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Luminescence properties of the multiple-scattering rhodamina 6 G solutions in solid
polymers as functions of scattering efficiency and sample thickness have been investi-
gated. It was found that luminescence spectrum (LS) as well as integrated (over the
spectrum) intensity observed in the direction backward to the excitation beam depend
significantly on the scattering efficiency being varied using changes of the concentration
and refractive index of the embedded scattering microparticles. The integrated intensity
increases with the particle concentration increase. This increasing is due to spatial red is-
tribution of luminescence radiation when being multiply scattered in the sample as well as
to additional absorption of the excitation light. The LS dependence on the scattering
efficiency is caused by reabsorption of the luminescence radiation in the sample. Thus,
varying the reabsorption allows tuning the LS maximum over the 20 nm range. Two
possible methods of the LS tuning using the sample thickness and scattering efficiency
variations were investigated. The second tuning method is preferable because energy
efficiency of the sample remains unchanged.

HccnenoBaHbl JTIOMUHECIEHTHBIE CBOIICTBA MHOTOKDPATHO DPACCEMBAIOIUX IIOJMMEDPHBIX
pacTBopoB KpacuTenas poxamuba 6K B saBucumocTy orT 9h(PEKTUBHOCTH PACCESHUS M TOJI-
muHB o0pasna. YcTaHOBJIeHO, uTo cueKTp JooMmuHecneHunuu (CJI) m wmHTerpasvHaa (mmo
CIIEKTPY) MHTEHCUBHOCTD JIIOMUHECIEHIIUY, HAOJIOfaeMble B HANPABJIEHUM Ha OTPaKeHue
OTHOCHUTEJBHO IIyUYKa BO30OYIKIEHUs, CYIIECTBEHHO 3aBUCAT OT 3(DOEKTUBHOCTH PACCEAHU,
KOTOpasg BapbUPOBAJaCh M3MEHEHMEM KOHIIEHTPAIINU U IIOKA3aTessd IIPEJOMJIEHUS pPacCeuBa-
OIMUX yacTull. VHTerpajibHas WHTEHCUBHOCTH BO3PACTAET IIPW YBEJWUYEHUU KOHIEHTDAIIUU
YaCTHUIL, YTO OOYCJIOBJIEHO IPOCTPAHCTBEHHBLIM DaCIpeleIeHUEM W3JIYyUeHUS JIIOMUHECIeHIINN
BCJIEICTBUE DPACCEAHUA U BOSHUKHOBEHWEM [JOIOJHUTENHHOTO IOTJIOMIEHUS BO30YIKIAIOIIETO
cBera. 3aBucumocTs CJI ot sdhdekTuBHOCTH paccesHUsI 00YyCIOBJIEHA IIEPENOIJIONIEHUEM W3-
JIyYeHUdA JIOMUHECHeHIuU. V3MeHeHNe INepemoryIONe sl I03BOJIAET IIJIaBHO IIepPecTpamBaTh
makcumym CJI B mpemenax 20 um. McenemoBanbl nBa Meronma nepectpoiiku CJI mytem mame-
HEHUA TOJINUHBI o0pasma u sddexTuBHOCTH paccesaHus. IIpemmylnecTBOM BTOPOTO MeTOLA
IIEPECTPOUKU €CTh IIOCTOSHCTBO SHEPTreTHUYecKou addeKTUBHOCTH oOpaslia B IIPOIlecce Iepe-
CTPOMKH.
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Recent investigations have demonstrated
new possibilities of multiple scattering in-
fluence on optical properties of a medium.
This concerns, in first turn, the effects of
photon localization [1, 2] and resonator-free
laser generation [3—5] being possible just
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due to strong scattering. Our investigations
have demonstrated the multiple scattering
effect on luminescence properties of organic
luminophors [6]. This makes it possible in
principle to vary the luminophor spectrum
parameters by scattering efficiency change.
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Up to now, the multiple scattering influ-
ence on organic luminophor characteristics
from the standpoint of their potential fu-
ture applications has been poorly studied.
The results of the investigation could be
used to control parameters of the so-called
random-lasers [7] and to adjust the spectral
and energy characteristics of organic lumi-
nophors. The multiple scattering could be
provided by embedding fine-disperse (di-
ameter d ~ 1 pm) dielectric particles into a
luminophor at high concentrations (n, ~ 109
to 1011 ¢cm™3). Varying of the particle con-
centration, size and refractive index of the
particle material makes it possible to vary
the scattering efficiency within wide limits.

We have investigated the luminescence
spectra (LS) of solid polymer (polyvinyl ace -
tate) solution of rhodamine 6G with embed-
ded scattering particles. Powders of SiO,
(diameter d ~ 0.5 pm, refraction coefficient
n ~ 1.5, in the weight concentration Cp =6 to
30 %); Al,O3 (d ~5 pm, n ~ 1.7, Cp~15 %);
synthetic diamond (d ~ 7 pum, n ~ 2.4, Cp ~15 %)
and CeO, (d ~ 2 pm, n,|~ 2.4, C, ~ 15 %) were
used as scattering particles. Tfl;e number of
particles per cubic centimetre is: 4.20011 to
2.50012 (Si0,), 7.6108 (Al,03), 3.15108
(synthetic diamond), and 7.75010% cm™3 (CeO,).
The samples were made of carefully mixed
polyvinyl acetate, alcohol solution of rho-
damine 6G, and the particles. The dye con-
centration was ~1073 M. Solid polymer sam-
ple on an opaque supstrate was obtained by
slow alcohol evaporation out of the men-
tioned composite. The samples of different
thickness were cut using the same initial
material. The laser pulse excitation was
done with the second harmonic (A = 532 nm)
of Q-switch Nd*3:YAG (1; = 15 ns) or mer-
cury line A = 546.1 nm. The radiation spec-
tra were registered in the opposite direction
to the pumping beam (reflected-type experi-
ment). A diffraction monochromator with
resolution AN = 1 nm and a PMT were used
to record the signal before being processed
by a PC.

The effect of the multiple scattering on
the luminescence spectrum and backward
luminescence intensity of the samples men -
tioned above was investigated. It is found
that particle embedding changes the LS peak
wavelength and spectrum shape (Fig. 1a).
The LS peak wavelength depends non-mono -
tonically on the particle concentration C
(Fig. 1b). The LS is shifted towards short-
wavelength region as the particle material
refractive index increases (Fig. 2a). The
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Fig. 1. (a) Luminescence spectra of R6G in
solid polyvinyl acetate matrix with different
SiO, concentration (Cp): 30 % (1), 24 % (2),
6 % (3). (b) LS peak wavelength vs. the SiO,
particle concentration. (c) Integrated (over
the spectrum) radiation intensity vs. the SiO,
particle concentration.
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Fig. 2. Luminescence spectra of R6G in the solid
polyvinyl acetate matrix with particle of different
materials (Cp =15 %): CeO, (1), synthetic dia-
mond (2), SiO, (3) at the different sample thick-
ness: (a) d > 1 mm, (b) d < 0.3 mm.

particle embedding causes significant in-
crease of the integral luminescence radia-
tion intensity Is (Fig. lc) as compared to
that of non-scattering sample Isq. The inte-
gral radiation intensity increases non-line-
arly as the particle concentration rises. The
integral radiation intensity of the least con cen-

143



E.Tikhonov et al. / Multiple scattering effect ...

trated sample is approximately y= Is /Izoz
1.6 times higher than that of non-scattering
sample. At further increase of the particle
concentration, the ratio y= Is/Isqattains 2
for the sample with 24 % of silica and 2.3
for the sample with 30 % of silica.

The increasing of the integrated radia-
tion intensity in direction backward to exci-
tation beam is accompanied with reduction
of the integrated radiation intensity in for-
ward direction. It follows therefrom that
the main reason of the "backward” inte-
grated radiation intensity increase with in-
creasing Cp is a spatial redistribution of the
luminescence radiation caused by its multi-
ple scattering. The multiple scattering
within the sample volume forms a diffuse
reflector effect reversing the luminescence
photons to the front sample surface. Thus,
the "backward” integrated radiation inten-
sity grows. At the highest particle concen -
tration, almost all luminescence radiation is
directed into the hemisphere of the excita-
tion beam incidence and the "backward” ra-
diation intensity grows approximately twice
in the high-concentrated sample compara -
tively to the particle-free one.

Multiple scattering of the exciting light
causes the additional increasing of Is value,
as a result, y> 2 at highest particle concen-
trations. In this case, the scattering in-
creases the effective path of excitation pho -
tons through the sample that is similar to
increased optical sample thickness or the
additional absorption appearance. The effect
increases the fraction of absorbed excitation
light that results in increased Is value. The
additional absorption appearance was
proved by direct investigations of the radia -
tion attenuation in the sample versus the
SiO2 particle concentration. It was found
that as the scattering particle concentration
increases, the scattering coefficient grows
approximately linearly while the absorption
coefficient of beam reveals a super-linear
dependence on the particle concentration.
The absorption coefficient increase rate is
essentially higher at Cp,,, > 24 % than in
the low concentration region. Such behav -
iour evidences the additional absorption to
be appeared at high particle concentration
is due to the multiple scattering.

The most probable mechanism of the
multiple scattering influence on the peak
position of the dye LS is the reabsorption of
luminescence radiation with unexcited dye
molecules. This is confirmed by the depend -
ence of LS position on the sample thickness.
As is shown on Fig. 2, the luminescence
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Fig. 3. (a) LS peak wavelength and (b) inte-
grated (over the spectrum) radiation intensity
vs. the sample thickness. Cp =30 % of SiO,.

spectra of thin samples become close to each
other (Fig. 2b), in spite of being rather dif-
ferent for thick samples (Fig. 2a). This re-
absorption is conditioned by significant
overlapping of luminescence and absorption
spectra of R6G (over 50 nm spectral inter-
val). Unexcited dye molecules could reab -
sorb the radiation energy with the proba-
bility proportional to the radiation path
length through the sample. The radiation of
the deeper layer passes longer way in the
sample, thus, it undergoes more reab-
sorbtion. The observed spectrum is a super -
position of the spectra radiated in different
sample layers. So, the spectrum shape de-
pends on many factors influencing either
the luminescence radiation distribution in
the sample or the covered radiation path in
the sample. The reabsorption redistributes
luminescence radiation energy outside the
luminescence region and absorption spectra
overlapping towards the long-wave LS re-
gion. It causes the long-wave spectral shift
of the LS. Thus, one can operate the LS
position by changing the reabsorption
efficiency.

The most influential sample parameters
that can change the reabsorption (except for
the dye concentration) are the sample thick -
ness and scattering efficiency. As is seen
from Fig. 3a, the LS of the sample is
shifted within AA = 17 nm as the sample
(Cp =30 %) thickness changes from
0.1 mm to 1.2 mm. The dependence can be
used to tune the LS continuously. But draw -
back of the method is radiation intensity
reduction as the sample is thinned (Fig. 3b)
due to decreasing of the absorbed excitation
energy fraction.
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The scattering efficiency could be varied
by changing the particle concentration, di-
ameter, and refractive index. As it is shown
in Fig. la, the scattering efficiency change
by means of the SiO, particle concentration
influences the LS position only slightly. As
Cp changes from 6 to 24 %, the peak wave-
length shift is 4.5 nm only, that is, a tenth
of the spectrum width. The further non-
monotonic dependence of the LS peak wave -
length shift on particle concentration (Fig.
1b) is, however, worth to attention. It
means that influence of luminescence reab -
sorption decreases at the further increasing
scattering efficiency. The decreasing of the
reabsorption influence is caused by reducing
of the excitation penetration depth into the
sample due to the additional absorption ap-
pearance. It results in reduction of the ef-
fective path of the luminescence radiation
and therefore the LS shifts to the short-
wave region. One can expect that further
scattering efficiency increasing can shift
the LS to the short wavelength region and
the shift can achieve a significant value if
the LS of homogeneous (non-scattering) lu-
minophor is strongly long-wave shifted
owing to high dye concentration.

Since concentration Cp = 30 % is practi-
cally a cut-off value, so further scattering
efficiency increase can be achieved by using
the particles with higher refractive index.
It is seen from Fig. 2a that refractive index
increase from 1.5 (SiO,) to 1.7 (Al,O3) and
2.4 (synthetic diamond and cerium oxide)
shifts the LS within the same limits
(AA 020 nm) as the sample thinning from

1.2 to 0.1 mm does (AA 017 nm). Moreover,
in contrast to the sample thinning case, the
absorbed energy in the sample does not
change as the scattering efficiency varies.
Thus, the energy efficiency of the sample
(defined as the radiated energy ratio to the
absorbed one) remains the same. The ob-
tained results demonstrate the principal
possibility of the LS shift by means of scat-
tering efficiency variation in the organic
dye based luminophors. The method is ap-
plicable to all organic luminophors where an
overlap region of the LS and absorption
spectrum exists (the Stokes shift is small).
The quantum yield is desirable to be high

Functional materials, 11, 1, 2004

enough because a fraction of energy is lost
in the course of reabsorption. The obtained
results could be employed to modify the lu-
minescence characteristics of luminophors
and to develop continuous tuning methods
of the random-laser radiation spectrum.

In conclusion, the multiple scattering
caused by embedded fine-scattering parti-
cles has been found to influence the lumi-
nescence spectrum position and signifi-
cantly increases the luminescence radiation
intensity in the direction backward to the
excitation beam. This intensity increase is
caused by spatial redistribution of lumines -
cence radiation and by additional absorption
of the excitation light appeared due to mul -
tiple scattering. In the first case, the sam -
ple acts like a diffuse mirror scattering the
luminescence radiation toward the register -
ing equipment. In the second case, it in-
creases the absorbed fraction of the excita-
tion light. The reason for the dependence of
luminescence spectrum position on scatter-
ing efficiency is the luminescence light re-
absorption in the sample. This reabsorption
influence on the luminescence spectrum
could be employed to vary the luminophor
spectrum. The reabsorption efficiency could
be varied by sample thickness or scattering
efficiency varying. The second tuning
method offers an advantage over the sample
thickness variation, because the absorbed
fraction of the exitation energy is less sig-
nificantly influenced by the scattering effi-
ciency change, thus, the energy efficiency
of the sample remains the same.
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Bniaue 6araTopa3soBoro po3CilOBaHHA HA JIIOMiHECIeHTHI
BJIACTMBOCTI OpraHiuHuUX JOMiHO(OPiB

€.0.Tixonoe, B.I1.Awyx, O.A.Ilpuzodwk,
B.1.Be3poodnuil, I0.Dinamoé

HocaigkyBanuch JIOMiHECIEHTHI BJIACTHUBOCTiI 6araTOKpPaTHO PO3CiI0OBaJbHUX MOJIMEPHUX
posunHiB pomaminy 6>K. Bcramosieno, mo crnexTp Jiominecienmnii (CJI) Ta inTerpansna (1o
CIIEKTDPY) iHTEHCHBHICTH JIIOMiHECIEeHI[iI, IPW BUKOPUCTAHIN reoMeTpii crocTepeskeHHs —Ha
BigOuTTA", CyTTEBO 3aJieKaTh Bil e(EeKTHMBHOCTI pO3CiAHHA, KOTpa BapiloBajlach 3MiHOIO
KOHIIEHTpAaIil Ta IOKa3HUKA 3aJIOMJIEeHHA YaCTUHOK. I|HTerpajibHa eHeprid 3p0ocTae IpuM 3poc-
TaHHI KOHIIEHTpAIil PO3CilOBAJIbHUX YACTHHOK, IO O0OYMOBJIEHO IIPOCTOPOBUM IIEPEPO3IOXi-
JIOM BUIIPOMiHEHHS JIOMiHECIeHIIil BHACJiJJOK PO3CiTHHA Ta BUHUKHEHHAM [JOJAaTKOBOTO
NOTJINHAHHA BUIpPOMiHeHHA 30ymkeHHaA. 3aje:xkuicts CJI Bim edeKTHBHOCTI pos3cigHHA 00y-
MOBJIeHa TEepPeNoTJNHAHHAM BUIPOMiHEHHA JIOMiHecleHIil y 3pasky. Ile mosBoJse peasisy-
BaTu IaBHY nepectpoioBaHHA CJI miaxom 3MiHM edeKTMBHOCTI mepemorguwHaHHA. J[lo-
CHiKeHo ABa MeToau Takoro mepectporoBauHsa CJI miasaxom BapiloBaHHS TOBIIMHU 3pasKa Ta
edbexTuBHOCTI poscignua. IlepeBaroio gpyroro MeTony € He3MiHHICTH eHepreTMUHOI eeKTUB-
HOCTi 3paska.
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