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MECHANISM OF KDP GROWTH FROM SOLUTION

H. V. Alexandru’, C. Berbecaru, R. C. Radulescu®

Faculty of Physics, University of Bucharest, Romania
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Three crystals were simultaneously grown in the same conditions, 9 liters sol ution volume of
the crystallisation chamber, by temperature lowering method. The growth kinetic of prismatic
faces was measured for a period of ~30 days. Arrhenius corrections of the growth rates were
made to 55 °C growth temperature. Prismatic faces are very sensitive to Me* impurities and
have typica "dead" growth zone at small supersaturations. At higher supersaturations
0 = 0.08, 2D-nucleation mechanism becomes dominant. Using 2D-nucleation formalism
introduced by Chernov [14,21] we have found the edge free energy per growth unit
¥y =0.39,KT , in good agreement with the literature data. The coverage 8 = 3.3x107° of
ad-molecules in the surface layer, susceptible to trigger 2D nuclestion is of the same order of
magnitude as Fe* impurities in solution and suggests a heterogeneous 2D-nucleation
mechanism to be dominant. The lower limit of the adsorption energy ~18 kca/mol of this
impurity was estimated on the prismatic faces of KDP, much lower than ~9.5 kcal/mol the
activation energy for growth. The critical coverage 8* = 3.6x10™ at the limit of the “ dead”
growth zone, much higher than previous figure, suggest the segregation coefficient of this
impurity increases dramatical ly towards low supersaturation.
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1. Introduction

KDP single crystals of high quality are needed for laser fusion experiments. The laser damage
threshold of the crystals depends on impurity concentration and crysta perfection, i.e. essentiadly on
the mechanism of growth. Laser interferometry [1], and AFM [2,3] studies have shown layer growth
due to dislocation and nucleation mechanisms of growth compete at 0 = 5-10 % supersaturation.
Macroscopic growth kinetic measurements take advantage of simultaneous messurements of a
number of crystas growing in the same conditions and gives statistical information about the process
and the crystal quality [4-6]. The influence and the dual action of impurities on the growth kinetic of
prismatic and pyramida faces of KDP were previously presented [4,7]. New kinetic data, peculiar
observations and interpretation shall bejointly presented.

2. Experimental
2.1. Growing assembly and kinetic measurements

The crystal growth equipment is presented in Fig. 1. The doubl e walled thermostating system,
fully transparent, alowed to grow and to measure simultaneously, in situ, the growth kinetics of three
crystals. Crystallisation chamber of ~9 liters solution volume is placed in an outer aquarium type bath
of ~30 liters distilled water, continuously stirred and thermostated +0.01 °C. Vertical external flat
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glasses insure a shirt of air 5 cm thick, which prevent heat losses and provide better temperature
stability. A cooling water coil (“wt” in Fig. 1) can be temporarily used for temperature drop in the
outer bath. Higher power heating rate can be occasionally delivered both in external bath and in the
crystallisation chamber, versus the normal thermostating regime. This way a rapid stabilization of
supersaturation can be normally insured. Specia glass encapsulated heaters are used, which do not
make sol ution i mpurification.
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Fig. 1. The assembly for crystal growth and kinetic measurements. The double glass discs fit

tightly the crystallisation chamber. In between small power hesting dements compensate

losses particularly at higher temperatures. Pt 1and Pt 2 are platin 100 elements in external
bath and in the crystallisation chamber.

The cover of the crystallisation chamber is double walled with glass disks and provided with
specia small power heaters. The cover temperature is adjusted at the limit of water condensation on
the lower glass cover of the chamber. This arrangement ensures good temperature stabilization with
only solution stirring produced by the “tree” with crystals.

The crysta “tree” support ensures the reversible rotation of the crystals having Z-axis in
horizontal position and <110> crystalographic direction along the vertical rotation axis [4,7].
Reversiblerotation 50+70 rpm of the crystal “treg’ (10+30 sec every side rotation and 2+5 sec break),
eectronicaly controlled [8], ensures the kinetic regime of growth.

Vertica dimensions Ry aong <110> crystall ographic direction and horizontal dimensions R
aong (001) direction of the crystals could be measured with a cathetometer (+ 0.01 mm). The mean

growth rate va ues of the prismatic faces were estimated as R%) = R,/ 242 for every crystal. The
supersaturation was adj usted with the aid of the temperature program.

2.2. Electronic equipment for temperature program

The dectronic equipment for temperature control includes a micro-computer and a paralld
interface, a phase control power regulator and a time-temperature recorder, see Fig. 2. The digita
(Platin 100) thermometer performs two readings per second and the temperature accuracy control is
+0.01 °C, on the temperature range 10+100 °C. All eectronic components were connected via the
8 bit pardld interface. The feeding of the microcomputer and the digital thermometer was made in
line with a DC —12 valts storage battery, to prevent disturbances due to accidental break of dectric
power. Two platin 100 Q sensors, speddly cdibrated, were used. One sensor ensure the
thermostatation in the outer bath, the other one can read the actua temperature in the crystalisation
chamber, when it isinquired on purpose.

The computer temperature program, with 32 steps ensures a flexible monitoring of the growth
parameters, according to the growth regime or kinetic measurements. A large graphic of the leading
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parameters (growing temperature, saturation point evolution, crystas dimension, estimated
supersaturation, growth rates, etc) is completed every day. Kingtic data, growth rates versus
supersaturation finally emerge. Some other specific observations are aso important: stirring rates,
period of the rotation reversal and the break, in relation with crystals dimension and hydrodynamic of
the system. Arrhenius correction to 55 °C were made for all growth rates measured at lower
temperatures, using the activation energy of AG = 9.5 kcal/mol. We have previously used this figure
for KDP growth [4], in good agreement with Chernov and Rashkovich [9].
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Fig. 2. The design of the crystal growth equipment and the electronic temperature control
system. The digital thermometer and microcomputer are 12V - DCfed in line with an
accumulator, to prevent large voltage variation or small electrical power break.

2.3. Salution, seeds and super saturation

Z-cut seeds, closdy shaped to the natural habit of the crystd, were firmly attached to the
"tree" support with nylon wires [7]. Seed regeneration was usualy completed in two hours at higher
supersaturations. Kinetic measurements at several supersaturations were realized by temperature
reduction during about thirty days. The supersaturation was controlled by temperature adjustment.

A double fractional recrystdlisation procedure [10-12] was used to improve the quality of raw
KDP material. The middle fraction of the final product was used for solution preparation. Emission
and atomic absorption spectroscopy have shown Fe** = 10 ppm, the major impurity in this fraction.

The mole fraction concentration in sol ution was fitted by equation [4,6]:

c™(T)=C™ exp(-AH ./ RT) 1)

where a normal pH ~ 4, C' =15.1, and the dissolution enthapy AH . =3.65, kcal / mol , is

constant on alarge temperature interval 20+60 °C. We have used the reference data [4,13].
The concentration X (g KDP/100g H,0), useful in solution preparation was calculated
according to the formula [6]:

X(T)=755.4, {C%(T) - } ’ @)

The supersaturation we shall usein this paper is defined [4,6]:
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where Ay isthe chemical potential variation of the soluteand C™ , C* are actual and equilibrium
mole fraction concentrations. These concentrations correspond to Tg-the saturation temperature, T, -

the actual temperatureand o = (T - T¢ )/ Te = AT /Te.

3. Results

Verticd dimensions Ry of the tree crystals were measured in situ with a cathetometer along
<110> crystallographic direction at several supersaturations. Examples of crysta dimension variation
at constant supersaturations are presented in Fig. 3.
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Fig. 3. Theincresse of KDP prismatic face dimensions, measured aong the <110> direction,
a two constant supersaturation values. The figures in parentheses shows the crystal number
on the“tree” support and arrows show the left or the right hand side scales.

The measured growth rate Ry of the prismatic faces was drawn versus the supersaturation in
doublelog scdein Fig. 4. Two distinct mechanism of growth in regions “c’ and “b” are clearly seen
and atransient region “a’ towards the “dead” growth zone at smaler supersaturations is suggested.
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Fig. 4. Growth kinetic dataR - o in double log scale. Three distinct regions of growth kinetic
can be followed: ¢/ 2D nud eation mechanism, b/ didocation mechanism, & transient region
towards the“dead” growth zone.
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3.1. Two-dimensional nucleation mechanism (region “c”)

In Fig. 5 we have represented all kinetic datain the coordinates of 2D nucl eation mechanism.
At higher supersaturations, in the region “c’, the 2D-nucleation mechanism is expected to
become dominant and according to Malkin et d [14], equation:

B R B
R, =A, g”° exp(—;j = In 05“/'6 =In A, - . (%)

isvalid, where A and B are constants, shall be further discussed (upper representation in Fig. 5).
An earlier equation for two dimensiona nucleation theory of growth [15] we have also
represented in Fig. 5:

N2
. _ KT y 1
R, =— K*d&xp|-m| = | = 5
- ol A{2] 2 .
where (KT /h) is the frequency factor, K™ activation entropy factor, d interplanar distance and '

the edge free energy of the growth unit (GU) in the step.
Growth kinetic data for the tree crystals are presented according to egs. (4) and (5) in Fig. 5.
Both versions show the same distinct regions of growth asin Fig. 4.

From region “c” of upper representation in Fig. 5, constants A, = 4.84, 10° m/sec and
B=0.165 in eg. (4) were found. Using the formalism from refs. [1,4,14,17], from B constant in eq.

(4):
_nfy
- 3(ij ©)

the edge free energy ratio per GU in the steps ) / KT = 0.39, could be found. This figure isin very

good agreement with the values 0.39,+0.39, estimated by Séhnd et a [16] and 0.41 estimated by
Alexandru et a [4]. This figure corresponds to the surface energy a = 12 mJ/nr.
Intheregion “c’ thelower representationin Fig. 5 of eg. (5) is given by:

. - 0.24
R, (m/s)=1.94,10° exp [— 9] @
o)
and the edge free energy ratio of the GU found y'/ KT = 0.28; is smaller than previous value

3.2. Didlocation mechanism of growth (region “b”)

Using the experimental data from Fig. 4, an empirical equation R, = K [&" fit the data in
theregion “b”. If we consider the BCF —dislocation mechanism of growth [18], the exponent has to be
1<n<2. For solid and broken linesin Fig. 4, the exponent values are 2.65 and 2.20 respectivey. The
dispersion of the kinetic data around 0 ~ 2 % in Fig. 4 explain this dispersion of the exponent, in
connection with activity of the dominating center of dislocations [19,20]. The super-parabolic
dependence of the growth rates on supersaturation cannot be explained in the frame of the BCF
theory. However, as previously shown [4,20], a possible explanation is the step retardation effect due
to stopper impurities, whose effect increases rapidly towards smaler supersaturations (see section 4).
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Fig. 5. Kinetic dataiin coordinates of the nucleation mechanism of growth. Upper and lower
representation corespond to eg. (4) and to eg. (5), respectively (see text).

3.3. Retardation effect of impurities (region “a”)

Theregion "a" is atransient one towards the "dead” growth zone at smaller supersaturations,
where no measurable growth rate occurs due to impurities. The sengtivity limit of our measurements
~10" nmysec (+0.01 mm / 24 hours) is comparable with the sensitivity limit of laser interferometry
3x10™ m/sec [14]). Inthis region, the edge free energy ratio y/ kT = 0.44 + 0.49 is comparable with
the value found in the region "c". However, Ay constant in eg. (4) is about four orders of magnitude
higher than in the region "c". The corresponding coverage 9 = ns/ ny »1 has no physical support and
shows the 2D nucl eation model do not apply in theregion “a’ (section 4).

4. Discussion

Following the same procedure as in refs. [4,7,14], we have used the constant value from
eq.(4): A = A9 = A, /2V2 = 2.06, x 10° mVs and we have found the surface density of adsorbed
molecul es on the crystal surface, susceptible to produce 2D nud egtion:

_(arcB)
We have used the following data and kinetic parameters:
e C¥°°=165x107 m™ - the equilibrium volume concentration of GU in solution,
calculated according to the solubility curve[7].
» The kinetic coefficients of steps in the equation of step velocity v=3,C. a0, estimated
according to equation [14,21]: B, =a (KT /h)exp (- E, / RT)=1.19, x107° m/ sec,
where

=127, m> )
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E, =9.7 kcal / mol [9] isthe activation energy for step motion, KT / h = 6.83x10" sec™

is the frequency factor and @ =5.08, x10™° m is the mean linear dimension of the GU on
the prismatic faces.
« W =9.61,x10 m™ - the volume of the GU in the KDP lattice and
« d=a,/2=371,%x10™" m - the dementary step high.
The coverage of these ad-mol ecules in the surface layer can be estimated:
—_ nS —_

== 3.3x10°° 9)

(o]

where n, = (a)? =d/ w=23.86, x10™® m™ is the surface density of native molecules in KDP
|attice on the prismatic faces. Because the relative concentration of adsorbed molecules on the crystal
surface, susceptible to trigger the 2D nucleation mechanism 6 <<1, it may be supposed the
nucleation mechanism is heterogeneous. Indeed, the main impurity in the basic substance Fe** was
found by spectroscopic analysis in concentration of ~10 ppm. If we take into account the segregation
coefficient Kre = 0.5 found by Beouet [22], the surface coverage eg. (9) is dmost the same as the
relative impurity concentrationin crystal, i.e. ~5 ppm.

This fact suggest thelife time T of Fe** impurity in the adsorption layer is very long compared
with the time interval t, =d /R between two successive steps crossing a point on the crystal
surface. Thus, at the limit, we have the following correl ation:

d kTY™ E.q
t,=— < 17=|— —ads 10
'R ‘ (hj eXp(kT] (9

Using the extreme values of the growth rates in Fig. 4, R™® =107 +10° m/s and the

dementary step high d =3.71, x10™ m, wefind at the limit of eg. (10) the minimum val ues of the

activation energy of adsorption of impurities 15.6+18.6 kcal / mol respectively. Thus, this values
are much larger than the activation energy for growth ~9.5 kcal/moal [4] (the dehydration step of the
GU which enter the surface layer). Adsorption energy of impurities as large as 24 kca/mol was
estimated by Chernov and Mdkin [25,26] for pyramidal faces of ADP. The “life’ time in the
adsorbed layer for such impurity is of the order T~5x10%sec, i.e much larger than
t, ~ (10°+10%) sin our experiments.

At lower supersaturations such impurities play the role of stopper for dementary steps
produced by the did ocation mechanism on the crystal surface and finally are “engulfed” in the crystal
lattice. At higher supersaturations, heterogeneous 2D-nuclation plays an important role, exceeding the
homogeneous 2D-nudl egtion. Individua impurities having a high energy of adsorption, which did not
actudly initiate nucleation, still play the role of stoppers. However, increasing the supersaturation, the
time between two successive steps t, =d / R crossing a point on the crystal surface become
shorter and impurities concentration in the adsorbed layer decreases continuously. This way, athough
paradoxically, the impurity concentration in the crystal have to decrease at higher growth rates. Thisis
in strong contrast with the behavior of the segregation coefficient in melt growth of crystals[24].

There is ancther aspect which worth to be mentioned. At lower supersaturations, at the limit
of the “dead” growth zone, the critica coverage 6* is related to the critica supersaturation
0*~1.5% bytherdation:

* — 2 _2
0* =S = |: a :| = |:(l] £:| = 3.6x10_4 (ll)
n 2 p* kKT ) o*

o

Indeed, in view of Cabrera-Vermilyea concept [23], the surface layers extension on the crystal
surface is completely stopped, when the mean distance between stopper impurities is smaller than the
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diameter of the critical nudeus 2p, =2 (y/KT)[{a/o*). At this stages the dementary steps
cannot squeeze any longer through the “forest” of stoppers on the crystal surface and the growth is
completdy stopped. The critical coverage in eg. (11) 8* =3.6x10™, which isin good agreement
with the value found in ref [7], is two orders of magnitude higher than the ordinary coverage
0 =3.3x10"° estimatedin eq. (9).

This fact suggests the retarding effect of impurities monotonousy increases at smaller
supersaturations and consequently the segregation coefficient increases very rapidly towards the
smaller supersaturations. The unusua value n = 2.20 + 2.65 of the exponent in equation R, =ao"
corresponding to region “b” can be understood if the substantial decrease of the growth reates are taken
into consideration at smaller supersaturations.

Finally, we shall consider theregion “c” and the characteristics of 2D critica nucleus.

In the supersaturation region o = (7+10) %, where y /KT = 0.39, was estimated, the critica
radius corresponding to 2D nucleation mechanismis:

y a

* =_L

p KT o

where @ = 5.08,x10"° m is the mean linear dimension of the growth units on the prismatic faces of

KDP. This corresponds to about 50+100 GU in the criticd 2D nucleus and appears to be in good
agreement with the dassical theory of nucleation.

=(4+6)a (12)

5. Conclusions

Growth mechanism of the prismatic faces of KDP have been andysed on a large
supersaturation range. Dislocation mechanism of growth is heavily affected, particularly towards the
smaller supersaturations. 2D-nucl eation mechanism of growth become dominant at higher 8+10 %
supersaturations.

The estimated coverage of ad-molecules in the surface layer, susceptible to trigger
2D-nucleation mechanism is 8 =3.3x107°. This figure is too smal to be considered as a true
coverage of native ad-molecules in homogeneous 2D-nucleation. The figure is close to the value of
relative concentration of the major impurity Fe** (=10 ppm) in the growing solution. Considering the
segregation coefficient 0.5 of this impurity, as found by Belouet [22], the concentration in crystal is
very close to the coverage we have estimated in the surface layer of the crystal.

The minimum value of the adsorption energy estimated for this impurity, of about
18 kcal/moal is much higher than the activation energy for growth ~9.5 kcal/mol. The critical coverage

of impurities at the limit of the “dead” growth zone 8* =3.6x10™, suggests the segregation
coefficient of thisimpurity dramaticaly increases towards smaller supersaturation.
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