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Thermally activated population of microcavity polariton states under optical
and electrical excitation
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We examine the luminescence from optical microcavities containing an organic semiconductor in the regime of
strong exciton-photon coupling. The ratio of luminescence from the upper polariton branch to the lower polariton
branch is studied as a function of microcavity detuning and temperature under both optical and electrical
excitation. The population of the upper polariton branch is modeled by means of thermal activation from an
uncoupled exciton reservoir. Here, the activation energy for the population of the upper polariton branch is equal
to the energetic separation between the exciton reservoir and the upper branch at the angle of detection. Agreement
is obtained with this model under both optical and electrical excitation using measurements of angle-resolved
microcavity reflectivity and luminescence.

DOI: 10.1103/PhysRevB.83.075301 PACS number(s): 78.20.−e, 78.40.Me, 78.55.Kz

I. INTRODUCTION

For a semiconductor embedded in an optical microcavity,
a coupling between the resonant photon mode (or cavity
mode) and the exciton of the semiconductor occurs when their
respective transition energies are degenerate.1 This coupling
can result in two distinct regimes of exciton-photon interaction
depending on the relative lifetimes of the exciton and the cavity
photon.2 The relevant temporal figure of merit separating
these regimes is known as the Rabi period.1 When either of
the confined cavity photon or exciton decays faster than the
Rabi period, the regime of weak exciton-photon coupling is
reached. Weak coupling modifies the angular light emission
characteristics of the microcavity as well as the linewidth
and shape of the emission spectrum.3,4 If the cavity photon
and exciton simultaneously exist for a time longer than the
Rabi period, the regime of strong exciton-photon coupling is
realized.1 The eigenfunctions of the strongly coupled system
are referred to as microcavity polaritons and are characterized
by an energy in-plane wave vector dispersion that splits at
the point of degeneracy into two new modes.1 The size
of the splitting in energy and strength of the coupling is
quantified by the Rabi splitting h̄�, where � is the Rabi
frequency.2 Experimentally, the dispersion is accessed using
angle-resolved measurements of reflection, absorption, and
luminescence.5

Organic semiconductors have received significant interest6

as active media in strongly coupled devices due to their large
exciton binding energies (∼1 eV) (Ref. 7) and oscillator
strengths (∼1015 cm−2).8 These features have allowed for
the observation of strong coupling under both optical and
electrical excitation at room temperature.9–13 Although both
photoluminescence (PL) (Refs. 10, 11, and 13–15) and
electroluminescence (EL) (Ref. 12) from strongly coupled
organic microcavities have been previously reported, the
mechanism for the excitation of the polariton branches remains
an area of continued research. Of interest is the significant
difference in emission intensity between the lower and upper
polariton branches observed under optical and electrical
excitation.12,14,16–20 Further, there has been only a single
report of EL from strongly coupled organic microcavities,

illustrating the need for more investigation into the mecha-
nism for the population of polariton states under electrical
excitation.12

Since microcavity polaritons are mixed exciton-photon
states, their radiative lifetime is a weighted average of the
uncoupled exciton and cavity photon lifetimes.14 As such,
the luminescence from microcavity polariton states depends
strongly on the degree of exciton-photon mixing. Since the
cavity photon lifetime is much shorter than that of the exciton,
microcavity polaritons that are photonlike can exhibit more
intense luminescence than their excitonlike counterparts. In
inorganic semiconductor systems, the emission intensity from
the upper and lower polariton branches has a dependence
on the detection angle (and hence in-plane wave vector) that
reflects the relative degree of photon character.5,21 In contrast,
microcavity polariton emission from organic semiconductor
microcavities,10,12–14 does not correlate with branch photon
character. In these systems, emission from the upper polariton
branch is many orders of magnitude smaller in intensity than
that originating from the lower branch. In order to realize
optoelectronic devices based on microcavity polaritons,22–24

it is important to clearly understand the origin of this
discrepancy, and the processes responsible for the population
of the upper and lower polariton branches. In this paper, the
formation mechanism for microcavity polaritons is elucidated
by characterizing PL and EL from microcavities containing
the organic semiconductor tetraphenylporphyrin (TPP).15 The
absorption, PL, and EL of TPP are shown in Fig. 1(a). For
consistency, the same microcavity structure is characterized
using angle-resolved measurements of reflectivity, PL, and EL
as a function of both temperature and exciton-photon detuning.
This work is a systematic study of the discrepancy in emission
intensity from upper and lower branch states under both optical
and electrical pumping.

This paper is organized as follows. In Sec. II, the ex-
perimental details including device fabrication and various
characterization techniques are described. The theoretical
basis used to interpret the experimental results is developed
in Sec. III, while experimental results are presented in Sec. IV.
A discussion of the results is provided in Sec. V, and the
conclusions of this work are presented in Sec. VI.
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FIG. 1. (a) Absorption coefficient, photoluminescence (PL, bro-
ken line), and electroluminescence (EL, solid line) for a 70-nm-thick
film of TPP collected at 300 K. The PL spectrum was collected
under excitation at a wavelength of 405 nm. The EL spectrum was
collected using the bottom-emitting microcavity structure described
in Sec. II with the Ag anode omitted. The driving current density
was 100 mA/cm2. Also shown are microcavity architectures for
luminescence measurements at (b) room temperature and (c) variable
temperature.

II. EXPERIMENT

Two different microcavity architectures were explored in
this work to facilitate the measurement of angle-resolved
reflectivity, PL, and EL at room temperature [Fig. 1(b)], and
measurements of PL and EL as a function of temperature at
fixed angle [Fig 1(c)]. In both structures, all device layers were
deposited using thermal sublimation at a pressure of ∼ 8 ×
10−7 Torr. For room-temperature measurements of reflection,
PL, and EL, a glass slide coated with a 150-nm-thick layer
of indium-tin-oxide (ITO) was used as the substrate. The mi-
crocavity [Fig. 1(b)] consisted of a 50-nm-thick layer of Ag, a
30-nm-thick hole-transport layer of N,N’-Bis(naphthalen-1-yl)
-N,N’-bis(phenyl)-benzidine (NPD), a 70-nm-thick layer
of TPP, and a 30-nm-thick electron-transport layer of
bathocuproine (BCP). The device cathode consisted of a
0.5-nm-thick layer of LiF followed by a 50-nm-thick layer
of Al. Here, light is collected through the semitransparent Ag
anode.

For temperature-dependent measurements of microcavity
luminescence, a polished Si wafer (intrinsic) was used as the
substrate to improve thermal coupling to the device active
layers. A top-emitting architecture was used to facilitate light
extraction for measurements carried out in a cryostat. The
device [Fig. 1(c)] consisted of a 100-nm-thick layer of Ag
which serves as the anode, a 30-nm-thick layer of NPD,
a 55- or 65-nm-thick layer of TPP, a 30-nm-thick layer
of BCP, and a cathode consisting of a 0.5-nm-thick layer
of LiF followed by a 25-nm-thick layer of Al. Here, light
is collected through the semitransparent Al cathode. Due
to the change in microcavity architecture, the TPP layer
thickness is reduced slightly to permit the study of both the
bottom- and top-emitting structures at similar exciton-photon
detunings. In each structure, the Ag anode and Al cathode
serve both as electrodes and reflectors to form the optical
microcavity.12,25

Optical microcavities were studied using angle-resolved
measurements of reflectivity, PL, and EL. Reflectivity mea-
surements were carried out using a variable-angle spectro-
scopic ellipsometer under p-polarized monochromated white
light. Photo- and electroluminescence spectra were collected
as a function of angle using an optical fiber-coupled spec-
trometer. Devices were optically excited using a laser at a
wavelength of λ = 405 nm (60 mW) for PL measurements.
For EL measurements, the devices were held at a constant
current density of 100 mA/cm2.

A single port optical cryostat was used for temperature-
dependent measurements of PL and EL. For PL measurements,
a long-pass filter with a cutoff wavelength of λ = 488 nm
was used to prevent the detection of the pump laser, and
the excitation was performed at an angle of 10◦ from
normal. Under both optical and electrical excitation, normal
incidence emission spectra were measured as a function of
temperature.

III. THEORY

This section outlines a model for the population of upper
and lower branch polariton modes that builds off previous work
by Ceccarelli et al.16 Here, the emission intensity ratio between
the upper and lower branches is modeled under both optical and
electrical excitation. Nonresonant excitation of the microcavity
leads to the creation of energetic excitons which relax to form
an exciton reservoir.26 Further relaxation from the reservoir can
occur by a variety of mechanisms as shown in Fig. 2. Reservoir
excitons may undergo radiative or nonradiative decay without
coupling (with a total rate of kTOT = kR + kNR), may form
states which are localized and unable to couple,27 or may
couple with the cavity photon mode and populate the upper
(ku) and lower (kl) branch polariton states. Excitation from
the exciton reservoir to the upper polariton branch requires
an input of thermal energy. Such phonon-assisted processes
are likely facilitated in TPP by the energetic breadth of the
uncoupled exciton reservoir.17,28–31 Since population of the
upper branch is a thermally activated process, most reservoir
excitons relax into the lower branch.

The polariton formation process described above is mod-
eled using rate equations for the populations of the exciton
reservoir (Nr ) and the upper and lower polariton branches, Nu
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FIG. 2. Exciton relaxation and microcavity polariton formation
according to the proposed model. A full explanation of the model is
provided in the text.

and Nl , respectively:

dNr

dt
= −kr

TOTNr − klNr − ku0e−EA/kBT Nr + G, (1)

dNu

dt
= −ku

TOTNu + ku0e−EA/kBT Nr, (2)

dNl

dt
= −kl

TOTNl + klNr . (3)

In Eqs. (1)–(3), kB is the Boltzmann constant and T is
the ambient temperature. Terms referring to the reservoir
excitons, upper, and lower branch polaritons are denoted by
the superscripts r, u, and l, respectively. The total decay rates
for each of the populations are defined as kr

TOT, ku
TOT, and kl

TOT.
The rates ku0 and kl are the temperature-independent rates of
relaxation and excitation from the reservoir into the upper and
lower branches, respectively. The reservoir exciton generation
rate (optical or electrical) is G. In this model, polaritons created
with arbitrary in-plane wave vector do not undergo further
relaxation in energy due to their short radiative lifetime.14 For
high finesse microcavity structures, polaritons may undergo
relaxation in the upper and lower branches.18,19 The upper
polariton branch is populated by the excitation of reservoir
excitons with activation energy EA.16

Equations (1)–(3) can be solved simultaneously under
steady-state excitation to obtain expressions for Nr , Nu, and
Nl . The corresponding emission intensity can be expressed
as32

I j =
(
k

j

R

)2

k
j

TOT

dExchc

λj
Nj , (4)

where h and c are the Planck constant and speed of light,
respectively, and the superscript j denotes either r, u, or l. The
emission wavelength in each case is denoted by λj , and dExc is
the width of the exciton recombination zone. The width of the

exciton recombination zone in an organic light-emitting device
is typically tens of nanometers.33,34 Under optical excitation,
dExc can be considerably larger and depends strongly on
the absorption coefficient of the organic material. However,
when calculating the ratio of luminescence intensities this
term cancels, and therefore does not impact the analysis
and conclusions drawn from this model. In terms of Nr , the
intensities of (4) can be rewritten as

I r =
(
kr
R

)2

kr
TOT

dExchc

λr
Nr, (5)

Iu =
(

ku
R

ku
TOT

)2
dExchc

λu
ku0e−EA/kBT Nr, (6)

I l =
(

kl
R

kl
TOT

)2
dExchc

λl
klNr . (7)

Using Eqs. (6) and (7), the ratio of upper to lower branch
emission can be written as

ln

(
Iu

I l

)
= ln(χ ) − EA

kBT
, (8)

where χ depends on the rates of polariton decay and transfer
from the reservoir, and the respective emission wavelengths as

χ = λl

λu

ku0

kl

(
ku
R

(
kl
R + kl

NR

)
kl
R

(
ku
R + ku

NR

)
)2

(9)

with14

k
u,l
R ≈ α2

u,l

τcav
, (10)

where α2 is the relative weight of the photon component of
the branch of interest, and τcav is the photon lifetime in the
cavity. Equation (10) reflects the fact that in TPP, τcav (∼12 fs)
is much shorter than the uncoupled exciton lifetime of
0.31 ns.35 Similarly, the ratio of upper branch emission inten-
sity to reservoir exciton emission intensity can be expressed
using Eqs. (5) and (6) as

ln

(
Iu

I r

)
= ln (ψ) − EA

kBT
(11)

with

ψ = ku0 λr

λu

(
ku
R

kr
R

)2
kr
R + kr

NR(
ku
R + ku

NR

)2 . (12)

The emission wavelengths and radiative decay rates for the
upper and lower branches [Eq. (10)] can be substituted into
Eqs. (9) and (12) to estimate kl and ku0, the respective rates of
polariton population from the reservoir.

IV. RESULTS

A. Microcavity reflectivity at room temperature

The room-temperature thin-film absorption coefficient, PL,
and EL of TPP are shown in Fig. 1(a). The optical transition of
interest for strong coupling is centered at (1.90 ± 0.02) eV
with a full width at half maximum (FWHM) of
(61 ± 5) meV.15,36 In PL and EL, the transitions of interest
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FIG. 3. (a) Reflectivity spectra collected at angles of incidence
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The broken lines highlight the dispersion of strongly coupled features
with angle. The uncoupled exciton energy is denoted by a solid line.
(b) Dispersion relation obtained from reflectivity. Solid lines are fits
to the data based on a coupled-oscillator model. The broken line
indicates the position of the exciton reservoir.

are centered at (1.89 ± 0.02) eV and (1.88 ± 0.02) eV,
with FWHM of (69 ± 5) meV and (68 ± 5) meV,
respectively.

Angle-resolved reflectivity spectra for the microcavity
structure of Fig. 1(b) are shown in Fig. 3(a). Two prominent
features are observed as a result of strong coupling between the
cavity photon and the absorption resonance at 1.90 eV. These
features show strong dispersion with angle of incidence and
anticross around the uncoupled exciton energy.2 Figure 3(b)
shows the corresponding dispersion relation extracted by
multipeak fitting the spectra in Fig. 3(a). The dispersion
relation was fit using a coupled-oscillator model to yield a
Rabi splitting of (80 ± 5) meV.2

B. Room-temperature measurements
of microcavity luminescence

Figure 4(a) shows angle-resolved PL for the microcavity
in Fig. 1(b). Here, a logarithmic plot is used to better
resolve emission from the upper polariton branch between
1.90 and 2.05 eV. This feature shows clear dispersion with
angle, confirming its origin as the upper polariton branch.
Due to the low cavity quality factor (Q ∼ 28),32 significant
uncoupled emission from TPP is also observed between 1.6
and 1.8 eV. Multipeak fitting (Gaussian) was performed on
the emission spectra to extract the position of each feature
and construct a dispersion curve [Fig. 4(b)]. As with the
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FIG. 4. (a) Logarithmic plot of angle-resolved (steps of 10◦) photoluminescence (PL) and (b) the corresponding dispersion relation.
(c) Logarithmic plot of angle-resolved (steps of 10◦) electroluminescence (EL) and (d) the corresponding dispersion relation. Under both
optical and electrical excitation, luminescence is collected for the microcavity of Fig. 1(b). For parts (a) and (c), broken lines indicate the
position of the strongly coupled features while the solid lines indicate the position of the uncoupled exciton energy of TPP. For the dispersion
relations of parts (b) and (d), solid lines are fits to the data based on a coupled-oscillator model while the uncoupled exciton energy is indicated
by a broken line.
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dispersions obtained from measurements of reflectivity, fitting
of the dispersion curve yields a Rabi splitting of (72 ± 5) meV.
Angle-resolved microcavity EL spectra are shown in Fig. 4(c),
and are similar to those obtained under optical excitation. The
corresponding dispersion relation is shown in Fig. 4(d) for
the microcavity of Fig. 1(b), characterized by a Rabi splitting
of (72 ± 5) meV.

C. Temperature dependence of microcavity luminescence

Microcavity luminescence was also examined as a function
of temperature using the top-emitting device architecture
described in Sec. II and shown in Fig. 1(c). The PL
and EL were collected as a function of temperature for
microcavities containing either (55 ± 2) nm or (65 ± 2) nm
of TPP. Varying the thickness of TPP changes the cavity
mode energy, permitting a variation in the exciton-photon
energy detuning. This in turn leads to a variation in the
energetic separation between the polariton branches and the
exciton reservoir.

Normal incidence PL was collected over a temperature
range of 156–292 K [Fig. 5(a)] or 130–298 K [Fig. 5(b)] for
devices containing either 55 or 65 nm of TPP, respectively.
Similar EL spectra were also collected from microcavities

containing either 55 or 65 nm of TPP over a temperature
range of 144–298 K [Fig. 5(c)] or 140–295 K [Fig. 5(d)],
respectively. The upper and lower polariton branches and
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FIG. 6. Multipeak fitting for a photoluminescence spectrum from
Fig. 5 collected at 210 K on a device containing 65 nm of TPP (open
circles). The spectrum is deconvoluted by multipeak fitting with four
Gaussian peaks representing uncoupled emission (Unc., two peaks),
lower branch emission (LB), and upper branch emission (UB).
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TABLE I. Parameters for temperature-dependent luminescence measurements. The values listed below were determined from fitting the
model in Sec. III to the data in Figs. 7 and 8 for microcavities containing either 55 or 65 nm of TPP.

Photoluminescence Electroluminescence

Thickness (nm) � (meV)a EA (meV) χ � (meV)a EA (meV) χ

55 52 ± 5 52 ± 2 0.50 ± 0.03 56 ± 5 57 ± 2 0.46 ± 0.03
65 28 ± 5 30 ± 2 0.55 ± 0.03 27 ± 5 30 ± 2 0.55 ± 0.03

a� is the energetic separation between the upper polariton branch and the uncoupled exciton reservoir at an angle of zero degrees.

uncoupled exciton emission are denoted by the labels UB,
LB, and Unc., respectively. Significant uncoupled emission
is observed as a result of the low microcavity quality factor
(Q ∼ 36).14,16,37 The spectra in Fig. 5 demonstrate a clear
increase in upper branch polariton emission intensity with
increasing temperature while the uncoupled emission intensity
decreases with increasing temperature, relative to the lower
branch.

In order to extract peak positions and intensity from
the spectra of Fig. 5, and throughout this work, multipeak
fitting (Gaussian) was performed on both PL and EL spectra.
Figure 6 shows an example of this deconvolution for a
PL spectrum collected at a temperature of 210 K for a
microcavity [Fig. 1(c)] containing a 65-nm-thick layer of
TPP. The two polariton features are clearly identified along
with uncoupled emission from TPP which is best fit using two
peaks. Both peak centers and integrated emission intensities
were obtained in this way to construct the intensity ratios used
for comparison with Eqs. (8) and (11).

Figure 7(a) shows the dependence of the upper branch
to lower branch PL ratio on temperature for microcavities
[Fig. 1(c)] containing either 55 or 65 nm of TPP. The
temperature dependence was fit using (8) to yield activation
energies of (52 ± 2) meV and (30 ± 2) meV, and χ values of
(0.50 ± 0.03) and (0.55 ± 0.03) for microcavities containing
either 55 or 65 nm of TPP, respectively. These parameters are
summarized in Table I. The PL intensity of TPP was separately
measured outside of the microcavity to have a negligible
dependence on temperature. Dispersion relations obtained
from angle-resolved reflectivity measurements performed on
microcavities containing either 55 or 65 nm of TPP are shown
in Figs. 7(b) and 7(c). The dispersion relations were fit with a
coupled-oscillator model.

The ratio of the upper branch to lower branch integrated
EL intensity was also extracted and plotted as a function
of temperature for each detuning [Fig. 8(a)]. Fitting the
temperature dependence with (8) yields activation energies of
(57 ± 2) meV and (30 ± 2) meV, and χ values of (0.46 ± 0.03)
and (0.55 ± 0.03) for microcavities containing either 55 or
65 nm of TPP, respectively. These parameters are summarized
in Table I. Dispersion relations obtained from angle-resolved
reflectivity are shown for each detuning in Figs. 8(b) and 8(c),
and were fit using a coupled-oscillator model.

V. DISCUSSION

A. Exciton-photon coupling at room temperature

The PL and EL spectra shown in Fig. 4 show a significant
intensity difference for emission from the lower and upper

polariton branches. The lower branch emission intensity
correlates well with the photon character of the branch.
At angles below resonance, lower branch states are mostly
photonlike, and have a shorter radiative lifetime giving rise to
efficient emission. At angles above resonance, the emission
intensity from lower branch states is reduced due to its
excitonlike character and hence longer radiative lifetime. To
summarize, lower branch polariton luminescence is more
intense at low angles than high angles and emits consistent
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FIG. 7. (a) Temperature-dependent ratio of upper branch to lower
branch photoluminescence intensity for the microcavity of Fig. 1(c).
Dispersion relations obtained from angle-resolved reflectivity for
microcavities containing either (b) 55 nm or (c) 65 nm of TPP. In
(b) and (c), the solid lines are fits based on a coupled-oscillator
model while broken lines denote the position of the uncoupled exciton
reservoir.
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(c) 65 nm of TPP. In (b) and (c), the solid lines are fits based on
a coupled-oscillator model while broken lines denote the position of
the uncoupled exciton reservoir.

with the photon character. This observation is comparable
with previous reports of PL from strongly coupled organic
microcavities.12–14 The emission intensity of the upper branch
does not exhibit the same dependence on branch character and
is instead described using the model of Sec. III.

B. Temperature dependence of microcavity luminescence

1. Activated population of the upper polariton branch

At normal incidence, the energetic separations between the
upper branch and the exciton reservoir are (52 ± 5) meV and
(28 ± 5) meV for optically excited microcavities containing
either 55 or 65 nm of TPP, respectively [Figs. 7(b) and 7(c)].
These values compare favorably with the activation energies
of (52 ± 2) meV and (30 ± 2) meV extracted from the fits in
Fig. 7(a). Similarly, Figs. 8(b) and 8(c) show dispersion curves
obtained from angle-resolved reflectivity for samples exam-
ined under electrical excitation. Upper branch-exciton reser-

voir energetic separations of (56 ± 5) meV and (27 ± 5) meV
are observed at normal incidence for microcavities containing
55 or 65 nm of TPP, respectively. These values are in good
agreement with the activation energies of (57 ± 2) meV and
(30 ± 2) meV extracted from the fits in Fig. 8(a). The
correlation between the measured activation energies and the
energetic separation between the exciton reservoir and the
upper branch (Table I) supports a model of upper branch
population via thermal activation. Thus while emission from
the lower branch reflects the branch photon character, emission
from the upper branch is determined by the rate of population
from the exciton reservoir.

2. Population rates of the upper and lower polariton branches

While previous work has examined the ratio of upper to
lower branch PL intensity as a function of temperature, there
has not been an attempt to extract branch population rates
from the temperature dependence of the luminescence.16 The
procedure for extracting the polariton branch population rates
is described as follows. First, the intercepts (χ ) extracted from
fits of Eq. (8) in Figs. 7(a) and 8(a) are manipulated to obtain
values for the ratio of the upper branch population rate (ku0)
to the lower branch population rate (kl). Second, the intercepts
extracted from fits of Eq. (11) to the ratio of upper branch
to reservoir exciton emission intensity (not shown) are used
to calculate the upper branch transfer rate ku0, allowing the
lower branch excitation rate (kl) to be extracted from the
aforementioned ratio of ku0 to kl .

The vertical-axis intercepts extracted from the fits of
Figs. 7(a) and 8(a) can be used to calculate the ratio of ku0 to kl

using Eq. (9). This calculation is made under two assumptions,
namely that the nonradiative decay rate for lower and upper
branch polaritons is the same as that of the uncoupled exciton,
and that the nonradiative decay rate is much smaller than the
rate of radiative decay from the upper and lower branches. The
latter assumption suggests that nonradiative relaxation is not
competitive with polariton or reservoir exciton luminescence.
The cavity photon lifetime can be calculated from the quality
factor yielding a value of 12 fs,32 allowing the microcavity
polariton radiative decay rates to be calculated using Eq. (10).
Since both the relaxation rate to the lower branch (kl) and
the rate of transfer from the exciton reservoir to the upper
branch (ku0) are unknown, only the ratio of ku0 to kl can be
determined from the fits of Fig. 7(a) and 8(a). Substitution
into Eq. (9) yields ku0 to kl ratios of (0.44 ± 0.05) and
(0.53 ± 0.05), from PL measurements, and (0.48 ± 0.05) and
(0.53 ± 0.05), from EL measurements. In both cases the ratios
are determined for microcavities containing either 55 or 65 nm
of TPP. The ratios of ku0 to kl are summarized in Table II along
with their dependence on the energetic separation between the
upper branch and the exciton reservoir. Although ku0 is defined
as the temperature-independent rate of transfer to the upper
branch, ratios less than unity suggest that this rate is slower
than the relaxation of excitons from the reservoir to the lower
branch.

The model developed in Sec. III can be further examined
by considering the ratio of upper branch to reservoir emission
intensity as a function of temperature. While these data are
not included here, they can be fit in analogy to Figs. 7(a)
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TABLE II. Polariton excitation rates obtained from the model in Sec. III, and calculated from the fit parameters in Table I as discussed in
Sec. V B of the text.

Photoluminescence Electroluminescence

55-nm TPP 65-nm TPP 55-nm TPP 65-nm TPP

� (meV)a 52 ± 5 28 ± 5 56 ± 5 27 ± 5
δ (meV)b 35 ± 5 61 ± 5 34 ± 5 63 ± 5
ku0/kl 0.44 ± 0.05 0.53 ± 0.05 0.48 ± 0.05 0.53 ± 0.05
ku0 (s−1) (5.2 ± 0.1) × 1010 (4.7 ± 0.2) × 109 (5.6 ± 0.1) × 1010 (5.2 ± 0.2) × 109

kl (s−1) (1.2 ± 0.1) × 1011 (8.9 ± 0.9) × 109 (1.2 ± 0.1) × 1011 (9.8 ± 0.9) × 109

a� is the energetic separation between the upper polariton branch and the uncoupled exciton reservoir at an angle of zero degrees.
bδ is the energetic separation between the uncoupled exciton reservoir and the lower polariton branch at an angle of zero degrees.

and 8(a) using Eq. (11). These fits yield activation energies
for the population of the upper branch that are identical to
those extracted from Figs. 7(a) and 8(a). The corresponding
values of the intercept (ψ) are (1.60 ± 0.04) and (1.77 ±
0.04) for microcavities containing 65 nm of TPP for PL and
EL, respectively. Values of ψ for microcavities containing
55 nm of TPP are (17.92 ± 0.04) and (19.22 ± 0.04) for
PL and EL, respectively. Equation (12) can be used with ψ

to calculate a value for the upper branch transfer rate ku0.
Assuming that the nonradiative decay rate is small with respect
to the radiative rate, ku0 can be calculated in terms of the
radiative decay rate of uncoupled reservoir excitons in the
cavity. The results are (1.48 ± 0.05)∗kr

R and (1.64 ± 0.05)∗kr
R

from PL and EL measurements on microcavities containing
65 nm of TPP. Based on kR = 3.2 × 109 s−1 for TPP,35

and assuming that kr
R ∼ kR , temperature-independent upper

branch excitation rates (ku0) of 4.7 × 109 s−1 and 5.2 × 109 s−1,
are calculated from measurements of PL and EL, respectively.
At 300 K, these values for ku0 give overall rates of upper
branch excitation (ku) of 1.5 × 109 s−1 and 1.6 × 109 s−1. The
same method can be used to calculate temperature-independent
upper branch excitation rates for a microcavity containing
55 nm of TPP. These rates are summarized in Table II
for both microcavities along with the corresponding upper
branch-exciton reservoir and lower branch-exciton reservoir
energetic separations.

Prior work suggests that the upper branch excitation rate
should increase with the energetic separation (�) between
the upper branch and reservoir for branch energies near the
reservoir.19 For higher energy states in the upper branch, the
rate of excitation from the reservoir is expected to decrease
with increasing �.19 The experimental results presented here
for TPP reflect the behavior expected for low-energy states
near the exciton reservoir. In particular, ku0 for a microcavity
containing a 55-nm-thick layer of TPP is a factor of ∼10 larger
than that obtained for a microcavity containing a 65-nm-thick
layer of TPP (Table II). This is consistent with an increase in
� for microcavities containing 55 nm of TPP.

Combining the calculated values of ku0 with the ratios of ku0

to kl previously determined allows the lower branch excitation
rate to be estimated as a function of exciton-photon detuning
(Table II). Prior theoretical work on strong coupling in organic
semiconductors has suggested that the rate of relaxation from
the exciton reservoir to the lower branch should decrease as

the energetic separation between these states (δ) is increased.19

The data presented here for microcavities containing TPP show
this trend as kl is reduced by a factor of ∼10 as the thickness
of the TPP layer is increased from 55 to 65 nm (Table II).
Increasing the thickness of the TPP layer leads to an increase
in δ at normal incidence. Overall, the lower branch transfer
rates kl determined in this work for TPP (Table II) are similar
to those predicted for microcavities containing J-aggregate
films.19,38,39

VI. CONCLUSION

Previous studies of PL from strongly coupled organic
microcavities have shown that luminescence from the upper
polariton branch is very weak in intensity relative to that from
the lower polariton branch.16–19 In this work, we examine
emission from an organic microcavity under both optical and
electrical excitation, and develop a formalism that accurately
predicts the difference between the lower branch and upper
branch polariton emission intensities. Fitting the temperature-
dependent microcavity luminescence intensities yields activa-
tion energies that correspond to the energy difference between
the upper branch and the reservoir. Using this model, the rates
of population of the upper and lower branches from the exciton
reservoir are determined. This work may ultimately help to
guide the development of alternate excitation schemes which
could permit equal population of both polariton branches.40
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