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Here plasmonic effect specifically on electroluminescence (EL) is studied in terms
of radiative and nonradiative decay rates for a dipole near a metal spherical nanopar-
ticle (NP). Contribution from scattering is taken into account and is shown to play
a decisive role in EL enhancement owing to pronounced size-dependent radiative
decay enhancement and weak size effect on non-radiative counterpart. Unlike pho-
toluminescence where local incident field factor mainly determines the enhancement
possibility and level, EL enhancement is only possible by means of quantum yield
rise, EL enhancement being feasible only for an intrinsic quantum yield Qg < 1.
The resulting plasmonic effect is independent of intrinsic emitter lifetime but is exclu-
sively defined by the value of Qp, emission spectrum, NP diameter and emitter-metal
spacing. For 0.1< Qp < 0.25, Ag nanoparticles are shown to enhance LED/OLED
intensity by several times over the whole visible whereas Au particles feature lower
effect within the red-orange range only. Independently of positive effect on quantum
yield, metal nanoparticles embedded in an electroluminescent device will improve its
efficiency at high currents owing to enhanced overall recombination rate which will
diminish manifestation of Auger processes. The latter are believed to be responsible for
the known undesirable efficiency droop in semiconductor commercial quantum well
based LEDs at higher current. For the same reason plasmonics can diminish quan-
tum dot photodegradation from Auger process induced non-radiative recombination
and photoionization thus opening a way to avoid negative Auger effects in emerging
colloidal semiconductor LEDs. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5019778

I. INTRODUCTION

Plasmonic luminescence enhancement has become an active field of research because of poten-
tial applications in lighting, display and analytical devices.!= Till recently only photoluminescence
enhancement by metal nanoparticles (NP) has been examined and many groups have experimentally
demonstrated photoluminescence intensity enhancement for molecular and semiconductor emitters
(Refs. 6—12 and Refs. therein) using Ag and Au nanostructures. In simple cases of an emitter with high
intrinsic quantum yield Qg ~ 1 and spherical metal particles, typical enhancement factors of the order
of 10 are reported whereas specially designed nanostructures (arrays, nanoshells and nanoantennas)
make higher enhancement factors feasible.®~' For photoluminescence modified by plasmonic effects,
intensity is defined by excitation rate of an emitter and its quantum yield Q affected by a metal NP,
a nanoantenna, or an array of nanobodies. For emitters with high intrinsic quantum yield in typical
experiments Q < Qg holds since enhancement of nonradiative decay component dominates over the
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radiative one.!! Therefore, local incident field enhancement which in certain structures may locally
experience 10%-10° enhancement (i. e. 10*-10° intensity enhancement, see Ref. 13 and Refs. therein)
becomes the major factor enabling photoluminescence intensity increase. For emitters with intrinsi-
cally low Qy the relative growth of nonradiative transitions rate near a metal NP is not pronounced and
much higher enhancement factors (to 10°) become affordable for photoluminescence.'® In the con-
text of extensive progress in semiconductor light-emitting diodes (LEDs) and organic ones (OLEDs),
positive effect from metal NPs embedded therein is challenging. Unlike photoluminescence, for
electroluminescence, plasmonic effect reduces to a modified quantum yield, i. e., to a modified ratio
of radiative versus nonradiative decay components. The desirable electroluminescence enhancement
then becomes possible only for emitters with a lower intrinsic quantum yield Qp < 1. This circum-
stance has been highlighted in the early theoretical simulations'# but a systematic theoretical analysis
of plasmonic effect on quantum yield has not been reported to date. At the same time, a number
of recent experiments' 2! point out that plasmonics can enhance OLED'>'¢ and LED performance
including both quantum well based ones'”-*!*? and colloidal quantum dot based LEDs,'#-2" the latter
being of special interest in the context of the colloidal nanophotonics platform?3?* since metal NPs
can be readily integrated therein.

In this paper, modeling of plasmonic effects in EL structures is reported based on the model
of light emission by a dipole near a metal spherical NP. The model accounts for the scattering
contribution that has been shown'! to become crucial for NPs bigger than 20 nm, i.e. for the most
of typical experimental situations. We show that it is scattering size-dependent extinction band that
enables the desirable electroluminescence intensity enhancement through quantum yield increase.
The multi-parametric problem is examined including the material type (Au and Ag), NP size, metal-
emitter spacing, emission wavelength, and intrinsic quantum yield. The results obtained are in the
reasonable agreement with the experiments and indicate possible intensity enhancement of LEDs
and OLEDs by the factor of 1.5...5, being more pronounced for intrinsic quantum yield Qg < 0.5
and existing within the visible for Ag and only within orange-red spectrum for Au.

Il. RESULTS AND DISCUSSION
A. The model

We use the approach? based on a modified radiative decay rate of a dipole emitter near a metal
nanobody by means of computing its modified dipole transitions probability. The calculation scheme
has been described elsewhere.!! The most favorable case is considered of a dipole moment oriented
along the line connecting an emitter with a NP center. The electroluminescence intensity enhancement
factor F, i. e., change in the emission intensity / near metal versus intensity /o without metal equals
the quantum yield change, reads,

I r + Vi r r+ Yar
P Y0 7’”=7—/[1+QO(V 'Yn_l):|’ 0
Io Qo  vr+Yur+Yin Y0 Y0 Y0

where
0=—2L—— Qg =—1 2)
Yr * Ynr + Vine Y0+ Yint
are the emitter quantum yield in the presence of a metal nanoparticle and in free space, respectively, g
is the intrinsic radiative spontaneous decay rate, y;,, is the intrinsic nonradiative decay rate describing
internal losses of an emitter, vy, and y,, are the radiative and nonradiative decay rates of an emitter in
the presence of a metal nanobody, respectively. The notion of quantum yield used here is the same as
in photoluminescence. It is defined by the ratio of the radiative decay rate to the full decay rate of an
emitter and in the case of a quantum well and a quantum dot equals the average number of emitted
photons per single injected electron-hole pair. Since we do not consider injection process here, the
quantum yield is the intrinsic property of an emitter without current flow arrangement and therefore,
it is higher than the internal quantum efficiency (IQE) used in LED and laser diodes theory.
Since we consider that Qg is known, it is convenient to write nonradiative decay rate as
Yint =Y0(1/Qp —1). Then calculations reduce to computation of the two values, y,/yo and (yr+ ynr)/y0.
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For the dipole orientation chosen the required values read>!!-2°

Y, 3% U tkoro) . Ln(koro) |}
— == 12 1 A, 3
o 2n;n(n+ Y2n+1) Foro)? + oro)? 3)
YotV 3% L (ko) |
o _1+§n§=1n(n+1)(2n+1)Re {An(—(kor0)2 ) } )

where ¥, (x) = xj,(x) and ¢, (x) =xh§,1) (x) are Ricatti-Bessel functions, j,(x) and hf,l) (x) are the
spherical Bessel functions, k¢ is wave number in vacuum, ro = a + Ar is distance for an NP center to
an emitter, and

[ Vewn (koave) v (koa) = 01, (Koa) i (ko)
Veuu (keave) & (koa) - ¥, (koave) &y (ko)

is one of the Mie coefficients for the field reflected from a NP surface, primes denote derivatives, a
is NP radius, and ¢ is the metal complex dielectric permittivity. When an emitter is moved far from
the metal NP, i.e. when kgrg — oo holds, one has y,/yg — 1 and (y, + yn-)/yo — 1, and then Q — Qo
is the case. Egs. (3), (4) allow to calculate the electroluminescence intensity enhancement factor (1).
Notably, Eqgs. (1)-(5) show that plasmonic effect on electroluminescence intensity does not depend on
the absolute values of intrinsic radiative y( and nonradiative y;,, decay rates, i. e., it is independent of
intrinsic emitter lifetime 7 = (yo + *yint)‘1 . Enhancement/quenching is entirely defined by Qp, emission
spectrum, metal dielectric permittivity, nanoparticle size, and emitter—metal spacing. Calculations
were made for 20...80 nm Ag and Au NPs with £(1) function according to Ref. 27. The range
Qo =0.1...0.5 was chosen since lower values make emitters inefficient for commercial lighting and
higher values do not allow for plasmonic enhancement in most of the practical cases.
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FIG. 1. Calculated enhancement of electroluminescence intensity for an emitter with intrinsic quantum yield 0.1 near an Ag
nanoparticle with diameter 20, 40, 60, and 80 nm. Ambient medium refraction index is equal to 1.
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B. Enhancement factors for Ag nanoparticles

Figs. 1-3 show modification of EL intensity for Ag nanoparticles as a function of the emission
wavelength and spacing Ar = ry — a. One can see that calculations predict higher enhancement
for lower Qg and bigger nanoparticles. It is noteworthy that the enhancement is feasible within a
wide spectral range A = 400-650 nm covering the blue, green and red and therefore can be used in
lighting and display devices. The maximal calculated enhancement reaches 5-6 times, for the optimal
emitter—metal spacing being 8-15 nm.

Calculations show that enhancement factor is higher for lower intrinsic quantum yield Qg, the
maximal Q obtained in calculation is about 0.6-0.8 and does not reach 1. There is pronounced
tendency to higher enhancement for bigger nanoparticle size. This correlation has the reasonable
physical background.

C. Correlation of the enhancement factor with extinction spectrum

The apparent size dependence of the enhancement factor results from the two regularities. First,
for the electroluminescence intensity enhancement to become possible, radiative decay enhancement
should dominate over nonradiative counterpart (luminescence quenching by a metal proximity). This
is typically performed by choosing the proper distance since quenching rapidly vanishes with distance
and is negligible at metal-emitter spacing more than 20 nm. Second, and even more important, is
the fact that radiative decay enhancement spectrum directly correlates with the extinction spectrum
whereas quenching does not. The latter is mainly defined by the dielectric function spectrum, i. e.,
it is defined chiefly by the metal type rather than metal nanobody size (and shape). Radiative decay
enhancement is defined by the local photon density of states (DOS) which correlates with the inci-
dent field enhancement, the latter in its turn being directly related with metal nanoparticles extinction
spectrum. When nanoparticles size cannot be neglected as compared to radiation wavelength, the

Silver NP diameter 20 nm, Q =0.25 Silver NP diameter 40 nm, Q =0.25
— 650
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600 1 600
=550 0g =55
€ £
~ 500 06 <50
450 04 450
400 0.2 400
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FIG. 2. Calculated enhancement of electroluminescence intensity for an emitter with intrinsic quantum yield 0.25 near an Ag
nanoparticle with diameter 20, 40, 60, and 80 nm.
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FIG. 3. Calculated enhancement of electroluminescence intensity for an emitter with intrinsic quantum yield 0.5 near an Ag
nanoparticle with diameter 20, 40, 60, and 80 nm.

size-dependent extinction band develops moving to longer wavelengths and getting wider with
increasing size as shown in Fig. 4.

One can see that enhancements plotted in Figs. 1-3 result from radiative decay enhancement tai-
lored by the size-dependent extinction spectrum. For example, for emission wavelengths 450-460 nm
(the principal emission wavelength of blue LEDS used in lighting) radiative decay enhancement
factor grows monotonically by a factor of 6-8 whereas the same value for nonradiative rate changes
by the factor less than 2. This property allows for spectral separation of competitive radiative and
nonradiative factors and becomes the decisive factor in obtaining electroluminescence enhancement
by means of plasmonics. Taking into account that extinction spectrum can be shifted away from the
dielectric permittivity one not only by size increase we expect that similar behavior will occur for

Extinction 60 Radiative decay Nonradiative decay
Ag spheres =5 ) -
n=1 50 q @ 10 q @
10 nm =) \ 10 nm
40 <
o
diameter o (s
=
400 nm T 30
‘a3 Diameter

100 nm

450 500 400 500 400 500 600
A (nm) A (nm)

FIG. 4. Extinction spectrum, radiative decay rate enhancement, and nonradiative decay rate enhancement spectra for Ag
nanoparticles with diameter ranging from 20 to 100 nm and metal emitter spacing 10 nm. Ambient medium refractive index
equals 1.
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elongated particles (as has been shown in Refs. 28,29) and also for metal nanoparticles embedded
in an ambient material with refractive index n,, > 1. The latter corresponds to decrease of radia-
tion wavelength in the ambient medium as compared to nanobody size thus resulting in enhanced
scattering which in turn leads to higher extinction.

D. Ambient medium refractive index effect

Calculations for ambient medium refractive index n,, > 1 reduce to substitution of kgn,, instead
of kg and &/ n,zn instead of & in Eqgs. (3)—(5). In Fig. 5 selected results for electroluminescence intensity
enhancement by silver nanoparticles of different sizes in the medium with refractive index 1.5 which
is typical for polymers. Comparing Fig. 5 with Figs. 1, 2, one can see that the long-wave spectral
shift of enhancement range exists for higher refractive index which correlates with the shift of extinc-
tion spectrum (not shown). Note that higher refractive index results in higher enhancement factors,
especially in the long-wave range. These features result from interplay of refractive index effects on
light scattering, extinction spectrum, decay rates. At the same time, enhancement occurs for shorter
metal-emitter spacing (Ar < 5 nm) which can be interpreted as a result of the » factor for ro = a + Ar
in Egs. (3), (4).

When considering impact of ambient medium refractive index one should bear in mind that
Qo now is to be treated not as emitter quantum yield in vacuum but as quantum yield modified
owing to ambient medium effect. Radiative decay rate typically rise up for n,,, > 1 (see, e. g., Ref. 3,
Chapter 14), though different emitter type (an atom, a molecule, a quantum dot, a quantum well) may
exhibit different radiative decay rate dependence on ny, because of specific local field corrections
involved. Thus, when considering the plasmonic effect on quantum yield in a refractive medium with
respect to vacuum it will be even higher than that shown in Fig. 5.

E. Averaging over emitter orientations

The above results correspond to an idealized case of the optimal emitter dipole moment orien-
tation with respect to a metal nanoparticle (inserts in Fig. 4). In real situations random orientation

Ag NP diameter 40 nm, Q°=0.1 Ag NP diameter 40 nm, Q0=0.25
650 g
6 25
5 2
4
15
3
1
2
1 0.5
10 20 30 40 50 0 10 20 30 40 50
Ar (nm) Ar (nm)
Ag NP diameter 80 nm, Q0=0.1 Ag NP diameter 80 nm, Q0=0.25
650
6 3
5 25
4 2
3 1.5
2 1
1 0.5
0 10 20 30 40 50 0 10 20 30 40 50
Ar (nm) Ar (nm)

FIG. 5. Calculated enhancement of electroluminescence intensity for ambient medium refraction index 1.5 for Ag nanoparticle
diameter (top panels) 40 and (bottom panels) 80 nm, and intrinsic quantum yield Qp = 0.1 (left) and 0.25 (right).
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of dipoles is very probable and then the actual enhancement will be lower. To account for random
orientation impact on enhancement of electroluminescence intensity, the following relation was used,

1
(F)=(0)/0Qo, (Q)= 5 (Qnarm + 2Qttmg) P (6)

where subscript “norm” and “tang” correspond to the normal and tangential dipole moment ori-
entation, respectively. Qune has been calculated using the following relations (cf (2)—~(5))>!!:%

Qtang = L P (7N

Vet Yar * Yine tang

where (in vacuum)

) 2 2
/7 k ’ k
Yr =§Z(2n+ D U (koro) +B, Zn (koro) . Uy, (koro) ‘A, 5 (koro) ’ ®)
Yo 4 koro koro koro koro
tang n=1
) 2 2
" (ki
YetYurl +§Z(2n+ 1)Re !B, &n (koro) ‘A, & (koro) ’ ©)
Yo tang 4 =1 koro koro

and

(¥ (koavE) v, (koa) = VU, (Koave) v (koa)
U (koave) & (koa) = ey, (koave) &y (koa)

Note that for ambient medium refractive index n,, > 1 substitutions of kyn,, instead of kg and &/ n,zn
instead of & should be made. Calculation of Qyqrm can be done according to (1)—(5) with the above
substitutions.

The representative example of orientation effect is shown in Fig. 6 for refractive index 1.5 and
nanoparticle diameter 60 nm. One can see that even the most unfavorable tangential orientation of
the emitter dipole moment still promise enhancement factor about 2 for intrinsic quantum yield 0.25
and 60 nm Ag particle diameter in the most critical spectral range of commercial InGaN LEDs used
in white LED for lighting. Random orientation offers more than 2-fold enhancement in the same
spectral range.

(10)

F. Comparison of Au and Ag effects

Calculations for Au nanoparticles have shown that the enhancement is possible within the red-
orange range and for Qp > 0.2 it tends to vanish. Therefore, in Fig. 7, data are presented for Au
nanoparticles for Qg = 0.1 only. The optimal spacing is 10-35 nm. Different spectral features for Ag
and Au come from spectral behavior of nonradiative decay rate v, which dominates over radiative
one for Au particles in wide spectral range. This is shown in Fig. 8 where relatively large metal-emitter
spacing (25 nm) has been chosen to minimize non-desirable nonradiative enhancement factor. (Fig. 8).

Ag NP diameter 60 nm, Q0=0.25 Ag NP diameter 60 nm, Qo=°'25
650 650
Averaged
600 over dipole 2
moment
,\550 orientations 15
€
£.500
,< 1
450
400 B2
350
0 10 20 30 40 50 0 10 20 30 40 50

Ar (nm) Ar (nm)

FIG. 6. Electroluminescence enhancement by 60 nm Ag particles for (left) tangential and (right) random averaged orientation
of the emitter dipole moment.
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Gold NP diameter 40 nm, °o=0'1
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FIG. 7. Calculated enhancement of electroluminescence intensity for an emitter with intrinsic quantum yield 0.1 near an Au
nanoparticle with diameter 20, 40, 60, and 80 nm. Ambient medium refractive index is 1.

For both metals the favorable radiative rate enhancement correlates with extinction spectrum which
in turn correlates with £(1) dependence, which features the narrow maximum in the near UV-range
for Ag and smooth behavior for Au in the wide range. For this reason Au NPs are efficient only
for wavelengths longer than 550 nm and cannot be used for commercial blue LEDs. However Au
nanoparticles can be useful to enhance color converting phosphor performance in white LED but this
issue is beyond the scope of the paper.

Silver NP with diameter 60 nm, Ar=25 nm Gold NP with diameter 60 nm, Ar=25 nm
(b) —%

_’an/'yo i

0 L : 0 . . .
350 400 450 500 550 60( 500 550 600 650 700

A (nm) A (nm)

FIG. 8. Spectral dependencies of radiative and non-radiative components of the decay rate for (a) Ag and (b) Au nanoparticles
with 60 nm diameter and 25 nm emitter-particle spacing.
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G. Plasmonics to diminish the role of Auger processes

Auger processes develop in quantum wells at high electron-hole pair density. Auger processes
are believed to be the major reason for the known commercial quantum-well-based LEDs efficiency
droop for higher current.3*-3* Efficiency droop for high currents is a critical issue of solid state lighting
efficiency at present. In quantum dots, when more than one electron-hole pair is generated per dot,
Auger processes develop as well. Auger processes not only promote non-radiative recombination but
can result in quantum dot photoionization.*>-*® Auger recombination is known to lead to quantum
dot photodegradation resulting in crucial drop in quantum yield upon operation time of a quantum
dot phosphor and possibly will deteriorate the performance of emerging quantum dot colloidal LEDs
as well. In II-VI quantum dots used on novel TV sets the core-shell structure is used with very thick,
gradient or step-like potential barrier developed by the shell. For colloidal LEDs an anti-Auger design
based on multishell and gradient shell around emitting core may not be appropriate since these shells
may deteriorate current flow conditions and injection efficiency. For emerging perovskites and carbon
dots shell design has not been applied at all.’*0

Plasmonics always leads to decay rate enhancement even if it has negative or zero effect on
the overall efficiency. Therefore plasmonic effects can be purposefully used to diminish the role of
Auger recombination owing to enhanced recombination rate. Thus, not only LED efficiency can be
enhanced as our calculations and the first experiments have shown but also the additional positive role
should be highlighted of metal nanoparticles to diminish undesirable Auger processes. This positive
effect will also increase photostability of phosphors, an issue which needs a special analysis both in
theory and in experiments.

lll. CONCLUSION AND OUTLOOK

The results presented predict noticeable electroluminescence intensity enhancement which can
be implemented in commercial blue LED and in emerging colloidal quantum dot LEDs. Our results
bear reasonable agreement with the experimental data available whenever the parameters enabling
such a comparison are reported. E. g., 2-fold enhancement!” at 525 nm for 80 nm Au NPs and 8 nm
spacing according to our calculations occurs for Qg = 0.1. Similar 2-fold enhancement has been
reported for the green with Au particles for quantum wells with Q= 11.7%.?* Very high (20-fold)
enhancement reported for OLED' results from extremely low Qg = 10”7. We believe our results will
stimulate further experiments and will help to optimize LED design to get better performance.

In addition to convergence with existing experiments, our results suggest some further positive
effects of metal nanostructures in LEDs. First, in accordance with the nanoantenna concept and the
relevant experimental evidences, metal nanoparticles may alter angular distribution of emitted light
and can be used to enhance directionality of light emission.*!*® Second, plasmonic structures can
be used to enhance modulation rate of LEDs*’ and single photon emission rate.>® Third, plasmonics
can be used to diminish LED efficiency droop resulting from Auger recombination. For quantum dot
LED, plasmonics promises improvement in photostability preventing photoionization promoted by
Auger recombination. Plasmonic effects on Auger processes promise additional positive influence
of metal nanoparticles on LED performance and will most probably become a subject of extensive
theoretical and experimental analysis on the nearest future.
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