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ABSTRACT: Forster-type nonradiative energy transfer (FRET) is
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one of the primary near-field phenomena and is a useful, o T
fundamental mechanism allowing us to control the excitation CdS ODA 5 4000
energy flow. Using carefully chosen pairs of quantum emitters/ g 4 2000
absorbers (donors/acceptors), FRET has proved to be essential in Q z, o
a variety of light-generating and -harvesting systems. However, ] 1500
FRET takes place only in a limited spatial range, and its efficiency t FRET 3 1000
suffers from an adversely rapidly decreasing profile over the E

increasing distance between the donor and acceptor. To foster @ &

FRET, reaching ultimate levels of efficiency and extending its CdSe ODD

range, we systematically studied the FRET mechanism by tuning
the background medium’s permittivity. The FRET rates of donor—
acceptor pairs consisting of a point-like, quasi-0-dimensional quantum dot and quasi-2-dimensional quantum well nanostructures are
analytically derived to characterize the change of FRET rates with respect to the medium’s permittivity. The analysis reveals that the
FRET rate becomes singular when the permittivity approaches zero and there is a fixed value for the point-like and all other
nanostructures, respectively. By setting the medium’s relative permittivity to realistic values near the singular point, which can be
realized by a digital metamaterial approach, ultrahigh FRET rates and thereby ultraefficient FRET-based systems are achievable.

I. INTRODUCTION

Forster-type nonradiative energy transfer (FRET) is a direc-
tional process, allowing for the transfer of the excitons from
donor particles to acceptor particles, enabled by nonradiative

field at a nonzero frequency and strong light—matter
interactions, which can be used to study different wave
dynamics.'”"" These effects are accompanied by enlargement
of the operating wavelength and decoupling of the spatial and

dipole—dipole interactions between them. FRET exploits the
proximity effect that strongly depends on (i) the center-to-
center distance between the donor and acceptor and (ii) its
Forster radius as a pair." Due to the strong distance dependence
of the dipole—dipole coupling, efficient FRET is only achievable
in a limited length scale, typically approximately 10 nm. To this
end, several techniques were developed to increase the FRET
efficiency and range in the past. In refs 2—4, FRET distance
dependency is alleviated by changing the nanocrystal geometry,
for example, from a quantum dot (QD) to a quantum well
(QW), which consequently increases the FRET rate.” However,
this improvement remains limited. In refs 6—9, the strength of
the donor—acceptor coupling is increased by using local electric
field enhancement, resulting in the acceleration of the FRET
rate. This local electric field enhancement is achieved by the use
of localized surface plasmon near metal nanoparticles. However,
due to the lossy properties of metal nanoparticles, placing metal
nanoparticles to enhance the exciton transfer rate can result in a
decrease in the FRET rate if not carefully designed.

Recently, the epsilon-near-zero (ENZ) materials, i.e.,
materials with near-zero permittivity, have also received
significant attention. These materials exhibit many interesting
phenomena, including decoupling of the electric and magnetic
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temporal field variations. Consequently, the electric and
magnetic fields’ phase distribution is nearly constant in such
an ENZ medium. These peculiar phenomena have been
exploited to obtain highly directive beams,'” perform beam-
forming and beam-steering tasks,"* enhance nonlinear re-
sponse,  and guide electromagnetic energy through channels
of arbitrary geometry.'' Moreover, the phase uniformity in ENZ
materials has also been used to enhance the Purcell factor'>~"”
of single quantum emitters. However, no previous study has
investigated the effects of ENZ medium’s tuned permittivity and
the resulting unique features on substantially accelerating the
FRET rate and hence pushing the limits of the FRET range.
In this work, we aim to fill this gap and show the critical effects
of a dielectric background medium with carefully tuned complex
permittivity on the superior enhancement of the donor—
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acceptor coupling and demonstrate a distinct set of generic
conditions to be imposed on the dielectric environment to reach
ultimate levels of efficiency in an extended space. Such an
ultimate enhancement in the Forster process leads to a
significant enlargement of the Forster radius. To quantify such
enhancement, we derived the analytical expressions for the
FRET rates of donor—acceptor pairs consisting of point-like,
QD, and QW nanostructures. Next, this analytical formulation is
rigorously used to identify the background permittivity
conditions that yield the maximized FRET rates. Our analysis
results show that the point-like pairs exhibit the maximum FRET
rate when the relative permittivity approaches zero (i.e., when
the background medium is an ENZ medium). On the other
hand, different from the case of point-like FRET pairs, the FRET
rates of QD and QW donor—acceptor pairs reach, surprisingly,
their maxima at modified permittivity values, shifted away from
the zero. These fixed permittivity values depend on the QD and
QW's relative permittivities; this is determined via the screening
effect factors indicated in the derived analytical expressions. The
FRET singularity happens when the screening effect factor’s
denominator approaches zero, resembling the plasmonic effect.

Our numerical tests show that an ultrahigh FRET rate is
achievable using tuned permittivity of background dielectric
medium. For example, when the CdSe QD donor and acceptor
are embedded in a medium with the relative complex
permittivity of -2 + i, which can be fabricated using, for example,
Ag and SiN layers,'® the FRET rate is enhanced by $3 times
compared to that of the same nanostructures in the vacuum.
Likewise, when the CdSe QW donor and CdSe QD acceptor are
placed in a medium with relative permittivity -2 + i, the
enhancement is more than 3-folds. On the contrary, when CdSe
QD donor and CdSe QW acceptor are enclosed in the same
medium, the enhancement factor exceeds 32. Finally, in the case
of the CdSe QW donor—acceptor pair embedded in a medium
with relative permittivity -2 + i, the FRET rate can be boosted
more than 2. These findings show that the FRET rate can be
increased drastically by carefully selecting the donor—acceptor
pair’s geometry along with the permittivity of the background
medium. This boost in the FRET rate will benefit numerous
applications, including color tuning, sensing, light harvesting,
and light generation.

The rest of the paper is organized as follows. Section II
presents the analytical expressions to compute the FRET rates
and FRET screening effect factors for the following cases: (1)
point-like (D)/rectangular-like (QW) donor and point-like
acceptor (A) case, referred to as the D/QWD-A case, (2)
spherical-like (QD) donor and point-like acceptor case, referred
to as the QDD-A case, (3) point-like/rectangular-like donor and
rectangular-like acceptor case, referred to as the D/QWD-QWA
case, (4) point-like/rectangular-like donor and spherical-like
acceptor case, referred to as the D/QWD-QDA case, (5)
spherical-like donor and spherical-like acceptor case, referred to
as the QDD-QDA case, and (6) spherical-like donor and
rectangular-like acceptor case referred to as the QDD-QWA
case. Furthermore, for each case, the section provides the
validation of the analytical expressions via numerical simu-
lations. The section is finalized by comparing the FRET
enhancement factor for the cases of CdSe donor—acceptor pair
configurations, including (1) QDD-QDA, (2) QWD-QDA, (3)
QDD-QWA, and (4) QWD-QWA. The effect of the donor—
acceptor pair configurations on the FRET rate is discussed.
Section III summarizes our findings and conclusions.

Il. RESULTS AND DISCUSSION

In general, the FRET rate y,,, is the average over the FRET
rates of the x-, y-, and z-excitons, where

7/x,trams + }/y,trans + 7/z,trams

ytrans - 3 ( 1)

Here 7, a0, is the probability for an a-exciton, a = {x,y,z}, to be
transferred from a donor to an acceptor, computed via refs 2, 3,
and 6 in CGS units

/ dv[M)EAr)-E:(r)
4r (2)

In this expression, the integration is carried out over the
acceptor’s volume. Here, €,(®) is the frequency-dependent
permittivity of the acceptor, and # is the Planck’s constant. E(r)
= —V®,(r) is the electric field inside the acceptor due to an a-
exciton at the donor under the electrostatic conditions. The
electric potential generated by the a-exciton, @,(r), is given by

edexc ) (f - FO)'&

2
= —Im
n

ya ,trans

Ir — r,/* (3)

Eoff

where r and ed,,. are the position vector and dipole moment of
the exciton, respectively, and r is the observation point. &
denotes the donor’s effective relative permittivity, which
depends on the geometry of the nanostructure and the dipole
orientation of exciton @ = {x,y,z}. In what follows, we make use
of CGS units; thus, e is given in esu units; d,,, 1o, and r are in
centimeters; and €ggpam; = E{eipam} T Efegpam} i the
complex relative permittivity of the effective, donor, acceptor,
and medium, respectively, where &f.gpan is the real and
€lefrp,am) IS the imaginary part. Although e(.gp 4 ny is a function
of both the position and frequency, we assume that it depends
only on the frequency unless stated otherwise. For point-like and
planar geometries, €. equals to &, and for spherical geometry,
e.gequals to (e, + 2€y)/3,” where e, is the relative permittivity
of the spherical particle (QD) serving as a donor. Here, we based
our formalism on these geometries; therefore, the corresponding
electric potential for the point-like and planar geometries is

edexc Ta
Irl* (4)

and for the spherical geometry is

(Da(r) =

M

q)( ) edexc T
r)=|—— |—
“ (ep + 2&y)/3 | Irl?

©)

We assume that the donor is placed at the origin of the reference
system. From here on, that would be the case for all our
expressions unless stated otherwise. It is worth mentioning that,
for a point-like donor and an exciton in donor QW, the same
equation for the electric potential is used because the effective
relative permittivity for an exciton in a QW is &4 = &y
Therefore, the derivation of the FRET rate, when the donor is a
point-like or a QW, will yield the same expression. In the
remaining of the article, we will treat these cases as one.

In this paper, we provide the derived analytical expressions for
Yerans to study the effects of the background medium relative
permittivity and the nanostructure geometries on the FRET
rates. We pay particular attention to maximizing the FRET rates
between different donor and acceptor pairs while changing the
background medium permittivity. We limit our studies to the

https://doi.org/10.1021/acs.jpcc.1c02685
J. Phys. Chem. C 2021, 125, 1240512413


pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c02685?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C

(a)

pubs.acs.org/JPCC

©)

’ - oy \ B D-A Numerical
D/OWD-A. M v D-A Analytical
Acceptor 1 O  QWD-A Numerical
f 10° 5 QWD-A Analytical
E
S .
~ 10°
I =]
\ f
@ or 10* 4
\ Donor ) T Tl I 1T rrrrr-i
0 5 10 15 20 25 30 35 40 45

d (nm)

Figure 1. (a) Schematic representation of the D/QWD-A case. (b) Electric field magnitude on the point-like acceptor computed using the analytical
expression derived from eq 4 and E,(r) = —V®,(r) (red triangle dotted line and green line) and via numerical electromagnetic simulations (blue
square and circle magenta dotted lines).
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Figure 2. (a) FRET screening factor map as a function of the real and imaginary parts of the background medium permittivity. The plot is truncated at
10 for illustration purposes. FRET screening factor for the selected values &35,¢5; = +{0.20,0.10,0.05} as a function of (b) the real part and (c) the
imaginary part of the medium permittivity for a donor—acceptor pair. The curves for the negative permittivity values are symmetric, around the positive

permittivity values ~0 due to the symmetry of the screening factor in eq 6.

materials of (i) CdSe, ec4s. = 6.33 +i2.17, and (i) CdS, ecqg, =
5.78 +i0.36, and focus on QD and QW nanostructures because
of their potential practical applications in photovoltaics and
LED technologies. The donor and acceptor nanostructure
parameters used here are QDD radius of 1.2 nm, QDA radius of
1.4 nm, QWD thickness of 1.2 nm, and QWA thickness of 1.5
nm, with a lateral dimension of 30 nm by 40 nm, and in all cases,
the initial surface—surface separation distance, between the
donor—acceptor pair, is 1 nm. Moreover, the exciton emission
wavelength is assumed to be 550 nm. After deriving the
analytical expressions for ¥y, we next discuss the maximum
FRET rate occurrence, while the background medium
permittivity is swept.

I1.1. FRET with ENZ Behavior. The FRET rate for the D/
QWD:-A case [shown in Figure 1(a)] is obtained using eqs 4 and
2 as

2
1

cosé(GO)
6

D/Q—WD_A: 7/{Jt,tra\ns = %but(edexc)2 In‘1[‘9M]

Y

(6)
é , é , % and @ = {x,y,z}, respectively. It is observed
that the FRET distance dependency in these cases follows the
well-known distance dependency of d~¢ for the point-like
acceptor. Next, we validated the derived expression by
computing the electric field intensity, E,(r) = —V®,(r), on

the point-like acceptor generated by the point-like donor in the

where b, =

12407

vacuum by leveraging the expression in eq 4. The calculated E-
field values are then compared with those obtained by the
electromagnetic simulations performed by COMSOL; an
excellent match between the results is observed [Figure 1(b)].

By analyzing eq 6, we observed that the transfer rate can be
enhanced by tunning the permittivity of the background
medium, where the donor—acceptor pair is embedded. In this
case, the FRET rate reaches its maximum as the denominator
Im[ey]/leyl goes to zero, i.e., leyl*> — 0 [depicted in Figure 2].
It is worth mentioning that the imaginary part of the medium
permittivity must be different from zero to achieve energy
transfer between the donor and acceptor. Figure 2(a) presents
the 3D plot for the FRET screening factor as the medium
permittivity approaches zero. This shows the emergence of two
strong peaks as real and imaginary parts of the medium
permittivity approach zero.

To analyze the individual effect of real and imaginary parts of
the permittivity on the FRET screening factor, we fix one of
them and vary the other one. Figure 2 also displays the FRET
screening factor values by selecting either the imaginary [in
Figure 2(b)] or the real part [in Figure 2(c)] of the medium
permittivity. We observe that fixing the imaginary part and
tuning the real part [Figure 2(b)] yield better screening
compared to the opposite case [Figure 2(0)]. By setting ey =
+0.05 and sweeping the real part, the screening factor increases
20 times. On the other hand, by selecting &y = +0.05 and

sweeping the imaginary part, the screening factor boosts 10
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Figure 3. Schematic representation of (a) QDD-A, (b) D/QDD-QWA, and (c) D/QDD-QDA cases. (d) Electric field’s magnitude on the point-like
acceptor computed using electromagnetic simulations (blue square dotted line) as well as eq 5 and E4(r) = —V®,(r) (red line) for the QDD-A. FRET
rate for the (e) D/QDD-QWA and (f) D/QDD-QDA. Red triangle dotted line and green line represent results from the analytical solution. Blue
square and circle magenta dotted lines represent numerical results from numerical simulations. In all cases, we assume that the donor—acceptor pair is

embedded in vacuum.

times, half of its counterpart value, due to the FRET rate being
proportional to &y [see Supporting Information Section
SIL3(A)]. Hence, manipulating the real part of the permittivity
will allow us to tune the screening factor better and consequently
increase the FRET rate around the resonance point near zero. It
is worth pointing out that for the point-like donor—acceptor pair
the FRET screening factor and thus FRET rates have symmetry
for the negative and positive regions of the real and imaginary
parts of the permittivity, as shown in Figure 2.

I.2. FRET with Single Screening Factor. Next, we
increase the complexity of the donor—acceptor particles by
analyzing the FRET cases of QDD-A, D/QDD-QWA, and D/
QDD-QDA [given in Figure 3(a), (b), and (c), respectively]. By
invoking eqs 4, 5, and 2, the FRET rates for these cases are
obtained, respectively, as

cosé(ﬂo) ?

d6

3
&y + 26y

Q.DD_A: ya = %bat(edexc)2

,trans

Im[ey]

(7)

D/QWD-QWA: 7,

,trans

2 , 1 2
= Eba(edexc) ? -

€A+6‘M

(8)

D/QWD-QDA: Yot trans
6
0
= 2p 0. PR

T n

)

12408

= %, é, % and a = {x,y,z}, for the QDs, respectively,
andb, = %, % , % and a = {x,y,z}, for the QWs, respectively. In
eqs 7 and 9, the FRET rate for the spherical case follows d~°
distance dependence since the acceptor is a point-like particle
and a QD, which has 3D confinement, respectively. In eq 8, the
FRET rate for the rectangular case follows d~* distance
dependency since the acceptor is subject to 2D confinement.
We verified and validated our analytical equations by calculating
the electric field intensity, E,(r) = —V®, (r), at the acceptor
side, for the QDD-A [Figure 3(d)], and by calculating the FRET
rate for the D/QDD-QWA [Figure 3(e)] and D/QDD-QDA
[Figure 3(f)]. We compare the results obtained by the analytical
expressions with the ones obtained by numerical simulations. In
all cases, we assume that the donor—acceptor pair is embedded
in vacuum. As we can observe from the figures, the analytical and
numerical results match very well, confirming the validity of the
derived analytical expressions.

The FRET rates, in eqs 7, 8, and 9, have a screening factor due
to the change in permittivity between the donor/acceptor and
the medium. In these configurations, the screening factors
change according to the boundary conditions of the donor/
acceptor geometry, i.e., rectangular symmetry for a QW and
spherical symmetry for a QD. In QW, an exciton “feels”
confinement only in one direction compared to the spherical
case, which is subject to confinement in three directions. This
screening factor can be exploited to improve the energy transfer
between the donor and acceptor. The screening factors for a
QDD-A, D/QWD-QWA, and D/QWD-QDA cases are 9
Im[ey]/lep + 2eyl%, 4 Im[e,]/leq + 26013 and 9 Im[e,]/ley +
2e\l%, respectively. When the denominators of the screening
factors go to zero, i.e., €p + 2&p = 0, €4 + £y = 0, and &, + 2ey
— 0, respectively, the transfer rates reach their maxima. It is
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Figure 4. FRET screening factor map as a function of the real and imaginary parts of the medium permittivity for (a) CdSe, £cgs. = 6.33 +i2.17, and (b)
CdS, ecgs = 5.78 + i0.36. The plots are truncated at the value of 10 for illustration purposes. (c) FRET screening factor for CdSe (blue line, &5, =
—1.065) and CdS (red line, £y; = —1.060) as a function of the real part of the medium permittivity. (d) FRET screening factor for CdSe (blue line, £}, =
—3.145) and CdS (red line, £}y = —2.870) as a function of the imaginary part of the medium permittivity.

worth noticing that for the QDD-A case the imaginary part of
the medium permittivity needs to be different from zero to
achieve an energy transfer between the donor—acceptor pair.
Next, we provide the discussion for eqs 7 and 8 [see Supporting
Information Section SII.1] and focus on eq 9 in the main text.

Figure 4 depicts the FRET screening factor for D/QWD-
QDA made of CdSe [in Figure 4(a)] and CdS [in Figure 4(b)],
respectively. The FRET resonance is located at &y =
—0.5€(cgse,casy and the FRET resonance width is proportional
to ey = €{casecas) [see Supporting Information SIL3(B)].
Further analysis on the QD acceptor shows that when &” is set at
ey = —1.065 and ey; = —0.160, near the singularity for CdSe and
CdS, respectively [Figure 4(c)], the FRET screening factor is
stronger for CdSe compared to CdS. Likewise, when ¢’ is fixed
to &4y = —3.14S and &}, = —2.870 [in Figure 4(d)], the FRET
screening factor is stronger for CdSe than CdS. For the case of
the D/QWD-QWA [see Supporting Information Section SIL1,
Figure S2], similar observations can be made for the FRET rate
with the difference that the FRET resonance happens at &y =
€{Cdse,cas}- 1t is worth mentioning that Figure 4 and Figure S2
show single peaks compared to the case of a point-like acceptor
in Figure S1. The single FRET peak comes from the fact that
FRET is proportional to the imaginary part of the acceptor’s
permittivity, Im[e,], as compared to the medium’s permittivity,
Im[éey], in the case of the point-like acceptor.
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I1.3. FRET with Double Screening Factor. In this section,
we consider the cases of QDD-QDA and QDD-QWA [shown in
Figures 5(a) and (b)]. Using eqs 4, S, and 2, the FRET transfer
rates for a QD and QW acceptor are obtained, respectively, as

Q-DD_Q-DA }/a,trans
2

2
= 2 (ed R |3 2
h d° ep + 28y | | & + 28y
Im[é,] (10)
Q-DD_Q-WA J/af trans
2
2
= 2 (ed, ) || —2 M| e,
h d" \ep+ 26y N &y + &y
(11)

1 1 4
where ba = 5, g, ;

and a = {x,y,z}, respectively, for the QD,

and b, = 136, %, % and a = {x,y,z}, respectively, for the QW.

Here, the FRET rate for the QDD-QDA follows d~° distance
dependency since the acceptor has 3D confinement. Likewise,
the FRET rate for the QDD-QWA follows d~* distance

dependency since the acceptor has 2D confinement. We verified
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and validated our analytical equations by calculating the FRET
rate for the QDD-QDA and the QDD-QWA cases. In both
cases, the donor—acceptor pair is assumed to be embedded in a
vacuum. Next, we compare the results obtained by eqs 10 and 11
with numerically computed values using electromagnetic
software. Figures S(c) and S(d) present the FRET rate
calculated using both methods. As we can observe, the analytical
and numerical results match very well, confirming our analytical
expressions.

Similar to the previous section, the transfer rates, eqs 10 and
11, feature a screening factor due to the change in permittivity
between the donor and the medium as well as the acceptor and
the medium, which can be exploited to enhance the energy
transfer between the donor—acceptor pair. In the case of QDD-
QDA, the FRET screening factor is given by Im[£,](3/lep + 2ey
)2 (3y,/les + 2€])% which exhibits two resonances, one at &, +
2ey — 0 and another one at €, + 2&y; — 0, for the FRET rates.
Figure 6 depicts the FRET screening factor when the QDD and
QDA are made of CdSe [in Figure 6(a)] and CdS [in Figure
6(b)]. As expected, both figures show a single singularity
because the donor and acceptor are composed of the same
material. However, we can split this resonance into two if we
choose two different materials for the donor and the acceptor.
For instance, Figure S3 [Supporting Information Section SIL.2]
plots the FRET screening factor for a CdS QDD and a CdSe
QDA. Here, we observe the splitting of the two resonances due
to the donor—acceptor pair having different compositions.
Further analysis on the medium permittivity, for the single
composition of the QDD-QDA pair (CdSe or CdS only)
[Figure 6], shows that setting &}, or £ to the resonance values
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(em = —0.5€{case,casy Em = —0.5€{case,cas)) does not affect much
the FRET screening factor, as displayed in Figures 6(c) and
6(d), respectively. Here, we observe a single peak with a
maximum value around 10", Similar behavior is obtained in the
case of CdS QDD and CdSe QDA [Figure S3, Supporting
Information Section SIL2]; however, the FRET screening factor
is smaller on the order of 10°. Even though the FRET screening
factor is several orders of magnitude smaller than the single
composition for the QDD-QDA pair, having different materials
for the QDD-QDA pair provides an extra degree of freedom
since the obtained resonance is wider compared to the case of a
single composition. This wider region can be exploited to
engineer the resulting benefits of the QDD-QDA pair.

In the case of QDD-QWA, the FRET screening factor,
Im[e, ](3/(lep + 2&y 1)?(2ey/ley + eyl)?, exhibits two
resonances, one at & + 26y — 0 and a second one at €, +
2g&y — 0, as shown in Figure 7. Even though we use the same
material for the donor and the acceptor, we observe two
resonances because of the difference in geometry between the
QDD and the QWA. These two resonances can be further
modified by having different compositions for the QDD and the
QWA [see Figure S4, Supporting Information Section SIL.2].
Figure 7 depicts the case when the QDD-QWA pair is made of
CdSe [Figure 7(a)] and CdS [Figure 7(b)]. In both cases, the
resonance’s width is shaped by material composition. For
instance, CdS has smaller €(4g = 0.36; thus, there is a smaller
enhancement between the two resonances than those of CdSe
€Case = 2.17 [see Supporting Information Section SIL.3(C)].
Further analysis on the medium permittivity, for a single
composition for the QDD-QWA pair (CdSe or CdS only),
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reveals that fixing ef; or &}, to the resonance values (ey =
—0.5¢{case,casp €m = — 0.5€{case,casy) does not affect much the
maximum of FRET screening factor, as shown in Figure 7(c)
and Figure 7(d), respectively. However, Figure 7(c) demon-
strates that fixing ey = —1.065 and &y = —0.160, near the
resonance for CdSe and CdS, yields two peaks, one at &y =
—0.5€{cgse,casy and another at £y = — €{cgse,casy respectively.
On the other hand, when &’ is set to &, = —3.145 and & =
—2.870, CdSe and CdS resonance [Figure 7(d)], we observe a
single peak since we can only pass one resonance at a time. A
similar analysis can be undertaken when the QDD is made of
CdS, and the QWA is made of CdSe [see Figure S4, Supporting
Information Section SIL2]. It is worth mentioning that having
different geometries for the QDD-QWA pair provides an extra
degree of freedom since the resonance width is modified, giving
us the possibility to engineer the FRET behavior of the QDD-
QWA pair.

To finalize our study and emphasize the differences in the
FRET screening factor between different geometries, we
compute the FRET enhancement factor (¥y/Vyacuum) for the
following donor—acceptor pairs: (1) QDD-QDA, (2) QWD-
QDA, (3) QDD-QWA, and (4) QWD-QWA. In all cases, the
donor—acceptor pair is assumed to be made of CdSe material
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(&p(a) = 6.33 + i2.17). Moreover, the fabrication of the desired
background medium permittivity can be archived by using the
digital metamaterial approach proposed by Engheta et al,"
where a digital metamaterial can be synthesized with a targeted
complex permittivity by using two elemental materials, with two
distinct permittivity functions, as building blocks. Then, we
compare the FRET enhancement factor when the donor—
acceptor pair is embedded in a medium with ey = &y + i and
compared it against the cases when they are embedded in
vacuum. Figure 8 shows the FRET enhancement (¥y/7yacuum)
for these cases on a semilog scale. We observed that QDD-QDA
and QDD-QWA have maximum FRET enhancement factors of
229.3 and 321.5, respectively (blue and red lines, respectively),
which are larger compared to the cases of QWD-QDA and
QWD-QWA with their corresponding maximum FRET factors
of 42 and 5.8, respectively (green and magenta lines,
respectively). For example, when we choose the medium with
relative permittivity —2 + i (purple dot-line), which can be
fabricated using, for example, Ag and SiN layers,'® the FRET
rate is boosted 53 times for the QDD-QDA case than using the
same nanostructures in the vacuum. Likewise, in the QWD-
QDA case, the FRET rate is increased 3 times. On the other
hand, for the complementary case (QDD-QWA), the enhance-
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ment factor reaches 32 times. Finally, for the QWD-QWA case,
the FRET rate can be raised 2 times. Consequently, we observe
that the FRET enhancement factor resonance is determined by
combining different donor—acceptor pair geometries. These
findings suggest that the donor confinement geometry plays a
significant role in the FRET enhancement factor. Therefore,
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engineering the donor—acceptor pair along with the background
permittivity can significantly boost the FRET rates.

lll. CONCLUSION

In this work, we showed the effect of the permittivities of the
background medium, donor, and acceptor on the FRET rates.
Our study revealed that the FRET rate can be substantially
enhanced when the screening effects’ denominator goes to zero,
creating a resonance similar to the plasmonic effect. Each
resonance is characterized by the quantum confinement of the
donor or acceptor. This property allows us to exploit and tune
the resonances according to the application at hand. For
example, for a CdSe QDD-QDA pair embedded in a medium
with permittivity of € = =2 + i, the FRET rate can be boosted
~53-fold compared to that in vacuum. The FRET rate can be
further increased up to ~229 when the permittivity reaches the
resonance point at £ = —3.7 + i, for this particular case. Similarly,
for the CdSe QWD-QDA case, the resonance occurs at £ = =3 +
i, with an enhancement factor of ~4. On the contrary, in the
QDD-QWA case, the enhancement factor reaches ~321 at € =
—5.6 + i. Finally, for the QWD-QWA pair, the FRET rate can be
enhanced 5.8 times at € = —6.2 + i, compared to that in vacuum.
These results suggest that the choice of the donor confinement
geometry is essential to reach the desired levels of the FRET
enhancement factor. Thus, engineering the donor—acceptor pair
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geometries along with the complex permittivity of the
background medium can significantly boost the FRET rates.
This work shows highly promising practical pathways for
enhancing the FRET rate/efficiency and consecutively FRET-
based applications including light harvesting (e.g, in photo-
voltaics), light generation (e.g, in LEDs), light detection (e.g, in
photodetectors), and sensing. Currently, our efforts to
incorporate such background-enhanced ultraefficient FRET
into the system of light emitters are underway.
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