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Fluorescent solar concentrators using liquid solutions
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Résumé. — Divers aspects des concentrateurs solaires fluorescents a base de solutions liquides de colorants orga-
niques sont considérés. La forme géométrique du concentrateur a peu d’influence sur son efficacité. Les sources
de perte de lumiére sont examinées en détail. Une méthode est proposée pour séparer la contribution relative de
la matrice et du colorant dans I’atténuation de la lumiere. Une attention particuliére est apportée aux pertes par
réflexions multiples et par réabsorption des photons de fluorescence. La longueur d’atténuation s’avére plus
grande lorsqu'une mince couche de solution concentrée est utilisée.

Abstract. — Various aspects of fluorescent solar concentrators using liquid solutions of organic dyes are considered.
No significant difference in efficiency is observed between various collector geometries. The origins of light losses
are carefully examined. A method is proposed for separating the relative contribution of the dye and the matrix
in the total attenuation of light. Special attention is paid to light losses by imperfect multiple reflections and by
reabsorption of fluorescence photons. Attenuation lengths in collectors using a thin layer of concentrated solution

are significantly longer.

1. Introduction. — Using the concept of light trap-
ping and guiding in scintillators, Weber and Lambe [1],
following the suggestion of Garwin [2], proposed in
1976 a new type of solar concentrator. The collector
consists of a transparent plate doped with fluorescent
molecules. Owing to its high refractive index, the
plate behaves as a light pipe for the fluorescence pho-
tons which are thus guided towards the edge where
solar cells are set. This collector permits not only
high concentration factors, but also a better fit to the
spectral response of the solar cells thanks to the
frequency conversion in the fluorescence phenomenon.
This type of concentrator does not require sun tracking
and remains efficient with diffuse light.

In most of the systems proposed so far, the plate
consists of an organic solid transparent matrix, usually
polymethylmethacrylate (PMMA), doped with organic
dyes [1-4]. Inorganic glasses doped with inorganic
ions (uranyl or rare earth ions) have also been suggested
[1, 6, 7). Two recent reviews are devoted to this subject
[8, 9]

Fluorescent solar concentrators (FSC) using liquid
solutions contained between transparent plates have
received little attention so far [5, 10]. Nevertheless,
this type of collector appears to be interesting for the
following reasons :

(*) A qui toute correspondance doit étre envoyée.

a) The photostability of organic dyes is generally
poor whereas a stability over several years is required
in an actual operating system. Furthermore, there is
no problem of stability with glasses doped with inor-
ganic ions, but they will probably not be manufactured
because of their very high price. Alternatively, the
lack of stability of organic dyes can be overcome by
using a device in which a liquid solution of dyes can
be renewed as it deteriorates.

b) In non-viscous solutions of some organic dyes
in polar solvents, the phenomenon of solvent relaxa-
tion can cause a large red-shift of the fluorescence
spectrum to occur; the consequent decrease in the
overlap between absorption and fluorescence spectra,
reduces the loss of light by reabsorption of the fluo-
rescence photons by the dye itself.

¢) The use of liquid solutions makes the investiga-
tions easier as regards the characteristics and the
performances of FSC. As the matter of fact, it is easy
to change the geometry of the collector, the thickness
of the absorbing layer, the dye concentration...

The purpose of the present work is not to measure
prototype efficiencies but to examine the influence of
various parameters with special attention to light
attenuation.
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2. Preliminary investigations with a planar tank. —
2.1 EXPERIMENTAL SET-UP. — The experiments were
carried out with a square tank (20 x 20 cm) made of
polymethylmethacrylate (PMMA). In this preliminary
investigation, the dye solution was in contact with
air so that the geometry of the collector can be easily
changed by moving small aluminum mirrors, vertically
held by PMMA blocks, set out in the solution. A
diagram of the experimental set-up is shown in
figure 1. This device is not, of course, a prototype
of a liquid FSC which would obviously consist of two
transparent plates containing the solution. The advan-
tage of the present system is its versatility in the study
of collector geometry.

| PMMA
tank

solar
— cells

movable mirrors

Fig. 1. — Tank schematic. The geometry is variable thanks
to movable aluminum mirrors.

The solvent was chosen to be dimethylsulfoxide
(DMSO) since its refractive index (1.478) is close to
that of PMMA (1.493). In addition, this solvent is
polar and thus favours solvent relaxation. The fluo-
rescent dyes, rhodamine 6G or Coumarine 6, were
used at a concentration of 10™* M (mol.1"!). This
concentration corresponds to a maximum of efficiency
(see section 3.1).

In this study, we used commercial Si-cells (Société
Anonyme des Télécommunications, ref. 302, or France-
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Photon, ref. CCO6). The solar cells were coupled to
the tank with glycerol for optical matching,

The tank was illuminated by a projector equipped
with a 575 W Osram HMI lamp (colour temperature :
5600 K) and a Fresnel lens. The spectral characteris-
tics of this projector are quite comparable to that of
the AMO solar spectrum in the range 0.38-0.9 pm.
However, in our experimental set-up, the energy
received in the collector is 20 times lower than the
AMO energy which implies a correcting factor in our
measurements.

2.2 INFLUENCE OF THE COLLECTOR GEOMETRY. —
Various collector shapes can be obtained thanks to
proper positions of small mirrors set out in the solution
of rhodamine 6G in DMSO (10~* M) (Fig. 1). The
thickness of the solution is chosen to be 5 mm. The
effective illuminated area is kept constant and equal
to 25 cm?. Therefore, the number of solar cells that
are edge-mounted depends on the geometry ; thus the
concentration ratio is best defined as the following
ratio :

o ke

Ise
where I is the total short-circuit current of the cells
coupled to the collector and I is the value obtained
with the same cells under direct insolation by the
projector. The geometric gain is given by :

S

N

G

where S is the illuminated area and s the total surface
covered with the cells.

The values of G, Ig, I and c for various collector
geometries are reported in table I. Before examining
the influence of geometry, it is worthwhile observing
the effect of a mirror underneath collector which
increases absorption of the incident light, as previously
suggested [5, 11). However, experiments with an

Table 1. — Concentration ratios (¢ = Isc/I%) for various collectors. The short-circuit currents are multiplied by
a correcting factor so that they represent an AMO response (see text). (Solution of rhodamine 6G in DMSO).

° mirr::'t::“:e::ztor ‘with back mirror with diffuse reflector
Shape Dimensions s G Isc I c Isc c Isc c
(cm) (em2) (m) (ma) (mA) (mA)
square [] 5x5 2.5 | 10 56 3t 0.55 21.8 0.39 45.2 0.81
Li® | o | 16.8 14 0.83 11.5 0.68 20.4 1.21
L =125
rectangle o 10 |25 22.4 16 0.7t 13.7 0.61 23.4 1.04
— i
1 I, 1.25 | 20 28 16.6 0.59 16.8 0.60 24.2 0.86
L L= 2.5 o p”
i 5.0 5.0 112 a3 0.38 0.3 0.36 62. o.
h 1.25 | 20 28 16.6 0.59 16.8 0.60 2.2 0.86
triangle n=azs 2.0 | 12.5 4.8 2 0.54 20.6 0.46 35.0 0.78
U h = 10
h ho 25 |10 56 32 0.57 22.4 0.40 46.6 0.83
> F= 5
e 5.0 5.0 112 43.6 0.39 42.6 0.38 63.6 0.57
Talf disk "= 4 7o 63 5.6 37.4 .42 37,6 G.42 5.0 o.61
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aluminum mirror placed inside the solution at the
bottom of the tank show that in many cases some loss
in efficiency is observed instead of a gain (see Table I).
As a matter of fact, a metallic reflection always intro-
duces some loss contrary to total reflection. Conse-
quently, it is desirable to preserve total relfections by
using an air-gap coupled reflector. In addition, a
diffuse reflector is known to be superior to a metallic
reflector [12]. Table I shows that such a diffuse reflector
made of alumina improves the concentration factor :
a gain of about 45 9/ is obtained whatever the collector
geometry.

As regards the collector geometry, the best compa-
rison should be done with the same illuminated area
and the same surface of cells (i.e. at constant geometric
gain). This is possible in some cases reported in table II.
The parameter which is to be compared is the optical
efficiency 7#,, defined as the output energy at the
edge of the collector divided by the energy received
by the collector. According to the relation

€= Ny G

the optical efficiency has been calculated as the ratio
of the concentration ratio and the geometric gain
given in table I. Table II clearly shows that there is no
significant difference in efficiency for the various
shapes. Moreover, the variations in Iy as a function
of s (surface of the cells) are almost linear (Fig. 2)
which confirm the absence of significant dependence
on the collector geometry.

Table II. — Comparison of optical efficiencies for
various shapes of collector. (Solution of rhodamine 6G
in DMSO.)

Optical efficiency

without with with
back mirror back diffuse

sa s or reflector mirror reflector
(cm?) cm?)

S 5.5 % 3.9% 8.1 %

L)

25 2.5
s
::il 5.7 % 4.0 % 8.3 %

S 2.95 % 3.0% 4.3 %
s
#;:w 2.9, % 3.0% 4.3 %

7.6 % 7.2 %
5
7.8 % 7.6 % 11.4 %

% 25 4 6.3 6.7 % 6.7 % 9.7 %

Goetzberger and Greubel [5] proposed a triangular
shape on the basis of qualitative considerations, the
number of metallic reflections at the edges being
minimum. Our study does not confirm that the
triangular shape is the most efficient. Nevertheless,
as noted by these authors, large areas can be conti-
nuously covered with triangular collectors.

11.2 %
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Fig. 2. — Variations in short-circuit current as a function
of the total surface of edge mounted solar cells for various
shapes : triangles (A), square ([J), rectangles (), half-
disk (o). A : tank filled with a solution of rhodamine 6G
in DMSO (10™# M). B : same tank with an air-gap coupled
diffuse reflector.

Identical experiments were carried out with a
solution of coumarine 6. No significant difference
with rhodamine 6G was found.

After this preliminary investigation, attention should
be paid to the phenomena responsible for light atte-
nuation.

3. Experimental investigation of light attenuation. —
3.1 LIGHT ATTENUATION CURVES AS A FUNCTION OF
DYE CONCENTRATION. — Since the geometry of the
collector has a minor effect on its efficiency, it is
valid to measure the fluorescence light attenuation
with a long rectangular PMMA tank (length : 200 mm,
width : 20 mm, depth : variable). A solar cell is coupled
to the end surface of the tank with glycerol for optical
matching. The surface opposite to the output end
absorbs light thanks to hot coating of paraffin doped
with charcoal. The fluorescent solution is illuminated
with monochromatic light over a small area at various
distances from the output end by means of a modified
AMINCO SPF 500 spectrofluorometer. Accurate
displacements of the tank are achieved by an optical
bench.

The attenuation curves recorded with rhodamine
6G solutions in DMSO are presented in figure 3.
The thickness of the dye solution is 3 mm and the
total thickness of the tank is 10 mm. The excitation
wavelength corresponds to the maximum of the
absorption spectrum (i.e. 548 nm). The attenuation
curves are of similar shape whatever the concentration.
At small distances (a few centimeters), there is a
sharp decrease in intensity which can be explained by
the reabsorption of fluorescence photons by the dye
itself (i.e. the absorption of the short-wavelength
tail of the fluorescence spectrum which overlap the
absorption spectrum). Then the intensity decreases
exponentially with increasing length.

Owing to the reabsorption effect the attenuation
length, which corresponds to a decrease of 1/e in the
relative intensity, decreases with increasing concen-
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Fig. 3. — Light attenuation in a rectangular tank (dimen-

sions : 200 x 20 mm, external thickness : 10 mm, solution
thickness : 3 mm) filled with solutions of rhodamine 6G
at various concentrations : 107> M (1), 5 x 1075 M (2),
107*M (3), 5 x 107*M (4), 1073 M (5), 5 x 1073 M (6),
1072 M (7).

tration (Fig. 4). However, the total short-circuit
current of the solar cells goes through a maximum at a
concentration of 10”* M. Such a maximum can be
interpreted as a result of the competition between
the gain in efficiency of absorption and the loss due
to reabsorption, as the concentration increases.

Thus, the reabsorption of fluorescence photons
appears to be the a serious problem in this type of
light collector, but the loss of light due to the matrix
is not negligible and should be carefully examined.

I e"
(mA) (cm)
as 15
o
[
a0 10
-1} s
-2 -3 -a -5
logc

Fig. 4. — Attenuation length (/,) and total short-circuit
current (Ic) versus dye concentration (in mol.1™*). The
conditions are the same as in figure 3.

3.2 LIGHT ATTENUATION DUE TO THE MATRIX. —
The attenuation of light which is carried along a
transparent body by total internal reflection is due to
absorption and scattering by the matrix itself (PMMA
and solvent) and to surface imperfections.

PMMA has a good transparency for visible radia-
tions and, despite its microheterogeneity (scattering
centres and microscopic bubbles), its absorption

REVUE DE PHYSIQUE APPLIQUEE

Ne 5

coefficient is quite low. The attenuation of light is
mainly due to surface imperfections (microscopic
cracks, scratches, rough patches). These imperfections
disturb the total internal reflection and some part of
the trapped light is scattered out and lost.

The absorption coefficients of PMMA and the
solvent (DMSO) were first determined by using a
He-Ne laser and measuring the light attenuation
(without internal reflections) through a long rectan-
gular PMMA rod or a long tank filled with DMSO.
The values are opyya = 1.3 x 107>*cm™! and
opmso = 32 X 1073 cm™L,

The testing set-up shown in figure 5 allowed us to
determine the reflection coefficient of a total reflection
in a tank filled with DMSO. The attenuation of the
incident laser light I, due to absorption along an
optical path D and to N internal reflections is expressed
by :

I =1, p" exp(— aD). 1)

S -

= N ) [ S - — | — = :: .]d

\/ AVAREAVA VAV -
D"SO

cell

MA
hemicylinder

He-Ne
laser

Fig. 5. — Testing set-up for the measurement of the internal
reflection coefficient (d = 9 mm, d; = 3 mm). Several dis-
tances L and incident angles i are used.

Therefore, p can be calculated from the following
relation

1 1
lnp=N|:lnn+Da]. )

If d is the total thickness of the tank and d, the
thickness of solvent, the mean absorption coefficient
is given by :

d—d,

S
& = —7— Opmma + - %owmso -

G)

The optical path D for an incident angle i (see
Fig. 5) and for N reflections is :

L(v+1)
COS i 2

In order to increase the accuracy in the determina-
tion of p by means of equation (2) in conjunction with
equation (4), several values of i and N have been
chosen. The average value of p is then found to be
0.935 + 0.007.

It should be noted that this value takes into account
not only the loss by internal reflection at the interface

D =

@



Ne 5

PMMA//air, but also at the interfaces PMMA/DMSO
since the optical matching between these two media
is not perfect.

3.3 SEPARATION OF THE LIGHT ATTENUATION DUE
TO THE MATRIX AND THE DYE. — It is of interest to
examine the role played by the dye alone in the light
attenuation I/I, as a function of the distance L from
the output end (curves of Fig. 3). The only attempt to
separate matrix and dyes losses has been reported
by Wittwer et al. [13] but these authors do not give
any information about the method that they used.
The total attenuation factor is the product of the atte-
nuation factor of the dye and that of the matrix :

I

I_O=Ftot=deemea!' (5)
F .. depends of the optical path D and the number N of
internal reflections, according to equation (1) :

Fmal = pN exp(— (XD) .

This expression can be rewritten as a function of the
distance L and the output angle 0 at the edge of the
tank. This angle 6 is defined with respect to the tank
axis in the plane perpendicular to both the tank
surface and the output edge.

Since
L
b= cos 0
and
L
N = E tan 0
we obtain :

L 1
F,.(L,0) = exp<7 tan0 - lnp — aL oS 9>. (6)

The mean matrix attenuation factor at a distance L is
obtained by averaging F,,, over the angular distribu-
tion of the fluorescence intensity at the output end of
the tank. This three-dimensional distribution can be
approximated by the two-dimensional distribution
@(0) in the plane perpendicular to both the tank
surface and the output edge.
Thus,

0c

J‘ F,.(L,0).0(0)do

e , (7)
j 0(0)do

F—ma((L) =

where 0, = g — i, (i, is the critical value of the angle i

for internal reflection between a ray inside and the
surface normal : sin i, = 1/n. With n=1.493, §,=48°).

FLUORESCENT SOLAR CONCENTRATORS

2717

The angular distribution can be determined by
using the testing set-up shown in figure 6. The tank
filled with a solution of rhodamine 6G in DMSO is
illuminated with monochromatic light over a small
area at a distance L from the output end where a
PMMA hemicylinder is set. The measurement of light
intensity at various angles 0 is performed by an optical
fibre (coupled to the hemicylinder with glycerol) in
conjunction with the detection system of the AMINCO
SPF 500 spectrofluorometer.

detection
system

spectrofluoromete
-

monochromatic
light

optical
fiber

L N — 2 Id

-

solution

Fig. 6. — Testing set-up for the measurement of the angular
distribution of the fluorescence intensity at the output
end of the tank.

The angular distributions for L = 15 ¢m and
19 cm are shown in figure 7. Since these distributions
@(0) decrease rapidly at the edge of the distribution,
it seems reasonable, in a first approach, to approxi-
mate the distribution by a rectangular distribution
from — 45 to + 45°. With such a distribution,
F,.(L) is evaluated by means of equation (7) together
with equation (6) and the values of « and p determin-
ed in section 3.2. Then F, is calculated as follows :

FalL) = ;—((LL)) . ®)

/N

~—7 o~
-

-\
/7
i . \

-a0’ -20° o 20° a0° 8

Fig. 7. — Angular distribution of the fluorescence intensity
(arbitrary units) for L = 15cm (O) and L = 19 cm (@).

Figure 8 shows the results obtained with a solution
of rhodamine 6G in DMSO (10~ % M). The attenua-
tion curve relative to the dye alone clearly reveals not
only the strong reabsorption effect at small distances,
but also a significant attenuation at longer distances
which is due to possible residual absorption of the
dye across the whole emiszion band. This residual
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2 4 6 8 10 12 14 16 18 Lum

Fig. 8. — Separation of light attenuations by the matrix
and the dye (@) from the total attenuation (O) for a solution
of rhodamine 6G in DMSO (10~* M). Dimensions of the
tank : 200 x 20 x 10 mm, thickness of the solution :
3 mm. The broken lines define the confidence range taking
into actount the standard deviation in the value of the
internal reflection coefficient.

absorption requires further attention and will be
examined in a subsequent paper devoted to the
reabsorption problem.

3.4 INFLUENCE OF DYE SOLUTION THICKNESS. —
Various rectangular tanks have been made : the
external dimensions are kept constant (200 mm x
20 mm x 10 mm), but the thickness of the internal
compartment is variable. The results obtained with
rhodamine 6G solutions in DMSO are reported in
table II1. ‘

Table III. — Influence of the solution thickness on
the attenuation length. (Solution of rhodamine 6G
in DMSO.)

Concentration Solution Attenuation Relative

| Thickness Length

Intensity
(mm) (cm) (L))

107" M 1.5 13.5 100
107 m 3.0 11 97

107 6.0 7.0 94

5.107% 6.0 9.0 96

1077 M 0.1 18 88

At constant concentration, the attenuation length
decreases with increasing thickness. This result is to be
expected since the optical path in the fluorescent
solution is longer at larger thickness and therefore, the
reabsorption effect is stronger.

More interesting is the effect observed when chan-
ging the concentration in order to keep constant the
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optical density, as the thickness is changed (for ins-
tance by using two tanks such that the thicknesses d,
are 3 and 6 mm and the concentrations 10~* and
5 x 1075 M respectively, the total thickness d of
the tank being kept constant). It turns out that the
attenuation length is significantly longer for the
smaller thickness (Table III).

In principle, there should not be any difference
between homogeneously and inhomogeneously doped
sheets when the overall absorbance is the same.
However, the fluorescence photons are emitted iso-
tropically and therefore the probability of reabsorp-
tion of these photons depends on the spatial distri-
bution of the surrounding dye molecules. As a limiting
case, one could imagine a monomolecular sheet of
dye molecules : the probability of reabsorption would
then be negligible.

Our findings are consistent with the proposals of
using thin fluorescent films deposited on an undoped
glass or plastic substrate [14, 15]. However, when the
thickness of the absorbing layer is reduced, the dye
concentration has to be increased proportionally in
order to retain full absorption, but there is a limit of
dye solubility.in common solvents. An air-coupled
diffuse reflector can help in increasing absorption
(see section 2.2).

Let us remark that, in order for the trapping to be
efficient in the undoped containing material (as
opposed to having a significant trapping in the solu-
tion alone), the refractive index of the solvent should
be very close to that of the undoped material. This is
indeed the case of DMSO (n = 1.478) used in conjunc-
tion with PMMA (n = 1.493).

4. Concluding remarks. — Liquid collectors are
claimed to be less efficient for light concentration
since they are rather thick because of the containing
sheets. However, the present study shows that thin
layers of concentrated solutions are advantageous
as regards light attenuation. Therefore, an overall
thickness of about 4 mm should be obtained. In
addition, the concentration factor could be improved
by using a taper at the output edge of the collec-
tor [16].

It is known that most dyes are less stable in a liquid
solution than in a solid matrix, but careful removal of
oxygen from the solution and drastic purification of
dyes considerably improve the photostability in solu-
tion. At any rate, let us recall that the distinct advan-
tage of a liquid collector is the possibility of replacing
the dye solution.

In the present paper, we propose a method for
separating the relative contribution of the dye and
the matrix from the total attenuation of light, which
makes the analysis of the phenomena easier. The
attenuation due to the matrix is far from being negli-
gible mainly because of the imperfect internal multiple
reflections even with polished, clean PMMA. Outdoor
tests have revealed that such losses dramatically
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increase with alteration of the surfaces (dust, scratches,
...) PMMA has been used in this study for conve-
nience, but evidently the containing sheets would be
glass plates in an actual configuration.

The study of light attenuation due to the dye (which
can be separated from matrix effects by our method)
emphasizes that reabsorption is the most serious pro-
blem in fluorescent dye concentrators. Two recent
papers are devoted to this problem [17, 18]. Minimi-
zation of losses by reabsorption requires a small
overlap between absorption and emission spectra i.e.
a Stokes shift as large as possible. The Stokes shift
depends first on the structure of the dye, but it depends
also on its environment. Large Stokes shifts can be
obtained with molecules whose dipolar moment is
higher in the excited state than in the ground state,

FLUORESCENT SOLAR CONCENTRATORS
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provided that the environment is fluid and polar [19].
This effect, called solvent relaxation, can be easily
achieved in liquid collectors. In the case of solid
collectors, Sah et al. [20] have suggested to add some
DMSO to the monomer prior to polymerization so
that local fluidy is preserved.

The synthesis of new dyes exhibiting large solvent
relaxation effects is in progress in our laboratory.
Their characteristics together with the implications
regarding the reabsorption problem will be presented
in a subsequent paper.
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