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Abstract

We report the synthesis of emissive In,Ga;N colloidal quantum dots (CQDs) by using a hot-injection

method and the demonstration of quantum dot light-emitting diodes (QLEDs) utilizing these CQDs. We
successfully synthesized size- and composition-tunable In,Ga; N CQDs (x= 0 ~ 1) using the hot

injection method and investigate the structural and optical properties of these CQDs as a function of the
ratio of In to Ga. Through particle size control, green and blue emissive In,Ga;.,N CQDs were realized.

The X-ray absorption fine structure (XAFS) results indicate that the crystal states of the In,Ga;.,N CQDs

consist of multiphase states; multipeak photoluminescence (PL) resulted from these multiphase states.
The multiple peaks correspond to the changes in the PL spectra due to variations in the metal fractions.
Inverted structured QLEDs exhibited green electroluminescence (EL) emission and a maximum

luminance of ~45 cd/m?. These results indicate that In,Ga,.,N CQDs can serve as promising alternatives

to conventional cadmium-containing CQDs in various optoelectronic applications, e.g., eco-friendly
displays.

Introduction

Colloidal quantum dots (CQDs) have attracted considerable attention as promising materials for use in

various optoelectronic devices due to their excellent properties.’™ In particular, CQDs have been widely
used as prospective emissive materials for next-generation displays due to their many advantages, such

as band gap tuning across the full color spectrum and high quantum efficiency.®® However, the highly
toxic and hazardous nature of Cd-based CQDs severely restricts their application to eco-friendly

optoelectronic devices.® Therefore, further developments are required for novel CQDs, such as Cd-free
CQDs, which have outstanding opto-electrical properties that are comparable to the well-known CdSe
CQDs.

The group llI-V CQDs, especially InP, are considered the next generation of CQDs with broad band-gap
controllability.” However, despite the superior characteristics, lll-V CQDs have drawbacks regarding low
quantum yield (QY) as well as low stabilities. The use of metal nitride semiconductors has been
suggested as an alternative solution to solve the problems raised in the group IlI-V CQDs mentioned
above. GaN and In,Ga;_,N are commercially utilized as ultraviolet (UV) and green light emitting diodes
(LEDs);® they exhibit superior chemical stabilities, high carrier mobilities, high light absorption
coefficients and low toxicities.'? Notably, the band gap of In,Ga;N can theoretically be tuned from 0.7

eV to 3.4 eV° by altering the Ga and In metal fractions. Due to ease of controllability of the band gap as
well as excellent electrical properties of In,Ga;,N, many studies have been conducted to realize various

emission colors for LED applications'® through the control of the In and Ga ratio.

However, in contrast to theoretical expectations, achieving color control, especially for red emission, has
proven to be nearly impossible due to the poor stability of the In,Ga,;,N for the In-rich alloy states when

using the chemical vapor deposition (CVD) process. This instability originates from the intrinsic
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differences in Ga and In, which are attributed to covalent radii divergence, lattice mismatch, and vapor
pressure differences.’’2 Only green emission from In,Ga,.,N was achieved for the low-temperature CVD

process (~300-400 °C), but its optical property was still poor due to the low crystallinity. In addition,
growth of In,Ga;,N using a CVD process is not desirable for flexible device applications.

To solve these critical drawbacks, solution-based synthetic routes have been suggested as alternative
methods. However, in most cases, metal nitrides synthesized using wet-chemical methods were largely

composed of pure GaN or an extremely low In fraction.’>"” As a result, realization of green and red
emission for metal nitride CQDs has not been reported to date. Furthermore, the reports of metal nitride
nanoparticles in the literature indicated low luminescence efficiency as well as a broad full width at half
maximum (FWHM).

In this article, we report the synthesis of green to blue emissive In,Ga;_,N CQDs by using a hot-injection
method and demonstrate the QLEDs using these CQDs for the first time. By varying the metal
composition (In and Ga ratio) and size control (i.e., the quantum confinement effect)'8, band-gap tuned
In,Ga;_,N CQDs were successfully synthesized. QLEDs fabricated using these CQDs exhibit green
electroluminescence (EL) originating from the In,Ga;,N CQDs. Our results demonstrate that In,Ga;,N
CQDs are a promising alternative to conventional CQDs containing Cd, thereby enabling eco-friendly

displays.

Results and Discussion

Fig. 1 (a) and (b) shows the X-ray diffraction (XRD) pattern of In,Ga;,N CQDs of different metal

compositions. From the XRD results, the GaN CQDs are determined to be in the cubic phase with (111),
(220), and (311) planes, and the InN CQDs are in the cubic phase with (111), (200), (220), (311), and
(400) planes. To verify the alloy states of the In,Ga;.,N CQDs, the changes in the peak position according

to the changes in the metal fractions were investigated. By increasing the In fraction in the GaN CQDs,
the peaks related to the GaN planes were shifted to the lower 2q region, and the peaks related to the InN
planes were newly observed. In addition, the peaks from GaN were broad, but the peaks related to InN
were sharp and of high intensity, indicating that the InN phases have higher crystallinities than those of
the GaN phases. These results were atypical because high-quality InN crystals are more difficult to grow
than GaN crystals.®' Generally, the quality of the metal nitrides is strongly affected by substrate and
growth temperature.’®3! In particular, the extremely low decomposition temperature of InN makes it
impossible to increase the growth temperature to achieve high crystallinity. As a result, high-quality InN
or In-rich In,Ga,.,N are more difficult to grow than GaN or Ga-rich In,Ga;,N.?%?" Therefore, the XRD
results strongly suggest that it is possible to grow high quality In-rich In,Ga,_,N using our wet-chemical
synthetic procedure. To identify the metal composition of In,Ga; N CQDs in detail, inductively coupled
plasma mass spectroscopy (ICP-MS) analysis was conducted; details of the analysis results are
described in Fig. S1 (a) in the supporting information.
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The chemical states of the In,Ga,.,N CQDs were examined by X-ray photoelectron spectroscopy (XPS).
Fig. 1 (c) and (d) show the binding states of the In,Ga;,N CQDs at the Ga3ds,, and N1s spectral regions.
The spectrum of Ga3ds,, consisted of two peaks, corresponding to the Ga,05 and GaN binding states.??
With increasing In metal fraction, the peak positions of both Ga,05 and GaN shifted to lower energy
states, and the peak intensity of Ga,05 increased. The relative peak intensities of the Ga,05 and GaN
states were found to be strongly related to the Ga fractions in both the surface and the internal sites in
In,Ga,.,N CQDs. The Ga atoms on the surface can be bonded to nitrogen (from metal nitride complexes)
and/or oxygen (from oleic acid; 0.A.). By increasing the In fraction, the oxygen binding states became
more dominant than the nitrogen bonding states due to the decrease in the Ga-N binding ratio at the
internal sites. The N1s spectra in Fig. 1 (d) revealed the metal to nitrogen binding states. A high In
fraction induced a shift in the binding energy of the N1s state to a lower energy state due to the change
in the lattice environment resulting from the electronegativity change of In,Ga,,N CQDs. These results
provide direct evidence that the In,Ga;,N CQDs exhibited the metal-N binding alloy state with well-
distributed Ga and In conditions. The In3d binding results are shown in Fig. S1(b). From the X-ray
characterization results in Fig. 1, the crystal structures and the binding energy of In,Ga;,N CQDs in the
alloy state were well demonstrated.

Fig. 2 shows the Ultraviolet-visible (UV-vis) absorption and the photoluminescence (PL) spectra of
In,Ga;.,N CQDs according to the metal composition. The figures show the effects of the metal fraction
on the optical properties of the In,Ga,,N CQDs. No significant changes in the 1! excitonic peak (~520
nm) were observed in the UV-Vis absorbance; only a slight broadening of the peak was observed as the
In fraction increased. Fig. 2(b) shows the PL spectra of In,Ga;.,N CQDs for different metal compositions.
In contrast to theoretical expectations, no PL spectral shift was observed with variation of the In fraction,
and all the In,Ga;,N CQDs exhibit similar PL spectra with dominant green emission. The reasons for no
PL spectra change according to the metal fraction will be explained in Fig. 3.

The PL spectra of In,Ga;.,N CQDs consisted of three peaks at ~460, ~520 and ~560 nm. From Fig. 2 (c),
two peaks at ~460 and ~520 nm were confirmed to be related to GaN. Generally, high-quality GaN
exhibits PL emission in the UV region (365 and 375 nm), and GaN with lattice defects and/or oxygen
doping?® exhibit greenish yellow PL emission."®?# Therefore, GaN and In,Ga,., N CQDs synthesized via
the hot-injection method are confirmed to have relatively high numbers of defect states due to low
crystallinity and oxygen binding with O.A. The In,Ga,N CQDs exhibit broader PL spectra than those of
the GaN CQDs due to the contribution of PL emission at ~560 nm (Fig. 2 (b) and (c)). The origin of the
shoulder peak (~560 nm) will also be explained in Fig. 3 in detail. With increasing In metal fraction, the
PL intensity of In,Ga;.,N CQDs was observed to decrease and the relative PL intensity ratio for emission

at ~460 nm vs. emission at 520 nm was observed to increase due to the rapid decrease of the PL
intensity at ~520 nm. The relative PL-QY of the In,Ga;,N CQDs according to the metal fraction variation

is shown in Fig. S2, which well matched the PL intensity change shown in Fig. 2 (b).
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The optical properties of the CQDs can be varied via size control under the same metal composition.
From the UV-vis absorption and the PL spectra of the Ing ,5Gag 75N CQDs of different size (Fig. S3), the
band gap of In,Ga; ,N CQDs was found to be well controlled via the quantum confinement effect. Fig. S4
and Fig. S5 show the PL maximum peak shift and the transmission electron microscope (TEM) images
of Ing ,5Gag 75N CQDs for different O.A. concentrations, respectively. From the TEM results, the variations
in the optical properties of the Iny ,5Gag 75N CQDs were confirmed to be due to the quantum confinement
effect.

To investigate the origin of each of the peaks as well as the cause of the lack of PL spectral shift in
In,Ga,.,N CQDs (x = 0 to 0.75), we conducted temperature-dependent PL (T-PL) experiments, as shown
in Fig. 3. The GaN CQDs exhibit two peaks at ~460 and ~520 nm at all temperatures (Fig. 3 (a)).
However, the relative PL intensities of the GaN CQDs at ~460 and at 520 nm were observed to change
with the temperature. With increasing temperature, the reduction of the PL intensity at ~460 nm was
much faster than that at ~520 nm. The radiative PL emission at ~460 nm has been suggested to be
more influenced by defects related to non-radiative recombination than the PL emission at ~520 nm.
This non-radiative quenching originates from lattice vibrational energy loss due to the low crystallinity of
GaN.23

The In,Ga;,N CQDs (x = 0.25 to 0.75) also exhibit variations in PL intensity with temperature. Fig. 3 (b)
shows T-PL spectra of Ing ,5Gag 75N CQDs (low concentration of In). As was the case for the GaN CQDs,
the PL intensities at ~460 and, in particular, ~520 nm also changed with temperature due to defects.
Importantly, new PL peaks at ~560 and ~580 nm, which originated from the In alloy-mediated states,
were observed at low temperature. The PL intensity at ~520 nm decreased at a slightly higher rate than
that at ~560 nm with increasing temperature. This result indicated that the GaN mediated state was
more governed by non-radiative recombination than In alloy-mediated state.

Fig. 3 (c) shows T-PL spectra of Iny sGay sN CQDs (same concentration of Ga and In). When the In
fraction increased, the PL intensities at ~560 and ~580 nm significantly increased compared with those
of the In,Ga;_,N CQDs with low In fractions. From this result, the PL emissions at ~560 and ~580 nm

were confirmed to directly originate from the In alloy states. Reduction of the PL intensity at ~560 nm in
Ing 5Gag 5N CQDs is slightly faster than that at ~520 nm, in contrast to the trend shown in the In,Ga,,N

CQDs with a low In fraction. This result suggested that the contribution of the In alloy-mediated state
increased with increasing In fraction and that the radiative recombination states in Ing sGay sN CQDs
were affected by both the GaN and In alloy-mediated states; however, the radiative recombination was
influenced slightly more by the In alloy-mediated states.

Based on trend of the PL spectra change according to the In metal fraction, the PL emission at ~560 and
~580 nm should significantly increase in Ing 75Gag ,5N CQDs (high In fraction). However, interestingly, the

Ing 75Gag o5N CQDs exhibited different PL spectra compared with those of the In,Ga;,N CQDs (x=0 to
0.5); these differences are highlighted by the following observations: (1) The PL peaks at ~560 and ~580

Page 5/17



nm are not clearly observed. (2) The PL peak at ~520 nm red-shifts with increasing temperature. (3) PL
intensity at ~460 nm is significantly high. (4) A new PL emission at ~490 nm is observed. When the In
metal fraction is larger than 75 %, the number of In-mediated states with higher defect levels also
dramatically increased (the PL-QY decreased from 34 % to 3 % in Fig. S2). As a result, the PL properties
of Ing 75Gag 5N were found to be strongly affected by the In alloy-mediated states. Therefore, the PL
emissions at ~560 and ~580 nm were strongly quenched and not observable, even at low temperatures.
The red-shift of the PL peak at ~520 nm was caused by exciton-phonon interactions,?® which resulted
from the defect-sensitive condition due to the increase in the In fraction.

In Fig. 3(b)-(d), the PL intensity at ~460 nm in In,Ga; N CQDs was observed to increase with increasing

In fraction. These phenomena can be explained by the relative PL quenching rates of the GaN-mediated
peak (~460 nm) and In alloy-mediated peaks (~560 and ~580 nm). When the In fraction increased, the
PL intensity of the In,Ga;_,N CQDs decreased due to the increase in the number of defect states. The In
alloy-mediated PL emission was found to be more sensitive to defects and more easily quenched than
that related to the GaN-mediated states. Therefore, the PL intensities at ~560 and ~580 nm were
reduced compared to that of the PL intensity at ~460 nm in the In,Ga;,N CQDs, i.e., the PL intensity at
~460 nm appears to be high in the In,Ga; N CQDs. The T-PL experiments on In,Ga;,N CQDs

demonstrated not only large and rapid PL quenching but also the emergence of red-shifted energy levels
induced by the In-metal alloy. The power-dependence and time-correlated single photon counting
(TCSPC) results of In,Ga;,N CQDs are shown in Fig. S6 and Fig. S7.

From Fig. 2 and Fig. 3, the PL spectra of In,Ga;,N CQDs consisted of multiple peaks, with each of the
peak intensities and ratios changing by varying the metal fraction. As mentioned above, the optical
properties of In,Ga;.,N CQDs were determined by their phase conditions. Unfortunately, the XRD results
in Fig. 1 do not clearly show the phase information for the In,Ga;.,N CQDs due to the low crystallinity;
therefore, other technical methods must be utilized to determine the relationship between the optical
properties and the phase condition of the In,Ga;,N CQDs. As shown in the results of A. Rizzi et al.?®, the
crystal states of the In,Ga;,N CQDs consisted of multiple phase states, and their crystal states were
controlled by the phase differences. To investigate the phase states of In,Ga;.,N CQDs, X-ray absorption
spectroscopy (XAS) studies were conducted, which consisted of the X-ray absorption near edge
spectrum (XANES, Fig. S8) and the X-ray absorption fine structure (XAFS, Fig. 4). All of the
characterizations were conducted in the In K-edge state. Fig. 4 (a) shows a magnified view of the XAFS
results of the In,Ga;,N CQDs (x = 0.25 to 1), which demonstrates each phase of the In,Ga;,N CQDs. All
the In,Ga;,N CQDs exhibit three peaks in the 2.2 to 3.4 A range. For convenience, the three regions
representing these peaks were denoted A, B, and C. The coordination peaks in the A and B regions were
located between the In-N and In-In coordination bindings, and the C region was located near the In-In
coordination site. This XAFS results indicated that the crystal conditions of our In,Ga,,N CQDs
consisted of multiple phase states. Fig. 4 (b) shows the change in the Fourier transform intensity of the
A, B, and C regions with the change in the In fraction. With increasing In fraction, the Fourier transform
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intensity of the A region decreased, that of the B region slightly increased, and that of the C region
dramatically increased, i.e., each phase had a specific metal ratio, but the inherent phases did not
change due to the change in the metal fraction. The multiple phase generation and Fourier transform
intensity change with metal fraction variation suggested that In,Ga;,N CQDs had multiple energy states
originating from multiple phases, which results in multiple peaks in the PL spectrum. The XANES and
wide-range XAFS results are described in Fig. S8 (a) and Fig. S8 (b), respectively.

Using the resulting In,Ga;.,N CQDs, QLEDs were fabricated, and the device performances of the QLEDs
were characterized (Fig. 5). The fabricated QLEDs had a simple structure of ITO/ZnO (40 nm)/In,Ga;,N
CQDs (10 nm)/Hole injection layers (HILs) (60-80 nm)/MoQ5 (10 nm)/Ag (100 nm). Inj ,5Gag 75N CQDs
were used as the emissive materials layer because they exhibited the highest PL-QY. The energy levels of
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of
the Ing ,5Gay 75N CQDs were determined from ultraviolet photoemission spectroscopy (UPS, Fig. S9) and
the optical band gap, which was estimated from the absorption and PL results. As shown in Fig. 5 (a),
Ing 25Gag 75N CQDs have a deep HOMO level compared to other CQDs (such as CdSe and InP) or general
luminescent materials. The deep HOMO energy level of In,Ga;.,N CQDs induced high charge (especially
hole) injection barriers; therefore, an inverted structure and several hole transport layers (HTLs) were
used to reduce the charge injection barriers. Chemically synthesized ZnO NPs were used to form the
electron injection layer (EIL). Layers of 4,4-Bis(N-carbazolyl)-1,1-biphenyl (CBP)?’, 1,3,5-tris(N-
phenylbenzimidazol-2-yl)benzene (TPBi)/CBP, and CBP/ 1,4,5,8,9,11-hexaazatriphenylene-
hexacarbonitrile (HAT-CN)?® were used as HILs, and the devices with these different HILs were denoted
as devices A, B, and C, respectively.

Fig. 5 (b) and Fig. 5 (c) show the current and luminance vs. voltage curves of the QLEDs, respectively.
Device A and device B exhibit similar current and luminance characteristics. The slightly higher turn-on
of device B compared to device A is due to the thicker HTL thickness. However, device C exhibits a lower
current as well as a luminance with a high turn-on voltage. This poor performance of device C indicates
that the charge balance in device C is poor when CBP/HAT-CN was used as the HIL, in contrast to the

previous results.?’? The maximum luminance of ~45 cd/m? was measured at 18 V in the device B. The
TPBi layer improved the charge balance by accumulation of holes at the interface between TPBi and

CBP28 The power efficiency vs. luminance curve of device B was described in Fig. S10 (a).

Fig. 5 (d) shows the EL spectrum of device B at 18 V. The shape and peak position in the EL spectrum
were the same as those of the PL spectrum. Therefore, the EL spectrum of the QLED is confirmed to
originate from the Ing ,5Gay 75N CQDs. The EL spectrum of the QLED did not change with applied voltage,

as shown in Fig. S10 (b), which indicates that Iny ,5Gag 75N CQDs have high electrical and thermal
stabilities. The EL emission at ~410 nm at high applied voltage might originate from CBP.

To verify the potential of our In,Ga;_,N CQDs for use in flexible LEDs, a QLED with an ITO-coated PET as
an electrode was fabricated and characterized. Fig. 5 (e) presents a digital camera image of green EL
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emission from the QLED. This result indicates that In,Ga;,N CQDs synthesized using the wet-chemical
method can be a good candidate for replacing conventional CQDs with cadmium in various
optoelectronic applications, especially eco-friendly flexible displays.

Conclusion

Green emissive In,Ga,,N CQDs were synthesized via a wet-chemical synthetic method, and flexible
QLEDs using these CQDs were demonstrated for the first time. The band gaps of the In,Ga;,N CQDs
were varied by varying the metal fraction and by particle size control. Green and blue emissive In,Ga;,N
CQDs were easily realized via particle size control. However, in contrast to theoretical expectations,
varying the metal fraction was not effective for tuning the band gap of In,Ga,,N CQDs. From T-PL
experiments of the In,Ga;,N CQDs, the PL emissions at ~560 and ~580 nm were found to originate from
the In-mediated states, demonstrating the possibility of band gap tuning from the red emission of In,Ga;.
«N CQDs at low temperature. The XAFS (XANES) results demonstrated that the crystal structures of
In,Ga; N CQDs consist of multiple-phase states and that each phase ratio changed with the metal
fraction. In addition, the multiple peaks in the PL spectra of In,Ga;,N CQDs resulted from the multiple

phases, which have multiple energy states. Inverted structured QLEDs were fabricated based on the
In,Ga;_,N CQDs, and the device performances were characterized. The QLEDs exhibited green EL

emission with a maximum luminance of ~45 cd/m?. Although further improvements in device
performance are required, this work represents a demonstration of green QLEDs using chemically
synthesized In,Ga;,N CQDs as the emissive material.

Experimental Methods

Synthesis of InxGa1-xN CQDs: Unless noted otherwise, all synthetic steps were performed under purified
argon atmosphere using a M. Braun glovebox or standard Schlenk line techniques. The indium-gallium
oleate complex solution was prepared by mixing x (0 to 1) mmol of indium(lll) acetylacetonate, 1-x mmol
of gallium(lll) acetylacetonate, 4.525 mL of 1-octadecene (ODE), and 0.6 to 2.2 mmol of oleic acid under
vigorous mixing by increasing the temperature to 300 °C. When the solution temperature reached 300 °C,
a mixture of 0.9 mL of ODE and 0.5 mmol of hexamethyldisilazane (HMDS) was rapidly injected into the
reactor. The solution was maintained at 300 °C for 0.5 h and then cooled to room temperature to
terminate the reaction. For purification of the InxGa1-xN CQDs, a precipitation/re-dispersion method was
used. The product solution was precipitated with excess anti-solvent and then re-dispersed in hexane.
After repeating the purification procedure (typically 5 times), the precipitated CQDs were dried under an
argon flow for 5 min and then dispersed in various organic solvents (approximately 50 mg mL-1).
Characterization of the InxGa1-xN CQDs: Characterization of the morphology, crystal structure, binding
energy, and composition of the metal nitride CQDs were investigated via high-resolution transmission
electron microscopy (TEM, JEOL, JEM-2100F), X-ray diffraction (XRD, Rigaku, D/MAZX 2500V/PC, Cu-Ka
radiation source, A = 0.15418 nm), X-ray photoelectron spectroscopy (XPS, Escalab 250xi), inductively
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coupled plasma-mass spectroscopy (ICP-MS, Perkin Elmer, Elan DRC-II), and X-ray absorption
spectroscopy (XAS and XANES, Pohang Accelerator Lab, XAFS 7D line). Ultraviolet photoelectron
spectroscopy (UPS, Escalab 250xi), UV-visible spectroscopy (UV-Vis, Agilent), room temperature solution
PL (Agilent), temperature- and power-dependent film PL, and time-correlated single photon counting
(TCSPC) were utilized to characterize the optical properties of the metal nitride CQDs. Temperature and
power dependent PL experiments: PL spectra were measured using a 15-cm monochromator (SP-2150i,
Acton) equipped with a photomultiplier tube (PMT) and using a tunable Ti:sapphire laser (Mira900,
Coherent) as the excitation light source. The temperature was varied between 20 K and 300 K using a He
closed-cycle Displex refrigeration system. The excitation laser power at 375 nm was changed from 0.28
to 11.6 mW. Time-Correlated Single Photon Counting (TCSPC) Experiments: The PL decays of the
InxGa1-xN CQDs were investigated using time-correlated single photon counting (TCSPC)
measurements. The second harmonic (SHG = 375 nm) of a tunable Ti:sapphire laser (Mira900,
Coherent), with a ~150 fs pulse width and 76 MHz repetition rate, was used as the excitation source. The
PL emission was spectrally resolved using some collection optics and a monochromator (SP-2150i,
Acton). A TCSPC module (PicoHarp, PicoQuant) with a MCP-PMT (R3809U-59, Hamamatsu) was used
for ultrafast measurement of the PL decay. The total instrument response function (IRF) for the PL decay
was less than 140 ps, and the temporal resolution was less than 10 ps. The deconvolution of the actual
fluorescence decay and the IRF was performed using fitting software (FlouFit, PicoQuant) to determine
the time constant associated with each of the observed exponential decays. Characterization of the
Valence band (HOMO) and the Conduction band (LUMO) of In0.25Ga0.75N CQDs: The energy levels of
the In0.25Ga0.75N CQDs were measured in the film state; the CQD films were spin coated onto ZnO-NP-
coated ITO substrates. A gold-coated ITO substrate was used as a reference. The HOMO energy level
was determined from the incident photon energy (21.2 eV), the high binding energy cut-off (Ecutoff), and
the onset point in the valence band state (Eonset) according to the equation. The LUMO energy level was
determined by using the HOMO energy level and the band gap of the In0.25Ga0.75N CQDs estimated
from the absorption and PL results. Device fabrication and characterization: The fabricated QLEDs had a
structure of ITO/Zn0O (40 nm)/In0.25Ga0.75N CQDs (10 nm)/HTL (60-80 nm)/Mo03 (10 nm)/Ag (100
nm). The ITO substrates were cleaned with organic solvents and 02 plasma treatment for 10 min. The
electron injection ZnO nanoparticle (NP) films with thicknesses of 40 nm were spin-coated on the ITO
substrates using 45 mg/mL of the ZnO NPs solution (in butanol) and then dried at 150 °C for 30 min. An
In0.25Ga0.75N CQDs layer with a thickness of 10 nm was spin-coated onto the ZnO-NP layer usinga 7.5
mg/mL CQDs solution (in octane); the CQDs layer was used as the emitting layer. Three different hole
injection layers, CBP (60 nm), TPBi (5 nm), and HAT-CN (20 nm), were thermally evaporated at a
deposition rate of 1 ~1.5 A s-1. A 10-nm-thick MoOx layer and a 100-nm-thick Ag layer were thermally
evaporated on top of the hole injection layers as the cathode. A PET-ITO substrate (Sigma-Aldrich, 60
ohm cm-2) replaced the glass ITO substrate for fabrication of the flexible QLED. The current-voltage-
luminance characteristics of the QLEDs were measured using a Keithley 2400 source measurement unit
and a luminance meter (Minolta, CS-100A). The EL spectra were measured using a Fiber Optic
Spectrometer. (K-MAC, SV 2100).
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Figure 1

X-ray characterization of In,Ga;,N CQDs. (a) XRD spectra of In,Ga;_,N CQDs (x = 0, 0.25, and 0.5) and (b)
In,Ga;,N CQDs (x = 0.5,0.75, and 1) [GaN PDF number: 00-050-0792, and InN PDF number: 01-088-
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2365]. (A small amount of the In,04 phase (red arrows) is attributed to the oxidation of InN CQDs due to

air exposure during washing or the XRD measurement. 3%) XPS spectra of (c) Ga3d binding, and (d) N1s
binding position of In,Ga,,N (x = 0.25, 0.5, and 0.75). The XPS results were calibrated to the C1s peak

(284.8 eV).
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Figure 2

Band gap tuning of In,Ga,_,N CQDs via Ga- and In-metal composition variation. (a) UV-vis absorption and
(b) PL spectra of In,Ga;,N (x = 0.25, 0.5, and 0.75). (c) Normalized PL spectra of In,Ga;.,N (x = 0, 0.25,
0.5,and 0.75).
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Figure 3

Temperature-dependent PL spectra of In,Ga;,N CQDs. (a) GaN, (b) Ing ,5Gag 75N, (¢) Ing 5Gag 5N, and (d)
Ing 75Gag o5N CQDs-coated Si substrates. The fs tunable Ti:sapphire laser (Mira900, Coherent) was used
as an excitation source (A, = 375 nm, excitation laser power: 1.1 mW).
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XAFS characterization of In,Ga,N CQDs. (a) XAFS spectra of In,Ga; N (x = 0.25, 0.5, 0.75, and 1). For
comparison of the Fourier transform magnitude of each condition, the XAFS spectra were magnified in
the range of 2.2 to 3.4 A. (b) The Fourier transform magnitude of In,Ga.,N (x = 0.25, 0.5, and 0.75) for

the A, B, and C phases. The intensities were calibrated by using indium acetylacetonate as a reference.
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Device performance and characterization. (a) Schematic energy diagram of the QLEDs with different
HiLs. (b) Current vs. voltage, (c) luminance vs. voltage curves of the QLEDs with different HILs. (d) EL
spectrum and (e) digital camera image of the QLED using Iny ,5Gag 75N CQDs as the emissive layer at 18

V.
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