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The influence of TI* ion isovalent impurity on growth kinetics of prism {100} and
pyramid {101} sides of ADP (NH,H,PO,) crystals is investigated as well as the influence of
growth conditions on formation of the macrosteps on growing faces and structural perfec-
tion of crystals. The presence of thallium impurity in the solution results in the "dead
zone" enlarged towards the area of increased overcooling (supersaturation). The values of
face growth rates both for the prism and the pyramid do not change essentially. Using
three-crystal X-ray diffractometry, diffraction reflection curves (DRC) from the {100}
and {101} growth planes have been obtained. The DRC fragmentation is revealed caused
by formation of growth macrosteps during blocking of elementary step progression by the
impurity occurrence. The growth on the {100} plane is realized by formation of larger
growth macrosteps than on the {101} one. The normal growth rate of the {100} plane
exceeds almost twice that for {101} one. The TI* impurity is mainly adsorbed at the {100}
crystal face. The distribution coefficient of TI* impurity for {100} and {101} planes is
shown to differ twice being 1.0 and 0.5, respectively. Thallium impurity within the
concentration range Cp; < 1 wt. % does not affect essentially the structural perfection of
doped ADP crystals.

HccnemoBano BIMAHNE M30BAJEHTHON mpumecu uoHOB Tl+ HAa KHHETHKY pocTa I'paHeil
npusMbl (100) u mupamuger (101) xpucramros ADP (NH,H,PO,), u Biusanue ycinosuil BeIpa-
IMUBaHUA Ha (GPOPMHUPOBAHNE MAKPOCTYIIEHEH POCTa M CTPYKTYPHOE COBEPIIEHCTBO KPHCTAJI-
JgoB. Hannune nmpuMecH TaJans B PACTBOPE IIPHUBOJUT K yBEJIWYEHUIO MePTBOM 30HBI . Ilpu;
9TOM HE MEHSIOTCS CYIeCTBEHHO CAMH BeJIMYMHBI CKOpOCTeil pocTa rpaHeil MpU3Mbl M IHAPA-
MUABI II0 CPABHEHHUIO C YHCTBIM KpucTaaiaoM. HopmanbHas cKopocTh pocta mirockoctu (100)
mouTu B ABa pasda Oosbmrie, yem mis miaockoctu (101). MeTomom TpexXKPHCTAJIBHON PEHTre-
HOBCKOII muU(MPAKTOMETPUHN HCCJIEIOBAHO CTPYKTYPHOE COBEPIIEHCTBO JIETMPOBAHHBLIX KPUC-
TAJIJIOB, MOJy4eHbl KpuBble audparinuonuoro orpaxkenus (KIO) or miockocreir pocra (100)
u (101). O6uapy:xkeno mgpobaenue KO, obycioBienHoe oOpasoBanreM MaKpPOCTyIIeHeH pocra
mpu OJOKUPOBAHUY IIPOABUIKEHUS dJIEMEHTAPHBIX CTYIIeHeil BXOMKIeHHeM Jerupyiomei mpu-
mecu. Poct ma miockoctu (100) ocymiecrBisierca oOpasoBaHueM 06oJsiee KPYIIHBIX MAaKPOCTY-
TeHel pocTa, uem Ha miaockoctu (101). Ilpumecs TI* mpeumymiecTsBeEHO amcopbupyercsa Ha
rpaau (100) xpucramna. IloxkasaHo,uTo Koa(pPuUIMEeHT pacmpefeleHus mnpumecu TV maa
njockocteit (100) m (101) oriauuaerca B gBa pasa: 1.0 m 0.5, coorBercTBeHHO. IIpumecs
TaJnusa B npefenax KouneHrpanwi (Cp < 1 mac.%) He OKaseIBaeT CYIIECTBEHHOTO BIMAHNA
Ha CTPYKTYPHOE COBEPIIEHCTBO JIEFMPOBAHHBIX KpucTajaos ADP.
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Fig. 1.Scheme of the seed preparation (a). Variation of the passed beam intensity with the crystal

thickness (b).

1. Introduction

The growth and properties of water-sol-
uble KDP and ADP crystals (potassium and
ammonium dihydrophosphates) alloyed with
various inorganic and organic impurities
[1-5] are under active investigation during
last few years. So, for example, nonlinear-
optical ADP crystals alloyed with l-arginine
hydrochloride and l-alanine improve the
crystal perfection [1]; potassium chloride
and oxalic acid enhance the 274 harmonics
generation [2]; cobalt and DL-malic acid im-
prove the crystal dielectric propereties (the
dgg value is twice higher for cobalt-doped
crystals and four times higher for the acid-
doped ones that for pure crystals [3]); the
co-doping with nikcel and magnesium ions
increases the transmission coefficient in vis-
ible spectral area [4, 5]; nonlinear-optical
ADP crystals alloyed with thallium ions get
luminescent and scintillation properties [6].

Numerous researches of an impurity in-
fluence on KDP and ADP crystals growth
are known. It has been found that the
growth of prism (100) faces and pyramid
(101) ones differs essentially [7]. "The dead
zone" area (the solution oversaturation
range where the growth is absent) is re-
vealed for the prism (100) sides at low solu-
tion supersaturation. The higher is the im-
purity concentration, the larger is the "dead
zone" [8, 9]. During increase of supersatu-
ration and the beginning of growth, a trend
to formation of macrosteps [10, 11] and
capture of inclusions from the solution [12]
is shown. In KDP, the heterovalent metal
impurities (Fe3*, Cr3*, AIP*) are captured
actively at the prism face, the distribution
factors reaching values of the order of 10
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[13]. The influence of impurities on growth
of pyramid faces {101} is much weaker, and
the distribution factors amount about 0.1
[14]. In ADP, the segregation of chromium
impurity between the prismatic and pyrami-
dal growth segments is observed, the distri-
bution coefficients reach a value close to
inuty [15]. In [16], the growth kinetics vio-
lation due to the dislocation source activity
was studied. In this case, strong variations
in different types of the growth rate de-
pendence on oversaturation was observed.
The effect of chromium impurity on the
source activity is ascribed to the free en-
ergy change of the step butt.

Thus, there is some information on influ-
ence of heterovalent impurities on growth
of the prism and pyramid faces of ADP
crystals. However, that information is in-
sufficient. In this work, presented are the
study results of the growth kinetics and
structure perfection of ADP crystals doped
with isovalent TI* impurity.

2. Experimental methods

The kinetics of an ADP crystal growth
was investigated using an interference-po-
larization setup [17] on from aqueous solu-
tions under stirring. The normal growth
speed of a seed shaped as a plate xxyxz =
5x1x10 mm3 size was calculated proceeding
from the time- dependent grown layer thick-
ness measured in situ. The preparation
scheme for the (100) and (101) oriented
seeds is shown in Fig. 1. The seed was
placed in a temperature-controlled optical
cell. The solution in the cell was stirred by
a magnetic mixer. The solution temperature
was changed at a rate 0.01°C/min and meas-

Functional materials, 18, 1, 2011



A.PVoronov et al. | Effect of thallium impurity on ...

diaphragm l w4 '

Laser beam

h;

h2

hy>h,

Fig. 2. Model of the macrostep motion at the crystal increase: 1, 2, the macrostep end faces; 3,
terrace between the macrosteps moving sequentially.

ured with a DS18B20 digital thermometer.
A beam of a semiconductor laser with
A = 0.65um was passed through the grow-
ing crystal perpendicularly to the crystal
optical axis. Polarization of the laser light
made an angle of 45° with the crystal opti-
cal axis. The passed laser beam intensity
varying due to interference of the ordinary
and unusual beams according to a sine law
is connected with known ratio with thick-
ness of the crystal [18]. A typical time de-
pendence of the transmitted beam intensity
I is shown in Fig. 1. The linear section on
the sinusoid corresponds to time during
which no growth or dissolution of a crystal
is fixed, the solution temperature being
changing. The values of intensity I and
temperature were recorded every second.
Taking into account that the crystal dissolu-
tion speed exceeds by 5-6 times the growth
rate [19], the temperature of solution satu-
ration will correspond to temperature dis-
tant 1-2 min from the termination or the
onset of change in the passed beam inten-
sity from the side of the sinusoid section
showing the crystal dissolution.
The normal growth speed for one half-
cycle of intensity change is expressed as:
Ad % 1[pm } (1)

T 2At  4An  Af| min
where Ad — is the crystal thickness change
(increase); An = n, — n, = 0.044472 for A =
0.65 um, ng, n, being the basic refractive
indices of ADP crystal [20]; Af, the sinusoid

change time intensity for one half-cycle
(halved, since two planes of the growing
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seed are transmitted by the laser). The val-
ues of growth rate R calculated according to
(1) for each half-cycle of experimental de-
pendence of the passed laser beam intensity
change, Fig. 3, and synchronized with
change of the solution temperatures made it
possible to construct the dependences of
growth rate of prism (100) and pyramid

(101) faces on the solution overcooling AT =
Teut — Tso; for nominally pure ADP crystals
and for those alloyed with thallium. The
impurity was introduced into the solution
as TINO; salt at the rate of 1 wt. % of TI*
ions. The crystals were grown both at de-
crease in temperature from the solution
saturation point and at the solution heating
from overcooled state up to the saturation
point. The structural perfection of samples
was studied using the three-crystal X-ray
diffractometry (TXD) [21]. The crystal sur-
face ex situ was observed using an "Ax-
ioskop 40" microscope (Zeiss).

3. Discussion of results

The obtained values of R(AT) form
curves where sections are possible to select
with monotonous R(AT) dependence and
sharp spasmodic change of growth rates
when passing from one section to another.
It is possible to explain such spasmodic
changes of growth rate assuming the forma-
tion of growth macrosteps at the growing
surface [22]. Really, if to examine ex situ
the crystal surface morphology, the distri-
bution of macrosteps from a dislocation
source or an edge between the prism and the
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Fig. 3. Averaged dependences of the growth rate R
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pyramid faces is seen even at small magni-
fication in an optical microscope. The prob-
able model of observable growth rate spas-
modic changes is shown in Fig. 2: the laser
beam passing through the growing crystal is
limited to the diaphragm with an aperture
of 1 mm in diameter, therefore, the extend-
ing macrosteps cross the exposed area al-
ready having a certain thickness that we
observe as a jump of growth rate.

Then the crystal thickness on the plateau
between consequently moving macrosteps
increases monotonously, obviously due to
movements of elementary growth steps or
smaller macrosteps unresolvable in our
method of measurement of the crystal
thickness (0.2 mm). These growth rate val-

ues are seen as the monotonous R(AT) de-
pendence inside the section. These depend-
ences show the form R~B(AT), that is, the
growth rate depends linearly on the solution
overcooling The slope of R(AT) in each sec-
tion increases with increasing overcooling,
i.e. with the increase of AT the kinetic fac-
tor of macrosteps and the growth rate R
increase from one section to another.

From the plots of R(AT) dependences
similar to those shown in Fig. 2, averaged
dependences R, . (AT) are constructed,
where R, is the maximum growth rate in
each section corresponding to the moment
of crossing of the laser beam with an end
face of the macrostep (the moment of crys-
tal thickness jump). The dependences of
maximum growth rates R, on the solu-
tion overcooling for faces of the prism and
pyramid for ADP crystals, both pure and
alloyed with thallium are presented in Fig. 3.
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Fig. 4. Diffraction reflection curves obtained
using TXD in CuK ; emission: (a) (101) face,
reflection (404); (b) (100) face, reflection (800).

These values are seen to be on a straight
line beginning immediately from the "dead
zone", thus pointing to the displacement of
macrosteps [9]. The thallium impurity pres-
ence in the solution displaces "dead zone” to
the area of increasing overcooling. For the
(100) face, "the dead zone" is displaced in
interval ATy = (0.2—0.385)°C, and for (101)
one, the displacement ATy = (0.5—50.6) °C.
That is, the prism face is more sensitive to
presence of thallium impurity in the solu-
tion than that of the pyramid, thus, a
higher overcooling is required for the prism
face growth.

Comparison of growth rates of the prism
and pyramid faces has shown that the (100)
face grows approximately twice so fast than
the (101) one, the supersaturation being the
same. At the same time, thallium impurity
does not change essentially the growth rate
values as such (the difference does not ex-
ceed 15 or 20% within the studied concen-
tration limits, Cy < 1 wt. %), i.e. growth
rate of the prism and the pyramid faces
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Fig. 5. Ex situ image of the growth macrosteps arrangement on (101) and (100) faces of Tl doped
ADP crystals depending on the solution overcooling: 1, 2, 3, designation of macrosteps moving

sequentially from the dislocation source.

does not depend on the presence of thallium
impurity in the solution. Such feature can
be explained by a sharp change in the dislo-
cation source activity at the (100) face due
to formation of macrosteps. Since the step
density and thus the growth rate on the
dislocation hikkock is in proportion to the
total Burgers vector, the increasing activity
of the dislocation source should be accompa-
nied by the appearance of fast-growing
growth hillocks [16].

During the crystal growth, formation
and movement of macrosteps is reflected in
distribution of impurities and internal pres-
sures in the crystal [23]. The influence of
thallium impurity on structural perfection
of ADP crystals was estimated using a
three-crystal X-ray diffractometer using the
diffraction reflection curves (DRC). The
DRC from growth planes (100) and (101)
for pure and alloyed ADP crystals were ob-
tained. The diffraction reflection curves in
Cu K,; radiation are presented in Fig .4: a)
face (101), reflex (404), b) face (100), reflex
(800). The curves show fragmentation of
diffraction peak, larger number of peaks is
observed for (100) faces. The reason for
DRC fragmentation are small-angle rota-
tions of vicinal reflection planes caused by
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formation of growth macrosteps (packages
of growth layers) at blocking promotion of
elementary steps by the impurity introduc-
tion. In microphotos ex situ, Fig. 5, distinec-
tion in arrangement of (100) and (101)
growth steps at identical growth conditions
are seen. At the (100) face, the trend to
grouping and formation of macrosteps is ob-
served, where the height increases and in-
terstep distance decreases with increasing
overcooling. As to the (101) face, homogeni-
zation of steps is observed to a greater ex-
tent, the macrosteps appear only at over-
cooling exceeding 2.5°C. Thus, planes (100)
tend to form larger growth macrosteps than
(101) ones. As to thickness of a growing
plate, the growth macrosteps have regular
distribution at single-sector growing with
plane (101). The average size of growth
layer packages (macrosteps) makes 10 to 15
um. The ex situ microphotos of (100) and
(101) growth surfaces of thallium-alloyed
ADP crystals are presented in Fig. 5.
According to [24], the impurity adsorp-
tion on the (101) pyramid face is hindered
by the charge state of the growth surface.
The prism plane (100) during the growth is
formed by phosphate-ammotium packages
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and has no electric charge while NH} ions

form the (101) plane that is charged posi-
tively. The neutral (100) plane is always
open to thew interaction with cationic impu-
rity; in contrast, the positive charge of the
(101) one hinder the adsorption and intro-
duction of positive ions. It is found that
TI*impurity is adsorbed on the (100) crystal
face to a greater extent, that is confirmed
by higher distribution factor of TlI*impurity
for planes (100) as compared to thev (101)
one (1.0 and 0.5, respectively) as well as by
more essential change of the crystal lattice
parameters. Tl*ions are isovalent to ammo-

nium NHj ones and their ionic radii are close
together (rr = 1.45 A; ryy; =1.48 A [25]),

the ionic radius mismatch is less than 2%,
so thallium substitutes easily the ammo-
nium group. The difference in thallium in-
troduction factors into the prism and pyra-
mid growth segments is explained by the
charge state of the growth surface. The
high-precision measurements of the crystal
lattice parameters a and ¢ in crystals with
thallium concentration of 1 wt % show that
the parameter a is increased by Aa = 91074 A
while ¢ is decreased by Ac =11.2.10"% A.
The structure perfection of alloyed ADP
crystals was estimated basing on the rock-
ing curve half-width . The [ values are
within 7-10 arecsec range for all investigated
values of thallium concentration, thus evi-
dencing a high structure perfection of the
crystals. No essential changes of integrated

X-ray reflection capacity, Ifap, was found,

that first of all show a low density of bidi-
mensional defects of crystal lattice. Scan-
ning of a sample with X-ray beam has
shown uniformity of structure perfection
over the section of the grown crystals.

4. Conclusions

The presence of isovalent TI* impurity in
the solution (Cyj < 1 wt. %) enlarges the
"dead zone". At the same time, thallium
impurity does not change essentially (to
within 15-20%) the growth rates as such of
the alloyed crystals as compared to the
"pure” ones. In the presence of thallium,
the growth gate change is more appreciable
for the (100) plane as compared to the (101)
one that can be explained by a sharp change
of the diclocation source activity at the
(100) plane due to macrostep formation.
The presence of macrosteps is confirmed
both by three-crystal X-ray diffractometry
and by direct observation of the surface
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morphology in optical microscope. In the
diffraction reflection curves, the diffraction
peak fragmentation is revealed due to for-
mation of the growth macrosteps (the
growth layer packages) under blocking the
elementary steps due to the impurity enter-
ing. During the crystal growth, larger
growth macrosteps are formed at the (100)
plane than at the (101) one. TI" impurity is
adsorbed on the face {100} to a greater ex-
tent, thallium substitutes ammonium group
under account for the charge state of the
growth planes. This results in a difference
in the thallium entering coefficient in the
prism and pyramid growth segments (1.0
and 0.5, respectively). Within the limits of
the studied concentration, no essential in-
fluence of thallium impurity on structural
perfection of alloyed ADP crystals is deter-
mined.
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Bniaue gomMimkm Tajiro Ha KiHETHKY POCTY
Ta MOCKOHAJICTh CTPYKTYpPH Kpuctajgis ADP

O.11. Boponoe, B.M. Ily3ixoe, B.I. Cano, B.®. Trauwenko,
I''M. Babenko, H.C.I'epacumenrxo, B.O.I]ypikoé

Iocnigeno BIJAUB i3oBaseHTHOI gomimku iomis TI* Ha kimeTuky pocty rpaseii mpusmu
(100) Ta mipamigm (101) xpucraxis ADP (NH,H,PO,), Ta BniuB ymoB BuUpOIIyBaHHA HA
dopMyBaHHS MAaKPOCTYIIEHIB POCTYy Ta CTPYKTYPHY [mOCKOoHaJicTh KpucraaiB. HasasricTh
JOMIIIKK Tauiio y po3umHi cnprnuymHaAE 36inbmeHHss  MepTBol 30HH . Ilpum mpomy icToTHO He
3MIiHIOIOTBCH CaMi SHAUYEHHS IIBUAKOCTEN POCTY rpaHell HpM3MH Ta IIipaMigu y mopiBHSHHI 3
ypcTuM Kpucramsom. HopmanpHa mBuakicts pocty miomuuu (100) maiike BaBiui Ginbime,
Hisk gua maommuu (101). Merogom TPHUKPHCTAIBHOI peHTreHiBCbKOl audparxTomerpil
IOCJiIKEeHO CTPYKTYPHY [OOCKOHAJICTh JIErOBAHMX KPHCTAJNiIB, OZEep:KaHo KpuBi mud-
pakuifinoro Bimbmsamusa (KIB) Big mmomwmu pocty (100) ta (101). BusiBneno apoGueHHs
KIIB, o6ymoBiieHE YTBOPEHHAM MAaKPOCTYIIEHIB POCTYy IIpU OJOKYBAHHI IIPOCYBAHHS €JI€MEH-
TAaPHUX CTYNEHiB mpu BXOKAeHHI JueryBaapHol momimiwm. Piecr ma mmomwmui (100)
BIiMICHIOETHCSI 3 YTBOPEHHSM OlIbIIMX MaKpOCTyIeHiB pocry, Hik Ha mromuui (101).
IOomimika TI* mepesaskmo agcopbyernea Ha rpasi (100) xpucrana. ITokasaHo,mo KoedimieHT
posmoginenaa gomimku TI* gma mromum (100) Ta (101) BigpisHaeThca BABiui: BizmoBigHO
1,0 ra 0,5. Momimka Tamiro y mexax Kormernrpamniit (Cy < 1 mac.% ) He BIyIMBae icToTHO Ha
CTPYKTYPHY [JOCKOHAJICTH JleroBaHUX Kpuctajis ADP.
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