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Introduction

With the creation of structures capable of modifying

the local density of electromagnetic modes, it became

possible to significantly change the spectral properties of

luminophores embedded in such systems. Such structures

include photonic crystals (PCs). In one-dimensional PCs,

the local density of electromagnetic (EM) modes becomes

dependent on the wavelength, direction and polarization of

the radiation and the coordinates of the phosphor inside the

crystal, which causes a change in the fluorescence spectra of

the molecules embedded in the PCs. At the same time, the

modified emission of luminophores in the PCs matrix can

serve to create new effective light-collecting [1] and light-

emitting devices [2], lasers [3–5], sensor applications [6].
In PCs, there is a change in the efficiency of electronic

excitation energy transfer between embedded dye molecules

of different types. Thus, in [7,8], the angular dependence

of the efficiency of excitation energy transfer in a donor-

acceptor pair of dye molecules was established, which

is due to the depletion of available photonic modes for

radiation decay of photonic crystal bandgap compared to

a homogeneous medium and depending on the spectral

position of the photonic stop zone of the photonic crystal.

One-dimensional polymer PCs manufactured by spin-

coating method can serve as a matrix for almost any

luminophores: organic dyes [9], quantum dots [10], J-

aggregates [11], rare earth element complexes [12]. In

addition, this method makes it possible to prepare a large

number of varieties of these structures: photonic crystals

without defects or with one or more defective layers,

photonic crystals with variable layer thickness, etc.

The majority of experimental work testifies to the

effective spectral and angular redistribution of radiation

of luminophores embedded in the matrix of polymer

PCs and photonic crystals with a defective layer [9,13],
manufactured by spin-coating. The effect is observed for

all types of luminophores [9–12]. In the work [3], a low-

threshold surface-emitting laser with distributed feedback is

implemented, which is a polymer PCs with a defective layer

doped with a laser dye.

Despite a number of works devoted to the study of

the fluorescent characteristics of dye molecules embedded

in PCs based on polymer films, many issues remain

unresolved. Thus, there is no comparison of the spectral

characteristics of molecules embedded in PCs layers with a

higher or lower refractive index, there is no information

about the effect of a defective PCs resonator layer on

spectral characteristics, there is no analysis of the conditions

under which the greatest modification of fluorescence spec-

tra is observed. The question of the relationship between the

local density of the EM modes of PCs and the fluorescence

spectra of embedded molecules is not fully clarified: is it

possible to predict the luminophore luminescence spectra

based on the known structure of the PCs, and, conversely,

is it possible, by measuring the luminophore luminescence

spectra in the PCs matrix, to accurately determine the

local density of the EM modes, i.e., to use fluorescence

spectroscopy to probe tthe properties of PCs.

In this paper, the fluorescence spectra of Rhodamine

6G (Rh6G) in three PCs were experimentally studied at

different spectral positions of the photonic band gap (PBG)
with respect to the dye spectrum at different angles of

radiation detection. The local density of EM modes is

calculated using the proposed method. On this basis, the
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Figure 1. Structures PC1 (a), PC2 (b) and PC3 (c).

shape of the spectra of the phosphor fluorescence modified

in the PCs matrix can be predicted quite accurately.

Materials and methods

To manufacture the one-dimensional PCs based on alter-

nating polymer layers with different refractive index they

used [14] cellulose acetate (CA, molecular weight 100,000,

Across Organics, refractive index n = 1.475) and poly-

N-vinylcarbazole (PVK, molecular weight 90,000, Across

Organics, n = 1.683) and solvents diacetone alcohol and

chlorobenzene, respectively. Three types of PCs samples

were manufactured, further PC1, PC2 and PC3. CA

solutions were prepared with concentrations of 3,g per

100,mL of solvent for PC1 and 3.535,g and 4.665,g per

100,mL of solvent for PC2, PC3. The concentration of PVK

solution for all samples was the same and was 2.485 g per

100mL of solvent. To completely dissolve CA in diacetone

alcohol, the solution was kept at a temperature of 100◦C for

90min. The same solutions with a concentration of Rh6G

10−4 mol/L were prepared for the formation of PCs layers

doped with dye.

The G3P Spincoat (Speciality Coating Systems) cen-

trifuge was used to manufacture the films. Polymer

solutions were applied dynamically to glass substrates

15× 15× 1mm (n = 1.483). After applying each two

layers of PVK and CA, the structure was kept at a tem-

perature of 80◦C for 2min. The thickness of the polymer

films was varied by changing the rotation frequency of the

centrifuge. The following samples were prepared: PC1 —
(PVK(Rh6G)/CA)10, PC2 — (PVK/CA(Rh6G))10, PC3 —
(PVK/CA)8/PVK/CAdef(Rh6G)/(PVK/CA)9 . In PC1, all

PVK layers are doped with Rh6G, in PC2 — all CA layers,

in PC3 — CAdef layer. The structure of the manufactured

PCs samples is shown in Fig. 1. The thicknesses of the

PCs layers shown in Fig. 1 are determined as a result

of the approximation of the transmission spectra by the

dependencies T (λ).

The luminescence spectra of Rh6G in the PCs were com-

pared with the dye spectra in triple polymer films prepared

under the same conditions as PCs: CA/PVK(Rh6G)/CA —
for PC1, CA(Rh6G)/PVK/CA(Rh6G) — for PC2,

CA/PVK/CAdef(Rh6G) — for PC3.

Transmission and reflection spectra were measured for

the manufactured samples at different angles of incidence of

light and for TE- or TM-polarizations (spectrophotometer

PB 2201 with a prefix for measuring the reflection coeffi-

cient, Solar).

Steady-state spectra of Rh6G in PCs were measured at

different detection angles and TE- and TM-polarizations

on the experimental setup, the block diagram of which is

shown in Fig. 2. The excitation of the sample (5) was
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Figure 2. Experimental setup scheme.

carried out by a laser (1) with a wavelength of 505 nm

(Oxlaser), the radiation of which was passed through

a polarizer (2), a dividing plate (3) and the lens (4).
Reception of the fluorescence signal was carried out by a

light guide (13), in front of which a collecting lens (11),
an aperture (10) limiting the luminescence collection an-

gle ±2.5◦, a polarizer (9) and color glass filter, which cuts

off the excitation wavelength were installed. Luminescence

was recorded using a spectrometer (14) based on a CCD

array (Spectrometer LD/HD, 3B Scientific GmbH) and a

computer (15). Fluorescence spectra were recorded at

different angles (due to the rotation of the platform (8)).
To measure and control the intensity of laser radiation,

a part of it was directed to a photodetector (3) using a

dividing plate (6) and recorded with a millivoltmeter (7).
Luminescence spectra of reference samples (Rh6G in triple

polymer films) were also measured.

Results and discussion

Fig. 3 shows the transmission spectra of the studied PCs

measured at 0◦ . From Fig. 3 it can be seen that for PC1,

the PBG occupies a wavelength range of 488−594 nm,

for PC2 — 582−702 nm, for PC3 — 534−638 nm with

a defective mode at 577 nm. The same figure shows the

fluorescence and absorption spectra of Rh6G in a CA

film. From Fig. 3 it can be seen that for PC1 with the

fluorescence spectrum of the dye, the long-wave edge of

the PBG overlaps, for PC2 — the short-wave edge of the

PBG, for PC3 — the defective mode.

The transmission spectra of the studied PCs depend

on the angle of their registration α. Fig. 4 shows the

transmission spectra of PCs at different detection angles

and TE polarization. From Fig. 4 it can be seen that with

an increase in the registration angle α there is a short-wave

shift of the transmission spectrum and a decrease in the

transmission coefficient of T for the PBG. At the same time,

for PC3 with α increasing a short-wave shift of the position

of the defective mode λmax is observed (Fig. 4, c). Fig. 4, d
shows the dependences of the PBG maxima (λPBG) for PC1
(curve 1) and PC2 (curve 2) and the wavelength of the

defective mode λmax for PC3 (curve 3) from the registration

angle α. With increasing the registration angle α the position

of the PBG changes.

Let us consider the fluorescence spectra of Rh6G

molecules embedded in different types of PCs for different

angles of light registration (Fig. 5).
For luminescence spectra of Rh6G embedded in polymer

layers with a higher refractive index (PC1) (Fig. 5, a),
with an angle α from 0 increasing to 40◦ a short-wave

shift of the maximum of the luminescence spectrum is

observed, because the long-wave edge of the PBG passes

through the luminescence spectrum. At an angle of 50◦,

the PBG appears outside the luminescence spectrum. For

the spectra of Rh6G molecules embedded in polymer layers

with a lower refractive index (PC2) (Fig. 5, b), a long-

wave shift of the spectrum is observed at α = 20◦, and

at α = 30−40◦ — short-wave shift caused by passing of the

short-wave edge of the PBG, while the long-wave part of

the spectrum is suppressed by the PBG, and at α = 50◦ the

entire spectrum of Rh6G is suppressed. PC3 is distinguished

by a large number of periods and, consequently, by the most

pronounced features of the local density of EM modes.

The Rh6G fluorescence spectrum in the defective PC3

layer splits into three bands (Fig. 5, c) due to the defective

mode, short-wave and long-wave edges of the PBG. With an

increase in the detection angle, a short-wave shift of all the

luminescence bands occurs, repeating the short-wave shift

of the wavelengths of the defective mode and the edges of

the PBG for PC3, which are depicted by a dashed line in

Fig. 5, c. From the insertion in Fig. 5, c it can be seen that

the shift of the maximum of the middle luminescence band

almost completely coincides with the dashed line, while

the maxima of the outside luminescence bands are shifted

relative to the dashed lines towards the true maximum of

the luminescence spectrum Rh6G.
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Figure 3. Transmission spectra at normal light incidence:

PC1 (1), PC2 (2), PC3 (3). Curves 4 and 5 — absorption and

fluorescence spectra of Rh6G in a polymer film (the film thickness

d = 1 µm, CRh6G = 5 · 10−5 mol/l).
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Figure 4. Transmission spectra of PC1 (a), PC2 (b), PC3 (c) at registration angles α: 0◦ (1), 20◦ (2), 30◦ (3), 40◦ (4) and 50◦ (5).
Wavelength dependence λPBG (d) from the angle α.

Let us compare the spectral characteristics of Rh6G

fluorescence in PCs with the relative density of EM modes

in the crystal. To analyze changes in the fluorescence

spectra of Rh6G in PCs, the relative fluorescence intensity
I
I0

(λ) was determined, where I — the fluorescence intensity

of Rh6G in PCs, I0 — the fluorescence intensity of Rh6G

in comparison samples.

We determine the position of the EM modes ρ in

the matrix of a one-dimensional PCs. We determine

the dependence of the density of EM modes ρ on the

wavelength in the matrix of one-dimensional PCs. It is

known [15] that the probability of transition of a quantum

system from an excited state with energy E1 to a state with

energy E0 by spontaneous emission of a photon is equal to

γ rad
10 =

2π

~
ρ(ω)

∣

∣〈E0, 1|Hint|E1, 0〉
∣

∣

2
, (1)

where 〈E0, 1| — the final state of the substance-field system

(nonexcited atom and 1 photon), |E1, 0〉 — the initial state

(excited atom, no photon) of the system, Hint — interaction

Hamiltonian, ρ(ω) — the density of EM modes in the

vicinity of the molecule.

In the matrix of a one-dimensional PC, the density of

the EM modes ρ available for radiation becomes a function

of the transition frequency ω, coordinates z M of the dipole

inside the PCs, radiation directions k and dipole orientations

el − ρ(ω, z M , k, el). Hence, the probability of spontaneous

emission γ10(ω, z M , k, el) also becomes a function of these

variables.

The luminescence intensity measured in the number of

photons depends on the probabilities of electron-vibrational

transitions of molecules and the population of the initial

electron-vibrational level. The total rate of transition of

molecules from the excited state to the non-excited state

consists of the rate of radiative transitions mentioned above

and the rate of non-radiative transitions, which in turn can

be divided into transitions due to the internal conversion

of excited molecules and transitions due to interaction with

the medium [16]. The quantum yield of Rh6G fluorescence

is close to unity, so nonradiative transitions due to internal

conversion can be neglected. Since the considered polymer

medium does not have absorption in the spectral region of

Rh6G radiation, the rate of transitions due to interaction

with the medium can also be neglected.

Under stationary excitation provided that the molecular

system is far from saturation, the population of the

excited electron-vibrational level N1 becomes a constant

value [17], and the luminescence intensity is defined as

I(ω, z M , k, el) = γ10(ω, z M , k, el)N1 . Therefore, taking into

account the formula (1) the luminescence intensity is

directly proportional to the local EM mode density.

Optics and Spectroscopy, 2022, Vol. 130, No. 12
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Figure 5. Normalized fluorescence spectra of Rh6G in PC1 (a), PC2 (b) and PC3 (c) at different registration angles α: 0◦ (1), 20◦ (2),
30◦ (3), 40◦ (4) and 50◦ (5). The inserts show the dependence of the wavelength of the maxima of the fluorescence spectra of Rh6G

on α.

In this regard, the modification of the local density of

EM modes should lead to a proportional redistribution of

the intensity of the luminescence spectrum in frequency,

radiation direction, coordinate and orientation of the dipole

inside the PCs. The measured luminescence signal is

common to all PCs layers containing a dye, so the

intensity dependence on the dipole coordinate cannot be

established in such an experiment. The dependence of

the luminescence intensity on the two orientations of the

dipoles was established by measuring TM- and TE-polarized

luminescence.

Within the framework of the dipole approximation, we

estimate the local density of EM modes. In the work [18] it
is shown that for a dipole current source J(x) = elδ(x− x0)
located at the point x0, where el is a unit vector in the

direction of l ∈ {1, 2, 3}, the local density of EM modes

available for radiation can be found by the formula

ρrad
l (x0, ω) =

4

π
P l(x0, ω), (2)

where P l(x0, ω) — the power emitted by

J(x) = elδ(x− x0)e−iωt . Thus, the local density of

EM modes is directly proportional to the power emitted by

the l-oriented dipole source.

Since the spectral characteristics were measured de-

pending on the wavelength, then we will talk about the

dependence of the luminescence intensity and the local

density of EM modes on the wavelength, meaning the

wavelength in vacuum.

In the work [19], a formalism is proposed for calculating

the Umov-Poiting vector of a field in a layer N created by a

dipole placed in the Mth layer of a plane-layered structure.

Dipole far-field radiation can be represented as the sum of

plane waves, and the electric and magnetic fields of each

plane wave can be calculated by the transfer matrix method.

If the refractive indices of the layers N and M coincide,

respectively, in the PCs and the reference sample, then the

ratio of the average Umov-Poiting vectors in the PCs and

the reference is the ratio of the average squares of electric

fields.

We note that the solution for the mean square of the

electric field in the layer N〈E2
N〉, found according to [19],

will not change if you change the direction of wave

propagation to the opposite (from layer N to layer M)
and define 〈E2

M〉 in layer M . This method of calculating

〈E2〉 is more convenient for cases when the phosphor is

contained in a layer or layers of finite thickness, since it
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allows you to calculate the average square of the field in the

entire structure depending on the coordinate z and perform

integration over layers containing the phosphor:

〈E2(λ, k, el)〉int =
∑

i

z i,end
∫

z i,begin

〈E2(λ, z , k, el)〉dz , (3)

where layers i — are layers containing phosphor, z i,begin

and z i,end — coordinates of the beginning and end of the

ith layer.

The time average square of the electric field depending on

the coordinate z was calculated according to [20]. Integral

density of EM modes, common to all layers with dye and

normalized to the integral density of EM modes in the

reference sample,

ρrad(λ, k, el)

ρrad
0 (λ, k, el)

=
〈E2(λ, k, el)〉int

〈E2
0 (λ, k, el)〉int

. (4)

From the resulting formulas given in [19], it follows

that the Umov-Poiting vector can be calculated for each

component (TM and TE) of the dipole separately. In the

case of calculating the square of the field of an incident wave

in a layered structure, this corresponds to incident TM- and

TE-polarized waves.

It is known [21] that the energy density of the incident

EM wave is distributed unevenly across the PCs layers

and depends on the frequency (wavelength). The energy

density of a wave with a length more than PBG is

concentrated in layers with a higher refractive index, and,

conversely, the energy density of a wave with a length

Optics and Spectroscopy, 2022, Vol. 130, No. 12
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less than the PBG is concentrated in layers with a lower

refractive index. Consequently, we can expect a change

in the spectral-fluorescent characteristics of dye molecules

embedded in layers where the energy density of the wave

is concentrated.

Fig. 6 shows the dependences of the relative fluorescence

intensity Rh6G I
I0

(λ) and the relative EM density ρ
ρ0

(λ),

calculated using (4), for the three types of PCs studied and

for the three angles of radiation detection: 0◦, 20◦ and 30◦.

Fig. 7 shows the dependences of the maximum wave-

length of the curves I
I0

(λ) and ρ
ρ0

(λ) and the intensities

at the maximum of these dependencies on the registration

angle α for three types of PCs.

Let us first consider the obtained theoretical dependencies
ρ
ρ0

(λ). Since the calculation of ρ0(λ) is made for reference

samples containing one layer with dye for PC1 and PC3

and 2 layers for PC2, then the value of ρ
ρ0

(λ) away from

the features caused by the PBG, tends to 10 for PC1, 5
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for PC2 and 1 for PC3. The values of ρ
ρ0

(λ), more than

these values, indicate an increase in luminescence, and less

than — to suppress the luminescence of the dye.

With the registration angle increasing, a short-wave shift

of the dependence maximum of ρ
ρ0

(λ) is observed, while

for TE-polarization, the maximum value of ρ
ρ0

(λ) grows

with increasing angle α, and for TM-polarization — falls

(see curves 1, 3, 5 in Fig. 6 and the curve 2 in Fig. 7).
In the dependency ρ

ρ0
(λ) for PC1 calculated for layers

with a high refractive index, the luminescence amplification

region corresponding to the long-wave edge of the PBG is

noted; in the same dependence for PC2 calculated for layers

with a low refractive index, — the amplification region

corresponding to the short-wave edge of the PBG. In the

dependence ρ
ρ0

(λ) for PC3 calculated for the defective layer,

there is an increase in the region of the defective mode and

a slight increase at the edges of the PBG.

Let us compare the theoretical dependencies of ρ
ρ0

(λ)

with experimental I
I0

(λ). For PC1 values I
I0

(λ) at α = 0◦

2.3 times lower than the predicted calculations, this dif-

ference increases with increasing detection angle. A weak

signal of Rh6G luminescence in PVK layers in PC1 may be

associated with repeated heating of the structure during its

preparation. There is a suppression of the short-wave part

of the luminescence spectrum due to the intersection with

the PBG, and an amplification of the spectrum occurring

at the long-wave edge of the PBG. The wavelength of the

dependence maximum I
I0

(λ) coincides with the wavelength

of the dependence maximum ρ(λ)/ρ0(λ) only for α = 0◦,

with the detection angle increasing, there is a shift of

the maximum I
I0

(λ) towards short wavelengths for two

polarizations (curves 1, 2 in Fig. 7, a, b).
For PC2, suppression of the long-wave part of the

luminescence spectrum and amplification due to the short-

wave edge of the PBG are observed. We note the

coincidence of the wavelength of the maximum of the

dependence I
I0

(λ) with the maximum for ρ
ρ0

(λ) at α = 0◦

for two polarizations; with increasing angle α the maxima

of I
I0

(λ) are shifted towards longer wavelengths relative to

the maxima of ρ
ρ0

(λ) (see curves 1, 2 in Fig. 7, c, d). In

the angle range 0−20◦, there is an increase in the values of

the maximum relative luminescence intensity, and after 20◦,

the maximum value decreases, while the dependence ρ
ρ0

(λ)
predicts the growth of maximum values in the entire range

of angles α (curves 3, 4 in Fig. 7, c). For TM-polarization,

the maximum value of the dependence I
I0

(λ) falls with

increasing angle faster than the theory predicts (curves 3, 4

in Fig. 7, d).
A comparison of the dependencies for PC3 shows that

the wavelength of the central peak coincides well with the

calculated one at all angles for TE- and TM-polarization

(curves 1, 2 in Fig. 7, e, f), while the value of the central

maximum I
I0

(λ) is 70% of the maximum of the dependence

of ρ
ρ0

(λ), and the values of the side peaks are slightly higher

than predicted by the theory. It is necessary to additionally

check the possibility of such excitation of luminescence in

the sample, in which the absolute values of the maxima of

the experimental and theoretical dependences will coincide.

With increasing angle α there is an increase in the values

of the central maxima of the relative luminescence intensity

for TE-polarization, however, lagging behind the calculated

ones (curves 3, 4 in Fig. 7, e); for TM-polarization, there

is a decline in the values of the maxima of the relative

intensity, on the contrary, is lagging behind the calculated

ones (curves 3, 4 in Fig. 7, f). The maxima of relative

intensity caused by the edges of the PBG are shifted relative

to those predicted by the theory towards longer wavelengths.

In general, for all PCs samples, experimental depen-

dences of relative intensity I
I0

(λ) agree well with the

calculated dependencies ρ
ρ0

(λ). For all samples, the

wavelengths of the maxima of the experimental and calcu-

lated dependences coincide at a detection angle of 0◦,for

larger angles for PC1 and PC2 and minor maxima for

PC3, a deviation from the calculated dependences to-

wards larger or smaller wavelengths is observed. For

PC1 and PC2, the best coincidence of experimental and

calculated dependencies is observed near the PBG, with

the distance from the PBG and its edges, the dependence

subsidence is observed I
I0

(λ) compared to ρ
ρ0

(λ). Due

to the large number of layers in PC3, the experimental

dependence I
I0

(λ) has the most significant features, ex-

pressed, however, to a lesser extent than predicted by

theory.

The proposed method for comparing the experimental

dependence of I
I0

(λ) and calculated ρ
ρ0

(λ) takes into

account the change in the luminescence intensity of the

dye due to a change in the rate of radiative transitions in

the PCs matrix compared to the reference sample under

the influence of a modified local density of propagating

EM modes. Differences in experimental and calculated

dependences indicate that other processes are also modified

in the PCs matrix, in particular, the process of energy

migration between molecules, which, firstly, affects the

rate of non-radiative transitions (in the case of heteroge-

neously broadened spectra in the region of overlap of the

luminescence spectrum with the absorption spectrum), and
secondly, redistributes excited molecules in the region of

transitions of lower energies. In general, the modified

process of energy migration can lead to a redistribution of

the intensity of the luminescence spectrum.

Conclusion

Thus, the presented results of an experimental study

of the spectral-fluorescent characteristics of Rh6G show

the possibility of modifying the fluorescence spectra of

dye molecules during selective doping into various layers

of polymer PCs manufactured by spin-coating. The

comparison of the fluorescence spectra of Rh6G with the

calculated (according to the method proposed in the work)
dependence of the EM mode density on the wavelength and

for different angles of radiation registration is carried out.
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Experimental and theoretical dependencies demonstrate a

good coincidence. In the defective layer of PC3, the

fluorescence spectrum of Rh6G consists of three bands, the

short-wave shift of which occurs with an increase in the

detection angle.
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