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A series of potassium dihydrogen phosphate (KDP) crystals and Fe>* doped KDP crystals were grown at
different temperatures and at the same supersaturation value of 0.02. The prismatic face growth rates of
the KDP crystals were measured using a laser polarization interference system. The surface
morphologies of the growth steps on the {100} face were comparatively studied using an atomic force
microscope systematically. The results showed that the bunching of steps was related to the
supersaturation interval in which it was located, and approached the supersaturation dead zone of a4 in
which the bunching and the slope of the steps were high. The supersaturation dead zone o4 and linear
zone ¢* decreased with rising temperature. Varying the temperature caused considerable changes in the
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Accepted 10th March 2017 bunching and slope of the steps reached a maximum value at around 45 °C. It was interesting that the
crystal growth rate in the doped solution was higher than that in the undoped solution at around 65 °C

DOI: 10.1039/c6ra25710k and 75 °C, the bunching of the steps was reduced and the width of the steps widened significantly. At
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1. Introduction

Crystals of potassium dihydrogen phosphate (KDP) are widely
used in laser frequency materials, electro-optic modulators, and
other applications due to their excellent electro-optical and
nonlinear optical properties. They are also currently the
preferred laser frequency and switching materials in high-
power laser systems of inertial confinement fusion (ICF).** In
order to obtain high-quality KDP crystals, researchers have paid
close attention to various factors affecting the crystal growth
rate and performance, such as impurities,** supersaturation,®®
acidity*™ and hydrodynamics.'>** Research into the influence
of temperature on the growth and surface morphology of KDP
crystals is scarce, even though temperature is one of the most
important parameters controlling crystal growth.**

There are unavoidable impurity ions in raw materials. Studies
on the effects of impurities on crystal growth have been reviewed
several times. Trivalent ion impurities affect the prismatic faces
of KDP crystals much more than the pyramidal faces.*® The
adsorption of Fe*" impurities could increase the value of the
surface energy, which could lead to a decrease in the nucleation
rate in the 2D nucleation models and increase the radius of the

“State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, China.
E-mail: slwang67 @sdu.edu.cn; Tel: +86 15662650891

*Key Laboratory of Functional Crystal Materials and Device (Shandong University),
Ministry of Education, Jinan 250100, China

College of Materials Science and Engineering, Shandong University of Science and
Technology, Qingdao 266590, China

This journal is © The Royal Society of Chemistry 2017

critical 2D nucleus and hence the spacing between the spiral
steps.* The growth of prismatic layers was retarded by Fe®*
impurity adsorption, and bunched growth layers were generated
which would result in tapering of the crystals.” In general, the
growth rate of crystals decreases with rising Fe*" concentration
adsorbed on the surface or kink positions. On the other hand,
the impurity ions could extend the metastable zone width'® and
could be used as an inhibitor in the traditional growth method.
Due to the development of atomic force microscopy technology,
researchers can now study the influence of impurities on the
growth of crystals at the atomic scale. K. Sangwal et al.*® found
that the association of elementary steps to form bunched steps
on the growth surface was a statistical process, and that the
Schwoebel effect was responsible for the step bunching and face
tapering. Terry A. Land et al.* observed the process of impurity
poisoning of the steps at constant and different supersaturation
by in situ AFM. The crystal exhibits a dead zone in which no
growth occurs below supersaturation ¢4. Above a sufficiently
high supersaturation ¢*, the step velocity rises rapidly, and
approaches a linear value. The values of ¢4 and ¢* increase with
rising Fe®" concentration. L. N. Rashkovich? studied the influ-
ence of supersaturation on the step velocity moving in the [001]
direction on the prism face at different concentrations of Fe**
and AI’*. The dependence of o4 and ¢* on impurity concentra-
tion was most probably a square-root-type relationship. The
influence of temperature on the mechanism of the impurity
effect is not yet resolved, therefore it is necessary to carry out
related research.
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In this paper, we studied the influence of temperature on the
surface morphology of Fe’" doped and undoped KDP crystals. A
series of the same concentration of Fe*" doped KDP crystals
were grown at different temperatures, and the morphologies of
the growth steps on the (100) faces were observed using an
atomic force microscope. Finally the relationship between the
temperature and step growth rate, step bunching, step width
and step slope was obtained.

2. Experimental

2.1. Crystal growth

The aqueous solutions used to grow the KDP crystals were
prepared using high purity KH,PO, (Merck Co., Germany, the
amounts of Fe**, Cr*" and AI** were less than 1 ppm) and de-
ionized water according to the solubility curve® in a standard
1000 ml glass crystallizer.

§=6.02x 1073 x T2 +0.208 x T+ 15.9 (¢ KDP per 100 g
H,0) 1)

T is the saturation temperature of the solution. In this experi-
ment, the values were about 35 °C, 45 °C, 55 °C, 65 °C and 75 °C.
The concentration of Fe’" was 30 ppm, sourced from AR grade
FeCl; produced by Sinopharm Chemical Reagent Co., Ltd (ppm
means a millionth of the mole ratio of ferric chloride and
KH,PO,). The solutions were heated at 80 °C for 24 h after being
filtered by a 0.22 um membrane to ensure that all of the
components had dissolved. The crystals were grown on a frame
with a rotation speed of 77 rpm in a “forward-stop-backward”
mode. The seed crystals were z-cut with dimensions of 5 mm.
These crystals were grown at the set supersaturation after
recovery at a temperature that was 0.5 °C lower than the satu-
ration point for several hours. The crystallizer was placed in
a water bath. The temperature was controlled by Shimada FP21
automatic temperature apparatus with an accuracy of £0.02 °C.
The supersaturation was calculated as:*'

o = In(CICy) @)

where C is the actual concentration, and C, is the equilibrium
saturation concentration at the experiment temperature which
can be calculated using the empirical equation:

Co = 10.68 + 0.3616 T + 0.04 (g KDP per 100 g solution) (3)

After the crystals were grown to the required size, they were
removed from the solution and transferred into CHCl;. The
organic solvent CHCI; eliminates the mother solutions from the
crystal surface and protects the growth steps. Finally, the crys-
tals were naturally cooled to room temperature. The crystals
grown from the undoped solution were grown under the same
conditions.

2.2. Real-time measurement of growth rate

The growth rates for the (100) face of the KDP crystals were
measured using a laser polarization interference system. The
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preparation of the solution is described in section 2.1. A laser
beam with a wavelength of 473 nm was used. The crystals
prepared beforehand which possessed good optical quality and
no obvious macroscopic defects were put into the solution at
a temperature that was 1 °C above the saturation point and
rotated to ensure that the laser entered vertically through the
(100) face. The temperature was controlled via the circulating
water. The solution cooling rate was 3 °C h™". The intensity of
the laser and the temperature were measured by a computer in
real time. The growth rate R was calculated in terms of the
relationship between the laser intensity I and the crystal
thickness:*?

Ad 1 (AI) AL A ALy

T 2Ar 2 N /I'(IO—I’) At

Ad
where d is the thickness of the crystal, 1 is the laser wavelength,
An is the crystal birefringence, I, is the light intensity before
entering the crystal at time ¢, I’ is the light intensity after leaving
the crystal at time ¢, and I is the relative light intensity, I = I,/I'.

2.3. AFM characterization

Commercial Nanoscope IIla MultiMode and Dimension Icon
instruments were used. Before AFM observation, the crystals
were removed from CHCI; and the residue on the crystal surface
was allowed to evaporate. The crystal was adjusted in order to
keep the observed surface horizontal. The surface structures on
the (100) faces of the crystals were studied in an ambient
atmosphere at room temperature in the Contact or ScanAsyst
modes. The influence of scanning itself on the original
morphology could be ignored.

3. Results

3.1. The growth rate of the crystals

The growth rate of the crystals varied according to the temper-
ature and supersaturation. Charts showing the step growth rate
(R) on the (100) faces of the KDP crystals versus supersaturation
at different saturation temperatures in the doped Fe®* and
undoped solutions are presented in Fig. 1(a) and (b). It can be
seen that in both the doped and undoped solutions, the growth
rates of the crystals in different saturation temperature solu-
tions started to increase gradually after a “dead zone” in which
no growth occurred with rising supersaturation. At low super-
saturation, the step growth rate increased slowly. After crossing
another supersaturation zone, with rising supersaturation the
growth rate increased rapidly, and approached linearity. At the
same supersaturation, the higher the saturation temperature,
the faster the growth rate of the crystal in different saturation
temperature solutions.

There were also obvious differences between the crystal
growth rates in the doped and undoped solutions. The increase
in the growth rate in the undoped solution was much larger
than that in the doped solution, while the supersaturation was
increased for the low saturation temperature solution. The
opposite trend was observed for the high saturation tempera-
ture solution.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The growth rate on the (100) face of the KDP crystal at different saturation temperatures and supersaturation: (a) undoped; (b) Fe

30 ppm.

Terry A. Land et al.* proposed the existence of a supersatu-
ration dead zone, denoted by og4, in the process of step move-
ment. When the supersaturation was below a4, the step did not
move and no growth of the prismatic faces of the crystal was
observed. As the supersaturation increased beyond o4, the
crystal growth rate increased slightly. When the supersaturation
exceeded ¢*, the step velocity increased and approached line-
arity. There was a corresponding relationship between the step
normal growth rate R and the tangential growth speed V of the
steps, and the ratio was the slope of the steps. Therefore, it
could be considered that the supersaturation dead zone g4 and
linear zone ¢* similarly exist in the process of normal crystal
growth rate R with changing supersaturation. Referring to the
method used by Terry A. Land et al.,* two critical supersatura-
tion values, o4 and o*, were obtained in the process of normal
crystal step growth at different temperatures, and the values are
shown in Tables 1 and 2. It can be seen that both o4 and ¢*
decreased with increasing temperature for the doped and
undoped solutions, and ¢* reduced faster than o4. At similar
temperatures, the values of o4 and ¢* for the doped solution
were larger than those for the undoped solution, and the
difference between the values of o4 and ¢* in the doped

Table 1 The values of o4 and ¢* at different temperatures in the
undoped solution

Saturation temperature 35.9°C 45.4°C 56.2°C 64.6°C 73.2°C

o4 (1072) 1.97
¥ (107?) 3.3

1.83
2.35

1.64
2.12

1.52
1.89

1.36
1.66

Table 2 The values of g4 and ¢* at different temperatures in the
solution doped with 30 ppm Fe**

Saturation temperature 36.0 °C 45.2°C 56.0°C 64.4°C 73.2°C

04 (107?) 2.31
a* (107?) 4.7

1.98
2.59

1.78
2.26

1.63
2.07

1.54
1.82
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View Article Online

RSC Advances
b700 . o
Saturaton —=—36.0C
@ 600 - temperature —e—45.2°C
e
1 . e onc q
S 4001 FROIE30PPM | 50
@ 300 -
1]
© 200 |-
S
= 100
<
O o} —_—— =
O'q //51 ///E:”I//A"“‘I‘ES* 1 1

0.010 0.015 0.020 0.025 0.030 0.035 0.040
Supersaturation o

3+.

solutions and in the undoped solutions decreased with
increasing temperature. It is suggested that the effect of
impurities weakened with increasing temperature. Further-
more, the difference between o4 and ¢* decreased with
increasing temperature, and the deviation in the doped solu-
tions decreased quicker than in the undoped solution.

In order to display the effect of temperature on the growth
rate, curves showing the growth rate on the (100) face of the KDP
crystals at the same supersaturation of 0.02 for different satu-
ration temperature solutions are displayed in Fig. 2. It can be
observed that the influence of temperature on the growth rate
was very obvious. When the temperature was increased from
around 35 °C to around 75 °C, the growth rate of the undoped
crystal increased by more than one order of magnitude from 2
x 10" um s ' t0 30 x 10~ * um s~*. In the doped solution, the
crystal growth rate increased by about three orders of magni-
tude from 0.054 x 10™* um s~ ! to 45 x 10~* um s~ . When the
saturation temperature was below 55 °C, the crystal growth rate
in the undoped solution was higher than that in the Fe** doped
solution. A transition occurred in the temperature range of 55-
65 °C. The growth rate in the undoped solution was lower than
that in the Fe** doped solution at temperatures above 65 °C.

3.2. Morphology of the growth step on the (100) face

The morphologies of the (100) faces of undoped KDP and the
same concentration of Fe®* doped KDP crystals, grown at
different saturation temperatures of about 35 °C, 45 °C, 55 °C,
65 °C and 75 °C at the same supersaturation of 0.02, are illus-
trated in Fig. 3(a)-(j). The inset images show the corresponding
3-D graphics. The blue arrow represents the step motion
direction. The step structures of the areas marked with white
dotted boxes in the AFM images are shown in Fig. 4(a)-(j).

Combined with the results shown in Fig. 3 and 4, it is
obvious that the bending of the steps reduced, and the steps
became more straight with increasing temperature. The
bending of the steps on the surfaces of the Fe*" doped KDP
crystals was greater than that on the undoped KDP crystal
surfaces.

RSC Adv., 2017, 7, 17531-17538 | 17533
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Fig.2 The relationship between the growth rate on the (100) face and
temperature for ¢ = 0.02.

For KDP crystals grown in undoped solutions, most of the
growth steps on the surface were straight or nearly straight,
except for the crystals grown at around 45 °C and 55 °C where
element steps and more macrosteps existed on the crystal
surface. Some macrosteps with their ledges tilted with respect to
the adjacent step ledge existed at around 35 °C. At the
temperatures of 45 °C and 55 °C, the steps intertwined with
each other and many protrusions appeared on the steps, which
were more pronounced at around 55 °C. When the temperature
was 65 °C and 75 °C, the steps became straight, and formed
a stable step array which was composed of several element
steps. The step edge presented “gentle slopes”.

For the KDP crystals grown in the Fe** doped solutions, most
of the steps were distorted except for the steps grown at around
75 °C. There were mainly macrosteps on the surfaces of the
crystals. The growth steps exhibited a “sawtooth” shape at
around 35 °C. The twisting points and protrusions became
greater in number on the steps which had “wave-like” shapes at
around 55 °C. When the temperature was about 65 °C, indi-
vidual large step protrusions appeared on the crystal surface.
The steps became straight when the temperature was about
75 °C.

At a consistent supersaturation of 0.02, the relationships
between temperature and the step bunching number, average
width and slope are shown in Fig. 5. It can be seen that these
three relationships showed little change for the undoped crys-
tals. The number of macrostep contained element steps
reached a minimum value of about 4 at around 55 °C, and
increased to a maximum of about 24 at around 75 °C. The slopes
were about 1.82 x 10~ and 8.78 x 107, respectively. The
average width of the steps reached a minimum at around 75 °C
and a maximum at around 45 °C, and the values were about
0.376 um and 0.906 pum, respectively. For the crystals grown in
doped solutions, the step morphology changed significantly.
The bunching and slope of the steps were larger than those of
the crystals grown in undoped solutions at around 35 °C. The
average number of macrostep contained element steps was 16,
and the slope was about 14.5 x 1073, When the temperature
was 45 °C and 55 °C, the bunching and slope of the steps both

17534 | RSC Adv., 2017, 7, 17531-17538
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Fe**:30ppm

Undoped

Fig. 3 Surface morphologies of the (100) face of undoped and Fe**
doped KDP crystals at different temperatures for ¢ = 0.02. (The inset
images show the corresponding 3-D graphics and the blue arrow
represents the step motion direction). (a) 35 °C, undoped; (b) 35 °C,
Fe3*: 30 ppm; (c) 45 °C, undoped; (d) 45 °C, Fe>*: 30 ppm; (e) 55 °C,
undoped; (f) 55 °C, Fe**: 30 ppm:; (g) 65 °C, undoped:; (h) 65 °C, Fe**:
30 ppm; (i) 75 °C, undoped; (j) 75 °C, Fe**: 30 ppm.
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drastically changed, and presented a trend of first increasing
then decreasing with rising temperature. The two both reached
maximum values at around 45 °C; the number was about 153
and the slope of the step was approximated as 47.3 x 10 °.
When the temperature was 55 °C, the number was 6-10 and the
slope was about 9.33 x 107>, thus demonstrating that the
number and slope of the steps both reduced significantly. It was
interesting that the width of the steps had not changed much in
this process, and was just slightly lower than for the undoped
case. When the temperature was 65 °C and 75 °C, the bunching
of the steps changed little, and although the slope of the steps
decreased obviously, the decrease was lower than for the
undoped case. The average width of the steps increased obvi-
ously with rising temperature, and was a much larger increase
than for the undoped case.

4. Discussion

Supersaturation was one of the most important factors that
influenced the crystal growth; the larger the supersaturation,
the faster the crystal growth rate. Temperature was also one of
the most important parameters that affected the crystal growth;
the higher the temperature, the faster the growth rate. At the
same supersaturation of 0.02, the growth rates were about 2 x
10™* pm s™* and 30 x 10~* pm s~ at around 35 °C and 75 °C,
respectively. The growth rate increased by more than one order
of magnitude. When the temperature increased, the solute
molecules or ions sped up. The diffusion rate was fast, and
more ions diffused to the growth surface per unit time. The
speed of the diffusion of the growth units and attachment to the
growth sites on the surface was also fast. This led to an
increased step motion speed with rising temperature, and the

17536 | RSC Aadv., 2017, 7, 17531-17538

normal growth rate increased. As a result, the supersaturation
dead zone o4 and linear region ¢* were both significantly
reduced with rising temperature.

The rule that high temperature leads to a fast growth rate
was also applicable to the Fe®" doped solution. The studies
carried out by Terry A. Land et al.* and L. N. Rashkovich et al.**
showed that both the supersaturation dead zone o4 and linear
region ¢* values increase with increasing Fe** concentration in
the process of KDP crystal growth. In this experiment, the Fe**
concentration was kept constant and the temperature was
changed. The supersaturation dead zone g4 and linear region
o* values both reduced with rising temperature. In the doped
solution the values of o4 and ¢* were larger than those in the
undoped solution, and the difference between the values of o4
and o* in the doped solutions and in the undoped solutions
decreased with rising temperature.

The morphology and evolution pathway of the steps were
changed with rising temperature when a constant supersatu-
ration of 0.02 was maintained in this experiment. In the
undoped solution, the supersaturation value of 0.02 just
exceeded the supersaturation dead zone g4 value at around
35 °C; the movement of element steps was the primary evolution
pathway, and the step speed was very low and close to no
movement. The difference of speed among the element steps
formed the macrosteps. When the temperature was around
45 °C and 55 °C, the supersaturation value of 0.02 was located
between the supersaturation dead zone o4 and the linear region
o, ie., g4 <o <a*. The speed of the macrosteps was low, and
the element steps moved faster than the macrosteps. The speed
difference between the element steps caused the coalescence of
the steps. When the temperature was around 65 °C and 75 °C,
the supersaturation value of 0.02 was beyond the linear region

This journal is © The Royal Society of Chemistry 2017
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¥, ie., g > o*.Both the element steps and macrosteps moved,
and the step speed gradually improved. The difference of speed
among the element steps was so large that a stable step array
was formed. The macrosteps exhibited a larger contribution
than the element steps towards the improvement of the normal
crystal growth rate which increased by more than one order of
magnitude.

In the doped solution, the supersaturation value of 0.02 was
located in the growth dead zone at around 35 °C, i.e. ¢ < g4. The
element steps and the macrosteps were both immobile. There
was no normal growth rate. When the temperature was about
45 °C, the supersaturation value of 0.02 just exceeded the
supersaturation dead zone aq, i.e., 04 < 0 << g*. According to the
research carried out by N. Cabrera et al.,”® the element steps
were motionless when the average impurity spacing became
less than approximately twice the Gibbs-Thomson -critical
radius. The other element steps that had not been fixed by
impurities would move forward continuously until they caught
up with the motionless macrostep; the element steps would
arrive at the top of the macrosteps and merge into the macro-
steps. The bunching and slope of the steps increased rapidly.
The supersaturation value of 0.02 was located between the
supersaturation dead zone g4 and the linear region ¢* at
around 55 °C, Le., 4 < ¢ < ¢*. According to the model of step
evolution in impurity doped solutions presented by Terry A.
Land et al.,* the elementary steps from the top of the macrosteps
became pinned in place due to the attached impurities; the
other parts of the macrosteps moved with low velocity until they
encountered an immobile elementary step, at which point the
element step became the bottom step of the macrostep and
began to advance. In this fashion, the bunching and slope of the
steps decreased. The supersaturation value of 0.02 neared the
linear region ¢* at around 65 °C, i.e., 54 << ¢ < ¢*. The step
evolution pathway was similar to that at around 55 °C, the
difference being that the macrostep had sped up, the element
steps began to move and gradually increased up to the macro-
step rate. The supersaturation value of 0.02 was beyond the
linear region ¢* at around 75 °C, i.e., ¢ > 6*'. The element steps
and macrosteps moved together, and the macrosteps exhibited
a much larger contribution than the element steps towards the
normal crystal growth rate.

The traditional theory and model presented by Terry A. Land
et al* could explain why the crystal growth rate in the doped
solution was lower than that in the undoped solution at low
temperature. However, in contrast with the above theory and
model, the growth rate of the crystals in the doped solution was
higher than that in the undoped solution when the temperature
was around 65 °C and 75 °C. In addition, the average width of
the steps grown in the doped solution was larger than that in
the undoped solution, and the bunching and slope of the steps
grown in the doped solution were both lower than those in the
undoped solution. By comparison of the changes in the surface
morphology between the crystals grown in doped and undoped
solutions, as shown in Fig. 3, it was found that the step bending
was large, and the number of protrusions on the steps increased
obviously after doping with impurities at around 65 °C and
75 °C. This possibly led to the increase of the growth positions
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on the steps, thus making the growth rate of the crystals in the
doped solution higher than that in the undoped solution at
high temperature.

5. Conclusion

The prismatic face growth rates of the KDP crystals were
measured using a laser polarization interference system. The
effect of temperature on the surface morphology of Fe** doped
and undoped KDP crystals was studied systematically using
atomic force microscopy. The growth rate of the crystals and the
motion pathway of the element steps and macrosteps were all
measured at different temperatures. The studies showed that
the higher the temperature, the faster the growth rate. The
bunching of steps was related to the supersaturation interval in
which it was located, and when the supersaturation dead zone
of o4 was approached, the bunching and slope of the steps were
both high. The supersaturation dead zone o4 and linear region
o* reduced with rising temperature, which caused variation in
the growth rate, morphology and motion pathway of the steps.
It was interesting that the growth rate of the KDP crystals in the
Fe** doped solution was faster than that in the undoped solu-
tion at around 65 °C and 75 °C, the bunching of the steps was
reduced and the width of the steps increased significantly.
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