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Potassium dihydrophosphate single crystals were grown from aqueous solutions onto a
point seed using temperature reduction method by doping with different molar values of
Urea. The characterization of the grown crystals was made by visible and fourier trans-
form infrared spectroscopy, Vicker‘s hardness studies, X-ray powder diffraction, nonlinear
optical and laser damage threshold measurements. By comparing these crystals with the
ones grown from the pure solution, it is shown that 0.2+2.0 M of the Urea additive
enhances the laser damage threshold and the second harmonic efficiency more than by 25
and 20 %, respectively. The Vicker‘s hardness studies carried out on (100) and (001)
crystallographic planes show an increased hardness of the doped crystals (grown in the
presence of Urea additive) on the plane (001) in comparison with that of pure potassium
dihydrophosphate crystal.

MeTomoM CHMIKEHMS TeMIIePATyPbl HA TOUYEUHOIN 3aTpaBKe BBIPAIIEHBI MOHOKPHCTAJJIBI
nurugapodochara xanusa (KDP) u3 BOAHBIX PacTBOPOB C Pa3IHUYHON KOHIleHTparueil kKapba-
Muzga. BeIpaleHHble KPUCTAIBI MCCAEeLOBAHBl METOAAME CTAHIAPTHON CIIeKTPOodOTOMETPUH,
WK chonexkTpocKomuu, IPeIr3MOHHON PEHTreHOBCKOUW mudpaxromerpuun. VI3yueHO BIHUSHHUE
npuMecru KapbaMuaa Ha HEJHHEHHO-OITHYEeCKUe CBOICTBA, Ja3epHY IPOYHOCTH U MHUKPO-
TBepaocTh Kpucraisios KDP. ITokasaHo, 4TO IJjisi KPUCTAJJIOB, BLEIPAIEHHBIX U3 PACTBOPOB C
cozep:kanuem xKapbamuga 0.2+2.0 M, mabiaiogaercss yBeJMUYEeHHE IIOPOra JIA3E€PHOM IIPOYHOC-
™ Ha 25 % u 9QPPEeKTHBHOCTH TreHepalnuyu BTOPOil rapmoHuku Gosee dem Ha 20 % mo
CPAaBHEHMIO C UKWCTHIMHU KpucTaijaaMu. Ha OCHOBE CPaBHHUTEJIbHOI'O AHAAM3A SHAUEHUN MUK-
porBepmocTu Ajsi Kpucraminorpaduueckux miaockocreir (100) u (001) ycranosieHo yseamue-
HUe MEeXaHHUYECKON IPOYHOCTH JOMHPOBAHHBIX KPHUCTAJJIOB (BLIPAIEHHBIX B MIPUCYTCTBUU
kapbamuga) Ha miaockoctu (001) mo cpaBHeHMIO ¢ YuMCTHIM Kpucrasiaom KDP.

© 2007 — Institute for Single Crystals

During recent few years the scope for the
creation of new non-linear optical media
based on complex combinations of water-sol-
uble inorganic matrixes with organic and
inorganic impurity is being actively dis-
cussed in the scientific literature. Thereat,
special consideration is given not only to
the possibility of changing significant func-
tional characteristics of the crystals, but
also to the creation of new properties which
are not peculiar to the pure crystals [1].
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Undoubtedly, KDP belongs to those crys-
tals which are successfully used as a model
system for studying the mechanism of crys-
tal growth from the solution, as well as for
finding out a relation between non-linear
optical properties and crystal structure.
This is caused, first of all, by rather simple
growth set-up, high structure perfection of
water-soluble crystals, the possibility to es-
sentially vary the crystallization conditions,
i.e. the temperature, the solution acidity,
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Fig. 1. As grown crystals: the KDP crystal grown from the mother liquor with 0.2 M Urea additive
(a), the KDP crystal grown from the mother liquor with 2 M Urea additive (b).

the types of the introduced impurities (e.g.
organic molecules [1-3]). As shown in [1,
4, 5-8], KDP crystals can absorb a variety
of organic molecules, such as chicago sky
blue, amaranth, sunset yellow, trypan blue,
direct blue, fast red extra, stilbene, xylenol
orange, methylthymol blue, urea, ethyle-
nediamine tetra acetic acid (EDTA), etha-
nol, 1-propanol, etc. The mechanism of the
incorporation of organic molecules into the
crystal lattice of KDP is discussed in [9, 10]
where an essential role of local stereochemi-
cal affinity between the impurities and the
matrix is considered. The study of the ki-
netics of KDP crystal growth in the pres-
ence of some organic molecules (Urea, Etha-
nol, 1-Propanol) [8] shows that the addition
of Urea to the mother liquor practically
does not influence the growth rate for the
faces.

By analyzing the influence of Urea on
the optical, non-linear and strength charac-
teristics of KDP crystals, Podder [11]
showed Urea-doped KDP crystals to have a
higher mechanical strength in comparison
with the pure crystals. Indeed, for the
growth sectors {001} the Vickers hardness
of the doped crystals increased by approxi-
mately 10 % at applied indenter loads rang-
ing between 15 g and 100 g. It is interest-
ing to note that, by introducing Urea into
KDP solution the author of the mentioned
paper managed to obtain KDP crystals with
a higher efficiency of the second harmonic
generation.

The present paper reports the new re-
sults of studying the structural, optical and
strength (laser damage threshold, micro-
hardness) characteristics of KDP crystals
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grown from the solutions doped with Urea
(CH4N50).

KDP single crystals were grown from
water solution onto a point seed by the tem-
perature reduction method in 30+50°C
range. There were obtained both pure KDP
crystals and those with different molar val-
ues of Urea in the mother liquor (0.2; 1.0;
2.0; 5.0 and 10 M; the solubility of Urea at
the water at 25°C exceeds 20 M/L). The
crystals were grown from stoichiometric so-
lutions with pH = 4.0+4.1. As a raw mate-
rial, we used potassium dihydrophosphate
salt with a content of micro-impurities not
higher than 1-10~4 mass. % . The content of
micro-impurities in the raw material and in
the grown crystals was determined by in-
ductively coupled plasma-atomic emission
spectrometry [12].

The physical characteristics of the crys-
tals were investigated using 10x10x10 mm3
satellite samples obtained from the growth
sectors {101} and {100} with working surfaces
subjected to grinding and optical polishing.
The grown crystals are shown in Fig. 1.

The transmission spectra in the region of
200-1100 nm wavelengths were measured
by means of automated UV-Vis-NIR Perkin-
Erlmler spectrophotometer; for IR-measure-
ments (400—4000 ecm ! region) Fourier spec-
trometer of Brucker IFS 66 type was used
(the samples were mixed with KBr and
pressed into pellets, 2 mg of the studied
sample per 9 mg of KBr). The value of Vick-
ers microhardness Hy was measured by
PMT-8meter at loads ranging within
10+200g interval. The laser damage thresh-
old was determined using single-mode

Functional materials, 14, 3, 2007
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Fig. 2. a) UV-Vis-NIR absorption spectra of the solutions: pure KDP (1), KDP+10 M Urea (2),
KDP+5 M Urea (3), Urea (4); b) UV-Vis-NIR absorption spectra of the crystals: KDP+2 M Urea
{100} (1), KDP+1 M Urea {100} (2), KDP+5 M Urea {100} (3), KDP+10 M Urea {100} (4),
KDP+10 M Urea {101} (5), KDP+5 M Urea {101} (6), KDP+1 M Urea {101} (7), KDP+2 M Urea
{101} (8), pure KDP {101} (9), pure KDP {100} (10).

YAG:Nd3* laser working in modulated Q-fac-
tor regime. X-ray diffraction analysis of the
samples was realized by means of DRON-3M
diffractometer in monochromatized CoK
radiation (with asymmetric flat LiF mono-
chromator, the reflection {200}). For high-
precision determination of the crystal lat-
tice parameters by the Bond method there
was used a multipurpose three-crystal X-ray
diffractometer [13].

To study possible influence of Urea im-
purity on the transmission of the grown
KDP crystals, we measured the spectra of
the initial KDP solutions, of KDP solutions
with 5 and 10 M Urea concentrations, as
well as of pure Urea solution. The obtained
data show (Fig. 2) that, due to the introduc-
tion of Urea into the solution, the absorp-
tion edge is shifted towards the long-wave-
lengths region by 30 nm (Fig. 2a, curves 2
and 3). The long-wavelengths region of the
spectrum is characterized by the presence of
the absorption band at A = 976 nm typical
of KDP water solutions and connected with
oscillations of OH-ions of water. An addi-
tional band at A = 1000 nm caused by oscil-
lations of NH group of Urea is observed for
Urea water solution.

The transmission spectra of pure and
Urea-doped crystals are shown in Fig. 2b.
As is seen, in the region of 300-1100 nm
all the crystals are transparent, irrespective
of the content of Urea in the initial KDP
solution. At wavelengths shorter than
300 nm UV absorption with a maximum at
270 nm sharply increases for all the sam-
ples made from the growth sectors {100}
(Fig. 2b, curves 1-4, 10). For the growth
sectors formed by the pyramid faces {101}
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the mentioned absorption band is observed
only for the samples grown from KDP solu-
tions with 5 and 10 M contents of Urea.

According to the literature data [14], the
main cause of UV-absorption in KDP crystals
is the presence of impurities of polyvalent
metals (their segregation coefficient for the
prismatic sector is ~1, for the pyramidal sec-
tor it is by an order lower). The chemical
analysis of the grown crystals for the content
of micro-impurities (Table 1) shows that the
presence of ARR* in the prismatic and pyrami-
dal sectors differs by an order. Thus, the
absorption band at A = 270 nm in the pris-
matic growth sectors {100} may be caused by
the incorporation of AR* into the ecrystal.

KDP crystal belongs to the tetragonal-
scalenohedral symmetry 42m; its unit cell di-
mensions are a = b = 7.452 A and ¢ = 6.974 A
[15, 16].

Powder X-ray diffraction analysis per-
formed for nominally pure KDP crystals
and for the ones grown from the solution
containing Urea (10 M) does not reveal the
presence of other phases (Fig. 3), the sensitiv-
ity of the method being <2 mass. %. The dif-
fraction patterns show an insignificant rise of
the parameter ¢ of the lattice of the crystals
grown from Urea containing solutions.

To determine the lattice parameters of
the grown crystals more precisely, the pa-
rameter ¢ depending on the concentration of
Urea in the solution was measured and cal-
culated by the Bond method using a three-
crystal diffractometer in Cu K ;-radiation.

As seen from Fig. 4, the crystal lattice
parameter ¢ (Ac = 1.4.1073) essentially in-
creases with the addition of 0.2+2 M of
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Fig. 3. Diffraction patterns of the samples:
nominally pure KDP crystal (a), KDP crystal
grown from the solution containing 10 M of
Urea (b).

Urea to the solution. At Urea concentra-
tions exceeding 2 M the observed increase
in the lattice parameter is insignificant.
Such a behavior of the parameter ¢ depend-
ing on the concentration of Urea in the so-
lution testifies to an intricate character of
the incorporation of different complexes
into the crystal lattice of KDP. The behav-
ior of the lattice parameter a is by an order
less sensitive to the changing Urea concen-
tration in the solution and is on the level of
the error of the experiment.

FTIR spectra of powdered samples of
KDP crystals grown from the pure solution
and from the solutions containing Urea
(0.2 M and 10.0 M) are shown in Fig. 5.
Table 2 presents the wavenumbers of the
absorption maxima in these spectra.

The obtained results testify that all the
IR spectra are practically identical and
agree with the available literature data, e.g.
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Fig. 4. Dependence of KDP lattice parameter
¢ on Urea concentration in the solution.

[17]. The comparative analysis of IR-absorp-
tion in the pure crystals and in those con-
taining Urea does not show essential fea-
tures of the spectrum related to the pres-
ence of Urea in the lattice of KDP.
Nevertheless, it should be assumed that the
band with the maximum v =900 cm™! (Fig.
5, curves 2 and 3) is connected with an out-
of-plane bending of (N,CO) group whereas
the band with v = 1640 cm™! is caused by
the C-O stretching of Urea. Finally, the
wide weakly pronounced band at about
3450 cm™! is evidently due to the overlap-
ping peaks of the asymmetric stretching of
NH, of Urea and OH stretch of KDP. In our
opinion, the mentioned indirectly testifies to
the presence of functional Urea groups in the
crystals and to some extent it agrees with the
results of the measurements of the crystal
lattice parameter c.

The microhardness (Hy) was measured at
room temperature. The typical descent rate
of the indenter is ~1 mm/min., the time of

Table 1. The amount of the inorganic impurities in KDP crystals, mass. %

Sample Fe Al Mg Si Cu Mo/Ni Co/Cd

Raw material <510 | 7.107° 5107° | <1.1078 | 2.107® | <5.107° | <5.107®
Mother liquor after growing | 1.10™* | 2.7.107* | 510° | <1.1078 | 2.107® | <5.107° | <5.107®
KDP+0.2 M Urea, {101} 2.1074 11074 <92.107% 11073 3.1075 <5.107° | <5.1075
KDP+0.2 M Urea, {100} 51074 | 4.1.10°3 | <2.10°5 3.10-3 3.107° <5.107% | <5.107%
KDP+1.0 M Urea, {101} 1.10~4 2.1074 <92.107% 3.1073 2.1074 <5.107°% | <5.1075
KDP+1.0 M Urea, {100} 2103 | 5108 | <2107 | 11073 | 2.4107* | <5.107% | <5.107°
KDP+2.0 M Urea, {101} 510° |3.610% | <2107® | 1108 | 210* | <5107 | <5.107°
KDP+2.0 M Urea, {100} | 2.1.107* | 4108 | <2.10¢ | 1108 | 210* | <5107 | <5.107°
KDP+5.0 M Urea, {101} <5.1075 1.107¢ | <2.1074 1.1078 2.10~% | <5.107° | <5.10°°
KDP+5.0 M Urea, {100} 5.6.1074 | 3.1073 <92.1074 11073 2.1074 <5.107° | <5.1075
KDP+10.0 M Urea, {101} <5.1075 21074 | <2.1074 1.1078 2.10~% | <5.107° | <5.10°°
KDP+10.0 M Urea, {100} | 3.7.107* | 4.6.1073 | <210 | 1.10% | 2.107* | <5105 | <5.107®
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Fig. 5. IR-spectra of KDP crystals: pure KDP
(1); KDP crystal grown from the solution
with 0.2 M Urea content (2), KDP crystal
grown from the solution with 10 M Urea con-
tent (3).

indentation being 10 s. For each sample Hy
was calculated by taking the average of the
results of 10 measurements on the planes
(100) and (001); the root-mean-square fluc-
tuation of Hy, did not exceed 4 % . The micro-
hardness value was estimated from the for-
mula Hy = 1.81544P/D? (g/um?). In this ex-
pression Hy is the Vicker’s microhardness, P
is the applied load, D is the average value of
the measured diagonal lengths.

Presented in Fig. 6, 7 is the dependence
of the microhardness on the applied load.
As is seen, with the increase in the load,
the hardness value diminishes. At high
loads the law of geometric similarity of the
impressions is fulfilled, and the value of
hardness is practically load-independent. At
low loads the microhardness sharply in-
creases or diminishes due to an elevated
measurement error at small impression di-
mensions and to the influence of the dam-
aged surface layer caused by treatment of
the crystal. Fig. 6 testify that the doped
samples acquire strengthening on the plane

Table 2. Wavenumbers of the absorption band
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Fig. 6. Microhardness as a function of load-
ing of the plane (001): KDP+10 M Urea (1);
KDP+5 M Urea (2); KDP+0.2 M Urea (3);
KDP+2 M Urea (4); KDP+1 M Urea (5); pure
KDP (6) — the concentration of Urea is given
for solution.
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Fig. 7. Microhardness as a function of load-
ing of the plane (100): KDP+5 M Urea (1);
KDP+10 M Urea (2); KDP+1 M Urea (3);
KDP+0.2 M Urea (4); KDP+2 M Urea (5);
pure KDP (6) — the concentration of Urea is
given for solution.

(001) in comparison with pure KDP crystal.
Its value makes approximately 15-20 %
taking into account a measurement error of
4-5 % . At the same time on the plane (100)
(Fig. 7) strengthening is absent. Moreover,
we observed different character of the for-
mation of cracks and damage on the planes

maxima in the FTIR-spectra of KDP crystals

Urea concentration
in the mother v, cm™!
liquor, M
0 540 910 1107 1300 1700 2440 2749 3450
0.2 534 900 1107 1300 1650 2433 2699 3450
10.0 534 900 1107 1300 1640 2401 2706 3450
Functional materials, 14, 3, 2007 299
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Fig. 8. Microhardness of KDP crystals depend-
ing on the concentration of Urea in the solution
for the load P = 50 g: the sector {100} of the
plane (001) (1); the sector {100} of the plane
(100) (2); the sector {101} of the plane (001)
(3); the {101} of the plane (100) (4).

(001) and (100) caused by anisotropy of the
mechanical properties of the crystal.

As seen from Fig. 8, the value of micro-
hardness slightly varies at essentials
changes in the concentration of Urea. In
particular, for all the samples Hy, increases
at Urea concentrations up to 1 M, irrespec-
tive of the growth sector and the indenta-
tion plane. Thus, in contrast to the results
reported in the paper [11], these data tes-
tify to the absence of explicit dependence of
the microhardness value on the concentra-
tion of Urea.

The laser damage threshold of pure KDP
samples and of those containing Urea was
investigated at the wavelength of the first
harmonic of neodymium laser. In the course
of the measurements the energy of one-
mode laser radiation pulse was 2.75 uJ, the
frequency of pulse repetition equaled 1 Hz,
the pulse duration 1 = 10 ns, A = 1.064 um.
The 1/e-radius of the focused spot was esti-
mated to be 45 um. The investigated sam-
ples were located in such a way that the
focus of the optical system should lie in the
crystal bulk.

The preformed measurements show that
the laser damage threshold of the doped
samples is by 20-25 % higher than that of
the pure samples, taking into account the
experimental error equal to £15 % . The av-
erage threshold wvalue for the pure and
doped crystals is ~25 J/em?2 and ~32 J/cm?2,
respectively. The crystals grown from the
solution with Urea concentrations up to
1 M have the highest values of radiation
strength, and this correlates with the data
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Fig. 9. Efficiency of SHG for the crystals:
KDP+2 M Urea (I); KDP+1 M Urea (2);
KDP+0.2 M Urea (3); pure KDP (4) — the
concentration of Urea is given for solution.

on mechanical strengthening of the crystals.

The non-linear optical (NLO) properties
of the crystals were studied using the proc-
ess of second-harmonic generation of
YAG:Nd3* laser at A = 1.064 um (with 5 Hz
pulse frequency, 10 ns pulse duration, 1 mm
laser beam diameter, the pulse energy insta-
bility being +3.5 %). The samples of pure and
doped KDP crystals were cut out at the syn-
chronism angle 6 = 59° (Type II, oe—e) and
contained only the prism sectors {100}.

The data on the non-linear properties of
the crystals are presented in Fig. 9. Accord-
ing to the obtained results, for the crystals
grown from the solution with 0.2+2 M Urea
content the efficiency the second harmonic
generation (SHG) increases in comparison
with that of the pure crystal by ~20 % (tak-
ing into account a measurement error of
+7 %) and reaches the maximum value at
2 M Urea concentration. At Urea concentra-
tions exceeding 2 M the efficiency of SHG
insignificantly differs from its value for the
pure crystal.

Single crystals of pure KDP and those
with different molar values of Urea in the
mother liquor (0.2; 1.0; 2.0; 5.0 and 10 M)
were grown. The grown crystals were found
to be transparent in the visible region. It
was revealed that in the Urea concentration
range 0.2+2.0 M the change of the unit cell
volume (obviously caused by the incorpora-
tion of the additive into KDP crystal lat-
tice) was the most significant. The lattice
parameter ¢ (Ac =1.4.1073) of the grown
crystals essentially increased with the addi-
tion of 0.2:2 M of Urea to the solution.
Preliminary measurements indicated that
the second harmonic generation efficiency

Functional materials, 14, 3, 2007



I.Pritula et al. / Growth and characterization ...

increased in comparison with that of the
pure crystal by ~20 %. It was found that
the doped samples (grown in the presence of
Urea) acquire a strengthening of approxi-
mately 15—-20 % on the plane (001) as com-
pared with pure KDP crystals. Single-shot
laser damage at 1.064 um wavelength
showed that the LDT of the doped samples
was by 20-25 % higher than that of the
pure samples.

Finally, further studies are required to
explain the relationship between the meas-
ured NLO and the structural properties of
the grown KDP crystals and the concentra-
tions of Urea additive in the mother liquor.
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BupomyBanua Ta BiIacTuBOCTi MoHOKpucrtaixis KDP,
JJeTOBaHUX KapOamigom

I.M. IIpumyna, A.B Kocinoeéa, M.I. Konubaesa, B.M. Ily3ikos,
C.I. Bondapenko, B.®@. Trauwenro, B.O. Lypixoe, O.M. Decenko

MeTomom SHUIKEHHS TeMIIEPATYPH Ha TOUKOBill 3aTpaBIii BUPOIIEHO MOHOKPHUCTAJIMU IUTiJI-
podochary ramito (KDP) iz Bomumx po3umHIB 3 Pi8HOI KOHIlEHTpalli€eo Kapbamimy. Bupo-
mieHi KPUCTAJIH AOCIiIKeHO MeTogaMu CTaHZapTHOI creKktpodoromerpii, I cmexrTpockomii,
npernusiiinol peHTreHiBcbKoi mudpaxromerpii. BuBueno BmiuB gomimku kapbaminy Ha He-
JMiHIHHO-OITHUYHI BJIACTUBOCTL, JasdepHy MimHicTh i MmikporBepaicts Kpucranis KDP. ITokasa-
HO, IO AJA KPHCTAJIB BUPOINEHUX i3 posuuHiB i3 BmicTom xapbamizy 0.2+2.0 M cmocrepi-
raerscs 30iabIIeHHA mopory JiasdepHoi mimuocti Ha 25 % 1 edexTuBHOCTI remeparrii apyroi
rapmMoHiku Oimpimr Hixk mHa 20 % y mopiBHsHHI 3 umcTMMEM Kpucrajsamu. Ha ocHOBi mo-
piBHAABHOrO aHaNidy SHaueHb MiKpoTBepmocTi mas Kpucraimorpadiummx maomuua (100) i
(001) BcraHoBieHO 30inbIIeHHS MeXaHiuHOI MiIHOCTI MOMOBaHMX KPHUCTAJNiB (BUPOINEHUX B
mpucyrHocTi Kapbaminy) ma mromuui (001) BigHocHO umcToro kpucrana KDP.
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