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Abstract:



Potassium dihydrogen phosphate crystals were grown around 65 °C. The growth rate of KDP (KH2PO4) crystal prismatic faces was measured by laser polarization interference system. The surface micro morphology of KDP crystals grown at various supersaturation were comparatively observed by atomic force microscope systematically. The results show that the growth rate increased with the rise of supersaturation, the aspect ratio reduced. The steps bunching height occurred at σ = 0.03 and 0.04. At this point, the steps height reached maximum value about 11.3~24.4 nm. The step bunching was almost constant at higher supersaturation. A few pits and holes appeared on the crystal surface at high supersaturation. In our opinion, the forming of these pits and holes might be related with the step movement and 2D nuclei mechanism.
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1. Introduction


Crystals of potassium dihydrogen phosphate (KDP) are widely applied in laser frequency conversion, electro-optic modulation, parametric oscillation, and other fields due to their excellent electro-optical and nonlinear optical properties [1]. They are used for manufacturing civil piezoelectric transducer and sonar as piezoelectric crystal materials with good performance. The KDP crystals have large nonlinear optical coefficients, d36 (1.064 μm) = 0.39 × 10−12 m/V, it can be as the reference standard for nonlinear property of other crystals. They are also the preferred laser frequency and switching materials currently in high-power laser systems of inertial confinement fusion (ICF) [2]. In order to obtain high-quality KDP crystals, people pay close attention to study the various factors affecting the crystal growth rate and optical properties [3,4,5,6]. L.N. Rashkovich [7] researched the influence of impurities on the dependence of step growth rate versus the solution supersaturation using in-situ interference microscopy. With the development of AFM technology, researchers could explore the detailed information of KDP crystals at an atomic scale. Terry A. Land [8] used atomic force microscopy to investigate the KDP (100) surface as it emerged from the dead zone and presented a simple physical model of this process. K. Sangwal [9] studied the behavior of growth steps on the (100) faces of KDP crystals and the tapering phenomenon by AFM. These experiments were all proceed at low temperature around 30 °C. Cheng Min [10] observed the morphologies on (100) face of KDP crystal by ex-situ AFM with different pH values at different supersaturation around 40 °C, investigated the step flow by in situ AFM at low supersaturation around 25 °C. Jianxu Ding [11] studied the influence of MoO42− growth steps on (100) face of KDP by ex-situ AFM technique, the crystal samples were grown from solution with a saturation temperature of 55 °C. Fafu Liu [12] reported the effect of pH value on the growth morphology of KDP crystal grown in defined crystallographic direction, the initial growth temperature was 56 °C. However, the crystal growth was performed actually from elevated temperature to low temperature at a changing supersaturation. The temperature was one of the most important factors in the process of crystal growth, but research about the morphology, growth rate, and steps movement on the surfaces at elevated temperature was minimal.



The aim of this paper is to study the effect of supersaturation on surface morphology, crystal growth rate and the steps evolvement at elevated temperature. The information of step bunching, terrace width, and step slopes were all obtained at various supersaturation.




2. Experiments


2.1. Crystal Growth


The process of KDP crystal growth was same as the description previous [13]. The aqueous solutions used to grow KDP crystals were prepared using high purity KH2PO4 and de-ionized water according to the solubility curve S [14] using the equation
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(1)







T is the saturation temperature of solution. In this experiment, the value was controlled around 65 °C, which is a suitable temperature to begin the growth of KDP crystal by the temperature lowering method. The solutions were heated at 80 °C for 24 h after filtered by a 0.22 μm membrane to assure that all components dissolved. These crystals were grown at the set supersaturation after recovery under the temperature of 0.5 °C lower than the saturation temperature for several hours. The temperature was controlled by a Shimada FP21 automatic temperature apparatus with an accuracy of ±0.01 °C. The supersaturation σ was calculated as [14]
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(2)




where C is the actual concentration, C0 is the equilibrium saturation concentration at experiment temperature, it can calculated using the equation
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(3)







After the crystals grown to the required size, the crystals were removed from the solution and were transferred into CHCl3. The organic solvent CHCl3 could eliminate the mother solutions from crystal surface and protect the growth steps, and then the crystals were naturally cooled to room temperature.




2.2. AFM Characterization


The equipment model of the atomic force microscope (AFM) was Dimension Icon, produced by Veeco Instruments Inc. in America. Before AFM observation, the crystals were removed from CHCl3 until the residual on crystal surface evaporating. Adjust the crystal to keep the observed surface horizontal before testing. The surface structures on the (100) faces of crystals were studied in ambient atmosphere at room temperature by Contact or ScanAsyst modes with standard SiN cantilevers. The AFM images were produced by repeating scanning in the test process, so the error of the scanning itself did not affect the original actual morphology.




2.3. Measurement of Growth Rate


The growth rate of the (100) face was measured by the laser polarization interference system [15]. The schematic of the system was shown in Figure 1. A laser beam with the wavelength of 473 nm was employed. The crystals prepared beforehand which have a good optical quality and no obvious macroscopic defects were put in the solution at the temperature of 1 °C above the saturation point. Adjust the crystal to ensure the laser 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 collected by a computer in real time.


Figure 1. Schematic of the set-up for situ measurement of growth rate. 1: He-Ne laser; 2: Polarizer; 3: Beam splitter; 4: Diaphragm; 5: Stirrer; 6: Thermocouple; 7: Crystal; 8: Analyzer; 9: Photocell; 10: Computer; 11: AI-708P temperature controller; 12: Photocell; 13: Thermostatic vessel; 14: FP21 temperature controller.
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The growth rate R was calculated in terms of relationship between the laser intensity I and the crystal thickness [15] as
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(4)
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where d is the thickness of the crystal; λ is the laser wavelength; Δn is crystal birefringence; I0 is the light intensity before entering crystal at the t moment; I’ is the light intensity after leaving crystal at the t moment; I is the relative light intensity, I = I0/I’.





3. Results


3.1. Crystals and Aspect Ratio


The material objects grown at different supersaturation and their aspect ratio are shown in Figure 2. The aspect ratio were calculated by 2Z/(X + Y), the length were measured by Vernier caliper. It can be seen that the crystals grown at σ = 0.01~0.06 had a good optical transparency and no obvious macro defects by naked eye. The aspect ratio of the crystals decreased with the rise of supersaturation. Variations of supersaturation caused considerable shape change. At low supersaturation, the crystal was a “tall and thin” shape. At high supersaturation, the shape became “chunky” finally.


Figure 2. The material object and aspect ratio of crystals grown at different supersaturation.
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3.2. The Surface Step Morphology on (100) Faces


The different regions of sample were observed and tested, the most representative images are shown in Figure 3. They are the morphology on (100) faces of KDP crystals grown at the supersaturation of 0.01~0.08. The insets are the corresponding 3-D graphics. The blue arrow represents the steps motion direction.


Figure 3. The micromorphology on (100) faces of KDP crystals grown at supersaturation of 0.01~0.08. (a) σ = 0.01, 20 × 20 μm; (b) σ = 0.02, 20 × 20 μm; (c) σ = 0.03, 30 × 30 μm; (d) σ = 0.04, 30 × 30 μm; (e) σ = 0.05, 10 × 10 μm; (f) σ = 0.06, 20 × 20 μm; (g) σ = 0.07, 10 × 10 μm; (h) σ = 0.08, 20 × 20 μm. (Inserts are the corresponding 3-D graphics, blue arrows stand for step motion direction).
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It can be seen that the steps were generally bent at various supersaturations. At the supersaturation of 0.03, the step was bent and intertwined with each other. A row of protuberance steps which paralleled to the motion direction appeared at σ = 0.05. The steps of bending increased obviously at σ = 0.07. When the supersaturation added up to 0.08, a few shallow pits appeared on the crystal surface. It is significantly different from the situation at low temperature that the dendritic branch steps emerged [16].




3.3. The Step Structure on (100) Faces


The areas marked with white dotted box in Figure 3 were chosen to measure the step structure and obtain the detailed information about the steps. The height and average width of steps in each area are illustrated in Figure 4a–h.


Figure 4. Step height and width measured according to AFM images. (a) σ = 0.01; (b) σ = 0.02; (c) σ = 0.03; (d) σ = 0.04; (e) σ = 0.05; (f) σ = 0.06; (g) σ = 0.07; (h) σ = 0.08.
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It can be seen that there were mainly the macrosteps on the crystals surface. A few small bunching steps appeared on the surface at the supersaturation of 0.01, they faded away with the rise of supersaturation. The step height reached a maximum value about 11.3~24.4 nm at σ = 0.03 and minimum value about 1.5~1.85 nm at σ = 0.05, respectively. When the supersaturation was 0.08, it could be seen clearly that some small bunching steps occurred on the macrostep terrace. These small bunching steps were segregated from the big macrosteps at high supersaturation.



For KDP crystals, the bunching, average width, and slope of step are sensitive to supersaturation. The relationships between the three parameters and supersaturation at the saturation temperature of 65 °C are shown in Figure 5. For comparison, the relationship at the saturation temperature of 35 °C are also displayed in Figure 5 [16]. The elementary number was calculated as the step height divided by the elementary step height, which was 0.37 nm, or half unit cell height [17].


Figure 5. (a) Average elementary step numbers contained in macrosteps, (b) terrace width, and (c) step slope depend on the supersaturation at different saturation temperatures of 65 °C and 35 °C.
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It can be seen that the step bunching increased markedly in the middle section of the supersaturation range for the saturation temperature around 65 °C. The supersaturation was around σ = 0.03 to σ = 0.04. Then the step bunching changed little with the rise of supersaturation. Contrasted to the situation at elevated temperature, the supersaturation apex of step bunching emerged around σ = 0.05, and the step height rose rapidly for σ = 0.08 when the saturation temperature was around 35 °C [16].



The terrace width had a similar trend with step bunching except for high supersaturation at the elevated temperature. The terrace width increased sharply at the supersaturation of σ = 0.08, which was different from the situation around 35 °C.



The step slope first increased then decreased with the rise of supersaturation when the saturation temperature was around 65 °C. The step slope had a peak at σ = 0.03 to σ = 0.04, which was consistent with the apex of step bunching. The peak position was at σ = 0.05 when the temperature was around 35 °C. The step slope was synchronized with step bunching at these peaks. For σ = 0.01 and σ = 0.08, the slope of the crystal grown around 65 °C was very low, which was different from the situation around 35 °C.




3.4. Step Structure on (100) Face for σ = 0.09


In order to study the effect of high supersaturation on the evolution of these pits, we grew crystals at σ = 0.09. The morphology of the crystals are shown in Figure 6a,b. It can be seen that more pits obviously appeared on the crystal surface. These pits shaped were like ‘spindles’ and were approximately arranged in a row.


Figure 6. The step structure on (100) face for σ = 0.09. (a) The AFM image; (b) corresponding 3-D image; (c,e) The structure of the two holes parallel to the step motion direction; (d,f) The vertical structure of the two holes in the step motion direction.
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The detail information of the typical pits at the step edge are displayed in Figure 6c–f. The long direction was perpendicular to the step motion direction, the short direction was parallel to the step motion direction. The structures of position “A” and “B” marked in Figure 6a were measured. At position “A”, the length of long and short direction were about 5.146 and 1.56 μm. At position “B”, the two values were about 3.568 and 1.492 μm, respectively. The height of the two pits were about 28.8~35.446 nm and 53.609~58.296 nm, respectively.



The step structure was considerably different from the ordinary steps. These pits on the step terrace may lead to some defects, such as vacancies and inclusions, which would result in deterioration of the crystal quality.



The other typical area on the crystal surface was observed, the morphology is shown in Figure 7a. The steps were twisted like waves. Some protuberances occurred at the step edge. The direction of the protuberance evolution was consistent with the steps flow. The radius of the small protuberance at position “C” was about 74 nm.


Figure 7. (a) Micromorphology on the crystal surface where the large pits had not been formed; (b) The structure along the line from I to II at the position “D”.
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The structure along the line from I to II at the position “D” was measured, the information is shown in Figure 7b. It can be seen that the top of the two protuberances were both flat. At the end of “I”, the height between the protuberance with the step terrace on the bottom was about 3.559 nm. At the end of “II”, the height was about 3.714 nm. In addition, the width and height of the pit were about 0.471 μm and 13.755 nm, respectively.




3.5. Growth Rate Versus the Supersaturation


In this experiment, the variations of the normal growth rate R versus supersaturation were measured by laser polarization interference system. According to the theory of BCF, there is a geometrical relation between the growth rate of a crystal face in the normal direction R with the tangential velocity of the steps v [14]:
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where p is the slope of the steps. Combining with the slope which was preciously observed by AFM, the variations of the tangential velocity v with supersaturation were obtained. The relationship between step velocity with supersaturation is displayed in Figure 8. For comparison, the experimental results obtained at low saturation temperature are also shown in Figure 8 [16].


Figure 8. The relationship between step velocity and supersaturation at different supersaturation temperature of 65 °C and 35 °C.
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It can be seen that the step velocity around 65 °C was faster than the velocity around 35 °C at the same supersaturation. The step speed both increased gradually after a “dead zone” where no growth occurred. At low supersaturation, the growth rate was slow. Above another high supersaturation zone, the growth rate rose rapidly approaching linearly. Referring to Terry A. Land’s experimental methods [7], there was a supersaturation dead zone σd and a linear region σ* in the process of step tangential evolution with the change of the supersaturation. Both of the critical supersaturations in the process of crystal growth, dead zone σd, and linear region σ*, are shown in Table 1.



Table 1. The values of σd, σ*, A, [image: there is no content] at different saturation temperature.







	
Saturation Temperature

	
σd (%)

	
σ* (%)

	
A (10−6 m/s)

	
[image: there is no content] (10−6 m/s)

	
[image: there is no content] (10−6 m/s) [18]






	
~35 °C

	
2.4

	
3.3

	
5.075

	
1.261

	
1.394 (30 °C)




	
~65 °C

	
1.51

	
2.6

	
42.58

	
5.096

	
—










The supersaturation dead zone σd and linear region σ* around 65 °C were both less than the values around 35 °C. As shown in Figure 8, the dependence v(σ) became a straight line passing through the origin [19] at σ = 0.06 around 65 °C and at σ = 0.07 around 35 °C. The three values of the supersaturation dead zone σd, linear region σ*, and the critical supersaturation linearly passing through the origin all reduced with the rise of saturation temperature.





4. Discussion


4.1. Effect of Temperature on Kinetic Coefficients


Our experimental results indicate that supersaturation is one of the most important factors to effect crystal growth. The greater the supersaturation, the faster the crystal growth rate. According to the spiral growth model [14,20], when the supersaturation is very small, the face growth rate can be written as
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(7)




where A is a coefficient. When the supersaturation is larger, the face growth rate can be written as
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(8)




where [image: there is no content] is the kinetic coefficient. Equations (7) and (8) represent the ideal parabolic and linear laws, respectively. The step velocity increased slowly at low supersaturation, the dependence v(σ) was parabolic law. At high supersaturation, a steep rise was observed and the dependence v(σ) was linear law. It was consistent with our test results.



From the curve fitting of the parabolic and linear part, we obtained the coefficient A and [image: there is no content], which were shown in Table 1. It can be seen that the two coefficients, A and [image: there is no content], both increased with the rise of the saturation temperature. The [image: there is no content] value around 35 °C was near the result measured by A.V. Belustin, the crystal grew at 30 °C [18], which was similar to our experimental temperature [16].



When temperature increased from 35 °C to 65 °C, the coefficient A and [image: there is no content] both increased manifold. This results can partly explained by Arrhenius type kinetics for the elementary stage of crystal growth [21]. The crystallization process in our experiment was an exothermic process. The Arrhenius equation gives the dependence of the rate constant k of a reaction on the absolute temperature T (in Kelvin) as


[image: there is no content]



(9)




where KB is the Boltzmann constant; A is the pre-exponential factor, a constant for each chemical reaction that defines the rate due to frequency of collisions in the correct orientation; and Ea is the activation energy for the reaction. We can infer that the reaction rate constant increase with the rise of temperature. The results suggested that the temperature was a very important factor influencing the kinetic coefficients and the crystal growth.




4.2. Effect of Temperature on Step Bunching


Our results show that the steps height occurred increase at σ = 0.03 and 0.04 in the process of crystal growth. The supersaturation of 0.03 and 0.04 were just beyond the linear region σ* when the temperature was around 65 °C. According to the research of L.N. Rashkovich [9] et al., the range of supersaturation where the derivative dV/dσ was high was most hazardous for the crystal growth. Within this interval, the change of the adsorbed impurity concentration and surface supersaturation would cause significant velocity variation. The velocity variation of the single step in the step column would lead to the step bunching. From the curve in Figure 8, it was found that the supersaturation interval were about 0.03 and 0.04 around 65 °C, the relevant supersaturation was about 0.05 around 35 °C. The supersaturation intervals were corresponded with the apex of step bunching which was shown in Figure 5. The moment of step bunching appeared fluctuation was delayed with the decrease of temperature. T.N. Thomas [17] found that growth on the (100) face occurred almost exclusively at macrosteps, which increased in height and terrace width with distance from the top of the hillock when σ > 0.035.



J. X. Ding [22] thought that the step bunching increased with the rise of supersaturation, and the slope reached stable ultimately. When the supersaturation rose as high as σ = 0.08 in our experiments, the step bunching changed little, the terrace width increased sharply and the step slope decreased, which was utterly different from the situation around 35 °C. We thought that the differences were attributed to the mode of step movement at high supersaturation. The supersaturation located in the linear region. Both the normal growth rate R and tangential velocity V increased with the rise of supersaturation. When the temperature was around 65 °C, the elementary steps and macrosteps both moved fast with a similar speed, which led to the crystal growth having no need to complete by great step bunching. The step spacing was large due to the fast tangential velocity and the step slope decrease. Contrasted with the situation at elevated temperature, the step tangential velocity was low and could not keep pace with the normal growth rate when the supersaturation increased as high as 0.08. In this case, the crystal growth was achieved by step bunching so that the slope rose rapidly. The terrace width was small due to the slow step tangential velocity. The diversity of step evolution was considered to be the result of the energetic barrier difference between elevated temperature and low temperature. A system should overcome the energetic barrier [23] was
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[image: there is no content]



(11)




where [image: there is no content] is the volume of a molecule of the crystallizing matter, [image: there is no content] is the specific free energy of a step edge, k is Boltzmann constant, and T is the temperature in Kelvin. It can be seen that the energetic barrier reduced with the rise of temperature at the same supersaturation. The solute unit diffusion on the surface and growth was more easy around 65 °C than around 35 °C.



Another difference was the value of step slope at the supersaturation of σ = 0.01. When the temperature was around 65 °C, the step slope was lower by an order of magnitude than that around 35 °C. We also attributed the difference to the diversity of energetic barrier caused by temperature. The supersaturation lwas ocated in the growth dead zone σd. The macrosteps were immobile, but the elementary steps still moved at a very slow speed in fact. The terrace width was grew slightly and it led to the step slope becoming small, which is different from the situation around 35 °C. Both macrosteps and elementary steps were immobile at the supersaturation of σ = 0.01 around 35 °C.




4.3. Appearance of Pits at High Supersaturation


It was found that a few shallow pits appeared on the crystal surface when the supersaturation was above 0.08. From the AFM image, we can see that these pits and holes were surrounded by protuberances. Combined with the step morphology, we thought that the forming of these pits/holes were related with the step movement. At high supersaturation, the KDP crystals might grow by both step evolution and 2D nuclei mechanism. Then, how these protuberances were formed? Was it known that the solute units would tend to be adsorbed on the bottom of the step edge, or whether it would generate the 2D nuclei at the step edge?



In the classic work on the crystals growth, BCF showed that the critical radius was related to the supersaturation σ by [14]


[image: there is no content]
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By combining the previous Rashkovich’s studies [24], the critical radius for σ = 0.09 could be calculated to be about 4.61 nm. The value was far less than the radius of protuberance measured in Figure 7a. According to the structure of the protuberances which were shown in Figure 7b, we thought that these protuberances might be formed by the development of 2D nuclei. The studies of J.J. De Yoreo [25] and D XU [26] also showed that growth occurred on monomolecular steps both by step-flow and through layer-by-layer growth on both dislocation induced steps and 2D nuclei.



The elementary steps and macrosteps were both moved fast at high supersaturation as shown in Figure 8. Some solute units were adsorbed at the step edge. The local supersaturation was non uniform and 2D nuclei formed. Some of them would link together and form large nucleus at the step edge. As growth proceed, these nucleus developed into protuberances as shown in Figure 7. There were gaps between the adjacent protuberances on the step terrace. The ability to capture growth units around the protuberances was larger than in the gaps. The gaps would become pits with the development of the protuberances, and they even might form holes. These holes were not easy to close in the process of crystal growth because that the supersaturation was not homogeneity around the edge of holes. The solute diffusion was impeded in the holes so that the step was difficult to grow. In addition, the steps became more bent due to the 2D nuclei presence. It made the steps evolve like waves. The adjacent wavy steps moved inconsistently, which may also lead to the appearance of the pits and holes.



S. J. Zhu [27] found that the numbers of scattering particles and liquid inclusions increased with the rise of supersaturation. These scattering particles may lead to the reduction of the crystals optical properties at high supersaturation. In our experiment, the sizes of these pits and holes were at the micron level, which was consistent with the size of scattering particles and inclusions in the crystal. We thought that the appearance of these pits and holes may cause a decline in optical properties of KDP crystals.





5. Conclusions


The crystals growth rate, step bunching, and motion direction of elementary steps and macrosteps were all obtained in the process of crystal growth. In different supersaturation ranges, variations in step evolution direction caused considerable step bunching and velocity change. The step bunching increased rapidly at σ = 0.03 and σ = 0.04 at elevated temperature. It was the result that the supersaturation located the interval where the derivative dV/dσ was high. The moment of step bunching appeared fluctuation was delayed with the decrease of temperature. A few pits and holes appeared on the crystal surface at high supersaturation. The forming of these pits and holes may be related with the combined effect of step movement and 2D nuclei mechanism.
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