Functional Materials 11, No.4 (2004)

Effect of organic dye on the growth
and optical properties of KDP

I.M.Pritula, Yu.N.Velikhov, A.N .Lev*chenko*, M.I.Kolybayeva,
V.M.Puzikov, V.B.Tyutyunnik , A.O.Doroshenko

STC "Institute for Single Crystals”, Institute for Single Crystals, National
Academy of Scieg}ces of Ukraine, 60 Lenin Ave., 61001 Kharkiv, Ukraine
V.Karazin Kharkiv National University,

4 Svobody Sq., 61007 Kharkiv, Ukraine

Received November 11, 2004

It is established that Xylenol Orange (XO ) preferentially dyes the faces {100} and {010}
of KDP crystal. The dye content in the crystals is found to be practically independent of
its content in the solution. It is revealed that the crystal habit changes in the presence of
organic dyes: the ratio of the faces {100} and {010} (x and y) at maximum concentrations
reaches 1.2. Studied is the influence of the mother solution acidity on the character of the
crystal coloration. It is established that the color and dyeing intensity depend on the
solution’s pH. The optical transmission spectrum of KDP with dye (solutions and crystals)
is registered. The characteristic absorption peaks are observed in the region from 200 to
600 nm. Revealed is the transmission anisotropy in the directions x and y for the dyed
crystals. Dichroism in KDP + XO is shown to depend on the orientation. The emission and
excitation spectra of the dyed crystals are measured. The values of bulk laser damage
threshold are determined. Discussed is the mechanism of the organic dye incorporation
into the crystal matrix.

Bripamensl Kpucraniabl KDP ¢ mob6aBkamu oprammuyeckoro kpacutens Xylenol Orange
(XO0). Ilorkasano, uro XO npeumyinecTBeHHO okpamnuBaer rpanu {100} u {010} xpucraiia;
colep:KaHWe KPAcCUTeNsd B KPHUCTAJLIEe NPAKTUYECKM HE 3aBUCUT OT ero KOHIIeHTPaIuud B
pactBope. OGHAPYKEHO M3MeHeHHe rabuTyca BBLIPAIleHHBIX B HPUCYTCTBUU OPTaHUKU KPUC-
TaJIJIOB: OTHOIIeHWe pasmepoB rpaneir {100} u {010} (X u y) Ipu MaKCUMAaJbHBIX KOHIIEHTDA-
nuAX Kpacureas mocruraer 1,2. lVayueHo BIMSHNE KHCJIOTHOCTHM MATOYHOTO PacTBOpa Ha
XapakTep OKpalllMBaHUSA KPHUCTAJJa. ¥CTAaHOBJIEHO, UTO B 3aBucumocTtu oT PH pacrteBopa
U3MEHATCS KaK I[BeT, TaK M MHTEHCUBHOCTDL OKpAINMBaHUA. VIaMepeHbI CIeKTPhI MIPOIyCKa-
Hus pacTBopoB u KpucraaiaoB KDP + XO B puanasone aaua BoaH 200—-600 am. OGHapyxe-
Ha AHMW30TPOIMS IPONYCKAHWS B HAMNPABJEHUAX X U Yy [IJd OKpAIIeHHBIX KPUCTAJJIOB.
ITokaszano, uro muxpousm B KDP + XO saBiserca OpHMeHTAIMOHHO 3aBUCHUMBIM. M3MepeHbI
CIIEKTPHI BO3OYKIEHUA U JIOMUHECIIEHIIUN OKPAIIeHHBIX KpucTtaauoB. OnpesesieHbl BeJIUYHU-
HBI ITOpora 06beMHOTO JiadepHoro paspyuienus. O0CyKIaeTcad MEeXaHU3M BXOMKAEHHUS OPTaHU-
YECKOTO KPACHUTEJNsA B KPUCTALINYECKYIO MATPHUILY.

© 2004 — Institute for Single Crystals

As is well-known, unique properties of
KH,PO, (KDP) crystals make them greatly
effective for nonlinear optics and quantum
electronics. Nowadays they are widely used
in various nonlinear and electro-optical de-
vices such as frequency generators, optical
parametric oscillators and electro-optical
modulators. These crystals are also very
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promising for 3D optical data storage. KDP
undoubtedly belongs to those crystals which
growth mechanism has been thoroughly
studied and may serve as a model system
for investigating growth mechanisms of
crystals. In particular, as recently shown,
KDP crystals may adsorb various organic
dyes.
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Dye inclusion crystals have been success-
fully used in a wide range of areas, includ-
ing solid-state lasers, room-temperature
phosphorescence etc. For example, dyed
crystals have been fashioned into new kinds
of laser gain media and used in the develop-
ment of new crystals with predetermined
physical properties. Very interesting are
also those crystals which properties can be
modified by introducing various kinds of
additions and impurities. Thereat, it is pos-
sible not only to change practically signifi-
cant crystal characteristics but also to cre-
ate new properties, which do not manifest
themselves in the pure crystals [1]. During
the past few years there have been reported
developments of very complex combinations
of inorganic crystal matrixes with organic
impurities. Such developments are greatly
promising from the viewpoint of the growth
of dye inclusion crystals (DICs) and creation
of solid-state dye lasers (SSDL) on their
base [2—4]. Therefore, investigation of regu-
larities in the interaction of organic impuri-
ties with the matrix and elucidation of the
mechanism of dye incorporation into the
crystal are topical problems of the consid-
ered direction of functional materials re-
search.

This paper presents the results concern-
ing the growth and comprehensive investi-
gations of the properties of KDP crystals
doped with the organic dye  Xylenol Or-
ange (XO).

The investigation was performed on the
crystals of potassium dihydrogen phosphate
(KDP) with XO. As a starting material for the
growth of the crystals, there was used the salt
containing the main crystal-active impurities
on the level of 107°-107% mass.%. The typical
transparent KDP single crystals measuring up
to 10x10x12 mm3 and 80x80x80 mm3 were
grown by the method of solvent evaporation
at room temperature under the conditions
of natural convection and by the method of
temperature decrease, respectively (Fig. 1).
Thereat, the growth rate varied from
1 mm/day to 5 mm/day depending on the
growth conditions. Experimental conditions
provided free crystal growth in x, y, z di-
rections. While choosing the dyes the fol-
lowing criteria were used: sufficient solubil-
ity; the absence of chemical interaction with
the main substance; dyeing of the crystal in
the bulk.

On the base of preliminary studies there
was chosen Xylenol Orange (XO ), triphenil-
metane dye of sulphonephthalein range
(Fig. 1). The dye concentration in the solu-
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Fig. 1. Structure of Xylenol Orange (XO) and
KDP crystal grown in the presence of XO.
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tion varied within the limits from 200 to
4000 ppm. The content of XO in the crys-
tals was determined by comparing the ab-
sorption spectra of aqueous solutions of the
samples and the solutions with known dye
content. For the measurements, the samples
with the same size of 8x8x8 mm3 were cut
from KDP + XO crystal strictly oriented
along the crystallographic axes.

The optical transmission spectra of the
solutions and the crystals from UV to IR in
the wavelength range of 200-1100 nm were
registered by means of a SF-56 (LOMO) re-
cording spectrophotometer at room tempera-
ture using the conventional two-beam tech-
nique with respect to air, disregarding the
loss by Fresnel reflection.

The excitation and emission lumines-
cence spectra of XO-containing KDP crys-
tals were measured on a "Hitachi F4010"
fluorimeter in the region of 350-700 nm.
As an excitation source, there was used a
nitrogen laser (A = 337 nm). The polariza-
tion characteristics of KDP + XO crystals
were investigated using a unit which com-
prised a halogen lump with lens and dia-
phragm, rotating polarizer and radiation re-
ceiver ILD-2M.

To determine the degree of radiation
hardness of the dye inclusion crystals, the
effect of irradiation on the optical absorp-
tion of the crystals was investigated. 0Co
radioactive isotope served as a source of
y-rays.

The laser damage threshold was meas-
ured using Nd:YAG laser along x and y crys-
tal axes (A = 1064 nm, T = 10 ns and pulse
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energy up to 4 mdJ, focus length f =5 cm,
focus area 1.58107° cm?). In the way of
1-on-1, usually 90 positions of the sample
were irradiated at the same energy. The
break-down was registered visually from re-
sidual destruction observed at illumination
using He-Ne-laser radiation (632.8 nm) with
a lower power (30 mW). In the performed
experiments, the maximum density of the
energy of the radiation transmitted through
the sample without its destruction was as-
sumed to be the threshold of bulk laser
damage (BLD).

Dyeing of KDP crystals. Earlier for the
growth of dyed KDP crystals there were
used such dyes as Chicago Sky Blue [2, 5],
Amaranth [2, 5—-7], Sunset Yellow [5, 7],
Trypan Blue [5], Direct Blue [2, 8], Fast
Red Extra [5, 8], stilbene [5] etc. However,
practically in all the cases, with the excep-
tion of hematein dye [3], only the pyramidal
growth sector {100} turned out to be col-
ored, whereas the prismatic sector {100} re-
mained transparent. In the opinion of the
authors [1], such a phenomenon is caused by
the electrostatic interaction of the dye anions
with the positively charged face {100}.

Using XO we obtained the colored prism
{100} and the uncolored pyramid {101}.
Such a result agrees with the structure of
this compound (Fig. 1). It is interesting to
note that multiple increase of the dye con-
centration in the solution (up to 4000 ppm)
practically does not result in its increase in
the crystals. In particular, the dyed {100}
and {101} sectors contain 6-10 ppm and
0.6 ppm (that is comparable with determi-
nation error) of the dye, respectively.

Habit modification of dyed KDP crys-
tals. As is known, the shape of KDP crystal
is a combination of tetragonal prism and
dipyramid with the lattice parametersa = b
= 7.458A, ¢ = 6.991A [9], the faces {100}
and {010} being completely identical, i.e.
the ratio x:y = 1 (see Fig. 1). The theoreti-
cal investigation performed in [10] shows
that incorporation of the dye into the crys-
tal lattice of the matrix (KDP + Amaranth)
may be accompanied with a change of the
elementary cell parameters and a shift in
the basal plane.

While using XO as an addition we were
the first to reveal a violation of the ratio
x:y. Thereat, with increasing contents of
the dyes in the solution the deviation of x:y
ratio from 1 also increases and reaches
20 % at the maximum concentrations. Our
X-ray examinations show that in this case
the parameters a and b remain unchanged.
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At the same time, the diffraction patterns
obtained for the dyed crystals are charac-
terized by the presence of additional X-ray
reflexes which can hardly be identified.
Such a change of the crystal morphology
seems to be bound up with essential local
distortions which arise due to the incorpo-
ration of organic macromolecules into the
matrix crystal lattice and, consequently,
with the formation of elastic domains. How-
ever, the final conclusion concerning the
said problem requires an additional study.

Coloration of dyed KDP as a function of
pH. As is known, XO is an acid-base indica-
tor. In this connection, coloration of the
mother solutions (and, consequently, of the
crystals) at different values of acidity is
defined by the presence of different forms
of indicator depending on dissociation of
the latter. In particular, at pH = 2.1 XO is
contained in the solution in the molecular
(non-dissociated) form, the solution is pink,
whereas the grown crystals are practically
colorless (Cxpe¢ryst. = 0.6 ppm).

The increase of pH leads to a stepwise
deprotonization of XO molecule; at pH = 4.1
the crystals acquire orange-pink color
(CXOcryst. = 5.5-9.5 ppm), at pH = 5.6 they
become pinkish-violet (Cxpepyse. = 5.1 PPM).
It should be noted that for all the values of
acidity the ratio x:y is also different from
1. So, the character of the incorporation of
organic molecules into the crystals and
their coloration are defined by the form in
which the dye is present in the solution.

Spectroscopic investigations. Due to their
optical characteristics, KDP crystals are ir-
replaceable materials for quantum electron-
ics and non-linear optics. They are practi-
cally transparent in the visible and near
infrared region of the spectrum. The crys-
tals’ edge of fundamental absorption in the
UV-region corresponds to ~200 nm [11],
however, some samples have noticeable ab-
sorption bands at 215 and 270 nm. This is
bound up with the impurity composition of
the crystals and with the presence of struc-
ture defects in them. Shown in Fig. 2 are
the transmission spectra of KH,PO, solu-
tions and KDP crystals, both pure and con-
taining XO additions. The spectra corre-
sponding to the pure samples have no pecu-
liarities and are typical of the solutions and
crystals with high degree of purity and op-
tical perfection. Thereat, the transmission
spectra of the undoped crystals in the direc-
tions x and y are absolutely identical.

The absorption bands characteristic of
the doped solutions (Fig. 2a) and crystals
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Fig. 2. Transmission spectra of KH,PO, solutions and KDP crystals ({100} face): a) I — pure
solution, 2 — KH,PO, + XO solution; Cx, = 80 ppm; b) I — KDP crystal without dye, 2 — KDP
+ X0, Cxo cryst. = 5.5 ppm, pH = 4.1, 3 — KDP + XO, Cx, cryst. = 5.1 ppm, pH = 5.6.

(Fig. 2b) lie within the wavelength range
from 200 to 600 nm. Comparison of these
spectra shows that while passing from the
solutions to the crystals the bands at 270 and
435 nm are shifted towards longer wave-
lengths; for "alkaline” crystals this effect is
more vivid (275 and 470 nm at pH = 4.1; 290
and 505 nm at pH = 5.6). In our opinion, this
is caused by different forms of the presence
of the dye in the liquid or solid matrix.

Transmission anisotropy. As noted
above, the transmission spectra of the pure
crystals in the directions x and y are iden-
tical. For KDP + XO crystals the transmis-
sion in the directions x and y essentially
differs (Fig. 3), i.e. there takes place trans-
mission anisotropy. In our opinion, this is
bound up with different orientation of the
dye particles in the process of interaction
with different crystal faces.

It is found that due to the incorporation
of the organic dye into the crystal the latter
acquires pronounced dichroic properties.
This is caused by the fact that the dye par-
ticles occupy different fixed positions with
respect to the crystallographic axes. Fig. 4a
shows the intensity I/I, of blue-green po-
larized light passing through the crystal de-
pending on the angle 6 between the plane of
vibration and the crystallographic axis z
(the electric vector E rotates in the plane xz
of the crystal). The dependence is described
by the following equation:

I =1+ I;cos%,

where I, and I; are constant values. The
minimum and the maximum of light absorption
are observed when E |z and E[Jz, respectively.
The optical spectrum of KDP + XO is
highly dichroic. The spectral characteristics
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Fig. 3. Transmission spectra of KDP + XO
crystals in the directions x (2), y (1), z (3).

presented in Fig. 4b show dichroism of the
absorption spectra of KDP + XO crystals in
polarized light for three crystallographic di-
rections. As seen from the figure, manifes-
tation of dichroism in the doped crystals
depends on the orientation (such a fact has
been earlier noted for the absorption spec-
tra obtained in non-polarized light).

Investigation of luminescence shows that
XO does not emit in water and in aqueous
solutions of KH,PO,. Luminescence appears
only after the dye incorporation into the crys-
tal. Presented in Fig. 5 are the spectra of lu-
minescence (2) and luminescence excitation (1)
measured in 370-670 nm wavelength region.

The maximum value of the luminescence
excitation intensity is observed at A = 502 nm,
the luminescence maximum corresponds to
A = 602 nm. So, the Stock’s shift is equal to
100 nm (3300 cm™1). The width of the opti-
cal absorption band is AAjjs~ 80 nm
(2300 cm™1). It should be emphasized that
for the pure crystals luminescence at room
temperature is absent.

Functional materials, 11, 4, 2004
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Fig. 4. a) Polarization characteristics of KDP
+ XO crystal; b) Absorption spectra of KDP
+ XO depending on polarization of incident
radiation in the directions: z (I — ¢ = 0°,
2 —6¢=90),x3 —¢=0°4— =90,y
5 — ¢ =0°0, 6 — ¢ =90°0).

In KDP + XO crystals luminescence is
highly polarized. Excitation of luminescence
by nitrogen laser along the crystallographic
axis x(y) and registration of the emitted
light passing through polarizer along the axis
y(x) show that the emitted light maximum is
observed in the case when the transmission
axis of the polarizer is parallel to the axis
x(y). The emitted light minimum is observed
if the polarizer is parallel to the direction z.

Experimental studies of the action of
y-irradiation on the dyed crystals allow to
establish that destruction of the dye in the
crystals is initiated at a dose of 3102 Gy.
After the action of 2.7003 Gy irradiation the
optical spectra of the samples are practically
similar to those of the nominally pure crystals.

Measurements of laser strength in KDP +
XO crystals for different crystallographic
directions show that the wvalue of BLD
threshold is 36 J/cm?2 and 28 J/cm? at irra-
diation of the crystal in the direction paral-
lel and perpendicular to the optical axis,
respectively. The obtained data are close to
the values of BLD threshold in the pure
crystal, and this is obviously caused by the
absence of the dye absorption bands at the
irradiation wavelength (1064 nm).

As established in the course of the per-
formed investigations, Xylenol Orange (XO)
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preferentially dyes the faces {100} and {010}
of KDP crystal. The introduction of the or-
ganic dye into the crystal matrix of KDP
leads to changes in the crystal’s habit and
to the appearance of absorption anisotropy
(A = 475 nm) along the axes x and y. In the
dyed crystals there is revealed luminescence
at room temperature, which is absent for
the dye, its aqueous solutions and pure
KDP. KDP + XO crystals are characterized
by dichroism which depends on the orienta-
tion. The damage threshold of the doped
crystals is shown to be of the same order of
magnitude as that for the pure crystals.

Finally, it should be noted that the use
of the considered material in practice re-
quires further theoretical and experimental
investigations. The authors are grateful to
Nikolov O.T. for the performed experiments
with y-irradiation of the samples.
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BnauB opraHiyHOro 6apBHMKAa Ha BMPOIIYBaHHS
Ta onTu4Hi Baacturocti KDP

I.M.IIpumyna, I0.M.Benixoé, O.M./Ieéuenxo, M.I. Konubaesa,
B.M.Ily3ixoeé, B.B.Tromionnux, A.O.Jopowenko

Bupoieno kpucraasu KDP 3 momimikamu opraniumoro 6apsuuka Xylenol Orange (XO).
TTokasano, mo XO nepeBaxkHo 3ab6apsiioe rpani {100} i {010} kpucrana; BmicT GapBHUKA B
KpHCTaJi NpakKTHUUYHO He 3aJIeKUTh BiJ OTo KOHIeHTpallii y posuuHi. Busasieno smimy
rabitTycy KpucTaaiB, II[0 BUPOINEHI y IPHUCYTHOCTI OapBHMKA: BiJHOIIEHHS PO3MipiB rpaHei
{100} i {010} (x i y) mpu MakcuMaJbHUX KoHIeHTpamiax XO mocarae 1,2. BupueHO BILIUB
KHCJIOTHOCTi PO3UMHY Ha XapakKTep 3a0apBJIeHHA KpucTaja. ¥ CTAHOBJIEHO, II[0 B 3aJIeKHOCTIL
Bim pH posumuy sMiHOOTHCA AK KOJip, Tak i iHTeHCHUBHicTL 3abapBiieHHA. BUMipsHO crexT-
pu nponyckaHHs po3unHiB i kpucranais KDP + XO y miamasoni mos:xuu xBuab 200—600 mM.
BusBieHo aHisoTpomilo IPONMyCKaHHA y HaOpAMKaxX X i y [us 3abapBiIeHUX KPUCTAJIB.
ITokasano, mo guxpoism y KDP + XO € opienraniiino sanexxkuum. Bumipano cuexTpu 30y1-
JKeHHA Ta JIoOMiHecIleHIIil 3abapBiieHNX KpuCTaJiB. BusHaueHO BeJMUMHY IIOopora 006’€MHOI'O
JasepHoro pyiHyBaHHA. OOroBOPIOETHCSI MEXAaHi3M BXOM)KEHHS OpPraHiuHoOro OapBHUKA ¥
KPUCTATIUYHY MaTPHUILIO.
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