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Abstract

Defects in high quality KTIOPO, single crystals grown by the flux method have been investigated by X-ray
topographic techniques using synchrotron radiation. In addition to the usual observation of growth bands, growth
seeters and dislocations, inversion twin boundaries and a decrease in the cell parameter ¢ as a function of the distance

from the crystal seed are reported.

PACS: 61100 — 1§, 617251 61.72.Nn; 81.10.Dd

Keyvwords: Polassium litany] phosphate; Growth by ffux method; Inversion twin boundary; Synchrotron radiation

topagraphy

1. Introduction

The first crystal of potlassium titanyl phosphate,
KTiOPO, (KTP), was synthesized in 1890 using
molten potassium pyro- and ortho-phosphate
fluxes [1]. At present KTP is becoming one of the
most important nonlinear optical materials {or fre-
quency doubling and waveguide devices [2]. The
use of K'TP in applications reguires crystals of high
perfection and suflicient size. Two maim methods
are used to produce KTP ¢rystals: the high temper-

*Corresponding author. Fax: + 33 4 76 88 27 07. c-mail:
rejmagieslfr.

ature flux method [3,4] and the hydrothermal
method [5, 6], Cenventional melt growth tech-
niques are inappropriate since KTP decomposes
partially upon melting (T° ~ 1170°C} [7]. The flux
growth process is currently the most promising (o
provide Jarge K'TP single crystals of high optical
quality [8].

The crystal structure of KTP at room tem-
perature belongs to the orthorhombic space
group Pna2; with lattice parameters a = 12,814 A,
b= 6404 A and ¢ = 10.616 A [93 where the polar
axis and hence the direction of spontaneous polar-
ization is along the c-axis. KTP 15 a high-temper-
ature ferroclectric with a large diversity of Curie
temperatures reported {(940°C + 50°CY the phase
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transition temperature depends on the flux com-
position and c¢rystal thermal history [10]. 1807
ferroclectric domains, with domain walls lying
paraliel to the (I 00) planes, have been observed
using pyroelectric, piezoctectric and electro-optical
techniques on hydrothermally grown material [117.
Complex twin boundaries were found in flux-
grown KTP. They are not related to the ferroelee-
tric domains, but seem 1o be similar to the Dau-
phine twin in quartz [4]. Ferroelectric domain
walls parallel to the polar axis were observed in flux
[127 and hydrothermally [13] grown KTP crystals
by X-ray topography, which aliows determination
of the three dimensional shapes of the domains.

X-ray topographic techniques were used 1o
investigate periodically domain-inverted regions
[14]. electric field induced grey tracks {15] and the
structural quality of flux-grewn KTP crystals re-
vealing high levels of perfection with very fow dislo-
cation densities [16, 17]. The X-ray topographs
rccorded on h k! reflections (/5 0) under an ap-
plied electric field exhibit many dark straight lines
parailel to the c-axis, the effect being maximal for
007 reflections [18-20]. After removal of the field
these lines gradually disappear. For an electric field
perpendicular to the polar axis no eflect is ob-
served. These facts were tentatively explained by
assuming that the lattice of a KTP crystal in an
external electric field is distorted by the space
charges associated witl the formation of “polarized
channels”™ [207.

The above examples indicate the miscellancous
applications of X-ray topography in understanding
the behaviour of KTP erystais. The needs of the
oploclectronics industry led to a major eflort de-
voted to the growth process of KTP. The high
quality of the produced crystals requires a charac-
terization technique with improved sensitivity and
spatial resolution to observe the weak strains which

were before hidden by the general imperfection of

the crystal fattice. The new possibilities offered by
third generation synchrotron radiation sources like
the ESRT [211 allow, in an easy way, the X-ray
topographic characterization of the KTP flux-
grown crystals produced by the “Cristal Laser”
company. These crystals are not onty of high op-
tical quality, but they also display a high perfection
even rom the topographic point of view,

2. Crystal growth

The KTP crystais characterized in this study
were grown by the Top-Sceded Solution Growth
{TSSG) method cither from KgP,Oyy [3,7] or
[KPO; + K17 [22] Muxes. The house-built “Cris-
tal Laser” furnaces consist of three individual heat-
ing clements, a weighing device (sensitivity 1 mg)
and a translation - rotation unit, The temperature is
controlled within 1o be 0.17C, and the gradient
between the bottom ol the platinum crucible and
{5cm above the melt surface s adjustable in
a range of 017 1"Cjeny. The growth units are
power-secure and supervised by a computer.

The raw material KTiOPO, is dissolved in the
flux and the assembly is heated to [000°C. After
stirring for homogenization, the exact saturation
temperature (approximately 940°C) of the solution
is determined with a test erystal during slow ceol-
g The seed, o KTP erystal with the dimension of
20 30 mnalong the h-axis and a 3 x 3 to 4 x4 mm*
cross seetion, is immersed in the bath and rotated in
the erucible ofVits center, The rotation axis is paral-
fel (o the b-nxis and the rotation rates are in a range
of 40 100 rpnu The sense of retation is reversed
every 605 (o avoid the formation of liguid inclu-
sions [23]. The geometry of the crystal growth is
schemuatically shown in Fig. fa.

The supessaturation is achieved by slow cooling
(1 7°Ciday). FThe theoretical width of the mela-
stuble zone (where no homogeneous nucleation oc-
curs) o the K, P05 flux is approximately 6°C
[ 247 and we have found the same result in the case
of the [ K PO, + KF] flux. In order to avoid the
erystaliization in the buik of the melt and to crystal-
fize only on the sced, one has to work within this
“theoretical” metastable zone. However, the “real”
metastable zone width depends on many factors,
such as crucible ageing, stirring, melt purity, mech-
anical or thermal shocks. An heterogeneous nuclea-
tion on the inner side wali and on the bottom of the
erucible during slow cooling is then prevented by
using a snaller working zone width than predicted
theoretically. Heterogeneous nucleation decreases
the crystallization ciliciency (i.e. the ratio of the
mass of the main crystal over the total mass crystal-
lized within the growth (emperature range) and
a small single crystal in a wide growth temperature
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GROWN
CRYSTAL

20Ty
a
S b
ROTATION
{a)

Fig. {. (a) Schematic drawing fllustrating the morphology of
the KTP crystal, the location of the seced and the rotation
arouid the h-axis which is systematically reversed during the
crystal growth. (b) Photograph of typical IKTP crystals produe-
ed by the “Cristal Laser™ company. from lefl 1o right erystals of
Nos. 5. 4. 3 and 2 characterized in Table 1. The seeds, clongated
along the b axis, are clearly visible inside the crystals.

Table |

range is oblained, as shown 1 Table I, crystal
No. L.

The improved control of the supersaturation and
hydrodynamic processes through slow cooling and
crystal rotation [25] allows, after four weeks, the
growlh ol a raw crystal up to 300 g weight. Crystal-
lization efliciencies up 10 953% are achieved and at
the present, crystal sizes and qualily are mainly
limited by the crucible capacity. Table I summa-
rizes the growth conditions, including this crucial
cructble size, and Fig. b shows the photograph of
typical produced KTP crystals.

3. Experimental procedure

The crystalline quality of the KTP crystals was
investigated at the BM3 “Optics” and at the IDI9
“Topography™ beamiines at the European Syn-
chrotron Radiation Facility (Grenoble, France) by
while beam synchrotron radiation diffraction top-
ography in (ransmission mode. The projection and
section topographs were recorded as Laue paticrns
(each spot corresponds to a topograph) on Kodak
Industrex SR films with typical exposure times of |
and 20 s, respectively [217]. Note that in the case of
the projection tepographs a chopper decreasing the
incident beam intensily by the factor 20 was used in
order to reduce the heat load on the sample [26].
When recording the section topographs (the experi-
mental set up is schematically shown on Fig. 2) this
device 1s usually not needed due te the small iliu-
minated volume. The crystal-to-film distance was

Typical growth conditions and characteristics of produced KTP crysials

Crystal No. Crucible size Growth duration  Growth Crystal weight Crysial size Crystallization
diameter x height (days) temperature range (g) (mm*) cliicieney (%)
fmm?) ")

! 120 % 80 40 266 81 Wx3Tx34 20

2 P20 120 25 91 151 25% 53063 60

3 120 % 80 27 110 182 Tx56x70 80

4 120 % 80 23 105 216 25% 6076 80

3 150 % 100 28 71 300 BxoTxlo 80

6 [20 100 35 32 140 23x40x 62 95
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i FILM
TRANSLATION i f'
OF SLITS SAMPLE DIFERACTED e
] Y SECTION
SLITS TOPOGRAPH

INCIDENT
BEAM ﬂ
~ 15 um :
T BEAMSTOP |

(!

Fig. 2. Experimental arrangement for section lopographs with the possibility to maodify the incident beam positton on the sample by the
disptacement of the slits,

I SCRATCHIS
A b
C L -
g
GROWTH s
SECTOR {[110) TWIN
! mm Ty, G BOUNDARY
a) /t
) DISLOCATIONS

b-PLATE SAMPLE

{110} TYPE
GROWTH SECTOR

c)

Fig. 3. (a) Projection opograph of 1he b-plate, refiection 113, it ~ 04,7 =028 ALt~ 09 mm, gis the absorpton cocliicient and 1 is
the thickness of the sample, ¢ i the projection of the difftaction vector on the film. (b} Scheme of the topograph indicating the location of
1he features discussed i the text (¢) Location of the investigated b-plate sample in the grown crystal.
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i the order of 20 em. The combination ol informa-
o oblained from section and projection topo-
sraphs  recorded on one sample allows  the
determination ol the three-dimensional shape of
i piven delect mside the crystal [27].

The investipated samples were a-, b- and c-plates,
Lo they have been cut respectively, perpendicularly
to the a. b and e crystal axis. The a-plates show
similar behaviour as the b-plates. We present the
resuits oblained on three samples exhibiting (ypi-
col, and iferesting, features: one b-plate and two
coplates. The b-plate was cut quite far (more than
I eany from the seed and 1s 0.9 mm thick. The ¢-
plates, | and 1.8 mm thick, were cut through the
seed und cross the whole grown crystal,

4. X-ray topegraphic studies

Fig. 3a shows a 113 projection topograph of
the beplate crystal. The schematic diagram of the

topograph in FFig. 3b, shows a growth sector lying
along {110} type planes (displaying a triangular
form), dislocations, surface scratches and a straight
line parallel 1o the g-axis with a small “jump™ in the
¢ direction where crossing the boundary of {1106}
growth sector. Fig. 3¢ indicates the location of the
investigated sample with respect to the {110} type
growlh sector observed on the topograph. The dis-
location density of the slice is very low, being
around 10 cm ™ in the central part of the {110}
sector and outside this sector the sample is nearly
distocation-free. We have {ollowed the location of
the planar defect (corresponding to the straight line

on the traverse topographs) inside the sample using

the section topographs recorded with the slils
set perpendicularly to the a-axis with difTerent
positions of the mcident beam on the crystal [27].
The interface orientations were determined to be
{01 3} outside the growth sector {1 10}, {02 3] at
the “jump™ and {014} inside the {110} sector.

BOUNDARY OF GROWTH SECTOR {110}
\

DOMAIN WALL

¥ P
=y

b)

- rl\ PS

IFig. 4. () Section topographs of the c-plate, reflection T 5 2, pr ~ 0.7, 2 = 032 At ~ 1.8 mm. slits set perpendicutarty to the b-axis. the
a-asis is horizontal on the figure. (by Schematic drawing of the topograph with its main features, Py indicates the direction of the
spontancous polarization.
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This straight line is invisible for 0 0! reflections, but
is clearly visible even for these reflections, when
a weak DC field (~20 Viem) is applied along the
c-axis, as the contrast of the striations produced by
the field reverses when crossing it {20].

We propose that this planar delect corresponds
to an inversion twin boundary. The twins are re-
lated by a 180" rotation around [0 1 0] direction,
or, more briefly expressed, by the operation
2[0 103, as indicated in Rell [28]. The inversion
twin boundary separales regions where the spon-
laneous polarization is reversed and could resuit
from the reversal of the rotation of the seed in the
liquid bath during the crystal growth process | 29].
The whole crystal is divided at the level of the sced
inte two large domains by a charged ferroclec-
tric domain wall, which is perpendicular o the
polar axis.

The same ferroclectric domains related feature, is
shown on the section topographs of Fig. 4a, this
time on the 1.8 mm thick c-plate cut through the
secd. The slits were set perpendicuiariy to the h-axis
for different positions of the incident beam on (he
crystal. The schematic drawing of the topograph,
given n Fig. 4b, indicates the boundary of grow(h
sector {110} producing again a “jump” on the
interface of domains. Note the presence of Kato’s
or Pendeliosung fringes [307] on the topographs,
They indicate a very high crystailine guality, and
display an independent pattern in each part ol the
sampie separated by the growth sector boundary as
in the case of two independent edge-shaped crys-
tals. When a DC clectric field was applicd along the
e-axis, a strong enhancement of intensity has been
abserved in the neighbourhood of the domain wall
indicating the presence of a strain field produced by
jonic flow across this mterface, No displacement of
the domain wall was observed, a feature which
could be related 1o the trapping effect ol the {11 0}
growth defects, The {110} faces of grown crystal
can disappear if the relative growth speed is slightly
modified and consequently the crystal is grown
outside the metastable zone [257, The presence of
{100} type growth sectors indicates in this way
a high quality of the grown crystal.

Fig. 5 presents a typical e-plate cut through the
seed. The schematic diagram of Fig. 5a indicates
the main features observed and the locations of the

'I'\\’IN/B(]UN?)M{Y

<~ L HINHA I REEEN NNV ESRRA]
1l [DRIR1RS]

GROWTH SECTOR
BOUNIARY = CRACK
{1005+4201}

/' - T SEED
Jlﬂ
LOUATICNS OF
TOPOGRAPIIS | DISLOCATIONS
e ) A LT
1
a) B ©

/'

1 iy

Fig, 50 ) Scheme of the o-plate cut through the seed, dimen-
sions 2540 x I mm®. () Projection topograph of the region
around the end of the seed, reflection 57 1.z ~ 0.7, % = 0.3% A
e} Projection topograph of the region far (=1 cmd from the
seed, reflection 200, gt ~ 1.3, & = 049 A with the contribution
of the rellection 300, ju ~ 0.3, h = 0.25 A,

recorded topographs, shown in Fig. 5b and Fig. 3¢
The end of the seed and 15 neighbourhood is
shown on Fig. 5b. On the night part of the tope-
graph many dislocations parallel to the ¢-axis are
visible, starting from the surface of the seed and
crossing the whole crystal. The images of the dislo-
cations parallel {o the h-axis disappear gradually
when going away from the seed. The origin of these
disiocations is the top of the seed, which 1s a hughly
distorted region, partly filled by the flux. At a dis-
tance of about 1 em from the top of the seed the
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crystal is nearly defect-free, as shown in Fig. Sc, and
Ko™ fringes were observed on the corresponding
seeton lopographs, The {101} plane boundaries
between the §1 007 and {2 0 1} growth sectors were
vleerved as two straight diagenal bands starting
(ronn the corners of the seed. The volume of a grown
crystal didined by these {101} boundaries is
Hu repion of best erystailine quality i far enough
Trom the seed,

e chslocntions parallel {o the «-axis start
vlesty rom the surface of the seed, and are oniy
gesent al the level of the seed, the rest of the crystal
buing nearly dislocations-free. When the seed itsell
vontains dislocations, they generally do not con-
taste i the grown crystal. These dislocations are
not observed on topographs performed using the
ih 00y reflecting planes. Their Burgers’ vecior is
conseguently perpendicular 1o the g-axis, and they
ave pure edge dislocations. These [1 0 07 edge dislo-
cations could originate on irregularities of the seed
surfnce clehed before the crystal growth. The sec-
tion opographs of the § mm thick c-plate shown in
Fig. ¢ sugsest the influence of the surface-seed in-
homogencities on the distnibution of dislocations

1 = seed center

2 = seed surface level

P

3 = grown crystal

within the grown crystal. The first section corre-
sponds to the “quasi-perfect” central part of the
seed. The second section was recorded just al the
level of the seed surface and shows a quantity of
diagonal lines corresponding probably 1o the
strains remaining ncar to the seed swrface after
etching. The third and the forth sections were re-
corded on the grown crystal and repeat, through
the dislocation images (dots), the same defects seen
on the second section.

Fig. 7a shows scction topographs recorded at
different positions of the incident beam on the seed
of the c-plate 1.§ mm thick sample. with slits set
perpendicularly to the a-axis. The section topo-
graphs corresponding to the reflections above the
direct beam spot show the upper and lower part of
the seed to be contracted and expanded, respective-
ly. This behaviour can be explained by a curvature
of the reflecting planes of the sced, schematically
represented in Fig. 7b, produced by a smaller lat-
tice parameter ¢ of the grown crystal. These sec-
tiens thus indicate that (he seed has a bigger lattice
parameter ¢ than the grown cryslal, Ac/e being
estimated to be 10°*-107° This valuc was

500 1m

ae

4 = grown crystal

Iig. 6 Section topographs of the c-plate corresponding 1o the two different loeations on the seed (1 = ceniral. 2 = surface part) and two
focations (3, 41 on the grows cryvstal in order 1o follow the surface seed irregularities within the grown erystal. Slits set perpendicuiarly to
the aeaxis, the d-axis is horizomal on the figure, the separation of the sections is 1 mm, reflection 6 0 1, pf ~ 27,7 = 054 At ~ 1.8 mm.
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grown crystal ——m-

seed

grown crystal ——

GROWN
CRYSTAL

b)

>

1 mm

Fig. 7. {a) Section tapographs at dillferent places of the seed of the e-plate, T thick, stits set perpendicularly o the a-axis. Lhe b-axis is
harizontal on the figure. the separation of the sections is 0.5 mm, refiection TUA g~ 0.3 7 = 027 AL (b) Schematic drawing of curved
planes of the sced produced by smadier latiice parameter ¢ of Hhe grown crystal,

obtained from the expansion/contraction of the
grown crystal section topograph with respect to the
seed ones, and the known crystal-to-film distance
(23.% cm). The misorientation angle 2 was thus cal-
culated and it is worth, in the case of the 713
reflection (Fig. 7a), approximately 1.8 x 1077 rad.
The corresponding lattice mismatch Acfe is equal
to zicos ¢ sin ¢, with ¢ the angle between the erys-
tal surface and the diffracting planes.

5, Conclusions

The crystalline perfection of KTP crystals pre-
pared using the described top sceded, slow cooling
technique, is very high on large areas. Indeed,
on the section topographs of the areas of crystal
located [ar enough from the seed, the character-
istic Kato's fringes appear, indicating a very
high crystalline quality of these parts of crystal.
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Novertheless, the delects as growth secter bound-
arwes and dislocations reduce the useful volume for
applications in nonlinear optics. The dislocations
stong | 00] seem o be related to the irregularities
of the surlace of the seed. The lattice mismaltch
hetween the seed and the grown crystal for the
parameter e can be estimated to be 107 %1077 with
the o spaciap of the grown crystal being smaller,
FFarther investigations by high resolution diffrac-
tion e foreseen Lo measure more precisely this
tiilice mismatch. We have characterized the
Boundary between the twins correlated by the
aperation 2£0 101, corresponding o a charged
furroelectric domain wall. The inversion twin
boundary is generated during the crystal growth
process and the whole crystal is divided nto two
larpe ferroclectric domains. The domains are,
however, so large that optical devices can be cut
roam a single domain part of erystal.
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