before and after Cu Doping.
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with the valence band level of InP QDs, thus resulting in efficient hole
injection into the QDs active layer. While it

has a wide bandgap and a shallower conduction band level, it helps
to block electrons passing through the QDs layer. Therefore, this also
acts as an efficient electron-blocking layer (EBL), enhancing recombi-
nation [50]. Moreover, the charge transport layers, WOs: (HTL) and
ZnMgO (ETL), exhibit high transparency in the NIR region, minimizing
the emitted NIR-photon absorption and maximizing the outcoupling
efficiency of the NIR-QLED. The incorporation of these inorganic ma-
terials enhances device stability by mitigating degradation pathways
commonly associated with organic transport layers. WOs facilitates
efficient hole injection while ZnMgO ensures balanced electron trans-
port, collectively improving charge recombination and overall device
performance, making the NIR-QLED more stable for long-term opto-
electronic applications.

To confirm the balanced charge injection, electron-only devices
(EOD) and hole-only devices(HOD) were fabricated to investigate the
influence of carrier injection on charge transport, and their current
density versus voltage (J-V) characteristics were measured. A hole-only
device has been designed to only facilitate holes flow, effectively
reducing the effect of electron transport. An electron-only device has
been designed to facilitate the flow of electrons through the device. The
unbalanced charge injection induces undesirable Auger recombination,
leakage currents, and Joule heating effect, ultimately degrading overall
device performance. An excess of electrons or holes in the EML results in
elevated turn-on voltage, compromised device stability, and diminished
overall performance. PEDOT:PSS and ZnO are often used as the HTL and
ETL in the NIR-QLEDs, respectively [51]. However, we found the
Tungsten oxide (WO3) and Magnesium-doped Zinc Oxide (ZnMgO)
show better performances as HTL and ETL in the fabricated NIR-QLED
based on InP/ZnSe:Cu QDs. To validate the balanced carrier transport
provided by WO3 (HTL) and ZnMgO (ETL), hole-only devices (HODs)
were fabricated using PEDOT and WOs, as (see Figure S4 a-c Supporting
Information). Similarly, electron-only devices (EODs) were fabricated
with ZnO and ZnMgO, as shown in Supplementary Figure S4 a-c. The J-V
curve comparisons reveal that QLEDs incorporating WOj3 as the HTL and
ZnMgO as the ETL demonstrate superior electron-hole transport bal-
ance, as depicted in Fig. 6. Consequently, these QLEDs exhibit enhanced
NIR emission efficiency. The fabricated device exhibits NIR emission,
operating at a turn-on voltage (V) of 1.8 V. demonstrating enhanced
current density in the Cu-doped structure compared to the undoped
counterpart, as illustrated in Fig. 7a. The observed drop in current
density shown in Fig. 7a is likely due to carrier trapping and increased
non-radiative recombination. This, in trurn reducess the number of free
carriers available for conduction. Additionally, Cu-induced scattering
may reduce charge carrier mobility and decrease current density.

The optimized NIR-QLED device demonstrates a significantly higher
radiance of 62 W sr! m~2 at 0.2 mL Cu doping, as depicted in Fig. 7b. In
contrast, devices with 0.1 mL and 0.3 mL Cu doping exhibit lower
radiance (see Figure S5a,b, Supporting Information). The device shows a
high EQE of 16 %, as shown in Fig. 7c.

We found that Cu-doped devices exhibit higher EQE as compared to
undoped structures. Cu-doped InP/ZnSe QDs have a narrow FWHM,
which makes them suitable to achieve higher EQE. To achieved high
EQE of (~16 %) in our NIR-QLED device by employing WOs directly
interfacing with InP/ZnSe:Cu quantum dots initially appears contra-
dictory to existing literature, which frequently cites severe emission

Materials Bond Length (&) Charge transfer (e)

Quantum Dot In-P Zn-Se In-Zn Se-P In P Zn Se Cu
InP/ZnSe-QD 2.619 2.398 2.709 2.220 0.41 0.318 0.45 —0.345 —
InP/ZnSe:Cu-QD 2.636 2.376-2.432 2.633 2.285 0.55 —0.342 0.44 —0.433 0.23
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quenching due to metal oxide-induced non-radiative recombination. We

attribute this performance to optimized fabrication parameters,
including low-temperature processing and mild annealing of WOs,

resulting in significantly reduced defect densities at the oxide-QD
interface. Moreover, rigorous surface passivation of the quantum dots
greatly suppressed oxide-induced quenching. We had also calculated our
EQE theoretically as shown in in supplementary section which support
our experimental results. Our EQE merasurment setup is shown (see
Figure S6 Supporting Information).

Furthermore, the desired lifespan of the NIR-QLED devices was
calculated which is shown in Fig. 7d. We tested the best-performing NIR-
QLEDs over several days at a constant applied voltage to check the
stability of the device. As can be seen in Fig. 7d, the devices’ radiance
stayed noticeably high throughout the stability test. This result strongly
indicates that device stability is improved by incorporating inorganic
ETL and HTL materials. The enhanced performance is probably attrib-
uted to the HTL and ETL materials as they are thermally stable and have
lower trap states.

The stability test of the fabricated device, as illustrated in Fig. 7d,
was conducted under ambient atmospheric conditions without encap-
sulation. The device was driven at a constant bias of 3.5 V, exhibiting an
initial radiance of 36 W sr' m™=. Over the first 10 days, radiance
remained stable, followed by a gradual decline. The half-lifetime (T+/2)
was determined to be approximately 40 days, at which point the radi-
ance decayed to 50 % of its initial value. The stability curve is shown in
Fig. 7d, depicting the acceptable level of stability of a device. These
devices were tested under ambient conditions without any
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encapsulation making it a good choice for healthcare industry.

Significant progress has been observed by comparing our results on
PL emission peak below and above 900 nm, FWHM, radiance, and EQE
with data from different studies that investigated different materials, as
summarized in Table 2. The comparison shows that our EQE, Radiance,
and FWHM are higher than the other reported works where they have
utilized Perovskites, Pt-based complexes and other types of QDs. Over-
all, the work demonstrated in this article presents a new approach to
improving the efficiency of NIR-QLEDs. By using suitable material
compositions and improved fabrication techniques. We achieved a
narrow FWHM, relatively high radiance, and EQE.

2.4. NIR-QLED for non-invasive bioimaging

NIR-QLED effectively enable deep-tissue subcutaneous imaging due
to their lower absorption and scattering in biological tissues, facilitating
deeper penetration into the human body. Fig. 8a-b show an alternative
view of the large-area NIR-QLED in both ON and OFF states. The
fabricated device, doped with 0.2 mL of Cu, was employed to illuminate
a targeted section of an individual’s arm at close proximity. The visi-
bility of subcutaneous blood vessels in Fig. 8c-d provides clear evidence
of the device’s capacity for non-invasive deep-tissue imaging and illu-
mination. Complementary images as (see Figure S7 Supplementry Ma-
terial)) display the same arm area illuminated under the 0.1 mL and
0.3 mL Cu-doped NIR-QLEDs, with the 0.2 mL doping yielding superior
clarity.

Table 2

Comparison of NIR LEDs efficiencies vs. active material used.
Materials category Emission Peak FWHM Radiance (W sr—! Ext. Quantum Efficiency Lifetime(Tso) Ref.

(nm) (nm) m~?%) (EQE)
Organic molecules Pt(ii) complexes 930 > 200 41.6 2.1 N/A [52]
Pb-based QD PbS/PbS QD/ZnO 1400 ~200 9 3.8 N/A [53]
Lead-tin halides FPMAI-MAPb, ¢ Sn 917 ~100 2.7 5 N/A [54]
0.413

Inorganic tin halides CsSnI3 948 71 226 2.3 39h @226 Wsr ! m 2 [55]
Formamidinium Lead Iodide FAPbI3 799 60 57 20.2 20h @57 W st lm2 [56]
Colloidal Quantum Dots PbS 1600 150 5 0.5 26068 h @1 Wsr'm2  [57]
InAs/InP/ZnSe/ZnS 1050 — 581.4 20.5 550 h @50 W st m—2 [58]
InAs/ZnSe 900 134 12 13.3 30 min@0.1 Wsr 'm™2  [59]
In(Zn)As-In(Zn)P-GaP-ZnS 1006 — —_— 13.3 [60]
Our work
Cd Free Quantum Dots InP/ZnSe:Cu 924 81 62 16 40 days @36 Wsr™' m ™2
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Fig. 8. (a) Device at OFF state, (b) device at ON state, (¢) Human hand at OFF state of the device, (d) human hand at ON state of the device.

This study demonstrates the successful development of NIR-QLEDs
characterized by high uniformity and impressive operational perfor-
mance. Furthermore, these devices show promise for applications in
monitoring blood volume and heart rate using photoplethysmography.
The demonstrated effectiveness in deep-tissue imaging highlights their
potential in the emerging market for wearable medical devices. The
increasing demand for power-efficient, flexible, and large-area devices
underscores their utility in various health applications, including
detecting blood clots, monitoring vascular obstructions, evaluating
muscular performance in athletes and disabled individuals, and diag-
nosing malignant tumors in tissues.

3. Conclusion

NIR-QLED technology has significant potential in blood vessel im-
aging due to its enhanced depth penetration and reduced scattering
compared to visible light, enabling more precise visualization of the
vascular network. This capability is critical for diagnosing and treating
various vascular conditions. Experimental results demonstrate that Cu
doping significantly enhances the performance of the InP/ZnSe device,
emitting NIR light at 924 nm with a narrow FWHM of 81 nm. The device
exhibits a low turn-on voltage of 1.8 V, achieves a maximum EQE of
16 %, and delivers a peak radiance of 62 W sr'! m™2 Additionally, it
maintains good stability, with a half-life of 960 h of continuous opera-
tion without encapsulation. Ongoing research and innovations are ex-
pected to enhance the capabilities of NIR-QLED bioimaging, making it
an increasingly valuable tool for healthcare professionals and re-
searchers. Improved accuracy and sensitivity in visualizing blood ves-
sels, detecting blood clots, and identifying malignancies offer significant
potential for advancing patient care and deepening our understanding of
these critical aspects of human health.

Furthermore, NIR-QLED can be employed in angiography and tumor
imaging, a critical component of surgical interventions that enable
surgeons to navigate complex arterial networks with precision. Looking

ahead, the continuous evolution of NIR-QLED technology holds signif-
icant potential. Ongoing research and innovations are anticipated to
enhance the capabilities of NIR-QLED bioimaging, making it an
increasingly valuable tool for healthcare professionals and researchers.
Improved accuracy and sensitivity in visualizing blood vessels, detecting
blood clots, and identifying malignancies offer significant potential for
advancing patient care and deepening our understanding of these crit-
ical aspects of human health.

4. Experimental section

Materials: O-Phenylenediamine, benzenesulfonyl chloride, potas-
sium carbonate, sulfuric acid, dichloromethane (DCM), indium(III)
chloride, zinc(II) chloride, benzyle chloride, zinc stearate (technical
grade), trioctylphosphine (TOP), and oleylamine (OLAm), sodium
borohydride (NaBHj4), acetic acid, toluene, tiethylamine, diethylamine,
and phosphorus tribromide were purchased from Sigma-Aldrich. Sele-
nium powder and copper stearate were purchased from Xi’an Chemicals
and Chloroform was purchased from Aladdin.

4.1. Synthesis core/shell quantum dots

4.1.1. Preparation of diamines

The synthesis of the amine involves a three-step process, adopted
from previously reported procedure with several modifications, as
detailed below [61,62].

Step 1: 10 g of benzene sulfonylchloride was slowly added to a so-
lution of 2 g of O-Phenylenediamine in 30 mL of DCM. The resulting
solution was stirred for 4 h at room temperature. Progress of the reaction
was monitored with thin-layer chromatography (TLC) using a 1:1 vol
ratio of n-hexane and ethyl acetate. After the completion of the reaction,
DCM was evaporated using a Rotary evaporator. Then wash the result-
ing powder with DI water several times. Keep the resulting powder in an
air-free bottle.
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Step 2: 4.4 g of Ko,CO3 was added to the solution of 3 g of the amine
dissolved in 20 mL of acetonitrile and stirred at room temperature. After
1 h, the temperature of the solution was reduced to 0 °C and 6.32 mL of
benzyl chloride was slowly added to the solution and refluxed for about
1-2 h. The solution obtained was then filtered using a Celite pad.
Furthermore, the filtrate was dissolved in 50 mL of CH»Cl, and rinsed
twice with about 50 mL of water. The organic component was obtained
using sodium sulphate solution to achieve N,N’-(1,2-phenylene)bis(N-
benzyl-4-methylbenzenesulfonamide) and the resulting product was
stored in an airtight container due to its sensitivity to atmosphere.

Step 3: 29g of N,N-(1,2-phenylene)bis(N-benzyl-4-methyl-
benzenesulfonamide) was dissolved in 4 mL of conc. sulfuric acid and
the mixture was heated at 85 °C for 4 h. The reaction was monitored
with TLC technique, and the resulting product was transferred into a
beaker containing 50 mL of ice. 50 mL solution of 4 M aqueous sodium
hydroxide was slowly added to the beaker and the product was extracted
using 100 mL of CH,Cl; and then the resultant solution was rinsed with
4 M NaOH solution before drying with sodium sulphate. After evapo-
ration, a brown oily product was obtained, which was identified as crude
N, N?-dibenzylbenzene-1,2-diamine. The crude product is unstable in
air and light and hence it was immediately utilized for the subsequent
procedure.

4.1.2. Preparation of aminophosphines

The synthesis of aminophosphines was carried out according to the
previously reported procedure with several modifications. 3 g of the
synthesized diamine, 5.25 mL of trimethylamine, and 50 mL of dehy-
drated toluene were added to a 100 mL Schlenk line and the mixture was
cooled in an ice bath. After about 10 min PBr3 (2.36 mL) was dropwise
added to the solution. The addition of PBrj resulted in the crystallization
of triethylammonium chloride, which appeared as a white substance and
the mixture was then stirred for 30 min and filtered under vacuum. This
process was followed with the addition of triethylamine (2.34 mL) and
diethylamide (1.68 mL), and the solution was then agitated for 3 h in an
argon-filled glove box. This process yielded the desired aminophosphine
compound. The resulting yellowish oil, 1,3-dibenzyl-N,N-diethyl-1,3-
dihydro-2H-benzo[d][1-3]diazaphosphol-2-amine, = was  promptly
transferred into a hermetically sealed container for subsequent
utilization.

4.1.3. Preparation of InP quantum dots core

Synthesis of the nanoparticles was conducted under an inert envi-
ronment using the Schlenk line setup. A 50 mL three-necked round
bottom flask was used that contained a mixture of InCl3 (99.5 mg), ZnCl,
(307 mg), and OLAm (5 mL). The mixture was heated at 120 °C under
the vacuum condition of 0.5 Torr, facilitating the elimination of any
oxygen and water contaminants. Subsequently, the flask was refilled
with neon gas, and the temperature was elevated to 180 °C. A solution of
aminophosphines (0.614 mg) in OLAm (x mL) was promptly injected
into the reaction flask, and the reaction was allowed to progress for
30 min. Thereafter, the reaction temperature was subsequently
decreased expeditiously by submerging the flask in cold water. Excess
ethanol was added to the flask to precipitate the nanoparticles and then
centrifuged to get the nanoparticles separated from the solvent. Three
cycles of dissolution and re-precipitation were conducted using absolute
ethanol:chloroform mixture (v/v, 1/3) to achieve the purified mixture.
The QDs were dispersed in CHCI; and stored in a refrigerator.

4.2. Synthesis of core/shell indium phosphide/zinc selenide quantum dots

The same procedure was followed as presented in 2.4, but before the
termination of the reaction, a solution of 0.8 g of selenium in 10 mL of
OLAm was gradually added to InP core for 2 h. After the addition of the
selenium, the solution temperature was increased to 200 °C, followed by
the addition of 1.6 g of zinc stearate in 0.8 mL of OLAm solution. The
reaction was continued for 20 min and then about 1.5 mL of the
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selenium (2.24 M) solution was dropwise added to the mixture while the
temperature of the reaction was maintained at 200 °C. Thereafter, the
temperature was increased to 260 °C and at this stage, 0.8 mL of the zinc
stearate solution was added and the reaction was allowed to proceed for
about 1.7 h. After the reaction was completed, the flask was allowed to
cool to 65 °C and ethanol was added to allow the quantum dots to
precipitate at the bottom. For purification, we followed the same process
as presented in 2.4.

4.3. Synthesis of InP/ZnSe:Cu quantum dots

Cu-doped InP/ZnSe QDs were synthesized according to the previ-
ously reported method [63]. Typically, 1 mL of Cu-OLAm (0.6 g of
copper stearate in 10 mL of OLAm) added to InP/ZnSe QDs solution at
240 °C with different ratios of Cu-OLAm and each reaction was allowed
to continue for 1.5 h. The concentration that yielded the most optimized
outcome was selected and the reaction with Cu-OLAm was conducted
using the same quantities as reported in previous studies i.e. 0.1, 0.2,
and 0.3 mL. The reaction temperature was maintained at 240 °C for
1.5 h to synthesize InP/ZnSe:Cu quantum dots in various sizes, which
were then purified by using a specified ratio of anhydrous acetone and
hexane. The QD samples synthesized were designated as InP/ZnSe: Cu
(0.1 mL), InP/ZnSe:Cu(0.2 mL), and InP/ZnSe:Cu(0.3 mL), indicating
the concentration of the dopant.

4.4. Characterizations

The thickness of the layer was measured using field emission electron
microscopy (FESEM, FEI Quanta 200). X-ray diffraction (XRD) data was
acquired with Smart Lab 3 diffractometer. High-resolution transmission
electron microscopy (HR-TEM) images were obtained using FEI Tecnai
G20 instrument. The current density versus voltage characteristics were
measured using the Keithley 2450 source-measure unit. Voltage was
varied from O to 5V with increments of 0.21 V and a delay of 1s.
Photoluminescence and UV-vis absorbance spectra of the samples were
measured on calibrated Ocean Optics Flame-T and Flame-NIR spec-
trometer, respectively. For measuring the external quantum efficiency
(EQE), Lambertian emission profile was employed. Photographs of the
light-emitting device were captured in a dark room using a Canon 200D
DSLR camera that was customized for infrared (IR) imaging. The
quantum yield (QY) was determined by using the EDINBURGD (FS5)
system. All measurements were conducted in a natural environment.

4.5. Device fabrication

A large-area, 35 mm x 35 mm, device was fabricated. The ITO
substrate was washed with detergent and subjected to a 15-minute
cleaning process in an ultrasonic machine using DI water, acetone,
and IPA as the solvents stepwise. UV treatment was carried out for
30 min, and a solution of WO3 HTL (10 mg mL~! in ethanol) was
employed to fabricate a hole transport layer. The spin-coating technique
was utilized for 30 s at a rotational speed of 5000 rpm to uniformly
distribute the solution on the substrate. Following the spin-coating
process, the substrate was subjected to a baking process at a tempera-
ture of 120 °C for 30 min. The Cu-doped InP/ZnSe quantum dot (QD)
solution, with a concentration of 10 mg mL ™! in octane, was prepared
by spin-coating at 1500 rpm for 30 s. Subsequently, the QD solution was
annealed at 120 °C for 10 min. The electron transport layers (ETLs),
were prepared by spin-coating using the ZnMgO solution with a con-
centration of 10 mg mL ™" for 30 s at a rotational speed of 3000 rpm, and
the coated layers were annealed at 60 °C for 10 min. Following the
deposition of the ZnMgO layer, the Al electrodes were then deposited
using the thermal deposition method under a base pressure of approxi-
mately 4 x 10~* Pascal (Pa) as shown in Figure S1, Supplementry
Material.
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