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ABSTRACT

The structure of a luminous field in a fluores-
cence layer containing CdSe/CdS/ZnS-based quan-
tum dots and acting as a transducer 1 in an optical 
fluorescent sensor is described on the basis of three-
-flux approximation. Differential equation system 
of three-flux approximation is solved by numerical 
technique. It is found that diffuse reflectance 2 of the 
layer extremely depends on concentration of quan-
tum dots in the layer and its physical thickness. Op-
timal parameters of the layer required for forming 
of maximum analytical layer are determined.

Keywords: optical sensors, fluorescence, quan-
tum dots, optics of fluorescence layer

One of directions of development of contem-
porary analytical chemistry is development of sen-
sor devices allowing to make operative analysis 
with high precision in real time with minimal sam-
ple preparation. Such devices have been being in-
troduced in medicine, biology, biochemistry and 
ecology [1–3] for analysis of both gaseous and liq-
uid media. Of special interest are optical fluores-
cent sensors which are characterised with simplic-
ity, multi-purposes, high sensitivity and precision of 
measurements.

1 Transducer is a device transforming visible changes 
(of physical or chemical nature) into a measurable signal [1].

2 All light engineering magnitudes in the article are implied 
to be spectral ones. –  Ed. Note.

Development of contemporary methods of syn-
thesis of new types of semi-conductor colloid phos-
phors based on cadmium and zinc chalcogenides 
like CdSe/CdS/ZnS –  the so-called quantum dots 
(QD) –  has opened new prospects in development 
of a generation of optical sensor devices of this 
type. These substances have a number of unique 
optical and physical and chemical properties, pri-
marily high photostability and energy-efficient flu-
orescence in visible and near infrared regions of 
spectrum.

One of important distinctions of the reviewed 
QD’s is high dependence of their fluorescent prop-
erties on chemical environment. For example, expe-
rience has shown that these properties are very sen-
sitive to interfacial processes proceeding in case of 
adsorption of molecular oxygen, water, ammonia, 
hydrogen chloride, hydrogen peroxide, molecular 
bromine, and iodine, and many other substances 
on the surface of quantum dots (see, for example, 
[4–7]). Despite high practical importance, the mech-
anisms of the fluorescence quenching processes are 
not studied well currently [8], but it does not pre-
vent application of QD’s for our purposes. Besides, 
we have found that not only the level of fluorescent 
radiation is subject to sufficient changes in various 
media, but also electrophysical properties (in partic-
ular, dielectric losses, dielectric capacity and con-
ductance) are [9].

The processes of fluorescence quenching are the 
most interesting processes for application in sensors 
as they reduce radiation by sensitive layer. Among 
the most efficient quenchers, there are ions of heavy 
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metals, halogens in molecular form, paramagnetic 
ions and molecules as well as acceptors of elec-
tron excitation [10]. Effect of fluorescence quench-
ing by means of molecular iodine I2 was used by 
us for development of a fluorescent sensor based 
on this entity [11]. The quenching effects were used 
also in structures of sensors for analysis of a num-
ber of chemical entities: hydrogen peroxide, ions of 
heavy metals, molecules of halides, colourants, po-
lar solvents, and many others.

During manufacturing of a sensing element, 
QDs are introduces in suitable matrices (both poly-
mer and porous non-organic ones). The prepared 
sensing layers should be placed in a measure cell 
allowing to perform excitation and registration of 
photo luminescence and probably to study some of 
its other properties such electrical (and dielectric), 
dielectric capacity, dielectric conductance and di-
electric losses. What is critically important here is 
that the sensitive layer should be available for target 
external influence such as contacts with analysed 
gaseous or liquid medium and irradiation by excit-
ing radiation as well as for correct registration of 
emitted radiation. A laser or a LED with required 
radiation wavelength may be used as a source of 
exciting radiation. A typical structural diagram of 
a sensor is shown in Fig. 1.

This article describes calculation of luminous 
fields in a sensitive layer of a transducer in order 
to determine optical characteristics required for 
obtainment of optimal analytical signal such as 
concentration of photoactive component, optical 
thickness of a layer, radiance of exciting radiation, 
capability to diffuse light and conditions of reflec-
tion from the borders of a layer. The target parame-
ter here is radiance of the emitted (upwelling) radi-
ation in direction of a radiation detector.

Then, to obtain radiance of radiation reflected 
from a flat optical layer, we use some representa-
tions of multi-flux approximation. For instance, 
for a non-fluorescent infinite flat layer, it is pos-
sible to use two-flux approximation proposed 
by M.M. Gurevich [12] and then developed by 
P. Kubelka and F. Munk [13] where a field may be 
described by the following system of differential 
equations:
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where k and s are absorption and diffusion indexes, 
I1(x) and I2(x) are radiances of incident and up-
welling radiation inside a layer in a plane with x 
coordinate.

The system (1) has an analytical solution [14] 
which, in particular, derives general reflectance of 
a flat layer μ with physical thickness d:
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where μ´ is the reflectance of the upper border of the 
layer and a = 1 + s / k.

Then we use a three-flux Kubelka-Munk model 
where distribution of radiation inside a medium 
(layer) is represented as differential-difference equa-
tions for three components of this radiation accord-
ing to [15, 16]:
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Fig. 1. Diagram of the fluorescent sensor for simultaneous 
measurements of radiance and a number of electrophysical 
parameters of the fluorescent sensitive layer: 1 –  the source 
of exciting radiation; 2 –  coplanar cell with interdigitated 

structure on a neutral base; 3 –  sensitive layer; 4 –  diffused 
radiation detector; 5 –  dielectric characteristics measuring 

device; 6 –  exciting radiation source (LED or laser) control 
unit; 7 –  spectrometer; 8 –  computer



Light & Engineering  Vol. 27, No. 5

84

3
3

2 1

( ) 3{2k [ (1 )]} ( )
4

3 [ (1 )] ( ) (2 3 ) ( ),
4 4

dF x
k s g F x

dx
sk s g F x g F x

= + + − −

− + − − −

where F1(x) is the radiance of collimated exciting 
incident radiation, F2(x) is the radiance of diffused 
incident radiation, F3(x) is the radiance of diffused 
upwelling radiation, g is the diffusion anisotropy 
factor.

The boundary conditions for this system are as 
follows:

1 1, 10(0) (1 )F r F= − ôð ,

2 1, 10 3(0) (1 ) ( )F r F r F d= − +ôð âí ,

2( ) ( )F d r F d=3 âí ,

where F10 is the radiance of collimated exciting in-
cident radiation at the upper border of the layer, 
F3(0) is the radiance of diffused upwelling radia-

tion at the upper border of the layer, F2(d) is the ra-
diance of diffused incident radiation at the lower 
border of the layer, r1,фр is the Fresnel reflection co-
efficient, rвн  is the internal reflectance of both bor-
ders of the layer.

It is worth noting that, unlike the system (1), the 
system (2) doesn’t have an analytical solution and 
reflectance coefficients included in it may be calcu-
lated using relevant Fresnel formulas [17].

Introduction of phosphor in the layer sufficiently 
complicates distribution of radiation inside it. Here-
with, the system of equations (2) should be supple-
mented by item f(x):

1 1 2 3
1( ) f [ ( ) ( ) (x)]
2

f x k F x F x F= ⋅ + + ,

where k1 is the absorptance at wavelength of fluo-
rescence excitation, f is the fluorescence quantum 
efficiency.

It can be noted that introduction of QD’s as 
a photoactive component causes intensive absorp-
tion in the blue region of spectrum. Peak of radia-
tion in a used fluoropolymer matrix is near excitonic 
absorption (Fig. 2). Addition of fluorescent compo-
nent to the equation system (2) gives the following 
result:
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Analytical solution of the equation system (3) is 
impossible and its computational solution was per-
formed using MATLAB ode45 procedure with rel-
ative accuracy of 0.1 % specified by default (The 
procedures of solving differential equations using 
this software are well-known [18]).

Fig. 3. Luminous field in a non-diffusing, s = 0 mm–1, 
(a), and diffusing, s = 2 mm–1, (b), fluorescent layers. The 
dashed lines are the curves of radiance of collimated excit-
ing incident radiation F1(x), continuous lines are curves of 
radiance of diffused upwelling radiation F3(x) forming the 
analytical signal of the transducer. The numbers near the 

curves are the relevant values of k (mm–1)
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Analysis of radiation distribution in the fluo-
rescent layer, in particular, allowed us to optimise 
light-converting layers used as cover materials 
[19] and to obtain major conformities of forma-
tion of chromaticity of optical materials contain-
ing CdSe/CdS/ZnS QDs with different wavelength 
of upwelling radiation [20]. The results of calcu-
lations performed in this study show, in particular, 
that the analytical function F3(х) has extremum na-
ture (Fig. 3). The example presented in Fig. 4 shows 
that the level of a relevant analytical signal charac-
terised with a value of F3(0) is maximal with phys-
ical thickness of layer equal to 2 mm. (Increase of 
thickness in excess of this value causes reduction of 
signal amplitude, which is thought to be important 
for development of fluorescent sensors).

The calculations made show that, in order to am-
plify the signal F30, it is necessary to optimise the 
value of s, which is rather practicable, so the ma-
trix should be porous for efficient operation of trans-
ducer. Consideration of absorption of exciting radi-
ation as well as fluorescent flux by the photoactive 
component shows that F3(0) is extremum depending 
on both concentration of QDs in the matrix and d. 
Measurements using a sensor with a sensitive layer 
based on a porous fluorine-containing co-polymer 
has shown that optimal concentration of QDs is 1.5 
mg/g with thickness of the sensitive layer of 2 mm. 
Increase of concentration of the photoactive com-
ponent and d as compared to these values causes re-
duction of F3(0), i.e. general reflectivity of the layer.

CONCLUSION

1. Analysis of a luminous field of a sensitive ele-
ment of the fluorescent sensor based on CdSe/CdS/
ZnS quantum dots has been performed. The compu-
tational scheme based on the system of three differ-
ential equations considering radiances of incident 
exciting, incident diffused and general upwelling ra-
diation has been used.

2. Computational methods of solving the equa-
tion system have been developed and the structure 
of the luminous field in the layer has been deter-
mined. Major conformities of formation of radiance 
of general upwelling radiation, which should be 
used for formation of an analytical signal of a sen-
sor, have been found.

3. It has been found that radiance of the gen-
eral upwelling radiation of a layer is extremum de-
pendent on both concentration of QDs in the mate-
rial and on physical thickness of the sensitive layer. 
Optimal dimensions of the sensitive layer required 
for its efficient application as a transducer has been 
proposed.
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Fig. 2. Spectral optical density (1) and spectral radiance of 
fluorescent radiation (2) of the sensitive layer based on the 
fluorine-containing polymer film containing CdSe/CdS/ZnS 

quantum dots

Fig. 4. Dependences of boundary radiances of radia-
tion F1(d) (1), F3(0) (2) и F2(d) (3) on physical thickness 

of layer d
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