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A theoretical model of crystalline converter of white light with internal scattering
medium is proposed. Obtained are the expressions for estimation of the light converter
efficiency depending on its optical parameters (refractive index and coefficients of absorp-
tion at the wavelengths of incident and re-emitted light), as well as on the geometrical
dimensions and the scattering indicatrix of the optical system. The physical limits of
improvement of the converter efficiency due to strong internal scattering are established.
Realized are the theoretical and experimental estimations of the efficiency of the light
converter based on the crystals of Al,0,~YAG:Ce eutectic alloy which amounts to 16 %.
This is twice as high in comparison with the efficiency of the light converter based on
YAG:Ce single crystal.
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EdexrupHicTs IUIaHAPDHUX CBiTIOKOHBepTEpiB Ha ocHOBi Kpucrani esrexTurm Al,O,—
YAG:Ce. C.B.Haiidvoros, O.M.Bosk, F0.B.Cipuk, C.B.Hixnankoscvrkuii, I.M.IIpumyra

3amnpOIIOHOBAHO TEOPETUUHY MOJEJND AJI KPUCTAJIIUHOrO CBITJIOKOHBepTepa Oisoro critia
3 BHYTPIIIHIM cepegoBUINEM, I[O0 poscitoe. OTpuMaHO BUpasu JJaA OIIHKH e(eKTHUBHOCTI
CBITJIOKOHBEPTEPA B 3aJIEJKHOCTI Bijf H1OTO ONTHUHUX BJIACTUBOCTEH (IOKA3HUK 3aJIOMJIEHHA i
KoedilieHTN TMOTJIMHAHHA Ha JOBKMHAX NAJal0uoTo i IIepeBUIPOMIiHEHOTO CBiTyIa), & TAKOK
Bif, reoMeTPUUYHUX PO3MipiB i iHAMKaTpUCH pO3CilOBaHHA ONTUYHOI cucteMu. BecraHoBiIeHO
disuuni Mexi migBumieHHA e(PeKTUBHOCTI KOHBepTepa 3a PAXyHOK CUJIBLHOI'O BHYTPINIHLOTO
poscioBanHa. HaBereHO TeopeTHMUHY i eKCIIEpUMEHTAJbHY OIIiHKU e()eKTUBHOCTi CBITJIOKOH-
BeprepiB Ha ocHoBi eBreKkTHE Al,0,—YAG:Ce, axi gocararore 16 %, mo BaBiui mepeBummrye
eeKTUBHICTL cBiTIOKOHBepTEpa Ha ocHOBI momokpucranis YAG:Ce.

IIpeguoskeHa TeopeTUUecKasi MOJENb [Jsi KPUCTAJIIUYECKOrO0 CBETOKOHBepTrepa 0esoro
cBeTa C BHyTPeHHell pacceuBaromieil cpenoii. Iloayuensl BeIpaKeHus IS OIEHKHU dPPEKTUB-
HOCTU CBETOKOHBEPTEPa B 3aBHCHUMOCTH OT €ro ONTHYECKMX IapamMeTpoB (IIOKasaTesb Ipe-
JIOMJIEHUST W KOI(POUIMEHTH I[OIJIOU[eHUs Ha [IJIWHAX [aJAl0I[ero U IePersIydeHHOIO
cBera), a TAaKXKe OT reOMeTPUUECKUX pPasMepPOB M HHAMKATPUCHL PACCESTHUS ONTHUYECKOH
crucTeMbl. YCTAHOBJIEHbl (husMUecKUe Ipeesbl yaydulieHus s((PeKTUBHOCTH KOHBepTepa 3a
CyueT CHUJIBLHOIO BHYTPEHHEro paccesHus. IIpuBeJeHbl TeopeTUdYecKas U 9KCIePUMEeHTAIbHAS
oreHKU 9(MMEKTUBHOCTH CBETOKOHBEPTEPOB HA OCHOBE KPHCTAJJIOB 9BTEKTUYECKOrO CIlIaBa
Al,0;-YAG:Ce, xoropsie gocturaloT 16 %, uTo BaBOoe mpeBhImaeT 3()()eKTHBHOCTH CBETOKOH-
Beprepa Ha ocHoBe mMoHOKpucranwioB YAG:Ce.
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1. Introduction

One of promising present-day methods
for the obtaining of white light is the use of
light converters which transform monochro-
matic light of blue LED (mainly emission of
InGaN chip at A ~ 460 nm), or high-power
laser diode LD into a mixture of the light
partially transmitted at the same wave-
length and the light converted in the yel-
low-green or in another spectral range [1].
The converter efficiency is defined by the
total output light flow. The ratio of output
fluxes of the spectral components influences
the quality of white light (color tempera-
ture, color rendering coefficient, etc.). The
materials conventionally used in light con-
verters include scintillation glasses [2, 3],
transparent ceramics [4, 5] or phosphors [6,
7]. One of the main factors that defines low
light converter efficiency is the effect of
total internal reflection which transforms a
light converter of regular shape into a wave
guide that captures a major portion of light
rays inside itself. This effect can be sup-
pressed by different methods, such as pro-
filing of the emitting surface of light con-
verter [8, 9], introduction of scattering
metal-oxides particles of micron size into
the converter material [10], creation of in-
ternal strongly scattering medium due to
texturing of the material, in particular, the
use of an eutectic compound consisting of
several phase components [11-14]. For the
ceramic composites Al,O;—YAG:Ce and the
eutectic Al,O;-YAG:Ce single crystals there
was revealed an essential improvement of
their lighting parameters [15, 16].

Proposed in the present work is the
physical model of light converter with in-
ternal light scattering. The theoretical ex-
pressions for determination of the energy
efficiency of the light converter are ob-
tained, and the physical limit of improve-
ment of this parameter is estimated. For
the light converters based on Al,03-YAG:Ce
eutectics grown by the method of horizon-
tally oriented crystallization (HOC), there
are measured some lighting parameters. The
comparison of the converter efficiency and
the quality of white light, as well as the
performed theoretical estimations, testify
that such an eutectic is promising for devel-
opment of a new material for white light
converters.
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2. Theoretical model of light
converter with internal
scaltering

Consider the physical model of light con-
verter which has the geometry of plane-par-
allel plate with the thickness H and the
area S. Light conversion is realized in
transmittance geometry, when the incident
light (usually the one of blue light emitting
diode at A = 460 nm) normally falls on one
of the converter sides. Inside the converter
the light is partially absorbed by the con-
verter material and re-emitted at another
wavelength (e.g. for YAG:Ce crystals at A =
540 nm (of Ce3* ion emission). We claim
that the distribution of scintillations caused
by the conversion is uniform and isotropic.
The former statement is wvalid for those
light converters which thickness is less than
the length [, of bulk absorption of incident
radiation, i.e. for the samples with a thick-
ness of several millimetres. The statement
concerning isotropy of the angular distribu-
tion of scintillations is generally accepted.
Let us dwell on the simplest scheme of the
conversion which considers only the emis-
sion at two wavelengths: at the maxima of
absorption A, and luminescence (conversion)
A, of the light converter. Taking into ac-
count the spectral dependence of light in-
tensity complicates the considered problem.
But it is not a fundamental restriction,
since a real emission spectrum can be al-
ways expanded in monochromatic waves
with subsequent analysis of each of them
based on the estimations analogous to those
obtained below.

The output light intensity of the con-
verter is expressed as

I=1,+1, (1)

where I, and I, are the intensities of light
at the wavelengths A, and A,, respectively.
Assume that in the general case the con-
verter material is an internal scattering me-
dium. Now we will not specify the nature of
the scattering centers and the character of
the scattering indicatrix. When propagating
inside the converter, the light beams may
undergo scattering. In case of the presence
of a dispersed medium consisting of reflect-
ing micro-particles, the scattering is analo-
gous to the Rayleigh scattering. In case of
eutectic crystals this is either the scattering
on optical inhomogeneities (always present
in such systems), or the micro-scattering

Functional materials, 28, 3, 2021



S.V.Naydenov et al. /| Efficiency of planar light ...

bound up with transmission of a multi-
phase medium which consists of several
(two or more) phases with different values
of bulk refractive index. At a multiple
transfer from one phase to another the light
beams undergo “internal refraction™ and
may change their initial direction of mo-
tion. This is schematically shown in Fig. 1.
In contrast to a dispersed medium of point
phase scatters, the phases of eutectic are
located inside the crystal where they inter-
lace in a complex manner and have a fractal
border.

Thus, the intensity of transmitted light
I, is the sum of two components

I, =10 + I®), (2)

where IgO) and Igs) correspond to direct and

scattered light, respectively, the latter
being a result of multiple reflections from
internal scatterers and external borders of
the system. These intensities are bound up
with the initial intensity Iy of incident light
by the following relations

19 =01, I =9I, (3)

where 120) and Tff) are the coefficients of

light output for direct and scattered light,
respectively, at the wavelength A;. It is con-
venient to introduce the coefficient of total

light output T, for incident light
where

T, = 70 + 1. ()

By analogy, for the light converted at A,

I,=10+ 1), (6)
where
I&O) = fcgo)lz‘); I£S) = TES)IB. (7

Here Ij is the initial intensity of the

light emitted at A, in the converter during
passage of incident light in it at A,. As
follows from the light energy conservation
law, Ij) is proportional to the portion of
incident light that has not left the con-

verter, i.e. the value (1 — 1), as well as to
the conversion efficiency k.. As a rule, dur-
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Fig. 1. Schematic representation of the
propagation of converted light through a eu-
tectic crystal as a heterogeneous light scat-
tering medium. The direction of the beam
changes when refracted on (fractal) phase
boundaries with different values of the re-
fractive index. The straight line shows the
path of the light beam without scattering.

ing the making of the converter it is neces-
sary to provide ~ 90-95 % efficiency of
quantum luminesce of Ce3* ions.

At a good approximation, in the consid-
ered case

Iy~ (1 - I, (8)

Now introduce the total light collection
coefficient 1, for the converter light and
obtain

I =I5, ©)
where
T. =10 + 1), (10)
In the equivalent form:
I.=nos (11)

where 1, is the conversion efficiency of the
light converter

M = kc(l - Tb)rc' (12)

The total light converter efficiency n (ex-
pressed in relative units, i.e. as a percent-
age) is determined from the expression

I, +1 (13)
T] Iicztb+nc'
0

The "color formula” of the light con-
verter, i.e. the ratio of the conditional
"blue” B and "yellow™ Y "color coordinates”
of the output light is the following:

B:Y=I,:1,=7,:M (14)
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In principle, relations (13) and (14) solve
the problem of estimation of the efficiency
and spectral composition of the light emit-
ted by the converter. As follows from (14),
for this purpose it is necessary to calculate
the coefficients of total light collection T,
and T, (in the frame of an appropriate
model), or to measure them.

From the viewpoint of mathematics, the
calculations of T, and 1, not much differ
(except distinctions in the wavelength of
the considered monochromatic light and in
the initial conditions for incident and re-
emitted light).

Therefore, it is sufficient to solve the
problem of light collection only for one of
the partial components of the light emitted
by the convertor.

In the approximation of ideal conversion
when k;, =1 let us rewrite relation (13) in
the form

N=T+ 1 -1)T, =T+ T, — T,T,. (15)

As will be seen below, 1, and 1, are small
values, since, as a rule, the light output for
a medium with a strong total internal re-
flection (as in the considered case) is not
higher than several tens of percent, i.e. the
condition t <<1 is fulfilled well enough.
Therefore, the nonlinear term 71,7, in Eqg.
(15) is to be neglected:

n=1,+1T, if t<<1. (16)

So, the efficiency m of the transforma-
tion of light energy in the converter is de-
fined by the total light collection at the
wavelengths of the incident and converted
light. By analogy, when taking into account
the spectral dependence for the incident I(A)
and output I(A) light for the converter effi-
ciency, one may assume that

M)y = 1, + (1.) if (V) <1, A7)

where (...) = j...d?u denotes the spectral av-
A

eraging over all the wavelengths; t(A) =

I.(\)/Iy(2) is the spectral value of the coef-

ficient of light collection; AA, the spectral

range of emission. The maximum light con-

verter efficiency n =rm,,, is obviously at

the maximum light collection T =71,,,,.
Determination of the light collection effi-
ciency 1 is a difficult task, since, as a rule,
light collection depends on many parameters
and conditions. This value can be found by
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direct measurements (using test light
sources) on test samples with preset chemi-
cal composition and geometry with sub-
sequent generalization of the obtained re-
sults. Alternatively, T can be calculated by
the Monte Carlo method using different
computer codes (see e.g. [17]). In some par-
ticular cases the coefficient of light collec-
tion can be calculated directly, or in the
frames of the diffusion model (see e.g.
[18]). However, in all these cases it is prac-
tically impossible to establish regularities in
light collection, especially in the presence of
internal highly/strongly scattering medium.
Therefore, we choose the phenomenological
approach which uses the model of chaotic
light collection [19]. Within this approach
the coefficient of light collection is calcu-
lated under the assumption of strong chaos
of light flows [19-21]. The said property
manifests itself in the absence of strong
correlations between multiply reflected
flows that emerge from the system after
different (finite) number of reflections.

The coefficients of direct light collection
are expressed by the formulas:

) = qpo(1 = Rop)*Tops (18)
Tgo) = ch(l - ROC)TOC’ (19)

where g, is the aperture (probability) of di-
rect output of light beams without direct
reflections; Ry, ., the reflection coefficient
for the Fresnel losses at (normal) crossing
of each external light converter border

7Oy, - 1 ’ (20)
0¢ Ty ) + 1|

Here n = n(\) is the relative refractive
index; Ty ., the coefficients of (bulk) trans-
mission for direct and converted light in
optical medium in the absence of scatterers:

Top = exp(—0pH), Ty, = exp(—a.H/2),(21)

where o and o, are the coefficients of lin-
ear light absorption at the wavelengths A
and A, respectively; H, the converter thick-
ness. The distinction between these expres-
sions is bound up with the fact that in the
former incident light passes through the
converter entirely, whereas in the latter it
is emitted inside the converter at different
depths (thereat, the effective depth of light
passage is equal to H/2). The apertures of
direct light output g¢; 4, ¢, are defined by

Functional materials, 28, 3, 2021
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the size/dimensions of the system, the inci-
dent beam geometry, the cone of total inter-
nal reflection and the existence of "light
guiding” channels between the scatterers.

Summation of light flows for multiply
scattered light (similarly to the method
[19]) leads to the formulas:

(1 = R)T,  (22)
1-(1-¢q)R,T,

) = (1 — gpo)(1 — Ryy)

1-R)T 23
=l gy J BT 28)
1-1-gq,)R.T,

where ¢, . is the average aperture of the
output of multiply scattered light (the prob-
ability that the beam will reach the con-
verter output window); T, . is the transpar-
ency of the system taking into account the
internal scattering:

Ty = exp(-0,L,), T, =exp(-0,Ly), (24)

where L, is the transport length, i.e. the
average free pass length of a light beam in
a scattering medium before it hits one of
external borders. The length L is bound up
with the length I, of the beam free pass/run
between two sequential reflections from the
internal scatterers/diffusers by the relation

L,=vl,, (25)

where v, is the scattering factor which can
be considered a phenomenological parame-
ter. The coefficient R, .= (R(n(%;.), 0)), in
contrast to Ry, ., is the average value of the
true coefficient of reflection when a light
beam hits the border at different angles 6:

T = %% ]2 _ (26)

ncosd + V1 — n2sin?0

R(n,0) = |:ncose —

2

2,
2 2
= [” + 1] [1 __2n —cosVT — n%sin0 - 2n lsinZG]

n?-1 n? + n? +
in the absence of total internal reflection

lsin@| < sind, = l (27)
n

Thereat, in the opposite case
1/n <sinb <1 we have R =1 by definition.
Note that R+ T # 1, since these values de-
scribe different processes: reflection at the
border and transmission in the bulk of the
system.
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For simplification, let us neglect possible
spectral dependence of the apertures of the
scattered light, i.e.q;, = ¢, = ¢, as well as the
distinction of the average values of the re-
flection coefficient from their values at the

normal incidence i.e. Ry, = R, and R, . = R,.
Then

Ty = Gop(1 — Bp)?Top + (28)
qTy,
+(1 - qop)(1 = Rp)°——————,
0b ¥ 1-(1-qR,T,
Te= ch(l - Rc)T0c~+ (29)

+(1 - qo)1 - R) 9T
doc 1 (- qRT,

As a rule, for the converter with a high
refractive index n > 1.8 Fresnel reflection
losses are low: R, ., << 1 In this approxima-
tion, as well as taking into_account the ad-
ditional conditions Ty, =T¢ and Ty, =T,

(valid at vy, ~ 1), we obtain:

% = qopTh + (1 = 90Ty (30)

Te = QocTe + - 90c)9T - (31)

In the main, the aperture ¢,. is defined
by the cone of total internal reflection g, ~
fo» where fy is the angular aperture of the
direct output of the reemitted light. In the
considered planar geometry

fo=fp=1-71 L (32)

_ﬁ,

that corresponds to the Fresnel (mirror) in-
dicatrix of scattering at the border. Note

that fr~1/2n% << 1 at sufficiently high val-

ues of the reflective index n > 1.8.

The aperture of light output with multi-
ple light scattering ¢ = gf is the product of
the geometrical g and angular f apertures.
By analogy with the data [19], the latter is
determined from the expression

too (k+1)/2 (33)
fo=3 Fill - (1 -2 }
k=0

’

where f, are the amplitudes of expansion of
(phenomenological) angular scattering indi-
catrix f(0) presented in the form of partial
expansion in partial harmonics
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+oo

fp®) = 2my 1Y (k+1)f,cosk6,
k=0

(34)

with the total/full normalization z fp=1;
k

0 is the polar angle in the plane perpendicu-

lar to the light converter plane. For the

limiting case of the Lambertian (equally

bright in all directions) scattering ampli-

tude f;(0)eccos® we obtain

fr = % (35)

The geometrical aperture g (the prob-
ability of light output in configuration
space) is expressed as

¢- c(%] (36)

where S,,; is the output window area; S is
the total surface of the detector area; c, is
the scattering factor (geometrical shadow),
due to which the direction of ray propaga-
tion in the converter is not straight. As a
rule, for the estimations it is assumed that
¢, ~ 1. For a planar light converter shaped
as a thin plate H < L (L is the length) that
works in the geometry of transmitted light
at S,,;=S/2, we obtain g=1/2. The con-
verter may also have another geometry (e.g.
the one of photometric sphere or hemi-
sphere) when it is almost the whole of its
surface that emits. In this case g = 1.

3. Physical limiis of light
converter efficiency

As follows from eqs. (30)-(31), 1, are
monotonic functions of the parameters g
and ¢. In the absence of internal scattering
their growth is restricted by the limiting
values gp, =1 and ¢qp. =g, = gfp. In the
presence of scattering ¢, = 1, too. However,
the factor of multiple scattering ¢, = q, =
gfp may be essentially higher and reach its
maximum value gf; at a strong chaotic ray
scattering. As a result, after internal scat-
tering the beam that has initially propa-
gated within the cone of total internal re-
flection, reaches the converter border at
such an angle when it can emerge from the
converter.

538

In view of (30)—(31), the efficiency of the
converter without scattering, i.e. at gp, = 1,

9ob = 900 = &> 9 = q, = 0 is equal to
Np = (Top + gfpi'c), 37

whereas at a strong scattering when g, =
1, ¢, = q.= gfp it will be expressed as

Np =g+ 81 — gfp)fpTy+Tp). (38)

Assume that for the converter in which
the scattering is caused by the presence of a
dispersed medium emerging from internal
opaque scatterers (such as ceramics contain-
ing agglomerates of spherical metallic parti-
cles, see e.g. [10]), or by small-angle scat-
tering on microscopic inhomogeneities of
heterogeneous phase composition, as it
takes place in eutectic alloys, at condition
of strong scattering the transparency at the
absorption wavelength is minimal: T}, <<|1,
whereas at the re-emission wavelength it is
maximal: T = 1. For instance, for YAG:Ce-
based light converter with a small thickness
H ~107lem and typical absorption coeffi-
cients oy ~ 101 ecm! and o, ~ 1072 em™1,
this condition is certainly fulfilled. In this
case

Ng=8&p Mp=np+8&1-gfpfp. (39)

Enhancement factor G of the converter
light output at the change-over from a con-
ventional transparent crystal to a strongly
scattering/dispersive medium is equal to

n_D:1+g(1—ng)fD (40)
Ny Mg .

The limiting value of the parameter GD
=G4 1s achieved in the case of the ideal

(Lambert) scattering fp = f:
(1 -gfpfy 4D
B

When substituting expressions (32) and
(35) into (41) we obtain

G.(g,n) = (42)

G

G.=G.gn) =1+

=1 +%[n(1 - +gn2-1][n+Vn2 -1].

Gain in the efficiency of the energy
transformation by the scattering medium is
the more noticeable, the higher its relative
refractive index n, i.e. the more the effect
of total internal reflection is compensated,
and the smaller the output window area
and, consequently, the smaller the parame-

Functional materials, 28, 3, 2021



S.V.Naydenov et al. /| Efficiency of planar light ...

80%
70% 1 scattering
60% ~== fransparent
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40% 1
30% 1
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0,

Efficiency

1 112124136148 16 1.72 1.84 1.96
Refraction, n
Fig. 2. Theoretical dependences of the effi-
ciency of a light converter on the refractive

index for a transparent medium with and with-
out scattering. Aperture selected is g = 0.5.

ter g. For the ideal medium n =1 and the
light collection over the whole of the con-
verter surface (g = 1) such a gain is absent:
G:. For higher n > 1 G, — 3, i.e. for any
material the maximum gain at enhancement
of the converter efficiency does not exceed
300 %.

Presented in Fig. 2 are the typical theo-
retical dependences of the efficiency for a
converter based on a conventional transpar-
ent medium (a single crystal or a transpar-
ent ceramics), and for a medium with
strong internal scattering (an eutectic alloy,
or a composite with dispersed medium con-
sisting of micro-scatterers/diffusers). We
have chosen a flat geometry of the con-
verter with energy transformation in trans-
mitted light and the aperture g = 0.5. En-
hancement of the light output for a weakly
refracting medium n ~ 1 is caused by the
fact that strong scattering not only favors

release of the captured light (suppression of
the effect of total internal reflection), but
also essentially reduces the losses by back
reflection of the re-emitted light in the di-
rection opposite to the one of the initial
light incident on the converter.

For the light converter based on YAG:Ce
crystal and Al,O;—YAG:Ce eutectic with the
thickness H =1 cm, the refractive index
n = 1.83 (with the dispersion neglected),
the absorption coefficients oy =50 cm™!
and o, = 0.01 em™!, expressions (87)—(40)
give the theoretical estimations Ny = 8.8 %
and np = 22.5 %, i.e. the theoretical gain of
light output may be G = 256 % . As found
in the experiment (see below) for a trans-
parent crystal N, = 8 %, that is close to the
theoretical estimation. Thereat for an eutec-
tic crystal (at strong scattering) the value
of light output is much lower: np =16 %,
i.e. the energy gain is ~ 200 %, since for
eutectic light transmission and light scat-
tering are not ideal.

4. Lighting parameters of
AlL,O3-YAG:Ce eutectics

Transparent YAG:Ce single crystal and
AlL,O3;—YAG:Ce eutectic were grown by the
method of horizontal directed crystal-
lization [22]. During crystallization of the
eutectic the pulling rate was changed. The
grown ingots were used to obtain the fol-
lowing samples: Sample #1 — YAG:Ce sin-
gle crystal with polished surfaces, Sample
#2 — YAG:Ce single crystal with rough
(matted) surfaces, Samples #8-5 — Al,O3—
YAG:Ce eutectic grown at different crystal-

20kV X100

100im 0002 5.2-1.1
b)

Fig. 8. Crystal of Al,O;~YAG:Ce eutectic. Photo of a typical specimen with a side length of 3 mm
(a); SEM image of the surface fragment (b). Light gray — YAG:Ce phase, dark gray — Al,O5 phase.
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Table. Lighting parameters (absolute and luminous efficiency, color temperature, color coordi-
nates and color rendering index) of converters based on conventional YAG:Ce crystals and

Al,O;—YAG:Ce eutectic crystals.

Sample| Crystal | Energy | Luminous | Absolute | Luminous Color CIE1931 Render
No. type flux, flux, Im |efficiency, | efficiency, |temperature,| chromaticity |index, %
mW % Ilm/W K coordinates
1 Pure 0.1932 | 0.06695 8.2 % 28.25 6139 x = 0.3099 66.2
YAG:Ce y = 0.4427
2 Matte 0.3299 0.1314 13.9 % 55.44 5050 x = 0.3541 63.1
YAG:Ce y = 0.4782
3 Eutectic | 0.3544 0.1641 15.0 % 69.24 3921 x = 0.4313 41.1
Al,O5— y = 0.5440
YAG:Ce
4 Eutectic | 0.3867 0.1447 16.3 % 61.05 4884 x = 0.3580 67.2
Al,O4— y = 0.4415
YAG:Ce
5 Eutectic | 0.3816 0.1685 16.1 % 71.10 3722 x = 0.4416 49.0
Al,O4— y = 0.5316
YAG:Ce

lization rates. All the grown crystals had
the dimensions 7x7x1 mm3.

Fig. 8 presents the typical photographs
and scanning electron microscopic images of
the fragments of Al,O;—YAG:Ce sample. A
distinctive feature of the eutectic morphol-
ogy is a pronounced dispersed structure
(with possible additional textures and inho-
mogeneities), that consists of the phases
YAG:Ce and Al,05; mutually penetrating one
another. The former of them converts and
transmits light, the latter plays the role of
intermediate light scattering medium (the
refractive index of sapphire Al,O3:n =
1.77 is a little lower than the one of YAG :
n = 1.83).

The lighting characteristics of the sam-
ples were determined using a lighting stand
HAAS-2000(EVERFINE). The power of light
flow from the source Blue-LED was
2.835 mW with the emission wavelength
maximum A = 460 nm and FWHM = 30 nm.
The data on the lighting measurements of
the efficiency of the converters based on
YAG:Ce single crystals and Al,O;—YAG:Ce
eutectics are presented in Table.

The obtained results testify to the advan-
tage of the light converters based on the
eutectic over those based on the conven-
tional transparent YAG.Ce crystal. Here the
absolute efficiency is defined as the ratio of
the energy flows of the output and incident
light. It corresponds to the earlier intro-
duced theoretical parameter mn. As is seen,
for polished YAG:Ce crystals (Sample 1) the
efficiency is consistent with the theoretical
estimation. For the eutectic crystals the ef-
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ficiency (~ 16 %) is lower than the theoreti-
cal one (~ 22 %), but it is twice as high
than the efficiency of the polished crystals.
Moreover, the eutectic samples have a bet-
ter color temperature, and their color coor-
dinates are closer to white color (the sum of

the color coordinates is closer to 1, x + y = 1).

A high efficiency is also characteristic of
the crystals with matted output surface
(Sample 2). For such crystals, the light out-
put increases and the spectral charac-
teristics are improving as the surface
roughness grows and the scattering indica-
trix becomes closer to the Lambert indica-
trix [28, 24]. This is bound up with sup-
pression of the effect of total internal re-
flection on the converter surface.

5. Conclusions

The proposed theoretical model for de-
scription of the efficiency of the light con-
verters based on crystalline materials con-
firms that the said characteristic consider-
ably rises in the presence of strong
internal scattering of light flows. Such a
scattering medium may be: mattered light
emitting surface with strong surface light
scattering; internal dispersed medium which
consists of micro-particles of metals or
metal oxides reflecting light; multi-phase
medium of eutectic alloy with optical char-
acteristics similar to those of typical turbid
medium. The parameters of the light con-
verter based on the eutectic Al,O3;—YAG:Ce
determined theoretically and experimentally
are in qualitative conformity. Thereat, the
efficiency of the converter based on the eu-
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tectic is at least twice as high in comparison
with the corresponding characteristic of the
converter based on transparent YAG:Ce
crystal. Optimization of the morphology of
Al,O3—-YAG:Ce eutectic may lead to further
increase of energy (absolute) efficiency of
the converter up to its theoretical limit (~
269 %) as against the one of YAG:Ce-based
converter. Its limit approaches for light
converter having refraction coefficient n =
1.83 and emitting ahead by 2n-sphere (half
of all surface of light converter). Moreover,
it seems promising to dope or co-dope the
eutectics with ions of rare earth and tran-
sient metals (e.g. gadolinium) for shifting
the spectral emission band from the yellow-
green to the red-green region of the visible
spectrum. The latter provides a better
agreement of the emission spectrum of the
converter with the curve of visibility, and
may lead to additional increase of the index
of color rendering and light efficiency of
the converter.

Finally, the proposed theoretical ap-
proach and experimental methods for the
obtaining of new crystalline media for pro-
duction of white light may be applied for
development of new light converters not
only in the optical scheme with transmitted
LED light, but also in the scheme with re-
flected light, i.e. for creation of high-power
WLED on the base of high-power LD. This
will be the subject of our further research.
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