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Abstract

Excitons in organic semiconductors possessing a large oscillator strength demonstrate

strong coupling with cavity modes at room temperature. A large Stokes shift in some

organic semiconductors enriches and complicates the picture of the emission in strongly

coupled systems of organic excitons and light. Here we demonstrate strong coupling of

excitons in 4,4-Bis(N-carbazolyl)-1,1-biphenyl (CBP) and Tamm plasmons in the UV

band, accompanied by a bright emission from the structure. Reflection measurements

demonstrate the pronounced formation of the lower and upper polariton modes with
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Rabi splitting of the magnitude of 0.3 eV, and the emission peak experiences a

substantial red shift with respect to the lower polariton mode. Both radiative and non-

radiative decay rates in the Tamm plasmon CBP structure are increased with respect to

a bare CBP. Such peculiar behavior is attributed to the simultaneous manifestation of

strong coupling and weak coupling of the CBP molecule emitters to the Tamm

plasmons.

Introduction

Progress in material synthesis allows the observation of light-matter coupling in

specially designed photonic crystals, periodic structures, metamaterials and other

nanostructures. Strong coupling between excitons and optical cavity modes in inorganic

microcavities and organic material system’® have opened a new chapter in the

exploration of light - matter interaction with potential in many future applications such as

polariton lasers,” polariton light-emitting diodes® and polariton switches,® which can be

an essential contribution to the development of different aspects of our society from

sustainable energy systems to telecommunication technology.

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

Importantly, the emission and absorption properties of optically active materials can

be strongly modified in the media with a spatially inhomogeneous dielectric function. In

the periodic media such as photonic crystals, suppression of spontaneous emission

occurs when the frequency of the optical transition corresponds to the photonic

bandgap (PBG)'%-12 while at the edges of the PBG the light-matter interaction is

enhanced.'315 In the case when an emitter is placed in a cavity and when the frequency

of emission corresponds to the cavity mode, a new set of phenomena appears. Namely,

depending on the strength of the light-matter interaction and the decay rates, the

system of a coupled emitter and cavity mode could interact in the weak or strong

coupling regime. In the weak coupling regime, the probability of spontaneous emission

increases manifesting the Purcell effect'®-'® which can be utilized in vertical-cavity

lasers.’®21 In the strong coupling regime, the emitted photon is reabsorbed, then

reemitted and reabsorbed again and again, and this process leads to the mixing of the

cavity and emitter modes and the formation of upper and lower polaritons separated by

so-called Rabi splitting,’?22% as illustrated in Figure 1a. In connection to this

phenomenon, organic semiconductors attract much attention because the exciton
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oscillator strength in such materials can be much larger than in inorganic

semiconductors leading, in turn, to a huge Rabi splitting as high as few hundreds meV2*

26 meaning that a strong coupling regime can be easily achieved even at room

temperature. For example, J-aggregates characterizing by a sharp absorption peak and

a small Stokes shift have been widely used for studies of strongly coupled two-level

systems in organics.27-2?

The situation when the frequencies of emission and absorption are almost the same,

is typical for atoms and excitons in inorganic semiconductors. However, in most of the

organic molecules, a conformational rearrangement and energy relaxation follow the

absorption of light, which can lead to a reduction of the photon energy and a large

Stokes shift between the absorption and the emission peaks.30-3¢ The studies of

emission, transmission and reflection properties of the materials with a large Stokes

shift indicate that the polariton modes corresponding to a strong coupling regime are

formed by the cavity mode and exciton absorption resonance.?* At the same time, it is

unclear how the strong coupling between the cavity mode and the “absorbing exciton”

can influence the emission properties of the system of the cavity with the material where

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

the emission and absorption peaks are shifted with respect to each other (see Figure

1b). Furthermore, the picture of light matter-coupling in organic materials becomes more

reach and complicated, since the spectrum of organic molecules is characterized by few

hundreds of vibrational modes 35-% leading to various phenomena originated from

Franck-Condon effect. 39-42

Thus, this paper is aimed at the investigation of the luminescence properties in

strongly coupled systems with an organic emitter where the value of the Stokes shift is

comparable to the splitting of the modes in specially designed Tamm plasmon (TP)

structures.*344 Additionally, we have studied the properties of TPs in the ultraviolet (UV)

band 4546 when the absorption effects in the metal could substantially increase the

decay of polariton modes.

Experimental section

The CBP/TP structure under the study was fabricated according to the following

procedure. First, a 5 pair distributed Bragg reflector (DBR) was deposited on a SiO,
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substrate using ion assisted ion beam spattering. The thicknesses of the DBR layers were

chosen to be 43 nm for the Ta,Os layer and 66 nm for the SiO, layer, to provide a

photonic bandgap centred at 3.17 eV, which corresponds to the CBP emission band.

Then, using a Kurt J. Lesker Spectros Il system (organic and metal thin film deposition

system capable of reaching vacuum levels as low as 1 x106 mbar) 26 nm CBP and 50

nm silver layers were deposited on top of the DBR. Three TP/CBP samples with

identical parameters were fabricated in three different evaporation procedures on the

same DBR substrate for the reliability of the results. For comparison of emission

properties, a CBP layer of thickness 50 nm was grown on Al,O3; substrate. To achieve

the required thicknesses of the CBP and silver, several calibration deposits of both

materials and thickness measurements (using J. A. Woollam VASE Ellipsometer) were

performed. Also, a set of Ag thin films (40nm, 50nm, 60nm) were deposited on the

quartz substrate for investigation of the silver part of the Tamm plasmon cavity

properties (see Supporting Information, Section S1).

Measurement of the angle-resolved reflectivity spectra of the TP/CBP structure (from

20 degrees to 90 degrees with step 5 degrees; Number of revolutions 10) for the TE-
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polarization was performed by the J. A. Woollam VASE Ellipsometer system. As well as

measurements of the thin films thickness and their optical constants (n and k values).

The fit of the experimentally measured thickness and the optical constants were carried

out by the WVASE software.

The photoluminescence (PL) spectra of the bare CBP and the set of TP structures

were measured using a Jobin-Yvon Horiba Fluorolog FL3-22 spectrometer (the neat

CBP was excited at 4.27 eV) at room temperature and atmospheric pressure. Jobin-

Yvon Horiba Fluorolog FL3-22 equipped with 450W Xenon lamp light source and two

double-grating spectrometer schemes. The neat CBP layer shows a wide emission

band in the frequency interval from 2.8 eV to 3.3 eV, and the emission spectrum almost

does not depend on the emission angle. Note, that luminescence properties of various

samples of CBP could differ for number reasons described in 3" due to chemical

transformation in condensed CBP, leading to violation of exponential law of

luminescence decay.*” The TP/CBP structures were excited through the metallic layer

with the different excitation energy. Samples were placed on the rotational holder and

the emission from the sample was collected at various angles.
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Decay dynamics of the excited states of the CBP coupled with a Tamm plasmon state

and in free space (reference neat CBP sample) were measured using time-correlated

single-photon counting (TCSPC) at room temperature and in 1x10-* mbar vacuum. The

structure was excited through the silver layer at 4.73eV energy (the third harmonic of

Coherent Mira 900-F Ti: Sapphire oscillator tuned to 786 nm central wavelength) with a

76 MHz repetition rate. Samples were excited at a 45 degrees angle to the substrate

normal. Emission from the sample was collected also at a 45 degrees angle to the

substrate normal at various energies (from 3.22 eV to 3.44 eV).

Results and discussion

For the investigation of the properties of interaction of the UV TP with the material

with a large Stocks shift, we fabricated TP structure with the layer of organic material

4,4-Bis(N-carbazolyl)-1,1-biphenyl (CBP), see Figure 1c. CBP is one of the most

popular materials used as the hosts for red, yellow, green, as well as blue emitters in

OLEDs due to its relatively large bandgap and ambipolarity.#84° Also, CBP is a
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perspective material for advanced plasmonic devices since the interface between CBP
and Ag supports the surface plasmon with a frequency corresponding to the emission
band of CBP.50

Refractive index of the neat CBP layer obtained by ellipsometry measurements are
demonstrated in Figure 1d. There is a well-pronounced peak of an imaginary part of the
refractive index n, centred at an energy of 3.5 eV followed by an absorption band at the
higher photon energies.

An absorption peak is an evidence of an exciton in the CBP, and in the vicinity of the
exciton resonance dielectric function of CBP can be written as

wrr

ECBP = gb + Wexe — W — iyexc (1 )

with background dielectric constant ¢, = 3.9, exciton resonance frequency w.,.= 3.5
eV, oscillator strength w;r = 26 meV and the exciton non-radiative damping y.,. = 0.15
eV. CPB photoluminescence (PL) spectrum is shown in Figure 1d, demonstrating the
wide emission band with a maximum at 3.17 eV, thus the value of the Stokes shift for

CBP is about 350 meV.
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To arrange strong coupling of the CBP exciton to the electromagnetic field, the Tamm

plasmon (TP) structure with the layer of CBP was fabricated. Figure 2a shows the

scheme of the structure under study, which consists of 5 —period SiO,/ Ta,O5 Bragg

reflector (BR), a layer of CBP with the thickness 26 nm and 50 nm thick top mirror made

from silver. Scanning electron microscope (SEM) image of the fabricated structure

demonstrated in Figure 2b.

Reflectivity spectra of the Bragg reflector and silver layer (Figure 1d were calculated

using a transfer-matrix method (TMM) with optical parameters of Ta,0s5, SiO, and Ag

layers from 152, Comparison of the calculated spectra of the reflection coefficient with

experimental spectra of the silver mirror used in our experiments are provided in

Section S1 of the Supporting Information. It can be seen that the Bragg reflector

provides a reflection coefficient of about 70% for the frequency region from 2.9 eV to 3.6

eV. The reflection coefficient of the silver mirror reduces monotonically from 90% at 2.5

eV to 10% at 4eV.

Interaction of the TP and the CBP exciton leads to the formation of the two polariton

modes: upper polariton (UP) and lower polariton (LP) with energies defined by equation
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Wexc T (‘-)TP(H) i(yexc + YTP) Q(G)
wyp, 1p(0) = 2 ——— +— (2)

where wrp(f) and yrp are the Tamm plasmon frequency and non-radiative decay,

respectively and Q(6) is the Rabi splitting

0) =2+ V2 + {(@erc — 0rp(6) = i(erc — ¥10))’ 3)

The design of the structure was chosen to provide an energy of the TP equal to 3.2
eV at normal incidence, which is 0.3 eV below the energy of the exciton, the decay of
bare TP yrp= 0.17 eV. Figure 3a shows a calculated and measured pattern of the
reflection coefficient. It can be seen that there are two dips, associated with UP and LP
modes. The UP mode is less pronounced due to the reduction of the reflection
coefficient of the silver layer at the photon energies above 3.5 eV (see Figure 1d). The
UP and LP demonstrate anti-crossing behavior, indicating realization of the strong
coupling regime. For the incidence angle of 45 degrees the energies of the uncoupled
TP and exciton in CBP become equal, splitting of the UP and LP at the anti-crossing

point of 0.3 eV, thus parameter V = 0.15 eV.
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Figure 3b show the measured and calculated reflection spectra for incidence angle of

25, 45 and 60 degrees. The green circles in Figure 3a shows the result of the fitting of

dips in the reflectivity spectra with Lorentz line shapes. It can be seen that despite the

reduction of reflectivity of the silver layer in the UV band, strong coupling of the exciton

and Tamm plasmon can be realized. At the same time, for UP branch when the

reflectivity of silver layer is reduced while absorption of the layer is increased in respect

to LP light-matter coupling becomes much weaker, which manifests itself as an

increased width and reduced depth of spectral width of the feature, corresponding to

UP, as shown in figure 3b.

Now, it is interesting to investigate the luminescence properties of the TP CBP

structure. Figure 4a demonstrates the calculated pattern of the modal Purcell factor F,,

(0)% (the ratio of the spontaneous emission probability per interval of energy per

interval of solid angle for the emitter placed into the structure and emitter in the free

space, details in Section S2 of the Supporting Information) for the emitter placed in the

centre of CBP layer. Purcell factor £, in its usual sense, defined as the ratio of

spontaneous emission rate for emitter placed in the cavity and free space is the integral

ACS Paragon Plus Environment
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of modal Purcell factor F,,(6) over a solid angle. It can be seen, that the spectral

positions of the LP and UP branches, calculated using expression (2) corresponds to

the areas of the increased modal Purcell factor. Two other regions of increased modal

Purcell factor distribution in Figure 4 with energies 2.9 eV and 3.7 eV near the PBG

edges (dashed blue curves) correspond to the DBR’s localized edge states. An increase

of the modal Purcell factor is defined by the local magnitude of the electric field of the

mode.

The product of the modal Purcell factor and occupancy of the state define the

dependence of emission intensity on the frequency and angle of emission. In the case

of TP structures with quantum dots 53 (where the capture time of non equilibrium

electrons and holes on quantum dots is very small and relaxation of electrons is

negligible) emission spectrum of the structure is just the product of the emission

spectrum of bare quantum dots to the modal Purcell factor. In organic systems, there

are many channels of exciton relaxation processes 5456 and the resulting emission

spectrum depends on the relaxation processes and consequently on the excitation

conditions. It can be seen that F,,(6) is substantially increased near the bottom of the

ACS Paragon Plus Environment
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LP branch and is decreasing with an increase of angle 6. Reduction of F,, with
increasing 6 is explained by the change of the electric field profile of the eigenmode.
Figures 4 b, ¢, d demonstrates the profile of the quantity I = |é®]* + [¢®|?, which is
proportional to the electric field squared of the eigenmode in the LP branch, for different
angles 6: 0 degrees (4b); 45 degrees (4c); and 85 degrees (4d). When 6 = 0 degrees,
the electric field is localized on the CBP layer, for 6 =45 degrees the field is less
localized, and for 8 = 85 degrees the field is localized on the side of the BR, opposite to
the layer of CBP.

Figure 5 shows the pattern of steady-state room temperature PL, taken under
excitation of the TP structure with radiation of different photon energy: 4.76 eV (Figure
5a), 4.27 eV (Figure 5b) and 3.75 eV (Figure 5c). The excitation density was the same
in all 3 cases. It can be seen that for all three excitation photon energies the PL occurs
near the LP branch, but the PL peak energy is shifted down by 50 — 70 meV with
respect to the LP branch for the angles 6 > 30 degrees, but on other hand it is shifted
up in respect to the peak of the bare CBP emission line. It can also be seen, that the PL

intensity reduces dramatically with an increasing difference between the photon
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energies of excitation and luminescence. The decrease of the PL intensity with

increasing of the off-set of excitation can be explained by the existance of multiple

channels of the PL quenching in organic materials,®”-%° which occurs faster than the

energy relaxation.

Like most of the organic molecules, excited singlet state of CBP has a set of vibronic

sublevels (singlet manifold).3® Exciting high in the singlet manifold results in a rapid

internal conversion (IC) and vibrational relaxation (characteristic rate lies in the range of

values between 10'" — 10" s') to excited singlet state S1 and then radiative decay

(characteristic fluorescence rate is around 10° s™'). The main non-radiative relaxation

mechanism is an intersystem crossing (ISC) from singlets to triplets 60 (characteristic

rate usually in the range of values between 10° — 10"" s-'). For the carbazoles the latter

channel has a high yield.3'8" Due to the high rates of the ISC PL pattern differs strongly

with varying the excitation energy: with increasing of the excitation energy, the

probability of the non-radiative migration of the excited singlet increases which leads to

lesser PL intensity.
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The PL spectra taken at different emission angles 8 are shown in Figure 6a. It can be

seen the emission lines of the TP CBP structure have different shapes and smaller

width in respect to those of the bare CBP, and furthermore its spectral position depends

of the emission angles 6.The difference between the position of the LP and the PL

photon energy allows to suggest that for the system with a large Stokes shift

considered, the mechanism of luminescence is different from the usual polaritonic

luminescence from the microcavity operating in the strong coupling regime. Figure 6b

shows the product of the modal Purcell factor F,, shown in Figure 4a, and the CBP

emission intensity I-zp. For comparison, the position of the PL peaks for the three

samples used in this study are shown by circles.

The photoluminescence spectra of strongly coupled exciton and cavity modes can be

calculated using the quantum mechanical formalism based on density matrix of the

system developed in 62 (see section S3 of Supporting information), and it can be seen,

that for LP angular dependence of experimentally observed and calculated spectra are

qualitatively similar.
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In the system, where the relaxation excited emitter is not pronounced, such product of

the modal Purcell factor and the emission spectrum of the bare emitter is nothing but

the emission intensity of the structure.5® Figure 6b shows, that the experimentally

measured dependence of the PL peak position coincides with the maximum values of

the product F,.I-gp, though the experimentally observed pattern of luminescence does

not repeat the pattern of the quantity F,,I-gp due to its fast processes of relaxation and

non-radiative quenching of the emission. Coincidence of the peak positions in the

experimentally observed spectra and the ridge of the quantity F,,I-gp allows to conclude

that the emission pattern is formed in the following way:

o first, interaction of the absorbing exciton in the CBP and the TP in the strong

coupling regime modifies the local density of photonic state, providing an

increase of the spontaneous emission rate in the areas near the polariton

branches;

e then, the spontaneous emission of the bare CBP is modified via Purcell effect

in the weak coupling regime.
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Existence of the Purcell effect should be accompanied by the modification of the

spontaneous emission rate described by the Purcell coefficient Fp. Figure 6¢ shows the

calculated dependence of the Purcell coefficient, demonstrating the peak near the

photon energy of 3.2 eV within the emission band of the CBP.

In the experiments, the Purcell effect manifests itself as a modification of the radiative

decay time. For the study of the radiative decay and the non-radiative quenching

processes at room temperature, time-resolved PL measurements for a set of emission

energies at a fixed angle (45 degrees) were carried out by means of the time-correlated

single-photon counting (TCSPC) method. For comparison, time-resolved spectra of the

bare CBP layer sample were measured.

Figure 7a shows the temporal dependence of the PL intensity for the photon energy of

3.35 eV after pulsed excitation. It can be seen, that the dependence demonstrates bi-

exponential decay %0 for the time interval of 1 ns, there is “fast” decay, characterized by

decay time tf3p= 0.24 ns, and then, PL experiences “slow” decay, characterized by t(%p

=1.1 ns. The luminescence of the TP CBP structure (see Figure 7b) also demonstrates
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bi-exponential decay, characterized by the “fast” part with decay time t{} = 0.12ns, and
the “slow” part with t{%.

Figure 6¢c along with the calculated Purcell coefficient Fp shows the ratios T€Hp/t(b
(blue circles) and nga)p/rﬁ) (red circles) corresponding to “fast” and “slow” decays. In the
absence of additional non-radiative quenching of luminescence, caused by influence of
the metallic layer, these ratios should be equal to the Purcell coefficient. As can be
seen, the ratios T€p/t(h and t6¥p/(2) are similar for “fast’ and “slow” cases. It's clear
that the measured lifetime ratios for various energies mimic the dependence of the
calculated Purcell factor Fp corresponded to the LP branch with an upward shift of the
value of 1.2 approximately. The difference between the measured ratios of decay time
and the calculated Purcell factor value is explained by quenching of the organic emitter

located near the silver layer.50

Conclusions
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In conclusion, we have studied the luminescent properties of the organic material 4,4-

Bis(N-carbazolyl)-1,1-biphenyl (CBP) with high values of the Stokes shift, emitting in the

near-UV spectral region strongly coupled to the Tamm plasmon (TP) cavity mode.

Reflectivity, steady-state and time-resolved PL measurements along with the calculation

of dispersion of the polariton modes, the Purcell coefficient, reflectivity and

luminescence spectra were carried out. It was demonstrated by reflectivity

measurements, that there is strong coupling between the TP and the “absorbing”

exciton in the CBP. Luminescence experiences 50 meV red shift with respect to the

lower polariton branch.

It was proposed that the luminesce pattern in the structure is formed in the following

way: strong coupling of the Tamm plasmon and absorbing exciton in the CBP modifies

the probability of the spontaneous emission rate near the polariton branches, then the

molecule of CBP absorbs light and experiences conformational rearrangement and

energy relaxation, and then the molecule emits light with modified spontaneous

emission rate.
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Analysis of the calculated Purcell coefficient and measured luminescence decay time

shows that there is intensive quenching of the luminescence near the interface between

CBP and silver.
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TOC Graphic. Graphic illustrating strong coupling in the Tamm plasmon cavity filled with

CBP molecules and the results of angle-resolved PL measurements.
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Figure 1. Sketch of the strong coupling regime phenomenon in the inorganic semiconductor cavities case (a)
27 and in the organic cavity (b). (c) Molecular structure of the CBP material. (d) Left axis: CBP PL spectrum
28 (black curve with a purple fill), calculated silver mirror reflectivity spectrum (green dashed curve) and DBR
29 reflectivity spectrum (orange dashed curve) at normal incidence. Right axis: Contribution of experimental
30 real (red circles) and imaginary (blue circles) parts of CBP refractive index. Solid red and blue lines show an
31 approximation of the refractive indexes real and imaginary parts using expression (1).
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Figure 2. (a) Scheme of Tamm structure under study. (b) SEM image of the structure.
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Figure 3. (a) Left part: Calculated reflectivity of TP/CBP structure as a function of the incidence angle and
energy for TE - polarization case. Dashed black curves demonstrate dispersion of the neat Tamm plasmon
state and the CBP exciton. Right part: Measured reflectivity of TP/CBP structure as a function of the
incidence angle and energy. Green circles with error bars show the fitting results of the measured reflectivity
spectra. Solid green curves show dispersions of the LP and UP branches obtained by eq. (2). (b) Measured
(red curve) and calculated (blue curve) reflectivity spectra of the TP/CBP structure for the set of angles (25
degrees, 45 degrees, 60 degrees). Dashed black curve demonstrate the CBP exciton energy, dashed grey
curves shows the positions of the upper and lower polariton branches.
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Figure 4. (a) dependence of the modal Purcell factor on the energy and angle of the Tamm plasmon
structure for the emitter placed in the centre of the CBP layer. Dashed green curves show dispersions of the
LP and UP branches obtained by eq. (2). Dashed black curves demonstrate the dispersion of the bare Tamm

plasmon state and the CBP exciton. Dashed blue curves show the edges of the PBG. On the right side:
Spatial profiles of the electric field squared I(z) along the LP branch for angle 8 = 0 degrees; 45 degrees,
and 85 degrees as marked by circles in figure 4a.
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45 Figure 5. Results of steady-state PL measurements of the TP/CBP structure at various emission angles for a

46 set of different excitation energies: 4.76 eV(a), 4.27 eV (b) and 3.75 eV (c¢) normalized at maximum

47 intensity in all cases. Purple curves show the PL spectrum of the neat CBP. Dashed grey curves demonstrate

dispersion of the neat TP state and the CBP exciton. Solid green curves show dispersions of the LP and UP
branches obtained by eq. (2).
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Figure 6. (a) the PL spectra of the TP/CBP structure for different emission angles: from 0 degrees (red
curve) to 85 degrees (blue curve). The filled solid purple curve on the background shows the PL spectrum of
the bare CBP. (b) Product of the modal Purcell factor and the CBP emission spectra. Open circles show the
positions of the PL peak maxima of the LP emission for different samples. Dashed grey curve demonstrates
the dispersion of the TP state. Dashed black curves shows the dispersion of the lower (LP) and upper
polariton (UP) branches. (c) Calculated integral Purcell factor (solid black line) for a dipole placed in the
centre of the TP/CBP structure. Open blue and red circles with error bars show the ratios for the fast

(teepD/Tp(1)) and for the slow (Tcgp(?)/T p(?)) decay regions (see Figure 6). The dashed vertical curve on
all figures demonstrates the CBP exciton energy.
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Figure 7. Decay of the PL intensity from neat CBP layer (a) and from the Tamm plasmon/CBP structure (b)

45 for the energy 3.35 eV.
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