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Theoretical investigation of the organic light-emitting
diode activated by nanocrystal quantum dots
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We have developed a rate equation model to study the light emission intensity and quantum efficiency of an organic light-
emitting diode (OLED), in which the emissive layer of nanocrystals (NCs) is embedded between the electron and hole
transport layers of organic semiconductors, e.g. at the organic-organic interface. We have found that the NC-OLED light
emission intensity and quantum efficiency are mainly affected by the efficiency of the Fdrster injection of excitons into the
nanocrystals from the organic-organic interface, and they are less sensitive to the exciton diffusion at this interface. We
have shown that there is an optimum concentration of nanocrystals, at which the light emission intensity reaches its
maximum, while the quantum efficiency of the NC-OLED decreases monotonically with the nanocrystal concentration.
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1. Introduction different sized oligomers, has been fabricated and
characterized [5].

A hybrid device of an organic light-emitting diode

(OLED) incorporating nanocrystal (NC) quantum dots has
recently been suggested as a new form for solid state
lighting [1,2,3]. This hybrid NC-OLED capitalizes on the
high radiative recombination efficiency of excitons and the
low emission line broadening of inorganic nanocrystals, in
addition to the low cost fabrication of semiconductor
organic films as transport materials. In this paper, we
analyse the favourable device architecture of the NC-
OLED [4], when a monolayer of nanocrystals is embedded
between the hole and electron transport layers of organic
semiconductor films, e.g. at the organic-organic interface,
as shown in Fig. 1.

A model of a NC-OLED should account for at least
four different physical processes: the charge carrier
transport through the organic semiconductors to the
organic-organic interface, the exciton formation and
exciton kinetics at the organic-organic interface, the
exciton injection into the nanocrystals, and the light
emission by nanocrystals (Fig. 1). In the past, all these
processes have been studied separately [5,6,7]. In this
paper, we develop a model which combines the above
mentioned processes describing the basic characteristics of
the NC-OLED. The objective is to study the NC-OLED
light emission intensity and quantum efficiency as a
function of the nanocrystal concentration at the organic-
organic interface, in order to help the design of the NC-
OLED. For simplicity, we assume that the nanocrystals
form a regular hexagonal lattice at the two-dimensional
organic-organic interface and that the spacing between the
nanocrystals may be changed, for example, by using
different sized bridging ligands. Recently, a nanocrystal
array of CdSe quantum dots, which are cross-linked by
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Fig. 1. Schematic picture of an organic light- emitting
diode incorporating nano crystals at the organic-
organic interface (NC-OLED).

2. Rate equation model

We employ a rate equation model to study the light
emission by the nanocrystals in the NC-OLED:
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No +N;=p, 3)

where Ny and Np are the concentrations of empty

nanocrystals and nanocrystals containing one exciton,
respectively, C is the exciton injection rate into the
nanocrystals from the organic-organic interface, 1/7 is
the recombination rate of excitons in the nanocrystals, and
p is the concentration of nanocrystals at the organic-

organic interface. In the NC-OLED, the exciton injection
rate into the nanocrystals, C, is determined by the
efficiency of the Forster injection of excitons from the
organic-organic interface into the nanocrystals. This latter
process is affected by the exciton kinetics at the organic-
organic interface, which is described in Sec. 2.1. The
charge transport in organic semiconductors determining
the exciton formation rate and therefore the exciton
Kinetics is investigated in Sec. 2.2. In our model of the
NC-OLED, we assume that the nanocrystals are capped by
a monolayer wide band gap inorganic material and/or by a
layer of organic ligands that have a much larger energy
gap than the nanocrystal. The latter capping layers have
been demonstrated to inhibit charge injection [8], so that
they act as injection barriers for electrons and holes into
the nanocrystals. In addition, we assume that no excitons
can be generated or formed in the capping layer of
nanocrystals.

2.1. Exciton kinetics

The exciton injection rate into nanocrystals is
determined by the exciton kinetics at the organic-organic
interface. The exciton Kinetics can be described
analytically along the organic-organic interface for a low
concentration of nanocrystals (o — 0). We then discuss
the numerical approach to determine the exciton injection
rate at other nanocrystal concentrations at the organic-
organic interface.

It is helpful to write the diffusion equation for the
exciton concentration n,. for an isolated nanocrystal. It is

given by

Mgy (1, 1) _ Dexe i(ranexc(rvt)]_'_e

ot r or or @)
—M— F(rNexc (r,1),
Texc

where D,,. and z,,. are the exciton diffusion coefficient

and exciton lifetime at the organic-organic interface,
respectively, G is the formation rate of excitons (see also
Sec. 2.2), and F(r) is the Forster injection rate of an
exciton into the nanocrystal from a distance r >R . The
Forster injection rate is given by

F(r)= FO{R/(r2 —Rz)}?’, (5)

where R is the nanocrystal radius, and the Forster
constant F, is given by Fy = 4n,ca(w)s® /3hwe?, which
is therefore proportional to the nanocrystal refractive index
n,, the speed of light c, the nanocrystal absorption

coefficient «a(w), the square of the exciton dipole

moment, &, and inversely proportional to the exciton
energy he and the square of the dielectric constant of the
medium ¢ [9].

For the hexagonal nanocrystal array in the low
nanocrystal concentration limit, we determine analytically
the steady-state exciton concentration at the organic-
organic interface, and subsequently the exciton injection
rate into the nanocrystals, in two extreme cases of the
exciton diffusion at the organic-organic interface: in the
slow and fast diffusion limits.

In the slow diffusion limit (Dg, — 0) the steady-
state exciton concentration at a distance r is given by the
solution of Eq. (4), namely,

nSD(r) = G /o) L+ F()] (6)

Therefore, in the slow diffusion limit the exciton injection
rate into the nanocrystals is given by

cSb - [ F(O)NSR (r)2zrdr = 24Gl, )
where the integral | is evaluated as

| = (R? /12K Y/3)
X {(1/ V3 )— 243 arctan((zx -1)/4/3 ) (8)

+ |og((1+ X P ll-X + X 2))}
with
X = KY3{(R+d)/RY -1 (©)

and the constant K = R®/(Fy7,,.) .

In Eq. (7), we use infinity as the upper limit of the
integral. This is justified for the hexagonal array of
nanocrystals in the low nanocrystal concentration limit,

due to the strong power law dependence of r=® of the
Forster injection rate in Eq. (5). The lower limit of the
integral in Eq. (7) contains the capping layer thickness d ,
representing the inorganic and/or organic capping layer
around the nanocrystals.

In the fast diffusion limit ( Dgy, — o) the steady-state

exciton concentration n’P is assumed to be constant along

the organic-organic interface. In order to calculate this
exciton concentration, we rewrite Eq. (4) taking into
account that the nanocrystals form a hexagonal array at the
organic-organic interface. In particular, we integrate over
the hexagonal Wigner-Seitz cell around the nanocrystal
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and then divide each term by the actual area of the
nanocrystal. We find

G= (ne'::xlg I Texe) + Fné:x%pl, (10)
with constants F and o, determined by
F=[ F(r)27zrdr=7zF0R3/{2d2(2R+d)2}, (11)
and

pr = pli-pr(R+d ] (12)

It follows that in the fast diffusion limit the exciton
injection rate into the nanocrystals is given by

CP =Fny, =G /{p+(FreXC )‘1} (13)

Both exciton injection rates into the nanocrystals in
the slow (Eg. (7)) and in the fast diffusion (Eq. (13)) limits
are overestimated in the large nanocrystal concentration
limit at the organic-organic interface. In the low
nanocrystal concentration limit, excitons can be only
injected into the nearest nanocrystal due to the strong
power law distance dependence of the Forster injection
rate in Eq. (5). However, in the large nanocrystal
concentration limit, when the separation of the
nanocrystals appears to be similar to their diameter, the
excitons can be injected not only into the nearest
nanocrystal, but also into other neighbouring nanocrystals,
as illustrated in Fig. 2. At large nanocrystal concentrations,
the exciton injection areas of neighbouring nanocrystals
overlap. Therefore, in the large nanocrystal concentration
limit replacing the upper limit of the integrals in Egs. (7)
and (11) with infinity is no longer justified. We have
calculated numerically the injection rates, taking into
account the overlap of the nanocrystal injection areas.

2R

2(R+d)

Fig. 2. lllustration of Forster injection of excitons into
neighbouring nanocrystals at a large nanocrystal
concentration at the organic-organic interface. Top view
of a fragment of a hexagonal nanocrystal array with a
nanocrystal core radius R and nanocrystal capping

layer thickness d .

2.2. Charge transport

In the NC-OLED, the electrons and holes migrate
from the metallic electrodes through the organic
semiconductor transport layers to the organic-organic
interface, where they form bound states (i.e. excitons), as
illustrated in Fig. 1. For simplicity we assume that this
process can be described by diffusion based charge
transport, as the objective of this paper is to give guidance
on the arrangement and concentration of the nanocrystals
at the organic-organic interface in the NC-OLED.
Nevertheless, diffusion based charge transport may be a
good approximation in those organic semiconductor
systems with large energetic disorder in which transport
can be described in terms of hopping between strongly
localized states [10]. In these systems, the effects of drift
currents become important only when a large electric field
exceeding 10° V/cm is applied across the whole transport
layer. Recent Monte Carlo simulations of charge injection
into an organic semiconductor from a metal electrode
confirmed that the concentration of injected charge
carriers near the electrode is almost three orders of
magnitude higher than in the bulk of the organic
semiconductor [11]. This suggests that the main drop of
the applied potential takes place at the electrode-organic
semiconductor interface. Therefore, diffusion based
transport may be a good first approximation to describe
charge carrier transport through the organic
semiconductors in the NC-OLED.

The electron and hole fluxes from the metallic
electrodes to the organic interface are described by

(De / Le)(ng —Nny) = mi p, (14)
(D /Lp)(Po — Pi) = m;i i, (15)

where D, and D, are the electron and hole diffusion

coefficients in the electron and hole organic transport
layers, which have thickness L, and L, respectively, n

and p; are the electron and hole concentrations at the
organic-organic interface, whereas n, and p, are the

electron and hole concentrations at the cathode and anode,
respectively. In the steady-state, the charge flux to the
interface is compensated by the rate of exciton
formation G = yn; p;, as described by Egs. (14) and (15).

We assume that the charge carriers and the excitons do not
interact and that the densities of electrons and holes are
constant along the organic-organic interface. The latter
assumption is justified because the organic semiconductor
layers are at least an order of magnitude thicker than the
diameter of the nanocrystals. In addition, we assume that
the transport energy levels of the organic electron and hole
transport layers are such that they are also blocking layers
for the other type of charge carriers. Therefore, it is
possible to neglect the presence of minority carriers in the
system. Subsequently, excitons can only form at the
organic-organic interface.
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In the NC-OLED, the exciton formation rate at the
organic-organic interface is determined by the solution of
Egs. (14) and (15). It is given by

G =i pj
= o.5y{Pp§ +Nn& = PNpgng (16)

_J(ppg +Nng + PNpOnO)2 —4PNpZn3 }

where the dimensionless parameters N and P are
defined by N =D, /(jL,n,) and P =D, /(3L,p,). The
exciton formation rate constant y contains a geometrical

factor proportional to the nanocrystal concentration at the
organic-organic interface, as the exciton formation is
restricted to the interface area which is not covered by
nanocrystals:

7 =roll-pr(R+d ) (17)

where y, is the exciton formation rate constant.

2.3. Light intensity and quantum efficiency

We analyse the performance of the NC-OLED by
studying its light emission intensity and quantum
efficiency. The light emission intensity is proportional to
the number of photons emitted per unit time, e.g. the
steady-state solution of Egs. (1)-(3), and it should be
multiplied by the photon energy 7@y, :

| =(Ny/)hwp, = piCIQA+Cr)hew . (18)

The NC-OLED quantum efficiency is given by the
number of emitted photons divided by the number of
injected electrons (electron flux), and it is determined as

n=(Ny/7){(De /Le Xng — i)} (19)

2.4. Parameter set

We determine the parameter set for our model NC-
OLED by choosing candidate materials of CdSe
nanocrystals and MEH-PPV polymers for the organic
semiconductors.

The radiative recombination time for excitons in CdSe
nanocrystals is of the order of 10 ns [12], with a typical
nanocrystal radius of the order of R=1nm. The emitted
photon energy strongly varies with nanocrystal radius, but
for OLEDs in display technology this energy value is
typically between 2.0 and 2.7 eV. For simplicity, we use
the value of 7wy, =2.5eV in this paper when calculating

the light emission intensity of the NC-OLED. We use the

value of d =1nm for the capping layer thickness around
the nanocrystals.

In the vicinity of the nanocrystal, the exciton Forster
energy transfer is equal to F(r=R+d)= FO/27R3 if
R =d (see parameter choice in this section), which on the
other hand is approximately equal to 0.1ps™ [9]. Therefore
the Forster injection constant F, can be estimated to be
around 1nm?/ps.

The exciton lifetime 74, in MEH-PPV is of the order
of 100 ps [13] and we use this value for the exciton
lifetime along the organic-organic interface. It has been
shown that MEH-PPV can be synthesized either as a hole
or electron transport layer [14]. However, for simplicity,
we only consider in this paper the symmetric case for the
kinetic coefficients for electrons and holes, e.g. when they
are equal in both types of organic semiconductor
(b=D,=D,, L=L,=L,, and ny=p,). Typical
values for the diffusion constant, film thickness and charge
concentration at the electrode are D ~107°cm?/s (using
the Einstein relation D = gkgT /e at room temperature
with a mobility of charge carriers in the organic film of
1 =10"°cm?Vs [15]), L=50nm [1], and n, =10"8cm®,
respectively.

The exciton formation rate constant y, can be
estimated with the help of the Langevin recombination rate
given by y=eules, [14]. An order of magnitude
estimate for 7 is 10% nm®ps using the mobility of
£ =10""cm?Vs and the dielectric constant & =3. Then
the exciton formation rate y, is calculated by multiplying
v with the typical distance between electrons and holes

when they form excitons at the interface. The latter
quantity is estimated to be of the order of d,. ~1nm

using the binding energy for excitons of E, =0.4eV [16].
Therefore, the exciton formation rate constant y, can be
estimated to be of the order of 102 nm*/ps.

3. Results and discussion

The NC-OLED light emission intensity can be tuned
by changing the nanocrystal concentration at the organic-
organic interface, as illustrated in Fig. 3. At low
nanocrystal — concentrations, when the nanocrystal
separation is large, the light emission intensity is small.
This is due to the slight possibility that excitons are Forster
injected into the nanocrystals in this case. The Forster
injection rate has a strong power law dependence on

distance - r~® (Eq. (5)), and therefore even in the fast
exciton diffusion limit the light emission intensity
approaches zero when the separation of nanocrystals
becomes larger than 15 nm in the NC-OLED (Fig. 3).
There is a monotonic increase in light emission intensity
when the separation between the nanocrystals at the
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organic-organic interface is decreased, as seen in Fig. 3.
This increase in intensity saturates, and then drops at large
nanocrystal concentrations (>0.05 nm?), when the
nanocrystals are very close to each other at the organic-
organic interface. This drop in brightness is due to the
interplay between the increasing efficiency of exciton
injections into nanocrystals and the decreasing number of
excitons generated at the organic-organic interface with
increasing nanocrystal concentration. The decreasing
number of excitons with increasing nanocrystal
concentration is due to the fact that exciton formation is
confined to the area which is not covered by nanocrystals
at the organic-organic interface.
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Fig. 3. Light emission intensity of a NC-OLED as a
function of the nanocrystal concentration at the organic-
organic interface. Open and solid triangles, circles, and
squares represent numerical data for Forster prefactor

Fo = 1, 0.1, and 0.01 nm*/ps in slow and fast diffusion

limits, respectively. Other parameters were chosen as
discussed in Sec. 2.4. Dashed and solid lines represent
analytical solutions calculated by the injection rates in
Egs. (7) and (13) in the fast and slow diffusion limits,
respectively. Vertical arrows illustrate limits, where
analytical solutions are expected to deviate from
numerical solutions due to overlap of neighbouring
nanocrystal exciton injection areas.

The quantum efficiency of the NC-OLED is a
monotonically increasing function of the nanocrystal
concentration at the organic-organic interface, as seen in
Fig. 4. At low nanocrystal concentrations, when the
separation between the nanocrystals is large, only a small
amount of excitons are injected into the nanocrystals, due
to the strong power law dependence of the Forster
injection rate on distance. Increasing the nanocrystal
concentration contributes to a better injection efficiency of
excitons into the nanocrystals. Therefore, the NC-OLED
quantum efficiency is a monotonically increasing function
of the nanocrystal concentration at the organic-organic
interface.
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Fig. 4. Quantum efficiency of a NC-OLED as a function
of the nanocrystal concentration at the organic-organic
interface. Open and solid triangles, circles, and squares
represent numerical data for the Férster prefactor Fq =
1, 0.1, and 0.01 nm¥ps in the slow and fast diffusion
limits, respectively. Other parameters were chosen as
discussed in Sec. 2.4. Dashed and solid lines represent
analytical solutions calculated by the injection rates in
Egs. (7) and (13) in the fast and slow diffusion limits,
respectively. Vertical arrows illustrate limits, where
analytical solutions expect to deviate from numerical
solutions due to overlap of neighbouring nanocrystal
exciton injection areas.

Our results demonstrate that the NC-OLED light
emission intensity and quantum efficiency are mostly
affected by the efficiency of the Forster injection of
excitons into nanocrystals, as seen for varying values of
the Forster constant F, in Figs. 3 and 4. An order of

magnitude increase in this constant contributes to a
significant increase both in the light emission intensity and
guantum efficiency. Other parameters affecting the
efficiency of the Forster injection are the nanocrystal
capping layer thickness d and the exciton lifetime 7., at

the organic-organic interface. In order to increase the NC-
OLED light emission intensity and quantum efficiency,
one should aim for thinner nanocrystal shell thicknesses,
and one should employ those organic interfaces where the
exciton recombination rate is considerably larger than the
exciton injection rate into the nanocrystals [17].

The similarity between the NC-OLED light emission
intensity in the slow and fast exciton diffusion limits in
Fig. 3 indicates that the NC-OLED performance is not
significantly sensitive to the exciton Kkinetics at the
organic-organic interface. We also note that the analytical
approach in the fast diffusion limit describes reasonably
well the NC-OLED light emission intensity and quantum
efficiency even at large nanocrystal concentrations, as can
be observed in Figs. 3 and 4.

The NC-OLED performance is also affected by the
kinetic coefficients determining the charge transport in the
organic semiconductors, such as the charge carrier
diffusion constant, the charge carrier concentration at the
metal electrodes and the organic film thickness. Our
results provide guidance on the general trends to be
followed for the material choice of the NC-OLED.
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Namely, it is preferable to have an organic semiconductor
in which the carrier diffusion constant is large and also the
thickness of this material should be as slim as possible
[17].

4., Conclusions

We have developed a rate equation model to study the
light emission intensity and quantum efficiency of a hybrid
organic light-emitting diode, when the nanocrystals are
embedded between the hole and electron transport layers
of organic semiconductors (NC-OLED). In our model, the
Forster injection of excitons from the organic-organic
interface is determined by the exciton formation and the
exciton Kinetics at the organic-organic interface, which is
controlled by the diffusion based transport of charge
carriers through the organic semiconductors from the
metallic electrodes to the organic-organic interface. We
have found that the NC-OLED light emission intensity can
be optimized by choosing the right nanocrystal
concentration at the organic-organic interface. The NC-
OLED performance is mainly affected by the efficient
Forster injection of excitons from the organic
semiconductors into the nanocrystals, and it is less
sensitive to the exciton kinetics at the organic-organic
interface.
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