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Nonlinear optical response of KDP single crystals with incorporated TiO, nanoparticles
(NPs) was studied within the self-action of picosecond laser pulses at 532 nm and second
harmonic generation at 800 nm femtosecond laser pulses pump. The optical charac-
terization of the composites KDP:TiO, was provided by elastic scattering indicatrices
analyzes at 1064 nm. It was shown the significant reduction of the elastic scattering and
self-action effects efficiencies in TiO, NPs doped KDP single crystals cut from pyramidal
growth sector. The effect was attributed to the reduction of the non-controlled impurities
concentration in the KDP:TiO, due to the NPs incorporation. The enhancement of second
harmonic generation efficiency at about 60 % for pyramidal and 35 % for prismatic
growth sectors was observed in composite crystals versus the nominally pure KDP matrix
within the femtosecond pulses excitation at 800 nm. The obtained results indicate high
potential for utilization of the KDP:TiO, single crystals in light frequency conversion.

Keywords: potassium dihydrogen phosphate (KDP), second harmonic generation, elastic
optical scattering, nonlinear optical response.

WcenemoBaH HeIUHENHO-ONTUYECKUN OTKINK MoHOKpucTaanos KDP ¢ mukopmopuposan-
merMu Hasouactunamu (HY) TiO, nmpu caMoBosgeficTBNY NMKOCEKYHIHBIX JIA3EPHBIX MMIIYJIhb-
COB Ha AJWHE BOJHLI 532 HM W reHepaluyu BTOPOIl TapMOHMKM! IpHW BOo30y:KIeHnU (heMTOCe-
KYHIHBIMU JIa3ePHBIMM UMIyJabcaMu Ha JiuHe BoaHbl 800 mm. [ onTuuecKoil XapakTepu-
sanun KommosuTos KDP:TiO, mposeseHo mcciemoBaHne MHAUKATPUC YIPYTOT'O ONTHYECKOIO
paccesuusa Ha aiauHe BoJaHBI 1064 HM. IToxasaHo sHauuTe bHOE yMeHbIIeHUe 3(pdeKTHBHOC-
T yHOpyroro pacceanusd u a¢hp@eKToB camoBosjeiicTeusa B MoHOoKpucrasiax KDP ¢ mHKOpIO-
pupoeanueiMu HY TiO,, BEIpesaHHEIX M3 NMPAMHUAAILHOTO CEKTOpa pocTa. PderT o6bACHA-
eTca yMeHBIIeHMeM KOHIeHTpAanWKu HeKoHTponmpyembelx npumeceir 8 KDP:TiO, Bcrmencreme
unkopnopuposauus HY. Habmaroganocsh moBbilene s(PpeKTUBHOCTA TreHepaluy BTOPOoi rap-
mouuku 10 60 % B nmupamuganbEoM u 35 % B NpUSMaTUYECKOM CEKTOPAX POCTA B KOMIIO-
SUTHBIX KPHUCTAJJIAX II0 CPABHEHUIO ¢ HOMUHAIBbHO uncToil Marpuieir KDP mpu Bo30ymaenun
heMTOCeKYHAHBIMHU UMITyJabcamMu Ha qirHe BodHBL 800 uM. IlosyuenHsle pes3yiabTaThl YKAa3bl-
BAIOT Ha BBICOKMI IOTEHINAJ HCIIONb30BaHHA MoHOoKpucraimios KDP:TiO, B kauecrse ad-
GeKTUBHBIX HpeobdpasoBaTeieil YacTOTHI.
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HedainiitHo-onrmuunwmii Biaryxk moHokpucrajgie KDP 3 iHKOPIOpPOBAHMMEN HAHOYACTUHKAMHE
TiO, y Bugumomy mianasomi: Bmaus xKoHmenrpanii manouacTunok. O.C.Ilonos, A.B.Vinein,
B.B.Myneman, .M. IIpumynaa, I1.1.Byonur, O.X.Xacarnos, B.A.I'ailéoporcoruil.

IMocaimpxeno HenimiliHO-onTHUHMN Biaryk moHoxpuctanis KDP 8 iHKopHopoBaHuMY HAHOYACTHUH-
ramu (HY) TiO, npu camoBILIHBI HiKOCEKYHIHNX JasePHUX immynbci Ha gopxkumHi xBrai 532 HM 1
reHeparlii apyroi rapMoHikmu npu 30yIiKeHHI (PeMTOCeKYHIHMMHU JIA3ePHUMM IMIyJAbCaMH HA J0-
moxuHi xBui 800 mM. s omruunoi xapakTepmsarii komnosuris KDP:TiO, mposeneno mocmimxen-
HA WHANKATPUC TPY;KHOTO ONTUYHOTO PosciroBamHs Ha moBuHI xBuai 1064 um. Ilokasano sHaume
3MeHIITeHHsT e(PeKTUBHOCTI MPYsKHOTO poscitoBanus i edexris camoBmmBy y mounokpucraigax KDP 3
inropmoposarumu HY TiO,, mo 6ynm Bupisami s mipamigamsHOro cexropa pocry. Edexr mosc-
HIOETECA 3MEHIIEHHAM KOHIEHTpalii HeKonTpoasosanux gomimox y KDP:TiO, sracrinok iHKopmop-
yBanaa HY. Cnocrepirayiocs miasuinensa epeKTHBHOCTI renepaiiii apyroi rapmoniky 6ausexo 60 %
y mipamiganeHOoMy 1 35 % y OpUBMATHYHOMY CEKTOPaxX POCTY y KOMIIOBUTHMX KPHCTAIAX y IIO-
piBusHHI 8 HOMiHaMLHO umcTor Matpurieilo KDP mpu s86ymxenni deMToceKyHIHUMI iMITyIRCAMY HA
moe:kmHi xBuai 800 mM. OTpuMaHi pesysabTaTH BKAsyOTh HA BUCOKUIH TOTEHITaN BUKOPUCTAHHSA

monokpuctanis KDP:TIO, B aAxocTi ederTUBHIX IIepeTBOPIOBAYIB YACTOTH.

1. Introduction

The potassium dihydrogen phosphate
(KDP, KH,PO,) single crystals are widely
used for optoelectronics and nonlinear op-
tics application due to their extremely high
structural and optical perfection. Neverthe-
less, the drawback of these crystals is low
magnitude of dgg nonlinear coefficient
which determines second harmonic genera-
tion (SHG) efficiency in comparison to bo-
rate crystals family. An effective method to
improve properties of the dielectric erystals is
organic/inorganic admixtures incorporation
during the growth process. Nowadays studies
are targeted to design composite materials
based on KDP matrix with incorporated or-
ganic impurities [1-4] and inorganic nanopar-
ticles (NPs) [6—7]. Variation of the NPs ori-
gin and size, their consolidation (isolated par-
ticles, linear and 3D structures) makes it
possible to adapt the material to different
application felds [8]. In order to design novel
lasing media the KDP matrix has been already
used as a host for dielectric SiO, [9] and
semiconductor CdTe NPs [10].

The efficient results were achieved for
the nanocomposites based on KDP crystals
with incorporated TiO, NPs in anatase
modification. The obtained improvement of
the KDP matrix cubic NLO response in near
IR range due to the NPs incorporation re-
sulted in significant enhancement of the
SHG (20-70 %) [5, 11, 12], sum-frequency
(~ 2 times) [12] and supercontinuum genera-
tion (~ 5 times) [13] efficiencies.

In this paper we study the effect of the
TiO, NPs incorporation on the scattering
properties and NLO response of nanocompo-
sites KDP:TiO,. The preliminary results of
SHG studies in KDP:TiO, under femtosecond
laser excitation were discussed.

2. Experimental

Pure KDP and KDP crystals with incorpo-
rated TiO, NPs (1075-1073 wt.%) were
grown by the method of temperature reduc-
tion in the crystallizer (2000 g of KDP salt
were dissolved in 5 L of twice distilled
water). The growth solution was stirred at a
velocity of 76 rpm. The saturation tempera-
ture was 51+0.1°C (6" ~ 2/3 %), the growth
temperature ranged between 51 and 24°C and
the mother liquor acidity was pH 4.1. The
final size of the grown crystals was
~60x60x70 mm?3, the average growth rate
~3 mm-day ! in both [001] and [100] direc-
tions. It was found no TiO, concentration im-
pact on solution pH, saturation temperature
and crystal morphology [14-16]. The experi-
mental samples were cut from different
growth sector in the form of thin plates
10x10x0.8 mm3 perpendicular to the optical
axis (Z-cuts) as it was shown in [6]. The sam-
ples notation, their thicknesses, NPs concen-
tration in growth solution and NPs concentra-
tion in the grown crystals are presented in the
Table 1. One can see that the NPs are prefer-
entially captured by pyramidal (P) growth sec-
tor that was explained by the different surface
charge of different growth sectors [17].

The self-action of picosecond laser pulses
(42 ps FWHM, repetition rate 15 Hz) at
532 nm in KDP:TiO, crystals was studied
within the laser beam spatial profile analy-
sis in the far field [5]. The proposed method
was successfully applied for the KDP:TiO,
crystals study under pulsed laser excitation
at 1064 nm [5, 15]. In this paper the obtained
total and on-axis transmittance dependences
are presented as the smoothed curves pro-
duced by local B-splines of measured data.
Each curve corresponds to the ~ 5000 regis-
tered laser shots. The relative errors of the
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Table 1. Samples notation, thicknesses, TiO, NPs concentration in growth solution, integral
scattering losses ¢.,,, into forward hemisphere for the KDP:TiO, single crystals under the
resonant excitation of the NPs defect states at 1064 nm and KDP crystalline matrix intrinsic

defects at 532 nm

Sample| TiO, conc., wt. % | Thickness, mm €40q(1064 nm), % |€.,,,(532 nm), % €50q:(1064 nm)/
€engp (832 nm)
P - 0.81 0.5 1.0 0.50
P5 107° 0.75 0.3 1.7 0.18
P4 1074 0.76 0.4 2.5 0.16
Pr - 0.83 0.6 1.1 0.54
Pr5 107® 0.78 1.2 1.7 0.71
Pr4 1074 0.75 0.8 1.3 0.62
Pr3 1073 0.81 0.7 2.8 0.25
EP BP
BS l: o
'] 150
Laser :: g
v S |:> 10
PD

Fig. 1. Scheme of the experimental setup for
the SHG efficiency measurements: PD — refer-
ence photodiode, BS — beam splitter, L. — lens,
CCD — CCD camera, EP, BP — edgepass and
bandpass filters.

curves do not exceed 0.2 % for the total
and 1 % for the on-axis transmittance de-
pendences, correspondingly.

The second harmonic generation in the
crystals was studied within the pump of femto-
second laser pulses (200 fs FWHM, repetition
rate 1 kHz) at 800 nm. The scheme of the
experimental setup is presented in Fig. 1. The
sample was positioned at the distance 9 from
the focusing lens L with focal distance 11 cm.
The SH signal readout was realized by CCD
camera ATiK 16IC. In order to cut the funda-
mental radiation and extract SH signal the
edgepass (EP) and bandpass (BP, 405 nm,
10 nm FWHM) filters was positioned before
the CCD camera. The energy of the incident
pump pulses was measured by photodiode PD.

3. Results and discussion

In order to study the optical quality of
the KDP:TiO, crystals we measured the elas-
tic optical scattering indicatrices at
1064 nm. The chosen wavelength is in the
range of the TiO, NPs resonant excitation.

The typical scattering indicatrices cross
sections for the samples cut from pyramidal
(P) growth sector are presented in Fig. 2 in
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Fig. 2. Scattering indicatrix cross-section for
KDP:TiO, single crystals cut from pyramidal
growth sector under resonant excitation of TiO,
NPs by CW laser radiation at 1064 nm wave-
length. Samples notation are presented in Table 1.

330°

logarithmic scale. Propagation direction of
the incident laser beam is shown with empty
arrow. The sample is positioned in the cen-
ter for better clarity. All data were normal-
ized on the maximum scattering intensity
magnitude for the nominally pure P crystal
that is located at the 0° scattering angle and
corresponds to the portion of photons that
exhibited relatively small scattering impact.
It can be seen that scattering indicatrices
profiles are strongly dependent on TiO, NPs
concentration in growth solution. From the
obtained dependences the scattering losses
€4cqt iNto forward hemisphere were esti-
mated according to the approach described
in [5]. The obtained results are presented in
Table 1 and compared with the ones ob-
tained for the same crystals at 532 nm. One
can see that the incorporation of TiO, NPs
results in scattering efficiency reduction for
the crystals from P growth sector at
1064 nm (see Table 1). The effect can be
explained by less non-controlled impurities
concentration in the crystals with titanium
dioxide [17, 18]. The obtained result is op-
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Fig. 8. The photoinduced variations of the total transmittance for the KDP:TiO, single crystals —
(a); the photoinduced variations of the on-axis transmittance for the KDP:TiO, single crystals cut
from pyramidal (b) and prismatic (¢) growth sectors. The excitation was performed by the picosec-
ond laser pulses at 532 nm. Samples notation is presented in Table 1.

posite to the observed ¢,.,; rise for the case
of the resonant excitation of the KDP ma-
trix intrinsic defects at 532 nm.

For the samples cut from Pr growth sec-
tor the scattering efficiency increase versus
the nominally pure KDP crystal was shown.
The rise of the NPs concentration results in
€0q¢ Teduction that can arise due to the
waveguide effect between the NPs layers.

In general, the obtained scattering losses at
1064 nm do not exceed 1 % that indicates high
optical quality of the studied nanocomposites.

The ratio ¢€,.,,(1064 nm)/e,.,,(532 nm)
remains less than 0.71 for the studied sam-
ples (Table 1).

The NLO properties of the KDP and the
KDP:TiO, single crystals were studied within
the self-action of picosecond laser pulses at
532 nm. The excitation wavelength is over-
lapped with the intrinsic defects bands of lo-
calized and self-trapped hole polarons in the
nominally pure KDP crystals [19].

The photoinduced variations of the nor-
malized total transmittance for the samples
are presented in Fig. 8a. One can see that
even the nominally pure KDP matrix exhibit
different NLO response in P and Pr growth
sectors. For the sample P the photoinduced
optical bleaching Ac(P) < 0 was observed ver-
sus the photoinduced darkening Ao(Pr) > 0 for
the Pr one. The incorporation of the TiO, NPs
into the KDP crystal results in the reduction
of its absorptive NLO response efficiency in P
growth sector. The effect can be explained by
less non-controlled impurities concentration
in the crystals with TiO, and consequently
less concentration of the intrinsic defects in
the KDP:TiO, nanocomposites. For the Pr
growth sector the significant photoinduced
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absorption efficiency reduction was ob-
served only for the Pr4 crystal.

In general, the photoinduced variations
of the total transmittance for all studied
samples do not exceed 1 %. It is less versus
the previously observed 3 % within the pi-
cosecond laser pulses excitation at 1064 nm
that corresponds to the resonant excitation
of the TiO, NPs [15].

In comparison to the photoinduced absorp-
tion the photoinduced variations of the on-
axis transmittance are more efficient. The de-
pendences are presented in Fig. 8b and 3c¢ for
the samples cut from P and Pr growth sec-
tors, correspondingly. For the nominally pure
KDP matrix it was observed about 4 % reduc-
tion of the on-axis transmittance due to the
self-defocusing effect in the P growth sector
(An(P) < 0) versus the self-focusing induced
2 % rise in the Pr one (An(Pr) > 0) The
observed different sign of the Ao and the An
in different growth sectors can be used for
the commercial KDP crystals certification. It
should be noted that the mentioned effects
saturates at about 60 MW /cm?.

In the case of the P growth sector the
incorporation of the TiO, NPs resulted in the
refractive NLO response sign turn to the self-
focusing for the sample P5 and significant
reduction of the pronounced self-defocusing
effect efficiency for the sample P4. For the
Pr growth sector the self-defocusing effect
was observed for all crystals with TiO,.

The calculated Im(x(®) and Re(x(®)) mag-
nitudes for the peak intensity range
<80 MW /cm? due to the approach described
in [5] are presented in Table 2. One can see
that in general the TiO, NPs incorporation
results in reduction of the cubic NLO re-
sponse of the KDP matrix. The effect can be

Functional materials, 24, 1, 2017
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Fig. 4. The SHG signal in KDP:TiO, single crystals cut from pyramidal (a) and prismatic (b) growth
sectors versus the pump peak intensity of femtosecond laser pulses at 800 nm. The dependences are
presented in double logarithmic scale Samples notation is presented in Table 1.

Table 2. The real and imaginary parts of
the cubic nonlinear optical susceptibility
x®) for KDP:TiO, single crystals with dif-
ferent TiO, NPs concentration

Sample |Re(x®)), 10711 esu [Im(x®), 10718 esu
P/Pr ~8.1/1.1 ~3.2/1.1
P5/Pr5 0.9/-0.3 ~0.3/1.3
P4/Pr4 ~0.6/-0.1 ~1.2/0.1
—/Pr3 ~/-0.8 ~/1.8

attributed to the reduction of the intrinsic
defects concentration in the KDP:TiO, nano-
composites. The most efficient reduction
was observed for the crystals P4 and Pr4.
According to the results, the studies of
the harmonic generation were performed.
The SH signal dependences (without phase
matching conditions) for the nominally pure
crystals (P, Pr) and KDP:TiO, (P4, Pr4)
under femtosecond laser excitation at
800 nm are presented in Fig. 4 in double
logarithmic scale. The measurements were
provided for chosen peak laser intensity
range 0.4-4 GW/ecm? that was below the
experimentally obtained supercontinuum
generation threshold ~ 5 GW/em?2 in KDP
single crystals at 800 nm. It was shown
that the incorporation of anatase nanoparti-
cles into KDP crystalline matrix leads to the
SHG efficiency modification. For the
KDT:TiO, samples it enhances at about
60 % for P and 35 % for Pr growth sectors
versus the pure KDP crystals in the certain
pump peak intensity  ranges 0.4-
1.8 GW/cm?2 and 0.8-2.3 GW/cm2, corre-
spondingly (see Fig. 4). Different character
of the SHG dependences for P and Pr
growth sectors of KDP:TiO, crystals can be
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related to the different TiO, NPs concentra-
tion (see Table 1) [17].

Recently the SHG studies for the "thick”
(~1 cm) KDP:TiO, crystals within phase-
matching conditions under the excitation of
picosecond (42 ps) laser pulses at 1064 nm
demonstrated [5] about 70 % of the SHG
efficiency enhancement [5, 11]. The effect
was explained by the observed internal self-
focusing effect in the nanocomposite pro-
duced by the giant cubic NLO response of
the anatase nanocrystals embedded into the
matrix and its impact on the proton subsys-
tem of the KDP crystal. For the "thin"
(~0.8 mm) samples it was shown no signifi-
cant change of the quadratic nonlinear coef-
ficient due to the NPs incorporation that
also did not vary with NPs concentration
[20]. The obtained SHG efficiency reduction
at about 2 times for Pr4 crystal versus the
pure Pr one was explained by resonant ab-
sorption of SH wavelength energy and two-
photon absorption of the fundamental one
by TiO, NPs. The studied "thin" samples
have no significant effect of the high-order
NLO responses on the SHG efficiency.

For the case of the excitation at 800 nm,
the SH wavelength corresponds to the energy
state of the KDP matrix intrinsic electronic
defects that are related to the interstitial hy-
drogen atoms HO [19]. We suggest that ob-
served SHG efficiency enhancement for the
P4 and Pr4 crystals can be attributed to the
resonant excitation of the defects, being ef-
fected by interaction with TiO, NPs.

According to the mentioned, we suggest
the further studies of the SHG efficiency
for the thicker crystals in the field of
femtosecond range laser pulses at 800 nm
in order to provide the self-action effects
impact. In this case the samples thicknesses
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should not exceed 6 mm in order to avoid
the group velocity dispersion impact for
corresponding experimental conditions. The
preliminary studies for the ~5 mm
KDP:TiO, crystals with the same NPs con-
centration from P growth sector have shown
about 5 times gain of the supercontinuum
generation efficiency versus the pure ma-
trix within the femtosecond range pulses
excitation at 1240 nm at higher peak inten-
sities ~ 250 TW/cm?2 [18]. The NPs incorpo-
ration into dielectric matrix also can pro-
vide the terahertz radiation generation effi-
ciency enhancement [21].

4. Conclusions

The characterization of nanocomposites
based on KDP single crystals with incorpo-
rated TiO, nanoparticles was performed by
elastic scattering indicatrices and NLO re-
sponse analyzes. It was shown the reduction
of the scattering losses at 1064 nm in forward
hemisphere due to the TiO, NPs incorporation
at concentrations 1075-10"% wt.% in py-
ramidal growth sector versus the nominally
pure KDP matrix. The effect was explained
by less non-controlled impurities concentra-
tion in the crystals with TiO,. The scattering
losses did not exceed 1% that indicates high
optical quality of the studied nanocomposites.

The NLO response analysis has revealed
the opposite signs of the photoinduced ab-
sorption and refractive index variations in
the KDP single crystals cut from different
growth sectors under picoseconds laser
pulses at 532 nm: negative ones for pyrami-
dal (Aa(P) <0 and An(P) < 0) and positive
— for prismatic (AoPr) > 0 and An(Pr) > 0)
growth sectors. The incorporation of TiO,
NPs results in NLO response efficiency re-
duction and sign turn. The observed almost
total compensation of the KDP matrix NLO
response at NPs concentration 1074 wt.%
was attributed to the reduction of the in-
trinsic defects (potassium and hydrogen va-
cancies) due to the NPs incorporation.

The second harmonic generation efficiency
for the KDP and the KDP:TiO, with 10~
4 wt.% of NPs crystals was studied within
the excitation of femtosecond range pulses at
800 nm without phase matching conditions.
It was shown the SHG efficiency enhancement
up to 60% for pyramidal and 35 % for pris-
matic growth sectors in pump intensity
ranges 0.4-1.8 GW/cm? and 0.8-2.83 W/cm?2,
correspondingly in the KDP:TiO, crystals ver-
sus the nominally pure KDP matrix.
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The obtained results indicate high poten-
tial for utilization of the KDP:TiO, compos-
ite single crystals as light frequency con-
verters with enhanced efficiency.
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