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Fig. 1. Dependent curves of defect formation energy and
temperature.
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Fig. 2. Volume change rates of defective cells for ZnGeP,.
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Fig. 3. Unit cells of ZnGeP, (a) Perfect cell at 273 K; (b) cell containing Vp at 273 K; (c) perfect cell at 500 K; (d) cell containing

Vp at 500 K.
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Table 1.  Charge of substitution element and corresponding bond length of defective cells containing Zng. and Geyzy,.
/K JUHE MM e MK /nm oER WA JCE MM fbEE #HK/nm JoE AAT
Ged-P6 2.35899 P6  -0.32 7n9-P8 2.48614 P8 -0.34
Ged-P4  2.35999 P4  -0.36 Zn9-P6 2.50023 P6 04
Ged  0.69 Zng. Zn9 0.13
Ge4-P8 2.34575 P8 -0.32 7n9-P12 249713 P12 —-0.38
Ged-P3 2.28732 P3 -0.35 7Zn9-P11 2.42738 P11 -0.33
273 TR A
7m3-P4 2.31271 P4 -0.36 Gel-P6 2.69564 P6  -0.36
Zn3-P3 2.34784 P3  -0.35 Gel-P3 2.62636 P3  -0.32
Zn3  0.01 Gez, Gel 0.37
Zm3-P6 2.40425 P6 —0.32 Gel-P8 2.57614 P8 -0.32
Zn3-P8 2.46926 P8 -0.32 Gel-P4 2.51162 P4 -0.35
Ged-P6 2.23412 P6 -0.37 Zn5-P8 2.3525 P8  -0.37
Ged-P4  2.34218 P4 -0.32 Zn5-P6 2.65332 P6  -0.32
Ged 0.68 Zng. Zn5 0.15
Ge4-P8 2.40672 P8 -0.34 Zn5-P12 2.6305 P12 -0.34
) Ged-P3 2.34169 P3 -0.31 Zn5-P11 2.54137 P11 -0.36
600 TCiR B A
Zn2-P5 2.48759 P5 -0.33 Gel-P7 2.57682 P7  -0.33
Zn2-P7 2.37797 P7  -0.37 Gel-P5 2.65679 P5 -0.34
7Zn2 0 Gez, Gel 0.37
Zm2-P3 2.3425 P3  -0.31 Gel-P8 2.56753 P8 -0.33
7n2-P8 2.40251 P8 -0.34 Gel-P3 2.49967 P3  -0.29
— A Ll =]
£ 1FIR N 213 K M 600 K 52254 3.4 ZnGeP, B &AL
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PRA PG Ge 23 (A% AL HLF = B B I 5 1R,

K 5 K 10 K B ZnGePy 1A 6 Fli [ it i i
3, HoA Ve, Vo, Znge il Gey, BFEFE 0.6—2.5 um
AR, T Ve Fl Gey, + Vo, SiEE I
b X GRS RAST &, Setzler 55 1 Fl1 Giles
2 1220 a5k B EPR IESE ZnGePy fA7E 1 pm
2.2 pm AL FEANIROR 32 FEEE Vo, Y.

3.5 ZnGeP, BmIEHHIERFE TR H 9T
3.5.1 P ={zitA%

Kl 6 45 (010) T P JRF R0 B, FFPRic il
P1 R+ JEE P2—P9 JRFR9N B, % 2 450 P1 R
Fas i P2—P9 BB M B RE AN R T[]

72 2 B¥s WoR B Re 5 R R) PR S T B 0 OE
e &, P1-P3 [0 B i K, (HiE RS REFFAS
BEK, B e KNJE P1-P4 JiF; P1-P8 i
RedRe/D, JEF R B IR R N, e B ad i
Hhs [ BH AT RE SR B &R

AT PLIRF 2445051 P2, P3, P4, P5,
P6, P7, P8 Fll PO iL#% (1 1F [ M 0] iE#4 fig, 5 —
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Fig. 4. Differential charge density distribution of perfect cells and defective cells for (200) plane (red circles are defect positions) .
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Fig. 5. Absorption spectra of defective cells for ZnGeP,.

P1-P9 > P1-P3 > P1-P6. #I'F 5 FuT# 5 R fifh)

T iR, ML HEF N P4-P1 > P5-P1 >
P2-P1 > P7-P1 > P8-Pl. LA FRAEE IR &M

ZnGePy HlFF i B W i

P1-P8 1E [ Flshi [a] 3255, iE RS REHER & /M, BRI
TE ZnGeP, A& (010) 1 P 25 0 B9 i 8 7 1) N
P1 z5{ii 6] P8 iT R al P8 z5fii ] P1 T #%. i@ adit
FARE] 8 MR R M VA, B 7 45 P1-P4,
P1-P6, P1-P8 iR AL .

3.5.2 Ge =4xit#%

FKH 1 x 2 x 2 HARIIR Ge = MiEBAL
i, 8 45 (100) [ Zn, Ge, P JR T AL &, I
FricH Gel JETJEF Ge2—Ge8 JETRINLE. 7 3
5 Gel JR T2 (i) Ge2— Ge8 T BRI AE
JE [l

MZE 3 AT LI L, Gel-Ged J5 1] FH 25 5 K,
TR KN 5.7—5.8 eV, Gel-Ge2 i1 [a] I
BTN, ER AR /NN 2.2—2.4 eV Z .

227101-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 22 (2022) 227101

K6 (010) I P IR FHRic il CRAH2 x 1 x 1#MIAR)
Fig. 6. Map of positions of P atoms for (010) plane (super cells of 2 x 1 x 1 are used).

2 (010) 1 P JETHIE 5T 6E

Table 2. P atomic spacing and migration energy for (010) plane.

JRTFIBE /(10 ' m)  iTREHE eV JAFRIEE /(10 0 m)  ERHE eV JAFEIEE /(10 0 m)  TRfE/eV
P1-P2 3.729 248595 P1-P3 4.024 2.54995 P1-P4 3.757 3.31980
P2-P1 3.729 245433  P3-P1 4.024 2.74953  P4-P1 3.757 3.24897
P1-P5 3.881 2.75197 P1-P6 3.554 2.28346  P1-P7 3.781 2.35649
P5-P1 3.881 2.67016  P6-P1 3.554 2.66777  P7-P1 3.781 2.27400
P1-P8 3.633 2.08976  P1-P9 3.947 2.68005
P8-P1 3.633 2.01885  P9-P1 3.947 2.87954

(a) P1—P4 (b) P1—P6 (c) P1—P8

&7 (010) 1 P1#% si25 0 ) P4, P6, P8 T B I  (a) P1-P4; (b) P1-P6; (c) P1-P8
Fig. 7. Transition states for migrations from P1 vacancy lattice to P4, P6 and P8 lattices for (010) plane: (a) P1-P4; (b) P1-P6;
(c) P1-PS.

¢ ¢ © o ©
© @8 © s @

LIRS
KR IKX
DO 0.9.0. 0.0
Resetote v
9.9.0.9.9.0.9

! » |

4 “’“23("&1 [ <]
© p_ﬂ,miﬁ; "‘-e?? ©
P ¢ 0 @ ©°

© ¢ ¢ ¢ ©

e 2N

8 (100) I Ge JEFAric &l
Fig. 8. Map of positions of Ge atoms for (100) plane.
i ok WA R, Gel-Ge2, Gel-Ge3, Gel-Geb, 1M HIX AT RS REHRK, SRT 5 eV, RUIXMH
Gel-Ge6 Fll Gel-Ge8 43 HIIFR BN A IER, Gel- EBAGEKLA. K 94 ZnGeP,y A (100) TH
Ged Fl Gel-Ge7, A BN PER, R3] P4, Gel ¥ 25 i 1] Ge2, Ge3, Ged, Ge7 T 11 I
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Table 3.  Ge atomic spacing and migration energy for (100) plane.
JEFRIEE /(100 m)  iTAfE/eV JEFIRIEE /(109 m) TRk eV JRFRIE /(100 m)  THRE/eV

Gel-Ge2 3.668 2.41507  Gel-Ge3 6.682 4.84944  Gel-Ged 6.720 5.76056
Ge2-Gel 3.668 2.16555  Ge3-Gel 6.682 477747  Ged-Gel 6.720 5.68664
Gel-Geb 3.857 2.85194  Gel-Ge6 3.906 2.67506  Gel-Ge7 5.505 5.15750
Geb-Gel 3.857 2.80361  Ge6-Gel 3.906 2.62691  GeT-Gel 5.505 5.15696
Gel-Ge8 6.635 4.50346

Ge8-Gel 6.635 4.21664
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Fig. 9. Transition states and intermediate products for migrations from Gel vacancy lattice to Ge2, Ge3, Ge4 and Ge7 lattices for
(100) plane: (a) Transition state of Gel-Ge2; (b) transition state of Gel-Ge3; (c) intermediate product of Gel-Ge4; (d) intermedi-
ate product of Gel-GeT.
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Fig. 10. Map of positions of Zn atoms for (100) plane.
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Table 4.  Zn atomic spacing and migration energy for (100) plane.
JRTEEE/(10 0 m)  ITREE/eV JRTEHE /(10 0 m)  TREHE eV JRFEHE /(10 0 m)  THEE eV
Znl-Zn2 3.884 1.75494  Znl-Zn3 3.730 2.03159  Znl-Zn4 3.982 2.00985
Zn2-7Znl 3.884 1.81019 Zn3-Znl 3.730 2.05914  Zn4-Znl 3.982 2.04534
7Znl1-Znb 5.505 3.52642  Znl-Zn6 6.906 5.04726
Zn5-Znl 5.505 3.52635  Zn6-Znl 6.906 5.12510
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Fig. 11. Transition states for migrations from Znl vacancy lattice to Zn2 and Zn3 lattices for (100) plane: (a) Znl- Zn2; (b) Znl- Zn3.
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Abstract

ZnGeP, crystals are the frequency conversion materials with the excellent comprehensive performances in a
range of 3—5 um. However, the overlap of the absorption band and the pump wavelength range of optical
parametric oscillator at 8 -12 pm limits the application performance of the optical parametric oscillator and
makes it impossible to achieve a far-infrared laser output. In this work, the formation energy and migration
mechanism of six kinds of defects of ZnGeP, crystal are discussed by density functional theory. The results
show that two defective structures of Vpand Vg, are difficult to form, while four defective structures of Vg,
Znge, Gej, and Gez,+Vz, are easy to create. When the number of Ge atoms are slightly more than that of Zn
atoms in ZnGeP, crystals, the vacancy defects V,, form more easily than antistructure defects Gej, at 10 K,
500 K and 600 K, but the antistructure defects Gej, are easier to form than the vacancy defects V;, at 273 K
and 400 K. There is a negative correlation between the volume expansion rate and the defect formation energy
of ZnGeP, crystal. The larger the volume expansion rate, the lower the defect formation energy is. The
differential charge density shows that the electron cloud density among the atoms is enhanced in the defective
structures of Gey, and Vy,+Gez,. The electron cloud density at the lattices of vacancy defects is enhanced when
the vacancy defects (Vy, and Vg,) and antistructure defects (Gey, and Zng,) form the joint defects. Comparing
with the defect-free cells, the charge of Zn atoms increases significantly, that of Ge is significantly reduced, and
that of P does not change in the antistructure defect Zng, or Gey,. The absorption spectra of ZnGeP, crystal at
10K show that there is the significant absorption in a wavelength range from 0.6 pm to 2.5 pm for the four
defective structures: Vg, Vz,, Zng. and Gey,, while the absorption in this range is small for the defective
structures Vp and Gey,+Vy,. The V;, has the lowest migration energy, while Vg, has the highest. The
difficulty for Vp to migrate depends on the space resistance, while the difficulty for Vg, and Vy, to migrate
depend on the inter-atomic distance. This may be related to the small radius and high proportion of P atoms

and the large radius and low proportion of Ge and Zn atom in ZnGeP, crystal.

Keywords: defect structure, optical properties, ZnGeP,, mid and far-infrared crystals
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