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Abstract. Developed in the work has been the mathematical model of the composite 
film, which enables to calculate the wavelength dependence of the absorption coefficient 
of microcrystals in the phosphor composition. Also, developed has been a new method 
for determining the spectrum of the absorption coefficient for microparticles of powder-
like materials. Being based on this method, obtained has been the wavelength 
dependence for the absorption coefficient of microparticles of inorganic phosphor  
ФЛЖ-7-01. At the emission peak of a blue LED (456 nm) their absorption coefficient is 
close to 684 cm–1. 
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1. Introduction  

Up to date, facilities and universal methods capable to 
provide measurements of the absorption coefficient of 
powder materials (for example, powder phosphors 
(photoluminophore, luminofor) for white LEDs) are 
absent. Therefore, both the theory of these substances 
and their practical application are based exclusively on 
investigations of luminescent emission [1–7], diffuse 
reflection [8–12] and transmission spectra [13], 
excitation spectra [14–18] as well as on the absorption 
ones [19]. Since these investigations cannot provide 
separated registration of the parts of the scattered and 
absorbed light, it is not possible to calculate the main 
optical characteristic of powder materials – their 
absorption coefficient. It means that there is no 
possibility to calculate values of such important 
characteristics of powder-like phosphor as: quantum 

efficiency, optimal concentration of the activator inside 
microparticles, and so on. Therefore, when developing 
new luminophors, researchers use the only one method – 
trial-and-error procedure. This, consequently, makes the 
technology to be an expensive and long process.  

Earlier, we demonstrated for the first time a new 
method to determine the spectrum of absorption 
coefficient of the films made of phosphor suspension 
[20]. In this work, we developed the new method for 
determination of the absorption coefficient spectrum 
inherent to microparticles of powder-like materials, 
which is based on a mathematical model of the film 
prepared from the phosphor suspension, and their 
absorption coefficient spectra were obtained using the 
“method of two thicknesses”. Shown in this paper [20] is 
also the absorption coefficient spectrum of the inorganic 
phosphor ФЛЖ-7-01, which was obtained for the first 
time by using the new method.  
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2. Development of the model 

In the paper [20], we described the simple “method of 
two thicknesses” that allows quantitative calculation of 
the absorption coefficient spectrum for a composite film 
prepared from the phosphor suspension. It is clear that 
the spectrum depends on the phosphor concentration in 
this suspension, distribution of microparticles by their 
dimensions as well as on the concentration of activator 
in each particle. 

Since the spectrum of the absorption coefficient of 
the composite film (by using the method of two 
thicknesses), and the concentration and sizes of micro-
particles in it are known, then to define the absorption 
coefficient spectrum of phosphor microcrystals, at first 
we have developed a corresponding mathematical model 
of the composite film. Then, we have determined a 
quantitative relation between the known coefficient of 
film absorption and the absorption coefficient of the 
phosphor microcrystals. 

The model of the film prepared from the phosphor 
suspension can be developed in the following way. Let 
us choose the part of the film where the light intensity 
decreases only due to absorption [20]  and cut out from 
it the rectangular parallelepiped with the height equal to 
H and the base in the form of a square with the area 
equal to S (see Fig. 1). Separate this parallelepiped by 
planes parallel to the base by the layers P1, P2, P3, …, PN 
with the thickness equal to the mean size а of phosphor 
microparticles. Separate the layer P1 by unit cells with 
the base area s0 = a2. Let us assume that the amount of 
unit cells in this layer is equal to M (it is obvious that 

MsS ⋅= 0 ) and each particle of the phosphor powder 
has a cubic shape and its volume equal to that of unit 
cell. 

Let the amount of cubic particles in the layer P1 is 
n (n < M). The sums of areas for all the particles and 
empty cells (non-filled with phosphor particles) in the 
layer P1 are, respectively: 

nsSP ⋅= 0
)1(  (1) 

and  
)(0

)1( nMsSE −⋅= . (2) 

Then, the area of the layer P1 is 

)1()1()1(
EP SSS += . (3) 

If the microparticle concentration in the layer P1 is 
equal to K, then 
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0
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Fig. 1. Scheme of the six-layer film prepared from phosphor 
suspension. 
 
 

Since the microparticles in this parallelepiped are 
chaotically distributed, it is clear that in every another 
layer P2, ..., PN the sums of areas for all the particles and 
empty cells have the same values:    

nsSSS n
PPP ⋅==== 0

)()2()1( K  (6) 
and  

)(0
)()2()1( nMsSSS n

EEE −⋅==== K .  (7) 

If the parallelepiped is separated by N layers, then 
each layer contains N areas of particles and (M – n) areas 
of empty cells. Let us make a projection of the areas of 
micro-particles and empty cells for all N layers onto the 
area of the parallelepiped base and find the areas of 
overlapping projections for areas of particles and empty 
cells for all  N  layers in the following way. 

Let the light beam falls onto the layer P1 along the 
normal to it (in Fig. 1, light propagates from the bottom 

to the top), the light flux is I and its surface density – 
S
I . 

It is clear from the geometrical definition of probability 

that the ratio 
S

SE
)1(

 corresponds to the probability of 

propagation of the light beam beside the microparticle 
(i.e., it defines the part of the beam that is not absorbed 

by particles), and 
S

SE
)1(

 corresponds to the probability 

for the plane-parallel beam to fall onto the particle (i.e., 
it defines the part of the light beam that can be absorbed 
by the particle). Diffraction of light is not taken into 
account in this consideration. Then, with account of the 
said above, the projections of empty cell areas and 
phosphor microparticles for the single layer P1 consist of 
two parts: 

SKSE ⋅−= )1()1( ,  (8) 
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SKSP ⋅=)1( . (9) 

Let us assume that empty cells do not absorb light. 
Then, using the Bouger-Lambert law one can write 
expressions for radiation fluxes that pass the first ( )1(

ES ) 

and second ( )1(
PS ) projective planes:  

[ ] )1()1( KISK
S
IIE −⋅=⋅−= , (10) 

[ ] aа
P eKIeSK

S
II ⋅β−⋅β− λλ ⋅⋅=⋅⋅= ,  (11) 

where λβ is the absorption coefficient for mean micro-
particles of phosphor (d50).  

Being based on the equations (3), (10) and (11), 
one can write the equation for the radiation flux I1 that 
comes out of the first layer of the film 

a
PE eKIKIIII ⋅β− λ⋅⋅+−⋅=+= )1(1 .   (12) 

Let us divide the equation (12) by I: 

aeKK
I
I ⋅β− λ⋅+−=11 , (13) 

Then with account of the fact that for the single 

layer of the film aе
I
I ⋅α− λ=1 , one can write  

aa eKKе ⋅β−⋅α− λλ ⋅+−=1      (14) 

In the left and right parts of the equation (14), we 
used the parameters of the single film layer and 
phosphor microparticles, respectively, namely: λα  is the 
absorption coefficient for the film from suspension 
(determined using the method of two thicknesses) and 
λβ is the absorption coefficient for phosphor micro-

particles of mean sizes (d50).  
Let us add the layer P2 to the layer P1 and find the 

probability of overlapping between projections of areas 
inherent to empty cells and those of phosphor micro-
particles in these layers, in other words, the probabilities 
of overlapping between areas SE

(2) and SE
(1), SE

(2) and 
SP

(1), SP
(2) and SP

(1), SP
(2) and SP

(1) (superscript indicates 
the layer number). Since microparticles and empty cells 
in P1 and P2 layers are placed in a chaotic way, the 
probabilities of overlapping between these areas are 
equal to the product of the respective probabilities, 
namely: 

S
S

S
S

S
S EEEE
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where 
S

SEE
)1,2(

 is the probability of overlapping between 

areas SE
(2) and SE

(1); 
S

SEP
)1,2(

 –  respective probability  for 

SE
(2) and SP

(1); 
S

SPE
)1,2(

 – for SP
(2) and SE

(1); 
S

SPP
)1,2(

 – for 

Sp
(2) and SP

(1) [21]. Then, one can write:  

2
)1,2(

)1()1)(1( KKK
S

SEE −=−−= , (19) 

)1(
)1,2(

KK
S

SEP −⋅= ,   (20) 

)1(
)1,2(

KK
S

SPE −⋅= ,                                                    (21) 

2
)1,2(

KKK
S

SPP =⋅= .   (22) 

To determine the areas of overlapping, the 
respective probability should be multiplied by the total 
area S:  

SKSEE ⋅−= 2)1,2( )1( ,  (23) 

SKKSEP ⋅⋅−= )1()1,2( , (24) 

SKKSPE ⋅⋅−= )1()1,2( , (25) 

SKSPP ⋅= 2)1,2( .                                                           (26) 

As seen, projections of the areas of empty cells and 
phosphor  microparticles for the layer P1 consist of two 
parts )1(

ES  and )1(
PS , while for two layers (P1 and P2) 

consist of four parts  )1,2(
EES , )1,2(

EPS , )1,2(
PES  and )1,2(

PPS . 
As it follows from the equations (24) and (25), 

SKKSS PEEP ⋅⋅−== )1()1,2()1,2( , therefore the total 
projection area from two layers can be expressed as 
follows: 

=⋅+⋅⋅−+⋅⋅−+

+⋅−=+++=

SKSKKSKK

SKSSSSS PPEPPEEE
2

2)1,2()1,2()1,2()1,2(

)1()1(

)1(
 

( )[ ]22 )1(21 KKKKS +−⋅+−⋅= .   (27) 

Having analyzed the equation (27), one can see 
that, after summation of P2 and P1 layers, the plane-
parallel light beam passes through three planes, areas of 
which are equal to SK ⋅− 2)1( , )1(2 KSK −⋅⋅  and 

SK ⋅2 , respectively. In other words, parts of the light 
beam will pass through two empty cells (with the area 

SK ⋅− 2)1( ), through one empty cell and one 
microparticles (with the area )1(2 KSK −⋅⋅ ) as well as 

through two microparticles (area SK ⋅2 ). Then, the 
light flux passing through the first, second and third will 
be, respectively, equal to: 
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[ ] 22 )1()1( KISK
S
IIEE −⋅=⋅−= ,  (28) 

[ ]

,)1(2
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a
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S
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[ ] aa
PP eKIeSK

S
II ⋅β−⋅β− λλ ⋅⋅=⋅⋅= 22

0
22 .          (30) 

Being based on the equations (27) – (30), one can 
write the equation for the radiation flux I2 that comes out 
of two film layers: 

.

)1(2)1(
22

2
2

a

a

eKI

eKKIKII
⋅β−

⋅β−

λ

λ

⋅⋅+
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Dividing the equation (31) by I, one can obtain 

.
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λ
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Having taken into account that for two layers of the 

film aå
I
I ⋅⋅α− λ= 22 , it can be written 

 
.
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22
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a
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eK

eKKKе
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λ
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In the left and right parts of Eq. (33), we used 
parameters of two film layers and of phosphor particles, 
respectively. 

If two layers (P1 and P2) are added with the third 
one that consists of two areas ( )3(

ES  and )3(
PS ), then these 

areas of the third layer will be overlapped with four 
projections of areas corresponding to the layers P1 and 
P2. It means that the probabilities of overlapping 
between the areas )3(

ES  and )3(
PS  with projections of the 

areas )1,2(
EES , )1,2(

EPS , )1,2(
EPS  and )1,2(

PPS will be, 
respectively, equal to 
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)21()3()321(

KKK
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S
S

S PPPPPP =⋅=⋅= .   (41) 

It follows from the equations (35), (36), (38) and 
(37), (39), (40) that 

])1([ 2)321()321()321( KKSSSS PEEEPEEEP −⋅⋅=== ,  (42) 
and 

)]1([ 2)321()321()321( KKSSSS PPEPEPEPP −⋅⋅=== .   (43) 

Then, with account of the equations (3) and (34) – 
(43) the total projection area of three layers can be 
expressed as follows:   

=++++

++++=
)321()321()321()321(

)321()321()321()321(

PPPPPEPEPEPP

PEEEPEEEPEEE

SSSS

SSSSS
 

])1(3)1(3)1[( 323 KKKKKKS +−⋅+−⋅+−⋅= .  (44) 

After addition of the layer P3 to the layers P2 and 
P1, the plane-parallel light beam will pass through four 
areas different by their value that are equal, respectively, 
to 3)1( KS −⋅ , 2)1(3 KKS −⋅⋅ , )1(3 KKS −⋅⋅  and 

3KS ⋅ [21]. In this case, light passes through three empty 
cells (area 3)1( KS −⋅ ), through two empty cells and one 

phosphor microparticle (area 2)1(3 KKS −⋅⋅ ), through 
one empty cell and one microparticle (area 

)1(3 KKS −⋅⋅ ) as well as through three microparticles 

(area 3KS ⋅ ). 
Starting from the said above, one can state that 

through the first, second, third and fourth parts the 
respective radiation fluxes will pass 

33 )1(])1([ KIKS
S
IIEEE −⋅=−⋅= ,  (45) 
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 (47) 

aa
PPP eKIeKS

S
II ⋅β−⋅β− λλ ⋅⋅=⋅⋅= 3333][ .  (48) 

Being based on the equations (44) to (48), one can 
write an equation for the radiation flux I3 that goes out of 
the three layers in the film of phosphor  
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Fig. 2. The probability of overlapping phosphor particles in six-layer film with the phosphor concentration:  
a – 30%, b – 60%. 
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Dividing Eq. (49) by I, one can obtain 
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3322
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eKeKK

eKKK
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λλ

λ

⋅+⋅−⋅+

+⋅−⋅+−=
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With account of the fact that for three film layers 
aе

I
I ⋅⋅⋅α− λ= 33 , it should be written  

.)1(3

)1(3)1(
3322

233

aa

aa

eKeKK

eKKKе
⋅β−⋅β−

⋅β−⋅⋅⋅α−

λλ

λλ

⋅+⋅−⋅+

+⋅−⋅+−=              (51) 

In the left and right parts of Eq. (51), we used the 
parameters of three film layers and phosphor particles, 
respectively. 

Using analogous considerations, we determined 
overlapping of area projections for empty cells and 
microparticles from 4, 5, 6 and so on layers. Then, we 
deduced a mnemonic rule to determine the probability of 
overlapping between projection areas from N layers.  

The developed mathematical model of the 
composite film was applied to determine the dependence 
of absorption coefficients on the light wavelength for 
microcrystals (d50) available in inorganic phosphor  
ФЛЖ-7-01. The mean size of these microcrystals was 
5 µm. For investigations, we used the 6-layer model 
described by the following equation 

.

)1(6)1(15

)1(02)1(15

)1(6)1(

66

55434

333242

566

a

aa

aa

аa

eK

eKKeKK

eKKeKK

eKKKe

λ

λλ

λλ

λλ

β−

β−β−

β−⋅β−

β−α−

⋅+

+⋅−+⋅−+

+⋅−+⋅−+

+⋅−+−=

  (52) 

It should be noted that the probability of 
overlapping between projection areas depends on the 

concentration of microparticles. See, for example, Fig. 2 
where adduced are diagrams of overlapping to projection 
areas in the 6-layer film for the microparticle 
concentrations 30 and 60%.     

Note that, in the above Eq. (52) for the 6-layer film, 
the value (1 – K)6 is equal to projection areas only from 
empty cells, while the values 5)1(6 KK −⋅ , 

42 )1(15 KK −⋅ , 33 )1(20 KK −⋅ , )1(6 5 KK −⋅  and K6 
are equal to the projection areas of overlapping, which 
arise from one, two, three, four, five and six 
photoluminophore particles, respectively.  

To use this equation, first it is necessary to 
determine the absorption coefficient αλ of the composite 
film prepared from phosphor suspension (applying the 
method of two thicknesses) and then to use the equation 
(52) or some similar one, with account of the amount of 
layers. After that, one should perform calculation of the 
absorption coefficient for microcrystals βλ. It is 
noteworthy that the left part of Eq. (52) contains 
parameters of the film that consists of 6 layers, while the 
right one – the values of 7 partial radiation fluxes that 
pass through 6 overlapping layers: 
• 6)1( K− – for 6 empty cells, 

• 5)1(6 KK −⋅  – for 5 empty cells and one cell 
containing a microcrystal of phosphor, 

• 42 )1(15 KK −⋅  – for 4 empty cells and 2 cells with 
microcrystals, 

• 33 )1(20 KK −⋅  – for 3 empty cells and 3 cells 
with microcrystals,  

• 24 )1(15 KK −⋅  – for 2 empty cells and 4 cells with 
microcrystals, 

• )1(6 5 KK −⋅  – for one empty cell and 5 cells with 
microcrystals,  

• 6K  – for 6 cells with microcrystals. 
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Fig. 3. Wavelength dependence of the absorption coefficient 
for phosphor microcrystals of mean sizes (d50 = 5 µm). 
 
 

3. Results of experiment 

Using the developed method, we plotted the dependence 
of the absorption coefficient on the light wavelength for 
microcrystals immersed in the film prepared from 
phosphor suspension. Fig. 3 shows the calculated plot 
for the wavelength dependence of the absorption 
coefficient inherent to phosphor microcrystals of mean 
sizes (d50). The absorption coefficient for the emission 
peak of the blue LED (456 nm) is equal to 684 cm–1, 
while the absorption peak of the mean microcrystals is 
located near 448 nm and equal to 716 cm–1. 

4. Conclusions 

1. Developed in the work has been the mathematical 
model of the composite film, which enables to 
calculate the wavelength dependence of the 
absorption coefficient inherent to phosphor micro-
crystals. 

2. Also, developed has been a new method for 
determining the spectrum of the absorption coefficient 
for microparticles of powder-like materials. 

Being based on this method, obtained has been the 
wavelength dependence for the absorption coefficient of 
microparticles of inorganic phosphor ФЛЖ-7-01. At the 
emission peak of a blue LED (456 nm) their absorption 
coefficient is close to 684 cm–1. 
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