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Chen Xin([% #%)Y°), Zhao Qian-Qian(EX f%1%)?®), Wang Xiao-Chun(E %)),
Chen Jun(f %)Y, and Ju Xin(E #7)°

a)lnstitute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China
b) Jilin Provincial Key Laboratory of Applied Atomic and Molecular Spectroscopy, Jilin University, Changchun 130012, China
© Collage of Chemistry, Jilin University, Changchun 130012, China
9 Laboratory of Computational Physics, Institute of Applied Physics and Computational Mathematics, Beijing 100088, China

e)Department of Physics, University of Science and Technology Beijing, Beijing 100083, China

(Received 24 December 2014; revised manuscript received 17 April 2015; published online 29 May 2015)

The linear optical properties of potassium dihydrogen phosphate (KDP) with oxygen vacancy are investigated with
first-principles density functional theory calculations. We use Heyd—Scuseria—Ernzerhof (HSE06) functional to calculate
the linear optical properties because of its accuracy in the band gap calculation. Compared with the perfect KDP, we found
that due to the defect states located at the band gap, the defective KDP with oxygen vacancy has new optical adsorption
within the energy region from 4.8 eV to 7.0 eV (the corresponding wavelength region is from 258 nm to 177 nm). As a
result, the oxygen vacancy can decrease the damage threshold of KDP crystal. It may give a direction to the KDP production

for laser system.
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1. Introduction

Potassium dihydrogen phosphate KH,PO4 (KDP) is a
hydrogen-bonded ferroelectric crystal. The structures and
properties of KDP have attracted wide and continuous inter-
est. It is the very first that crystal is applied in nonlinear op-
tics devices. It is still widely used in many nonlinear optical
systems because it can grow into useful size. When temper-
ature is above 123 K, KDP is in the paraelectric phase with
a tetragonal crystal structure (I—42d space group!!l). Davis
et al. suggested that proton transport plays a major role in
optical absorption.?) The subsequent experiments using elec-
tron paramagnetic resonance (EPR) provided evidences for
the proton-transport mechanism.’! Liu er al. have calcu-
lated the electronic structure of the defective KDP with oxy-
gen vacancy.[*! Using first-principles method, the effect of S
substitution for P point defects in KDP crystal was studied
by Gao et al.,' and it is in agreement with the experimen-
tal study.!®”] The defect is common in the growing process
of crystal. When the oxygen vacancies occur in the growing
process of KDP and lead to defective KDP, the optical prop-
erties can be different for the perfect KDP. Although the KDP
material is usually used as a nonlinear optical crystal, these
linear optical properties affect the performance of the material
in nonlinear optics, such as extrinsic absorption band within
the band gap that influences the laser damage threshold of the

DOI: 10.1088/1674-1056/24/7/077802

material. The oxygen vacancies in KDP can cause the extrin-
sic absorption band within the band gap. This aspect of the
material is less studied but important. The results are also of
general interest to other oxides with oxygen vacancies, such as
electrochromic material WO3.181 The oxygen vacancy is gen-
erally referred to as a “color center” in various oxides. First-
principle study of the effects of oxygen vacancy on absorption
spectrum of ZnO is also reported.[®! As far as we know, there
was no first-principles study that focuses on the linear optical
properties of KDP with oxygen vacancy. Then it is worthwhile
to be studied.

It is well known that the band gaps of semiconductor
and insulator are severely underestimated, which are calcu-
lated through the density functional theory based on general-
ized gradient approximation (DFT-GGA). In order to improve
the calculation accuracy, the hybrid approach to constructing
density functional approximations was introduced by Becke
in 1993.11%1 Hybridization with Hartree—Fock exchange pro-
vides a simple scheme for improving the calculation accuracy
of band gap. Using the screened hybrid density functional
HSEO06,!'!! the calculated band gap is consistent with exper-
imental data very well.!'?! The linear optical properties calcu-
lated based on accurate electronic structure will yield accurate

results, such as the calculation of refractive indices.
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2. Computational method and details

The present work investigates the electronic structures
of perfect KDP and defective KDP with oxygen vacancy, re-
spectively, using HSEO6 functional and the Vienna ab initio
simulation package (VASP), which is based on the density
functional theory and the projector augmented wave (PAW)
[13-15] The cutoff energy of the plane-wave ba-
sis function is set to be 600 eV. We used a (4 x 4 x 4) division
along the reciprocal-lattice directions in the primitive unit cell
of the perfect KDP system according to the Monkhorst—Pack

representation.

scheme.!'®! The total energies for all systems are found to be
converged to be less than 1 x 107> eV/atom.>! The KDP is in
paraelectric phase with a tetragonal crystal structure (/—42d
space group). The primitive cell of perfect KDP contains
32 atoms, as shown in Fig. 1(a). In order to simulate the struc-
ture of the defective KDP with oxygen vacancy, we remove an
oxygen atom from one corner of the tetrahedral POy unit that
is in the center of the primitive cell for perfect KDP crystal,
as shown in Fig. 1. All the atomic geometries were fully re-
laxed until the forces on all the atoms are less than 0.02 eV/A.
The lattice constants of the relaxed perfect KDP structure are
a=7.44 A and ¢ = 6.97 A, which are in agreement with ex-
perimental data of a = 7.430 A and ¢ = 6.967 A very well.l!l
The P-O bond lengths for perfect and defective KDP are listed
in Table 1.

Fig. 1. (color online) The primitive cells of (a) perfect KDP crystal and (b)
defective KDP with oxygen vacancy. The circled oxygen atom is removed
from the perfect structure in order to simulate oxygen vacancy. (c) Local
atomic structure of the tetrahedral PO4 unit. (d) Local atomic structure of
the oxygen vacancy in tetrahedral POy.

Table 1. Bond length (in A) of perfect and defective KDP.

Bond Perfect KDP Defect KDP
P-O1 1.56 1.63
P-02 1.56 1.63
P-03 1.56 1.62

3. Results and discussion
3.1. Total density of state and partial density of state

In order to compare the performances of HSE06 and
GGA in electronic structure calculation, we calculate the total
density of state (DOS) of perfect KDP through these two meth-
ods respectively, as shown in Figs. 2(a) and 2(b). The band
gaps of perfect KDP are 7.18 eV using HSEO6 (Fig. 2(a)) and
5.06 eV using GGA (Fig. 2(b)). The band gap that is calcu-
lated using HSEOQ6 is in good agreement with the experimental
data of 7.12 eV,!'”! and is obviously better than the result us-
ing GGA (5.06 eV) and other results (4.35 eV using GGA, 8]
10.24 eV using mBJ-GGA, '8! 5.96 eV using GGA,!"! and
4.178 eV using GGAPY). The total DOS of perfect KDP
shows that it is a typical insulating system with a large band
gap. The HSEO6 functional can remarkably improve the cal-
culation accuracy of band gap of KDP. The optical properties
have a high relevance with the electronic structure. Then in or-
der to get reliable optical properties, we decide to use HSE06
to calculate the electronic structures of perfect and defective
KDP. The band gap of defective KDP with oxygen vacancy
is 5.62 eV, which is much lower than 7.18 eV (perfect KDP).
This fact is due to the fact that the new oxygen vacancy defect
states are mainly located at the band gap, which is marked by
the arrow in Fig. 2(c).
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Fig. 2. The densities of states for (a) perfect KDP calculated using HSE06,
(b) perfect KDP calculated using GGA, and (c) defective KDP calculated
using HSEO6. Solid line indicated by the arrow is defect state. The Fermi
energy level is at 0 eV.

Figure 3 shows the orbital-resolved and atom-resolved
density of states for perfect KDP and defective KDP with oxy-
gen vacancy. In perfect KDP, each O atom is located at the
same environment and the orbital-resolved DOS of each O
atom is identical. In sharp contrast, the O1, O2, and O3 of
defective KDP show large difference between each other due
to the breaking of [PO4]°~ tetrahedron symmetry. The de-
fect state is generated by s-state, p-state of P, and p-state of
Ol. The results indicate that the removal of O atoms causes
electronic charge redistribution near the defect site. Electrons
accumulate near the Fermi level in s-state, p-state of P, and
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p-state of O1. The defect states (indicated by the arrows, in
Figs. 3(e) and 3(f)) induce that the band gap decreases from
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7.18 eV (perfect KDP) to 5.62 eV (defective KDP). More de-
tails about charge redistribution are illustrated in Fig. 4.
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Fig. 3. (color online) (a)—(d) PDOS of perfect KDP, (d)—(h) PDOS of KDP with oxygen vacancy. O1, O2, and O3 correspond to the oxygen atom in Fig. 1.

The Fermi energy level sets at 0 eV.
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Fig. 4. (color online) Contour plots of the differences of electron charge densities for (b) perfect KDP and (c) defective KDP with oxygen vacancy. The
plotted plane for (b) and (c) is along the (001) plane and cross the center P atom, as shown in (a). Contour plots of the differences of electron charge densities
for (e) perfect KDP and (f) defective KDP with oxygen vacancy, along the plane that contains O-H-O-P chain shown in panel (d). In the contour plots of
charge density differences, K, P O, and H atoms are denoted with grey, pink, red, and blue balls. The black rectangles in panels (b) and (c) indicate one unit
cell. Solid and dashed lines in panels (b), (c), (e), and (f) correspond to Ap > 0 and Ap < 0, respectively.

3.2. Contour plots of the differences of electron charge
densities

In order to understand the nature of atomic interaction
in KDP crystal, the contour plots of differences of electron
charge densities are shown in Fig. 4. The charge density dif-
ference is defined as the differences between the KDP crystal

and the superposition of atomic charge densities, i.e., Ap =
p(KDP) — Zp(atom). The contour plot of the charge density
differences helps to visualize the characteristics of bonding.
Figure 4(a) shows the location of plotted planes for Figs. 4(b)
and 4(c). It is along the (001) plane that crosses the P atom

at the center of the primitive cell, and the oxygen vacancy is
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above this plane. Figure 4(b) shows the contour plot of the
differences of electron charge densities of perfect KDP crys-
tal. The four P-O bonds are symmetric perfectly, and the
length of each covalent bond is 1.56 A. The formation of oxy-
gen vacancy breaks the symmetry of PO, tetrahedron as well
as the symmetry of charge density difference around the cen-
ter P atom, as shown in Fig. 4(c). Due to the defect in POy
tetrahedral with oxygen vacancy, the charge density around K
atoms also becomes slightly asymmetric and then induces a
weak dipole around each K atom. In order to show more in-
formation around the oxygen vacancy, the plotted plane for
Figs. 4(e) and 4(f) contains the location of oxygen vacancy, as
shown in Fig. 4(d). The charge contour plot patterns that con-
tain O—-H-O-P chain without and with oxygen vacancy are
shown in Figs. 4(e) and 4(f), respectively. In contrast with
the perfect KDP (Fig. 4(e)), the electron charge density of de-
fective KDP with oxygen vacancy is obviously redistributed.
Figure 4(f) shows that the charge density between the H atom
and the left neighbor O atom accumulates markedly, which
means the interaction between the H and left O atom becomes
stronger than that of Fig. 4(e). The H atom slightly moves left
and approaches the left O atom, which is identified as a pro-
ton transfer. The three P-O bonds (1.63 A) of defective KDP
become longer than that (1.56 A) of perfect KDP, as listed in
Table 1. This is due to the fact that the lone pair electrons
of P atom repulse three O atoms. Then the oxygen vacancies
weaken the other three bonds between P and O atoms. The
formation of the defect state induced by oxygen vacancy can
be understood as follows. The removal of the O at the origin
effectively creates a repulsive potential for the electron at the
core of the vacancy, 18] which drives the “extra” electron of the
nearest P away from the vacancy site along the lowest energy
direction [110].

3.3. Optical properties

We derive the linear optical properties of perfect KDP and
defective KDP with oxygen vacancy from the reliable elec-
tronic structures of these two systems, which are calculated
using HSEO6 method. A linear response of a material to an
electromagnetic radiation is described by the dielectric func-
tion €(®w). The dielectric function £(w) (Fig. 5) can be de-
scribed by

e(w)=¢(0)+ig(0). (1)

The frequency-dependent imaginary part of the dielectric
function can be calculated by the momentum matrix elements
from the occupied and unoccupied wave functions within the
selection rules. The real part of the dielectric function is ob-
tained using the Kramers—Kronig relations
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Fig. 5. (color online) Complex dielectric functions of (a) perfect KDP and
(b) defective KDP with oxygen vacancy.

All other linear optical properties can be obtained from
the dielectric function.
(1) Absorption coefficient:

1/2
I(a)):\@(a))( sl(w)2+£2(w)2—81(w)) )

(i) Reflectivity:
| e2(w) -1 ’
R(w) = el2(w)+1 “)
(iii) Refractive index:
5 5 1/2

n(w) = [ aley +ealo) 8‘(“”] ®
(iv) Optical conductivity:

6(0) = 61(0) + 16 (@) = fi% e(@)—1].  (6)

(v) Extinction coefficient:

k(o) =

S(oF ! & (2“’)] o

The real part € and the imaginary part & of the dielec-
tric function of perfect KDP and defective KDP with oxygen
vacancy are shown in Fig. 5, respectively. Because of the sym-
metry of perfect KDP crystal, the variation trend of &, (dielec-
tric function of the KDP in xx direction) curve is consistent
with that of &, for both the real part € and the imaginary
part & of the dielectric function. However, in the defective

077802-4



Chin. Phys. B Vol. 24, No. 7 (2015) 077802

KDP with oxygen vacancy, the structure symmetry is broken,
the variation trend consistency between &,, and &, disappears.
For example, at 5.1 eV, the peak of €(,,) of defective KDP
with oxygen vacancy is obviously higher than that of &;(,,), as
shown in Fig. 5(b). Compared with Fig. 5(a), the peak posi-
tions with the lowest energy in Fig. 5(b) move to lower energy,
and thus redshift occurs. For example, the real part € peak
with the lowest energy in Fig. 5(a) is located at 8.5 eV. How-
ever in Fig. 5(b), the real part €| peak with the lowest energy is
located at 5.6 eV, which is 2.9 eV lower than that in Fig. 5(a).
These facts originate in the defect states of oxygen vacancy.
The linear optical properties of perfect KDP and defec-
tive KDP with oxygen vacancy are shown in Fig. 6. We find
that for the defective KDP, the energy region in which the
cure of each optical property is not flat becomes wider than
that for perfect KDP. For example, the absorption coefficient
I(®) of the defective KDP is not flat in the energy region
from 4.8 eV to 36 eV, which is wider than that from 6.9 eV to
33.9 eV of perfect KDP. It means that compared with perfect
KDP, the optical properties of defective KDP change greatly,
e.g., the absorption band of defective KDP becomes wider
than that of perfect KDP. The peak with the lowest energy
for each optical property curve appears to be red shifted. For
example, the peak with the lowest energy of absorption co-
efficient I(®) for defective KDP is located at 5.58 eV that is
lower than that for the perfect KDP (8.52 eV). The absorp-
tion coefficient I(®) begins to rise at 4.8 eV (corresponding
to 258 nm wavelength), as shown in Fig. 6(b). However, the
perfect KDP begin to have optical absorption at about 7.0 eV

281
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73
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o0,/Q em ™oy /Q 7 cm

Energy/eV

(corresponding to 177 nm wavelength). It means that KDP
with oxygen vacancy begins to absorb the energy of the laser
irradiation from 4.8 eV which is much lower than that for
the perfect KDP. The energy accumulation in KDP crystal
will damage the stabilities of structure and optical properties
of crystal. Hence, the oxygen vacancy in KDP reduces the
damage threshold of KDP crystal from 7.0 eV to 4.8 eV. The
origin of the absorption at 4.8 eV of KDP crystal with oxy-
gen vacancy is related to the band gap absorption caused by
the defect states, because the defect energy level for oxygen
vacancy in defective KDP leads to a narrower band gap of
5.62 eV compared with that for perfect KDP (7.18 eV). The
reflectivity R(w) is also an important property of a crystal and
it can decide the quality of optics devices. The dramatic rise
of R(w) reduces the optical transmittance of the KDP crystal.
For the defective KDP with oxygen vacancy, the reflectivity
begins to rise steeply at about 4.0 eV. However, the reflectivity
of perfect KDP begins to rise steeply at about 7.5 eV. The
extinction coefficient k() and optical conductivity o;(®)
varies as nearly same as the absorption coefficient. The I(®),
k(w), and o1 (w) all reflect the absorption property of a crys-
tal. The above facts reveal that the oxygen vacancy in KDP
reduces the quality of KDP as a laser device system, and leads
to a new energy region of optical absorption which is lower
than 7.0 eV. The new optical absorption can cause energy ac-
cumulate around the defect site in the KDP crystal, and then
remarkably decrease the damage threshold energy threshold
of KDP crystal. Electrons near the defect site are excited to

0 4 8 12 16 20 24 28 32 36

Energy/eV

Fig. 6. (color online) Absorption coefficient, refractive index, optical conductivity, extinction coefficient, and reflectivity of (a) the perfect KDP and (b) the

defective KDP with oxygen vacancy.
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higher energy level in the wavelength range of photon absorp-
tion. Laser-induced excited electrons relax to the ground state
and the released energy causes the strong lattice vibration. The
strong lattice vibration can cause the laser damage. Then the
defect site with unstable structure can be the origin of damage
under the strong lattice vibration.

KDP is a uniaxial crystal with negative birefringence
(o > Ne), Nyx = Ryy = Mo, and ny; = ne.221 The refractive in-
dices of perfect KDP calculated with HSEO6, experimentally
measured value and other calculation results are listed in Ta-
ble 2. Results obtained with HSEO6 are better in agreement
with experimental value than other calculation results. In view
of the facts above, the performance of HSE06 in optical prop-
erties calculation is reliable.

Table 2. Refractive index of perfect KDP for selective wavelength (val-
ues (in %) in parentheses are difference from experimental values).

Wavelength/nm Exp.[?*] HSEO6 (this work) GGAI'!l  mBJ-GGAI®!
266
no 1.5596 1.6437(5.4) 1.7990(15.4) 1.442(-7.5)
ne 1.5104 1.5671(3.8) 1.7171(13.8) 1.372(—9.2)
354.7
o 1.5317 1.5955(4.2) 1.7198(12.3) 1.427(—6.8)
ne 1.4863 1.5242(4.6) 1.6484(10.9) 1.363(—8.4)
532
o 1.5128 1.5667(3.6) 1.6789(11.0) 1.417(—6.3)
ne 1.4709 1.4986(1.9) 1.6125(9.6) 1.362(—7.4)
589.3
o 1.5097 1.5627(3.5) 1.6738(10.8) 1.416(—6.2)
ne 1.4686 1.4950(1.8) 1.6070(9.4) 1.353(-7.9)
632.8
no 1.5078 1.5605(3.5) 1.6703(10.7) 1.415(—6.2)
ne 1.4673 1.4931(1.8) 1.6049(9.3) 1.353(—7.8)
694.3
no 1.5054 1.5581(3.5) 1.6672(10.7) 1.414(—6.1)
ne 1.4657 1.4909(1.7) 1.6021(9.3) 1.353(-7.7)
1064
Mo 1.4944 1.5513(3.8) 1.6580(10.9) 1.415(-5.5)
ne 1.4603 1.4849(1.7) 1.5941(9.2) 1.350(—7.6)

4. Conclusion

In conclusion, the electronic structure of perfect KDP
and defective KDP with oxygen vacancy are investigated with
screened hybrid density functional HSE06. Then based on
these reliable data, the optical properties of perfect KDP and
defective KDP with oxygen vacancy are derived. The defect
states induced by oxygen vacancy are mainly located in the
band gap, and reduce the band gap from 7.18 eV (for per-
fect KDP) to 5.62 eV. The defect states around Fermi level are
mainly contributed by p and d electrons of P atom and s elec-
trons of O1 atom. We compare the differences of charge den-
sity of perfect KDP and defective KDP to study the changes
of atomic interaction. We find that the oxygen vacancy breaks
the symmetry of the POy tetrahedral and causes the remark-
able redistribution of electron charge around P atom, and then
weakens the interactions between P and O atoms. Compared

with the linear optical properties of the perfect KDP, the ab-
sorption coefficient I(®) of defective KDP begins to have un-
wanted absorption at 4.8 eV (corresponding to 258 nm wave-
length), which is lower than 7.0 eV (corresponding to 177 nm
wavelength) of perfect KDP. It means that the defective KDP
with oxygen vacancy will begin to absorb the energy of laser
radiation within the energy region from 4.8 to 7.0 eV, where
the perfect KDP does not begin to absorb the energy of laser.
Then the oxygen vacancy in KDP will lead to the lower dam-
age threshold for the defective KDP than perfect KDP. Such a
finding is expected to give a direction to the process of produc-
ing KDP crystal for laser system. Particular attention should
be paid on preventing oxygen vacancy formation during the
growing of KDP crystal, in order to avoid the extra optical ab-
sorption band caused by oxygen vacancy.
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