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Abstract

:

Intentionally adding select ions such as Al3+ could be helpful in controlling the crystal habit of KDP crystal for high yield of optics. The study of how Al3+ ions affect crystal quality can provide a basis for selecting an appropriate doping level without negatively affecting the optical properties of crystals. Here, the influence of Al3+ ions on the crystal structure and properties of KDP crystals have been investigated by using first-principles calculations. Theoretical calculations show that Al3+ ions mainly replace K sites in KDP crystals and could complex with intrinsic VH− point defects to form AlK2+ + 2VH− cluster defects. The linear absorption spectra indicate that the presence of Al3+ ions has minimal impact on the linear absorption of KDP crystals, aligning well with the experimental findings. And Al3+ ions could cause a slight shortening of the band gap of KDP crystals. However, these ions could bring significant deformations of O-H bonds. As the concentration of Al3+ ions increase, more O-H bonds linking to PO4 groups are distorted in KDP crystals. As a result, the structural instability could be fast enhanced with increasing the defect concentration. Therefore, high concentrations of Al3+ ions could cause the instability of the crystal structure, which finally affects the laser-induced damage resistance of the KDP crystals. This manuscript contributes to a more comprehensive understanding of the physical mechanisms by which different impurity ions affect the optical properties of KDP crystals.
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1. Introduction


Potassium dihydrogen phosphate (KDP, KH2PO4) crystals belong to the tetragonal system at room temperature. The point group is    D  2 d    -   4 ¯  2 m   [1]. KDP crystals have been widely applied in the fields of laser frequency conversion, electro-optic modulation and optical parametric oscillation due to their outstanding nonlinear optical performance [2,3,4]. A significant application of KDP crystals is in Pockels cells and frequency converters within high power laser facilities for Inertial Confinement Fusion (ICF) [5,6]. However, the actual laser-induced damage threshold of perfect KDP crystal is at least an order of magnitude lower than the theoretical value, which limits the further development of high power lasers [7,8,9].



Impurity ions in crystals are considered to be one of the reasons for lowering the laser-induced damage threshold of crystals [10,11]. The effect of different impurity ions on the laser-induced damage property of KDP crystals are different. For example, Fe3+ ions and Al3+ ions are both common metal impurity ions in growth solution of KDP crystals, but experiments have shown that doping the growth solution with 10 ppm Fe3+ leads to a decrease in the laser-induced damage threshold of the crystals, whereas doping with more than 500 ppm of Al3+ only leads to a decrease in the laser-induced damage threshold of the crystals [12,13,14]. In our previous work, the effect of Fe3+ ions on the structure and properties of KDP crystals is investigated using first principles. Fe3+ ions introduce impurity states mainly at the band gap of 2.4 eV and 6.6 eV and, at the same time, introduce additional linear absorption at 278 nm, which adversely affects the laser-induced damage threshold of the KDP crystals [15]. After Al3+ ions enter the KDP lattice, the point defect centers may be in a non-neutral state as well as possibly charge compensating with intrinsic point defects to form defect clusters. The effect of a small amount of doped aluminum ions on the optical properties of KDP crystals is still unclear. An in-depth analysis of the defects of Al3+ ions on the crystal structure, electronic structure and optical properties of KDP crystals can help to understand the effects of different impurity ions on the laser-induced damage threshold of KDP crystals. Moreover, it can provide a reference for choosing the appropriate doping level of Al3+ ions regulating the crystal morphology.



In this work, the density functional theory (DFT) is used to study the stability of Al3+ ions in KDP crystals, as well as cluster defects consisting of Al3+ ions and intrinsic vacancies. The influence of the stabilized defect configuration on the electronic structure, optical properties and crystal structure of KDP crystals is calculated. The physical mechanisms by which Al3+ ions affect crystal quality are analyzed.




2. Computational Details and Experimental Methods


2.1. Computational Details


The current calculations are being performed in the Vienna ab initio Simulation Package (VASP) [16,17] utilizing the implementation of density functional theory (DFT) [18,19,20] along with the projector-augmented-wave (PAW [21,22] formalism. The electron exchange and correlation (XC) functional of the generalized gradient approximation (GGA) [23,24,25,26] functional of the Perdew, Burke, Ernzerhof (PBE) [27,28] is used to optimize the configurations. The energetic, electronic and optical properties are employed using the Heyd–Scuseria–Ernzerhof (HSE06) [29,30,31,32] hybrid functional system. A kinetic energy cutoff of 680 eV [33,34,35] is chosen with Monkhorst–Pack k-point meshes (1 × 1 × 1 [15,36,37] for bulk of 256 atoms). The force convergence criterion for the structural relaxation is set to 0.01 eV Å [15,36,38,39]. Thereby the H 1s1, P 3s23p3, O 2s22p4, K 4s1, Al 3s23p1 states are treated as valence electrons. The lattice constants of unit cell are a = b = 7.50 Å, c = 6.96 Å, and experimental values are a = b = 7.45 Å, c = 6.97 Å [40,41,42]. The calculated values are in strong agreement with the experimental values.



There are four KH2PO4 molecular crystals in a unit cell. We constructed the 256 atoms supercell of KDP crystal containing 2 × 2 × 2 unit cells (along a, b, c axis), and the 3D schematic of this supercell is shown in Figure 1a. The model of AlK point defect is shown in Figure 1b, where we replaced a K atom at (0.500 0.500 0.750) by a Al atom. In a similar way, we constructed the AlP and AlH point defects. In Figure 1c, the AlP point defect is at (0.500 0.500 0.500). KDP crystals containing one AlH point defect is shown in Figure 1d, where the AlH defect is at (0.625 0.570 0.938). The interstitial positions are constructed by adding a Al atom at M1 (0.250 0.350 0.125) and M2 (0.750 0.220 0.125) [43], respectively. The defect concentration is 0.39% (1 point defect per 256 atoms system). For the charge state defects, the models are constructed by subtracting or adding an electron to the defect system. For the cluster defects of KDP crystal with AlK point defect, we built the models by removing the neighboring H atom or K atom. The related structures are also fully relaxed.



In this manuscript, the defect formation energies of point defects with charge state q and cluster defects are calculated by this equation [44,45,46]


   E f   (   X q   )  =  E  t o t    (   X q   )  −  E  t o t    (  p r i s t i n e  )  +   ∑  i   n i   μ i  + q  (   E F  +  E v  + Δ V  )   



(1)




where Ef(Xq) is the defect formation energy of the system, Etot(Xq) is the total energy of the defective system and Etot(pristine) is the total energy of the perfect system. ni, μi and q are the number of atoms removed or added from the supercell, the chemical potential of the defective element and the number of charges carried by the defect, respectively. EF indicates the position of the Fermi energy level. Ev is the valence-band maximum (VBM) in the pristine KDP.   Δ V   is the difference of the average electrostatic potential between the defect system and the pristine KDP. KDP crystals are directly grown from aqueous solutions with high purity raw materials by changing temperature in accordance with the solubility curve [47], so we calculated the chemical potentials of Al, K and P using their most stable existence phases at ambient temperature and atmospheric pressure. The chemical potential of H is calculated by taking half of the energy of H2, and the chemical potentials of K, P and Al are calculated according to the formation enthalpies of their stable compounds K2O with   F m  3 ¯  m  , Al2O3 with   R  3 ¯  C   and P2O5 with Fdd2:


      2 Δ  μ K  + Δ  μ O  = − Δ  H f   K 2  O        



(2)






      2 Δ  μ  A l   + 3 Δ  μ o  = − Δ  H f  A  l 2   O 3         



(3)






      2 Δ  μ P  + 5 Δ  μ O  = − Δ  H f   P 2   O 5         



(4)







The thermodynamic transition level ε(q1/q2) is defined as the Fermi-level position for which the formation energies of charge states q1 and q2 are equal [48,49]


      ε  (   q 1  /  q 2   )  =    E f   (   X   q 1     )  −  E f   (   X   q 2     )     q 2  −  q 1         



(5)







Ef(Xq), q1 and q2 indicate the formation energy of the charged system and the number of charges carried by the defect. When the Fermi energy level is below ε(q1/q2), the q1 state is stable, and conversely, the q2 state is stable when the Fermi level is above ε(q1/q2).




2.2. Experimental Methods


The point seed rapid growth technique is used to grow KDP crystals. The growth solution for the KDP crystals are prepared as an aqueous solution with a saturation point of 55.0 °C using high purity potassium dihydrogen phosphate powder from Sinopharm Chemical Reagent Co (Shanghai, China). Al3+ doped KDP crystals are made by doping 10 ppm AlCl3 to the overheated solution. The grown crystals are processed as 15 × 15 × 10 mm3 samples. The photograph of KDP samples is given in Figure 2. The transmittance spectrum of these samples is obtained by PerkinElmer UV/VIS/NIR Spectrometer Lambda 1050+ (USA).





3. Results and Discussion


3.1. Preferable Substitution Sites and Doping Stability of Al3+ Ions in KDP Crystals


Due to the limitation of experimental techniques, no specific characterization of Al3+ ions in KDP crystals has been reported in the literature experimentally. So the sites occupied by Al3+ ions in the crystals need to be clarified first to build the defect model. Al3+ in the growth solution is a trivalent cation and may occupy the sites of three elements H, P, or K. All of these sites need to be considered. In addition, theoretical studies suggest that the metal cations may be in two interstitial positions (M1 (0.250 0.350 0.125) or M2 (0.750 0.220 0.125)) in KDP crystals [43]. The state of existence of defects in crystals is related to the thermodynamic properties that can determine the relative stability of defects in crystals. The defect formation energies of these five defect systems are calculated separately, and the concentration of point defects in all of these systems is 0.39%, as shown in Table 1.



Both H and P sites have high defect formation energies of 18.2 eV and 9.7 eV, respectively. This means Al3+ are not thermodynamically easy to substitute H or P sites in KDP crystals. The defect formation energy is relatively low at the K site (3.3 eV) and the two interstitial sites (M1 4.8 eV, M2 5.1 eV). Therefore, the priority sties of Al3+ in KDP crystals is K > M1 > M2, which is thermodynamically most stable when occupying the K site. Accurate calculation of the energies and transition conditions of defects in crystals at different charge states is of great importance for the identification of defects and the subsequent study of neutral defect pairs. In order to research the stability of Al3+ substituted K sites point defects (AlK) at different charge states for further investigation of their composite effect with intrinsic point defects, the defect formation energies of the defect system at different charge states were calculated by Equation (1), where the defect formation energy of a charged defect is a function of the Fermi energy level. And the thermodynamic transition level between deferent charged defects is calculated by Equation (5). Figure 3 shows the defect formation energy and the energy conditions for the charge state transition of AlK defects with different charge states in KDP crystals. As the Fermi energy level approaches the VBM, the AlK point defect center is stabilized as a positive divalent. As the Fermi energy level moves upward to a position of about 4.1 eV, the point defect captures an electron and is stabilized as AlK+. As the Fermi energy level continues to move closer to the CBM (at 5.2 eV), the point defect continues to capture a charge, stabilizing as a neutral state. At low defect concentrations, the Fermi energy level of KDP crystals is located at the center of the band gap (3.6 eV), so the AlK defects are usually stabilized in the form of positive divalent (AlK2+) in KDP crystals with low concentrations of defects.



According to the defect formation energy calculations, Al3+ is thermodynamically most stable in the crystal as AlK2+ point defect. According to the principle of charge compensation, the crystal system is electrically neutral, and theoretically AlK2+ point defect needs to be charge compensated with defects that have a negative charge state. Hydrogen vacancies and potassium vacancies are defect centers with negative charge states in KDP crystal, and it is possible for these defects with negative charge states to charge compensate with AlK2+ to form cluster defects. A positive divalent charge state of AlK2+ needs to be charge-compensated with two potassium vacancies (VK−), or two hydrogen vacancies (VH−), or one VK− and one VH−, to form AlK2+ + 2VK−, AlK2+ + 2VH−, or AlK2+ + VK− + VH− defective clusters to keep the system electrically neutral. According to the theoretical study on cluster defects in KDP crystals, the distance between isolated point defects in the cluster defects affects the stability of the cluster defects in the crystals [15,36]. As the distance between isolated point defects decreases, the potential and lattice relaxation energies of the system decrease, so the defect formation energies of the defect clusters decreases and the stability of the defect clusters increases. In building the model for the complexation of AlK2+ with intrinsic point defects, only the stability of the complexation with the nearest neighboring hydrogen vacancies or potassium vacancies is considered. Remove the two K atoms nearest neighbors of AlK2+ (forming the AlK2+ + 2VK− cluster defect), the two H atoms (forming the AlK2+ + 2VH− cluster defect), and the nearest neighbors of one H atom and one K atom (forming the AlK2+ + VK− + VH− cluster defect), respectively. Table 2 is the formation energies of the cluster defects models and the coordinates of the point defect in cluster defects models. Among them, the defect formation energy of the cluster defect AlK2+ + 2VH− is 4.1 eV, which is the lowest defect formation energy among these three defect cluster configurations. Therefore, the cluster defect formed by the AlK2+ point defect with two intrinsic VH− point defects is thermodynamically the most stable.



In the energy calculations mentioned in this manuscript, we use the total energy of the system. To accurately calculate the defect formation energies at room temperature, the free energy (when the entropy of the system is small enough, the total energy of the system can be approximated by looking at the free energy of the system) of the system should be used. Because of the large forbidden band, KDP crystals can be seen as insulators, so the value of the electron entropy in the crystal is negligible. But configuration of the constructed AlK2+ + 2VH− defect is large, so the conformational entropy may not be negligible. According to the Boltzmann equation, the conformational entropies of the cluster defects have been calculated. The conformational entropies of the AlK2+ + 2VH− cluster defect is 10.73 × 10−4 eV/K. Even at room temperature, the conformational entropies of the three defect clusters are still very small. For the system we have calculated, the total energy of the system can be approximated as the free energy of the system. Our use of the total energy of the system for defect stability does not affect our results.




3.2. Properties of Al3+ Ions Doping in KDP Crystal


In order to clarify the effect of Al3+ on the electronic structure of KDP crystals, the partial density of states (PDOS) of KDP crystals in different defect systems is calculated, as shown in Figure 4. Figure 5 is the charge distribution of KDP crystals containing an AlK point defect (in Figure 5a) and a cluster defect (in Figure 5b), where the red, white, gray, purple and orange balls are used to represent the H, O, P, K and Al atoms. Blue and yellow regions represent electron depletion and accumulation, respectively. The band gap of the pristine KDP crystal is 7.2 eV. The valance band maximum (VBM) is composed of O 2p states and the conduction band minimum (CBM) is mainly composed of O 2p, K 4s, P 3p and H 1s hybridized electronic states. For the AlK2+ point defect, the CBM of KDP crystals is down to 6.1 eV. The AlK2+ point defect introduces a deep energy defect state in the band gap of the KDP crystals, which is mainly contributed by the Al 3p states, O 2p states and P 3p states. The electric transfer of the AlK2+ point defect is mainly with phosphorus-oxygen tetrahedra in crystals. The charge distribution in Figure 5a can confirm the transfer of electrons. After the charge compensation with two neighboring VH− to form the AlK2+ + 2VH− cluster defect, the CBM is slightly shifted upward to 6.2 eV, mainly contributed by O 2p states and Al 3p states. From Figure 5b, the charge transfer between AlK2+ and VH− attenuates the charge state interaction between AlK2+ and neighboring oxygen atoms. In total, the effect of Al3+ on the electronic structure of KDP crystals is mainly seen in causing a downward shift in the crystal CBM, which just has little effect on the crystal electronic structure.



To clarify the optical properties of the KDP crystals containing Al3+ ions, the optical properties of pristine KDP crystals, KDP crystals containing AlK2+ point defects and KDP crystals containing AlK2+ + 2VH− cluster defects, which are mainly determined by the dielectric function, are calculated separately. The dielectric function   ε  ( ω )    is used to describe the linear response of a material to an electromagnetic radiation [50]


      ε  ( ω )  =  ε 1   ( ω )  + i  ε 2   ( ω )       



(6)







The    ε 2   ( ω )    is the frequency-dependent imaginary part of the dielectric function [50,51]


       ε 2   ( ω )  =  c   ω 2      ∑   V , C     ∫   B Z  .   2    ( 2 π )  2       |   M  C . V    ( k )   |   2  · δ  (   E C k  −  E V k  − ℏ ω  )   d 3  k        



(7)







The    ε 1   ( ω )    is the real part of the dielectric function, which is obtained by the Kramers–Kronig relations [50,51]


       ε 1   ( ω )  = 1 +  2 π  p   ∫  0 ∞     ε 2   (  ω ′  )   ω ′  d  ω ′     (   ω  ’ 2   −  ω 2   )           



(8)







The absorption coefficient further obtained from the dielectric function [52]


      I  ( ω )  =  2   ( ω )    (    ε 1    ( ω )  2  +  ε 2    ( ω )  2    −  ε 1   ( ω )  )    1 2                   



(9)







The absorption I(ω) of KDP crystals is shown in Figure 6. Compared with the pristine KDP crystals, there are no additional absorption peaks induced by AlK2+ point defects or AlK2+ + 2VH− cluster defects in the wavelength range of 200 nm to 800 nm. The effect of Al3+ ions on the light absorption of KDP crystals is mainly reflected in the introduction of weak light absorption at 160–190 nm. It is close to the theoretical absorption cut-off edge of KDP crystals, and difficult to be observed in experimental tests. UV-Vis spectrophotometry showed that Al3+ ions have no significant effect on the transmittance of the KDP crystals [12]. The calculated light absorption of the defects in the crystals is in agreement with the experimental results. The reason for the insignificant effect on the crystal light absorption is that the effect of Al3+ ions on the electronic structure of the crystal mainly causes a decrease in the CBM, and the crystal remains in a wide band gap, where valence electrons are still difficult to generate leaps.



A transmission measurement has been implemented for the undoped and Al3+ doped KDP crystals. The transmission spectra of these samples are shown in Figure 7. It can be seen that there is no significant difference in the ultraviolet region through these spectra. This is consistent with the theoretical calculation results. Therefore, low concentration Al3+ ions can be doped during crystal growth to control crystal morphology without seriously reducing crystal optical quality.



The analysis of electronic and optical properties shows that Al3+ ions have a minor effect on KDP crystals. The alteration of electronic structure and optical absorption may not be the main mechanism by which Al3+ ions lead to the lowering of the laser-induced damage threshold of KDP crystals. Based on experimental observations, at high concentrations (>50 ppm), Al3+ ions cause cracking in the crystals. The effect of Al3+ ions on the crystal structure of KDP crystals cannot be ignored. To study the effect of Al3+ ions on the crystal structure of KDP crystals, the variations in O-H and P-O bonds are calculated as follows


      Δ =  |    D  (  d e f e c t   s t a t e  )  − D  (  p r i s t i n e   s y s t e m  )    D  (  p r i s t i n e   s y s t e m  )     |       



(10)




where D (defect state) and D (pristine system) are the bond lengths for the chemical bonds in the defective and pristine systems, respectively. The results are shown in Figure 8, where the horizontal axis is the distance apart from the defects center (0 Å represents the bond nearest to defect center), and the vertical coordinate is the variation in different chemical bonds. At the defect center, AlK2+ point defects and AlK2+ + 2VH− cluster defects induce 39.3% and 33.2% variations in O-H bonds, respectively. The variations come from the electrostatic interactions between the AlK2+ defects and the neighboring oxygen atoms. These interactions weaken the electrostatic attraction between the neighboring oxygen atoms and the hydrogen atoms connected to them, giving a certain degree of repulsion to the H atoms, which results in the displacement of the H atoms. The variations in O-H bonds induce 3.2% (AlK2+ point defects) and 1.3% (AlK2+ + 2VH− cluster defects) variations in P-O bonds connected to them. Al3+ ions induce minor effects on the P-O bonds, however, induce larger variations in the O-H bonds connecting phosphorus-oxygen tetrahedra in KDP crystals. The overall trend of the aberrations of the O-H bonds is decreasing with relaxation in the crystal cell. However, at 8 Å, the variations in the O-H bond in both AlK2+ point defects and AlK2+ + 2VH− cluster defects systems are still greater than 10%. When the concentration of Al3+ ions in the crystal is higher, the concentration of AlK2+ and AlK2+ + 2VH− defects in the crystal is higher. It will lead to more variations in O-H bonds connected to the phosphorus-oxygen tetrahedral skeleton in the KDP crystals, and the structural stability of the crystals will be damaged. Through the analysis of the defect system structure, the high concentration of Al3+ ions will lead to the destabilization of the KDP crystal structure, which will ultimately affect the optical properties of the KDP crystals.





4. Conclusions


The effects of Al3+ ions on the electronic structure, optical absorption and crystal structure of KDP crystals are investigated by DFT, and the mechanism of the influence of Al3+ ions on the laser-induced damage threshold of the crystals is analyzed. Through the stability analysis of different defect systems, Al3+ ions mainly occupy K sites in the KDP crystals, forming AlK2+ point defects. AlK2+ easily compensates with the intrinsic hydrogen vacancies in the crystal through charge compensation, forming AlK2+ + 2VH− cluster defects. Based on the analysis of the electronic structure and optical properties of the doped KDP crystals, the Al3+ ions only lead to a downshift in the crystal CBM that is not sufficient to cause significant defect-assisted multiphoton absorption. This weak change in the electronic structure makes the position of the linear absorption peak induced by Al3+ ions very close to the theoretical cut-off absorption edge of the KDP crystals. The effect of Al3+ ions on the linear absorption of KDP crystals is also small. However, by analyzing the structure of the doped KDP crystals, it is found that the Al3+ ions induce large variations in the O-H bonds. When the concentration of Al3+ ions in the crystal is high, the variations in the O-H bonds connecting the phosphorus-oxygen tetrahedral skeleton accumulates with the increase in ions concentration. The structural stability of the crystal is damaged, which in turn affects the optical properties of the crystal, and the laser-induced damage threshold of the crystal decreases. In conclusion, at low concentrations, Al3+ ions have little effect on the laser-induced damage threshold of KDP crystals, while at high concentrations, the stability of the crystal structure is destroyed, leading to a decrease in the laser-induced damage threshold of the crystals. This suggests that choosing the appropriate level of Al3+ ions doping does not negatively affect the optical properties of KDP crystals.
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Figure 1. Schematic of KDP crystal supercells. (a) KDP crystal supercell; (b) KDP crystal containing AlK point defect; (c) KDP crystal containing AlP point defect; (d) KDP crystal containing AlH point defect. 
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Figure 2. Photograph of KDP samples. (a) undoped-prismatic, (b) undoped-pyramidal, (c) Al3+ doped-prismatic, (d) Al3+ doped-pyramidal. 
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Figure 3. The formation energies of AlK with different charge states. 
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Figure 4. PDOS of KDP crystals. 
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Figure 5. Electronic charge differences of KDP crystal. (a) AlK2+ KDP, (b) AlK2+ + 2VH− KDP. 
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Figure 6. Linear optical absorption of KDP crystals. 
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Figure 7. Transmission spectra of undoped and Al3+ doped KDP crystals. 
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Figure 8. The variations in O-H and P-O bonds as a function of the distance apart from the defects. 
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Table 1. Formation energy of five different sites in KDP crystal.
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	Location
	Defect Formation Energy (eV)





	H (0.625 0.570 0.938)
	18.2



	P (0.500 0.500 0.500)
	9.7



	K (0.500 0.500 0.750)
	3.3



	M1 (0.250 0.350 0.125)
	4.8



	M2 (0.750 0.220 0.125)
	5.1










 





Table 2. The formation energies of different cluster defects.
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Cluster Defects

	
Locations

	
Defect Formation Energy (eV)






	
AlK2+ + 2VK−

	
Al (0.500 0.500 0.750)

	
8.7




	
K1 (0.500 0.750 0.875)




	
K2 (0.500 0.250 0.875)




	
AlK2+ + VK− + VH−

	
Al (0.500 0.500 0.750)

	
6.8




	
K (0.500 0.750 0.875)




	
H (0.625 0.570 0.438)




	
AlK2+ + 2VH−

	
Al (0.500 0.500 0.750)

	
4.1




	
H1 (0.625 0.570 0.438)




	
H2 (0.570 0.375 0.563)
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