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SUMMARY

Impurity doping is a promising strategy to afford colloidal nanocrys-
tals exhibiting novel optical, catalytic, and electronic characteristics.
However, some significant properties of noble metal-doped nano-
crystals (NMD-NCs) remain unknown. Here, we report the electrolu-
minescence (EL) from NMD-NCs. By doping silver impurity into cad-
mium selenide colloidal quantum wells (CQWs), dual-emission
emitters are achieved and a light-emitting diode (LED) with a lumi-
nance of 1,339 cd m�2 is reported. In addition, the proposed energy
gap engineering to manage exciton recombination is a feasible
scheme for tunable EL emissions (e.g., the dopant emission is tuned
from 606 to 761 nm). Furthermore, an organic-inorganic hybrid
white LED based on CQWs is realized, reaching a color rendering in-
dex of 82. Moreover, flexible CQW-LEDs are reported. The findings
present a step to unveil the EL property of NMD-NCs, which can be
extended to other noble metal impurities, and pave the pathway for
NMD-NCs as a class of electronic materials for EL applications.
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INTRODUCTION

Colloidal nanocrystals (NCs) have great potential for optoelectronic applications,

including solar cells, lasers, biological labels, and light-emitting diodes (LEDs),

due to their size, shape, and composition-dependent emission, photostability,

and high photoluminescence quantum yield (PLQY).1–3 To pursue NCs with new op-

tical, catalytic, and electronic properties, the impurity doping strategy has been pro-

posed (e.g., manganese [Mn], copper [Cu], cobalt [Co], and europium [Eu]

doping).4–6 Impurity doping is a procedure in which impurity atoms or ions of ele-

ments (e.g., transition metal, alkali metal, rare earth, and lanthanide impurities)

are deliberately incorporated into semiconductor lattices, endowing more charges

(i.e., holes for p-type doping, electrons for n-type doping).7–9 In addition, extra en-

ergy states can be introduced with the exploitation of impurities to control the PL

emission of NCs by fixing the position and quantity of doping centers or selecting

different types of impurities,10 which broadens the technological applications of

NCs in microelectronics and optoelectronics.

In principle, both common metal and noble metal impurities are promising candi-

dates to offer colloidal NCs with new functionalities.11 Nevertheless, studies of no-

ble metal-doped nanocrystals (NMD-NCs) are limited.12,13 As a result, some signif-

icant properties of NMD-NCs may remain unknown. Because noble metal atoms
Cell Reports Physical Science 3, 100860, May 18, 2022 ª 2022 The Authors.
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enable unique properties, including high catalytic activity and selectivity,14 excellent

diffusions even at room temperature,15 and surprisingly large optical windows,16 the

unexplored characteristics will inevitably restrict the further development of NMD-

NCs.17 As is known, the electroluminescence (EL) property is essential to guarantee

the emergence of various types of NC-based LEDs.18–20 Over the last few years, the

investigation of common metal impurity doping sites in NCs as efficient emitters has

been booming.21–23 For example, Janssen et al. reported Cu-related emission in Cu-

doped cadmium selenide (CdS) colloidal quantum dots (QDs) by using a forward

LED architecture, achieving a maximum luminance of 300 cd m�2.24 Khan et al.

showed the dopant emission from Cu-doped CdS/CdS core/shell QD-LEDs, obtain-

ing a maximum luminance of 280 cd m�2.25 Hou et al. developed Mn-doped

CsPb(Cl/Br)3 perovskite LEDs, attaining a maximum luminance of 389 cd m�2.26

Despite the fact that the EL property of common metal doped NCs was reported

a decade ago,24 the EL effect of noble metal dopants in NCs has not been unveiled

yet, let alone their exploration in LEDs.

Aside from zero-dimensional (0D) QDs, 2D colloidal quantum wells (CQWs), also

called semiconductor nanoplatelets, are gaining attention as a novel family of opto-

electronic NCs.27–34 Because CQWs only possess strong quantum confinement in

the vertical direction, many unique thickness-dependent optical characteristics

have been attained, including extremely narrow spectra, suppressed inhomoge-

neous emission broadening, giant oscillator strength, and large linear/nonlinear ab-

sorption cross-sections.35–37 To date, some groups,38–40 including ours,41–45 have

demonstrated that CQWs are highly promising in many optoelectronic fields such

as luminescent solar concentrators, lasers, and LEDs. Since 2015, the exploration

of impurity-doped CQWs has been thriving.44 For instance, we demonstrated that

Mn-doped CQWs showedmagneto-optical properties analogous to those of epitax-

ially grown quantum wells.44 Then, we reported that Cu-doped CQWs have great

potential for various optoelectronic applications.45 Based on these facts, it is

possible to understand the EL effect of noble metal impurities in NCs via doped

CQWs.46–48 However, CQW-LEDs are promising for display and lighting technolo-

gies because they have many excellent advantages, including superior color purity,

low voltage, low cost, and high efficiency.49,50 Some gaps still exist between CQW-

LEDs and other types of soft-material LEDs (e.g., organic LEDs, QD-LEDs, perovskite

LEDs).51–54 For example, negligible attention has been paid to the understanding of

exciton recombination in CQW-LEDs. In addition, the achievement of high-quality

white emission has been a tremendous challenge for CQW-LEDs. Furthermore, flex-

ible CQW-LEDs have not been reported.

In this work, we report, for the first time, the EL effect of noble metal dopants in

colloidal NCs. By doping silver (Ag) into CdSe CQWs, dual-emission emitters are ob-

tained. With 0.8% Ag-doped concentration, an LED exhibits a peak luminance of

1,339 cd m�2, which is not only the brightest for NC-based LEDs with impurity emis-

sions but also the brightest among core-only-based CQW-LEDs. By understanding

the energy gap engineering, we demonstrate that the management of exciton

recombination is an easy and effective scheme to tune the EL emissions (e.g., the

dopant emission can be tuned from orange-red 606 nm to near-infrared [NIR]

761 nm). Under electrical injection, Ag-doped CQW-LEDs using different hole trans-

porting layers (HTLs) shows this tunable emission for the same dopant site (i.e., 606–

761 nm). This in turn helps us to understand the nature of Ag doping sites and their

energy distribution in host CQWs, which is not possible with steady-state optical

spectroscopy. In addition, the first organic-inorganic hybrid white LED (WLED)

based on CQWs is realized, exhibiting a color rendering index (CRI) of 82, which
2 Cell Reports Physical Science 3, 100860, May 18, 2022



Figure 1. Synthesis and properties of Ag-doped CQWs

(A) Synthesis of Ag-doped CdSe CQWs from CdSe seeds to CQWs.

(B) Absorption and PL spectra of Ag-doped CdSe seeds and CQWs.

(C) Digital pictures of undoped and Ag-doped CdSe CQWs at different Ag concentrations.

(D) PLQY of Ag-doped CQWs with different doping concentrations at excitonic emission and excitonic/dopant emission ranges.
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indicates that CQW-based WLEDs can successfully meet the requirement of indoor

lighting (i.e., the benchmark CRI is 80). Furthermore, we demonstrate flexible CQW-

LEDs, which narrows the gap between CQW-LEDs and other types of state-of-the-art

LEDs.
RESULTS AND DISCUSSION

Synthesis and characterization of Ag-doped CQWs

Figure 1A shows the synthesis procedure of Ag-doped CQWs. We mixed a known

amount of Cd myristate, Se, and octadecene (ODE) in a round-bottomed flask and

degassed it at 95�C for 1 h. After shifting to argon (Ar) and at 190�C, we added a

certain amount of Ag dopant precursor, followed by immediate cooling up to

90�C. After again degassing the reaction mixture for 5–10 min, the temperature

was set at 240�C, and at 130�C, we added a known amount of Cd acetate powder,

which helps in the growth of CQWs from magic-sized nanoclusters. This can be seen

in the left part of Figure 1B, where the emission before the addition of Cd acetate is

broad for both band emission and dopant-related emission, and the dopant emis-

sion is much less than that of the band edge. After adding Cd acetate and

keeping the solution at 240�C for the growth of CQWs, we achieved highly efficient

Ag+-doped CdSe CQWs. Their absorption and emission spectra of doped seed clus-

ters and corresponding doped CQWs are shown in Figure 1B. Clearly, the excitonic

emission at �513 nm for doped CQWs possesses 10 nm full width at half-maximum

(FWHM), which is typical for undoped 4-ML core CdSe CQWs. The FWHM for dopant

emission at �600 nm possesses 98 nm FWHM, which is narrowed with respect to

4-ML seed nanoclusters (�150 nm FWHM). This demonstrates that any contribution

coming to dopant emission from small-size polydispersity is reduced strongly after

the conversion of seed nanoclusters to strongly confined 2D CQWs, which is unlike
Cell Reports Physical Science 3, 100860, May 18, 2022 3
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previous Ag-doped CdSe CQWs using the partial cation exchange method with

FWHM of Ag-related emissions in the range of 130–150 nm.47,48

Figure 1C depicts the varied emissions with varying dopant concentrations as we

move from left to right, starting from undoped to highly doped CQWs. After a partic-

ular dopant level, the further introduction of dopant ions decreases the dopant emis-

sion contribution. To understand this behavior, we showed the PLQY of Ag-doped

CQWs with different doping levels shown by the added amount of Ag precursor

and actual values of Ag ions in CdSe lattice measured from the inductively coupled

plasma-mass spectrometry (ICP-MS) technique (Figure 1D). Undoped CQWs

possess the highest PLQY of 43%, while the PLQY of doped CQWs varies from

72% to 85%, with varying contributions from excitonic and dopant emission. With

increasing dopant precursor amounts, the actual Ag doping concentration in-

creases. However, after a fixed doping amount, a further increase in dopant precur-

sor decreases actual doping values in host CQWs. We show four different increasing

values of added dopant precursor—40, 80, 120, and 160 mL—which results in 0.48%,

0.8%, 1.1%, and 0.5% of Ag doping values with respect to total cations (i.e., Ag and

Cd) in the host lattice (Figure 1D). This implies that after 120 mL of dopant precursor,

the further addition of dopant ions leads to concentration quenching, and doping

values decrease. The overall PLQY remains high at all doping values; however, their

contribution among excitonic and dopant emissions shows interesting results.

Initially, up to 120 mL of added precursor, the contribution of dopant emission and

its related PLQY is increasing, with a constant decrease in emission contribution

and PLQY of excitonic emission. Further increases in dopant precursor up to

160 mL result in an increase in PLQY from 79% to 85%. However, themaximum contri-

bution to this high PLQY comes from excitonic emission (up to �95%). This is inter-

esting because at similar actual doping values (0.48%) the samples show bright yel-

low emission (with PLQY of 75%) at 40 mL of added precursor. Hence, Ag dopant ions

play a different role in both cases. For example, for the samples that show high green

excitonic emission, the Ag dopant ions may be adsorbed on surface sites that

decrease the nonradiative decay emission, and for the samples that show high

dopant emission contribution, the dopant ions may be doped into substitutional

sites, leading to efficient Stokes-shifted emission.55

EL emission from Ag-doped CQWs

According to the PL spectrum (Figure 1B), Ag-doped CQWs show dual emission (i.e.,

512 nm for CdSe excitonic emission and 604 nm for Ag dopant), which makes them

promising for lighting, display, nanothermometry, sensing, and integrated pho-

tonics.7–9 As a comparison, undoped CQWs only exhibit CdSe excitonic emission

(Figure S1). Despite the fact that Ag impurity has been actively studied,8 the EL effect

of Ag impurity in NCs is unexplored. Furthermore, it is unknown whether dual emis-

sion can be achieved under electrical injection, considering the host emission may

have disappeared in LEDs.24

To reveal the EL effect of NMD-NCs, inverted Ag-doped CQW-LEDs have been

developed. As displayed in Figure 2A, the LED configuration is glass/indium tin ox-

ide (ITO)/zinc oxide (ZnO)/CQWs/HTL/MoO3/Al, where ITO represents the cathode,

ZnO represents the electron transporting layer, MoO3 represents the hole injection

layer, and Al represents the anode. With 4,4-N,N-dicarbazolebiphenyl (CBP) HTL

(Figure 2B), devices D1, D2, and D3 have been developed by using CdSe CQWs

with 0.48%, 0.8%, and 1.1% Ag-doped concentration as the emitting layer (EML),

respectively. The absorption and PL spectra of these three emitters are shown in Fig-

ure S2. The high-angle annular dark-field scanning transmission electronmicroscopy
4 Cell Reports Physical Science 3, 100860, May 18, 2022



Figure 2. EL effects of Ag-doped CQW-LEDs

(A) Schematic device architecture of CQW-LEDs.

(B) Chemical structures of the hole transporting materials used.

(C) Energy levels of CQW-LEDs. The values are taken from the literature.4,21,50

(D) EL spectra of CQW-LEDs at 5 V.

(E) EQE and CE of device D2.

(F) Current density and luminance of device D2.
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(HAADF-STEM) images of these three emitters are shown in Figure S3. A cross-

sectional scanning electron microscopy (SEM) image of device D2 is shown in Fig-

ure S4. In such device architecture, holes and electrons can be efficiently injected

into CQWs because of the high hole mobility of CBP (1.0 3 10�3 cm2 V�1 s�1) and

high electron mobility of ZnO (1.8 3 10�3 cm2 V�1 s�1) along with the small barrier

between the EML and charge transport layers (Figure 2C).50 As shown in Figure 2D,

we have demonstrated that the dual EL emission can be generated by Ag-doped

CQWs. Although the Ag doping concentration is only slightly different, the EL

spectra of devices D1, D2, and D3 are obviously varied. With the increasing doping

concentration, the EL intensity of Ag+ emission (�608 nm) is increased compared

with the intensity of CdSe (�520 nm). This is because more excitons are recombined

at the Ag center when a higher doping concentration is used, enhancing Ag+ emis-

sions. Because device D1 using 0.48% Ag-doped concentration exhibits a weak Ag

emission and device D3 with 1.1% Ag-doped concentration shows a poor EL perfor-

mance (Table 1), we have selected 0.8% Ag-doped CdSe CQWs as the emitter to

further understand the EL effect of NMD-NCs.

As shown in Figure 2D and Table 1, the maximum external quantum efficiency (EQE)

and current efficiency (CE) of device D2 are 0.059% and 0.118 cd A�1, respectively.

Remarkably, the turn-on voltage (the luminance can be detected, R0.01 cd m�2) is

2.2 V, which is among the lowest LEDs with impurity-doped NCs. Such turn-on

voltage is lower than the band gap of CdSe (2.47 eV), which may be attributed to
Cell Reports Physical Science 3, 100860, May 18, 2022 5



Table 1. Summary of LED performances

Devices Emittersa EQEmax
b (%)

CEmax
c

(cd A�1) Von
d (V)

Lmax
e

(cd m�2)

D1 0.48% Ag-doped CQWs 0.042 0.106 2.2 716

D2 0.8% Ag-doped CQWs 0.059 0.118 2.2 1,339

D3 1.1% Ag-doped CQWs 0.045 0.084 2.3 576

W1 PVK: 0.8% Ag-doped CQWs 0.060 0.079 3.0 206

F1 0.8% Ag-doped CQWs 0.086 0.173 2.3 515
aEmitters in LEDs.
bMaximum EQE.
cMaximum CE.
dTurn-on voltage.
eMaximum luminance.
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the sub-band-gap voltage induced by Auger-assisted energy upconversion.18

Because a high charge density is needed for Auger-assisted charge injection, the

sub-band-gap emission may result from electron injection at sub-band-gap volt-

ages. Considering the highest occupied molecular orbital (HOMO) of CBP is deeper

than the valance band maximum (VBM) of CdSe, it is barrier free for the hole injec-

tion. At low voltages, holes accumulate at the interface of CQWs/ZnO instead of

electrons accumulating at the interface of ZnO/CQWs. Hence, conditions for

Auger-assisted charge injection may be accomplished at the interface of CQWs/

ZnO. Significantly, the maximum luminance is 1,339 cd m�2 (Figure 2F). To the

best of our knowledge, this value is not only the highest for NC-based LEDs with im-

purity emissions but also the best among core-only-based CQW-LEDs.

Origin of the EL emission

To understand the origin of the dual EL emission in NMD-NCs, the working mecha-

nism of device D2 has been studied. In device D2, holes transported from CBP are

barrier free to be injected into CdSe or trapped by Ag because the HOMO of CBP

(5.9 eV) is deeper than the VBM of CdSe and energy level of Ag states.56 Then, holes

meet electrons transported from ZnO at the conduction band minimum (CBM) of

CdSe to generate excitons and recombine for CdSe and Ag+ emissions. Therefore,

as shown in Figure 3A, excitons are recombined via two parallel channels (i.e., holes

at CdSe VBM and Ag energy states recombined with electrons at CdSe CBM for

CdSe and Ag+ emission, respectively), leading to the dual EL emission. In addition,

since Ag possesses several states21 and all of them are higher than the HOMO of

CBP, holes transported from CBP are more likely to reach the low states. Thus, the

Ag+ emission is mainly ascribed to the exciton recombination from electrons at

the CdSe CBM, with holes at the low Ag states in device D2. The EL spectra of device

D2 at various voltages are shown in Figure 3B, where the intensity of Ag+ is reduced

compared to that of CdSe when the voltage is enhanced. Since Ag energy states are

shallower than the HOMO of CBP and VBM of CdSe (5.69 eV), holes are readily trap-

ped by Ag instead of CdSe at low voltages, leading to more excitons recombining

for Ag+ emission.51 The silver states are not easily saturated, as can be seen in the

power-dependent PL study (Figure S5). In addition, the long-lived nature of the

Ag emission band (lifetime:�90 ns) is due to the restricted wavefunction overlap be-

tween the Ag-trapped holes and electrons in the CBM of CdSe CQWs.57 With the

enhancing voltage, relatively more holes are injected into the VBM of CdSe. Hence,

more excitons can be generated and then recombined for CdSe emission under high

voltages.

Due to the existence of various Ag states, holes transported from the HTL can be

mainly located at the deliberate states if the energy gap engineering can be
6 Cell Reports Physical Science 3, 100860, May 18, 2022



Figure 3. Origin of the tunable EL emissions

(A) Schematic working mechanism of device D2.

(B) EL spectra of device D2 at various voltages.

(C) Schematic working mechanism of device D5.

(D) EL spectra of device D5 at various voltages.

(E) Schematic working mechanism of device D6.

(F) EL spectra of device D6 at various voltages.
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managed (e.g., HTLs with appropriate HOMOs are introduced). Therefore, the Ag+

emission may be tunable, considering that Ag+ EL emissions originate from the phe-

nomenon that excitons are recombined from holes at Ag states with electrons at the

CBM of CdSe. As a result, the Ag+ emission will be red-shifted if excitons are recom-

bined from holes at themiddle or higher Ag states with electrons at CdSe CBM, since

the energy gap between CdSe CBM and middle/high Ag states is reduced

compared to that between CdSe CBM and lower Ag states. To comprehensively un-

derstand the effect of energy gap engineering on the EL of Ag-doped CQWs,

several HTLs with suitable HOMOs have been exploited. To further confirm the

working mechanism of Ag-doped CQW-LEDs, N,N0-dicarbazolyl-3,5-benzene
(mCP) has been used as the HTL to develop a CQW-LED (device D4) where its device

architecture is the same as device D2 except for the HTL (glass/ITO/ZnO/CQWs/

mCP/MoO3/Al). The HOMO of mCP is 6.1 eV,58 which is even deeper than that of

CBP. Thus, the Ag+ emission peak of device D4 should be the same as that of device

D2 because the Ag+ emission in device D4 is also mainly attributed to the exciton

recombination from electrons at CdSe CBM with holes at low Ag states. As ex-

pected, the Ag+ emission peak of 607 nm in device D4 is similar to that of device

D2 (Figure S6).

If holes are mainly located at the middle Ag states, the energy gap between the mid-

dle Ag states and the CdSe CBM is reduced, which will lead to a red-shifted Ag+

emission peak. To confirm these assumptions, 1-bis[4-[N,N-di(4-tolyl)amino]
Cell Reports Physical Science 3, 100860, May 18, 2022 7
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phenyl]-cyclohexane (TAPC) has been used as the HTL to develop a CQW-LED (de-

vice D5) where its device architecture is the same as device D2 except for the HTL

(glass/ITO/ZnO/CQWs/TAPC/MoO3/Al). The HOMO of TAPC is 5.4 eV,59 which is

close to the energy level of the middle Ag states (Figure 3C). Hence, holes trans-

ported from TAPC easily reach the middle Ag states and then recombine with elec-

trons at CdSe CBM. As a piece of evidence for these analyses, the EL spectra of

device D5 at various voltages have been measured (Figure 3D). As expected, the

Ag+ emission peak in device D5 (�699 nm) is largely red-shifted compared with

the spectra of devices D2 and D4. However, the CdSe emission in device D5

(�520 nm) is similar to that of devices D2 and D4. Therefore, by controlling the loca-

tion of holes at Ag states, the Ag+ emission can be managed.

Based on the proposed energy gap engineering, it is expected that the Ag+ emis-

sion can be further red-shifted if holes are mainly located at high Ag energy states.

To demonstrate this assumption, an HTL with a shallow HOMO is helpful. Toward

this end, 4,40,400-tris[3-methylphenyl(phenyl)amino]triphenylamine (m-MTDATA)

has been used as the HTL to develop a CQW-LED (device D6) where its device struc-

ture is the same as that of device D2 except for the HTL (glass/ITO/ZnO/CQWs/m-

MTDATA/MoO3/Al). The HOMO of m-MTDATA is only 5.1 eV, which is shallower

than high Ag states.60 As a result, holes transported from m-MTDATA easily reach

high Ag states and then recombine with electrons at the CdSe CBM (Figure 3E).

As evidence, the Ag+ emission peak of device F is �761 nm (Figure 3F), which is

remarkably red-shifted compared with that of devices D2, D4, and D5. This NIR

emission is mainly attributed to the exciton recombination from the electrons at

CdSe CBM, with holes at high Ag states. Hence, only the Ag+ emission is changed

due to the reduced energy gap between Ag states and CdSe CBM, while the

CdSe emission peak remains almost the same. With the increasing voltage, holes

can reach the VBM of CdSe by overcoming the hole barrier between m-MTDATA

and CdSe. Therefore, relatively more excitons can be recombined for CdSe emission

at high voltages, enhancing the CdSe excitonic emission. Such exciton recommen-

dation is somewhat similar to the exciton decay in the host-guest-system-based

organic LEDs (OLEDs), in which charges can be directly injected into the energy

levels of guests.56

Previously, NCs with low Ag doping concentration could only exhibit red PL emis-

sion.12,46 Here, we have demonstrated that the emission of CQWs with low Ag

doping concentration can be tuned from orange-red to the NIR region through en-

ergy gap engineering, which may be a unique EL property. In addition, such NIR

emission may unlock a new method for the applications of CQW-LEDs, given that

NIR emission is beneficial for night vision, optical communication, andmedical treat-

ment.61 Furthermore, we have demonstrated that the management of the energy

gap between dopant states and the host CBM is a feasible working mechanism to

tune the EL emission. Considering that hole transporting materials can be deliber-

ately synthesized to possess suitable HOMOs,58 our proposed emission mechanism

may be further extended to other host-dopant systems to achieve desirable emis-

sions. Moreover, the large emission window (155 nm) is unprecedentedly reported

in NC-based LEDs by using only a single emitter, which may unveil new possibilities

for the EL applications of impurity-doped NCs. The performance (e.g., efficiency,

stability) of CQW-LEDs may be additionally enhanced, if Ag-doped heterojunc-

tion-based CQWs (e.g., Ag-doped CQW core/shell, Ag-doped CQW core/crown),

more stable HTLs (e.g., HTLs with high glass transition temperature, HTLs with low

electrochemical decomposition, or inorganic HTLs), and the combination of more

balanced charge transport layers were used.
8 Cell Reports Physical Science 3, 100860, May 18, 2022



Figure 4. Development of CQW-based WLEDs and flexible devices

(A) Schematic device architecture of WLEDs.

(B) External quantum efficiency (EQE) and current efficiency (CE) of device W1.

(C) Current density and luminance of device W1.

(D) EL spectrum of device W1. The collective voltage is 10.0 V.

(E) EQE and CE of device F. Inset: photograph of device F1 under bias, where the emission area is 1 3 1 mm2.

(F) Current density and luminance of device F1.
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Realization of CQW-based organic-inorganic hybrid WLEDs

WLEDs are highly desirable for both display and lighting applications.59 In particular,

organic-inorganic hybrid WLEDs arouse research interest due to their simple fabri-

cation process, energy-efficient operation, reduced heterojunction, and low

cost.62,63 Several types of NC-based hybridWLEDs have been created. For example,

Gao et al. used QDs and poly-phenylenevinylene (PPV) to fabricate the first CdSe-

QD-based hybrid WLED, achieving a maximum EQE of 0.0015%.62 Recently, Yao

et al. used CsPb(Br/Cl)3 and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyleneviny-

lene] (MEH:PPV) to develop the first perovskite-based hybrid WLED, obtaining a

maximum luminance of z200 cd m�2.63 However, no CQW-based organic-inor-

ganic hybrid WLED has been reported thus far. To alleviate this difficulty, we have

combined 0.8% Ag-doped CQWs and an organic blue emitter poly(N-vinylcarba-

zole) (PVK) to realize white emissions. The chemical structure, absorption, and PL

spectra of PVK are shown in Figure S7, in which a blue PL emission peak of

374 nm is observed. The device architecture of the WLED (device W1) is similar to

that of device D2, except for the EML, with an optimized mixing ratio of

PVK:CQWs = 6:1 (in wt %) (glass/ITO/ZnO/PVK:CQWs/CBP/MoO3/Al), as shown

in Figure 4A. Device W1 exhibits the maximum EQE and CE of 0.060% and

0.079 cd A�1, respectively (Figure 4B). The maximum power efficiency (PE) is

0.072 lm W�1 (Figure S8). In addition, a low turn-on voltage of 3.0 V and a maximum

luminance of 206 cd m�2 are obtained (Figure 4C). The luminance at 8 V is �20 cd

m�2. The Commission Internationale de L’Eclairage (CIE) coordinates are (0.32,
Cell Reports Physical Science 3, 100860, May 18, 2022 9
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0.29), which is well located in the white region. Significantly, device W1 shows a

maximum CRI of 82 (Figure 4D), indicating that CQW-basedWLEDs can successfully

meet the requirement of indoor lighting.64 The CRI values are derived from EL

spectra and the analyses are shown in Figure S9.

It is surprising that a high CRI can be achieved by only two emitters since more than

two emitters are usually required for high-quality white emissions.64 To insightfully

comprehend CQW-based hybrid WLEDs, the working mechanism of device W1

has been studied. Since PVK is a p-type material while ZnO is an n-type material,1

holes and electrons are readily accumulated at the PVK/ZnO interface. As a conse-

quence, holes at the HOMO of PVK can recombine with electrons at the CBM of

ZnO, generating a PVK/ZnO interface emission.65 To provide evidence for the inter-

face emission, another LED (device W2) has been fabricated, and its device architec-

ture is similar to device W1, except for the EML, with only PVK (glass/ITO/ZnO/PVK/

CBP/MoO3/Al). With such architecture, only PVK and interface emissions can be pro-

duced, while CdSe and Ag+ emissions are excluded. As expected, apart from the

PVK emission (Figure S10), the interface emission is observed with two peaks (606

and 646 nm) in device W2. However, the CIE coordinates of device W2 are (0.54,

0.33) because of the lack of CdSe and Ag+ emissions, which are beyond the white

region. Hence, four emission peaks (402, 518, 604, and 644 nm) exist in the EL spec-

trum of device W1, where the Ag+ emission is overlapped with the interface emis-

sion. Here, the EL peaks of PVK and excitonic emission of CdSe are located at

�402 and 518 nm. Due to the combination of PVK, CdSe, Ag+, and PVK/ZnO inter-

face emissions, the broad white emission is achieved in device W1, leading to the

high CRI.

In addition, high-energy excitons are transferred from PVK to Ag-doped CdSe

through the Förster process because of the large band gap of PVK, where the energy

of the excited state of PVK is higher than that of CdSe CQWs.66 Hence, for the white

emissions of deviceW1, the amount of PVK is six times higher than that of Ag-doped

CdSe. To confirm the Förster resonant energy transfer (FRET) existing between PVK

and CQWs, we have compared the PL spectrum of PVKwith the absorption spectrum

of CQWs. These two spectra show a large overlap (Figure S11), suggesting an effi-

cient FRET.67 Furthermore, the large concentration of CQWs in PVK indicates that

the distance between the guest and host is shorter than Förster radius (e.g., typically

in the range of 4–7 nm), ensuring the FRET.68 Therefore, the performance of WLEDs

can be further improved if highly efficient blue organic emitters are introduced.

However, due to the high amount of PVK in the EML of device W1, PVK has a large

influence on the charge injection and balance. Considering that PVK is a p-type

emitter, the charge imbalance occurs in device W1, resulting in Auger recombina-

tion.1 Hence, to further enhance the radiative exciton recombination, bipolar

organic emitters may be useful to suppress the nonradiative Auger decay. However,

these results also indicate that 2D CQWs can effectively work with organic emitters

as EMLs to achieve high-quality white emissions, providing an alternative scheme to

develop WLEDs.

Demonstration of flexible CQW-LEDs

OLEDs and QD-LEDs have been intensively investigated to satisfy the increasingly

flexible electronics market. Recently, flexible perovskite LEDs have also been real-

ized.69 However, flexible CQW-LED has not been reported. Here, flexible CQW-

LEDs have been developed by using polyethylene terephthalate (PET) substrates

to replace the glass substrates. Dual-emission emitters have been used to realize

flexible device F1, where its device architecture is the same as device D2, except
10 Cell Reports Physical Science 3, 100860, May 18, 2022
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for the substrate (PET/ITO/ZnO/0.8% Ag-doped CdSe/CBP/MoO3/Al). As shown in

Figure 4E, the maximum EQE and CE of device F1 are 0.086% and 0.173 cd A�1,

respectively. These values are higher than those of device D2, which is attributed

to the fact that the substrate escape mode is enhanced in device F1 because the

refractive index of PET (1.6) is higher than that of glass (1.5).70 A photograph of de-

vice F1 under bias is shown in the Figure 4E inset. The maximum luminance of device

F1 is 515 cd m�2, which is lower than that of device D2. This is because the issues

caused by Joule heating and layer contacting are more serious in flexible devices.20

In addition, flexible CQW-based WLEDs have been demonstrated. With the same

device architecture as device W1, except for the PET substrate, device F2 (PET/

ITO/ZnO/PVK: CQWs/CBP/MoO3/Al) has been fabricated (Figure S12). Thus, the

findings pave the way for CQW-LEDs toward the field of flexible electronics.

In summary, the EL effect of noble metal dopants in NCs has been comprehensively

studied by using Ag-doped CdSe CQWs. With 0.8% Ag-doped concentration, our

LED device exhibits a maximum luminance of 1,339 cd m�2, overtaking previous

NC-based LEDs with impurity emissions as well as core-only-based CQW-LEDs. By

understanding the energy gap engineering, we demonstrate the management of

excitonic and dopant-induced emissions. Moreover, different HTLs possessing en-

ergies near the Ag dopant states are shown to effectively tune the dopant emission

from orange-red 606 nm to NIR 761 nm. Such a large emission window is unprece-

dentedly achieved in NC-based LEDs with the same emitters, providing a strategy to

intentionally tune the EL emissions. Furthermore, an organic-inorganic hybrid WLED

based on CQWs has been successfully operated exhibiting a high CRI of 82, and flex-

ible CQW-LEDs have been realized. The findings not only present the first step to

unveil the EL property of NMD-NCs, which can be extended to other noble metal

impurities (e.g., gold, ytterbium), but also pave the way for NMD-NCs as a new class

of electronic materials that can be further applied to other EL applications (e.g.,

alternating current thin-film EL device, light-emitting field-effect transistor).

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Hilmi Volkan Demir (hvdemir@ntu.edu.sg).

Materials availability

This study did not generate new unique materials.

Data and code availability

The data supporting the findings of this study are available from the lead contact

upon reasonable request.

Synthesis of Ag-doped CdSe CQWs

In the typical procedure for the synthesis of Ag-doped CdSe CQWs, 340 mg Cdmyr-

istate, 24 mg Se, and 30 mL ODE were taken in a 100-mL round bottom flask. Then,

the solution was put under vacuum for degassing to remove extra volatile impurities

at 95�C for 1 h. Then, we switched to the Ar and set the temperature for the reaction

to 240�C. As the temperature reached 190�C, a known amount of Ag precursor was

added and the temperature of the solution was decreased to 90�C with the help of a

water bath. After decreasing to 90�C, the reaction was switched to vacuum to degas

the solution for a few minutes and then again converted to Ar with the temperature

set to 240�C. At 130�C, 120 mg Cd acetate was introduced into the solution. The
Cell Reports Physical Science 3, 100860, May 18, 2022 11
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reaction was kept at 240�C for 10 min for the growth of CQWs. The reaction was

terminated by the addition of 1 mL oleic acid and brought to room temperature

with the use of a water bath. Thereafter, the solution was centrifuged at 6,000 rpm

for 5 min. To the supernatant, ethanol was added and centrifuged at 6,000 rpm

for 5 min. Then, we discarded the supernatant, and to dissolve the precipitates,

the hexane was added.
PLQY measurements

The PLQY is measured with a fixed excitation wavelength of 400 nm. All of the mea-

surements were taken for overall PLQY in full spectrum range (540–800 nm), at only

excitonic emission range (450–540 nm), and at only dopant emission range (540–

800 nm).
Device fabrication

ZnO solutions were spin coated onto the ITO-coated glass substrates at 2,000 rpm

for 30 s and baked at 100�C for 30 min. Then, CQWs (for dual emission) or

PVK:CQWs (for white emission) were deposited by spin coating at 2,000 rpm for

35 s. Afterward, the samples were transferred into a vacuum thermal evaporation

chamber to deposit other organic materials and anode. Without breaking the vac-

uum, HTLs (CBP, mCP, TAPC, or m-MTDATA), MoO3, and Al layers were thermally

deposited at a base pressure of 4.0 3 10�4 Pa. The thicknesses of layers were

controlled by the quartz crystal oscillators. After preparation under a nitrogen atmo-

sphere using epoxy glue and glass slides, all of the devices were immediately encap-

sulated. The emission area of all of the devices is 1 3 1 mm2, as defined by the over-

lapping area of the anode and cathode.
Device characterization

There were two ways to measure the EL spectra of CQW-LEDs. On one side, CIE

coordinates and EL spectra in the visible range were recorded via a PR705 Spectra

Scan spectrometer. On the other side, EL spectra of devices with invisible emis-

sions were measured as follows: the pump laser at 355 nm used for EL measure-

ment of LEDs was a frequency tripling of the Nd:YAG laser, with a pulse width

of 0.5 ns and a repetition rate of 100 Hz. The laser beam was focused to a spot

on the device through the glass substrate using a concave-plate lens (f =

50 mm). The diameter of the focused spot, which contained (1–1/e) of the power

in the laser beam, was 60 mm. An automatically rotated l/4 waveplate

(WPQ05M�532, THORLABS) and polarizer (CCM1-WPBS254, THORLABS) were

used to adjust the pump fluence. Then, the emission was collected via a fiber-

coupled ANDOR spectrometer (monochromator: ANDOR Shamrock 303i, CCD:

ANDOR iDus 401). All of the EL spectra measurements were performed at room

temperature in air. By using a computer-controlled source meter, the current den-

sity-voltage-luminance properties were measured simultaneously. Because the sta-

bility of undoped LEDs is poor, we used relatively large voltage step sizes to re-

cord their EL performance. However, both large and small voltage step sizes

could be used to record the performance of doped LEDs because of better stabil-

ity. The architectures of developed LEDs are shown below.

� Device D1: glass/ITO/ZnO/0.48% Ag-doped CdSe CQWs/CBP/MoO3/Al

� Device D2: glass/ITO/ZnO/0.8% Ag-doped CdSe CQWs/CBP/MoO3/Al

� Device D3: glass/ITO/ZnO/1.1% Ag-doped CdSe CQWs/CBP/MoO3/Al

� Device D4: glass/ITO/ZnO/0.8% Ag-doped CdSe CQWs/mCP/MoO3/Al

� Device D5: glass/ITO/ZnO/0.8% Ag-doped CdSe CQWs/TAPC/MoO3/Al
12 Cell Reports Physical Science 3, 100860, May 18, 2022
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� Device D6: glass/ITO/ZnO/0.8% Ag-doped CdSe CQWs/m-MTDATA/MoO3/

Al

� Device W1: glass/ITO/ZnO/PVK: 0.8% Ag-doped CdSe CQWs/CBP/MoO3/Al

� Device W2: glass/ITO/ZnO/PVK/CBP/MoO3/Al

� Device F1: PET/ITO/ZnO/0.8% Ag-doped CdSe CQWs/CBP/MoO3/Al

� Device F2: PET/ITO/ZnO/PVK: 0.8% Ag-doped CdSe CQWs/CBP/MoO3/Al

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2022.100860.
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