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Fig. 1. Crystal structures of BaMN,, the blue, pink and azure balls denote Ba, M and N atoms.
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Table 1.  Comparison of theoretically calculated and experimental measured (in parenthesis) lattice constants, lattice
volumes and the M—N bond lengths of BaMN,.
a/A b/A c/A V/A3 hini/A hine/A
BaTiN, 4.011 4.011 8.107 130.454 1.806 2.105
BaZrN, 4.188(4.161120) 4.188(4.161P9) 8.478(8.39200) 148.725 2.022(2.061%) 2.213(2.2082)
BaHIN, 4.149(4.12827) 4.149(4.128027) 8.481(8.38227) 145.971 1.991(2.052%) 2.196(2.1861%)
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Fig. 2. Slices of the electron localization function (ELF) for (a) BaTiN,, (b) BaZrN, and (c) BaHIN,, top and bottom planes are the

(001) and (100) planes, respectively.
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Table 2.

Elastic constants Cj, bulk modulus B, shear modulus G, Young’s modulus Y, Poisson’s ratio v, Pugh’s ratio

(B/G) of BaMN,. The subscripts V and R of the moduli denote results from the Voigt and Reuss models, while B and G

moduli without subscripts are defined as the average of the Reuss and Voight values from the Voigt-Reuss-Hill approxima-

tions.

Materials C11/GPa C1,/GPa Ci3/GPa Cyy/GPa Cy3/GPa Cy3/GPa C,4/GPa Cs5/GPa Cs6/GPa
BaTiN, 180.639 126.136 56.702 180.639 56.702 121.448 38.493 38.493 118.834
BaZrN, 151.829 110.797 66.919 151.829 66.919 129.396 37.723 37.723 95.162
BaHfN, 163.876 118.407 69.072 163.876 69.072 130.419 37.811 37.811 103.077

Materials By/GPa Bg/GPa B Gy Gr G/GPa Y/GPa v B/G
BaTiN, 106.870 95.480 101.175 55.380 42.420 48.900 126.253 0.294 2.070
BaZrN, 102.480 98.630 100.555 46.680 36.539 41.610 109.580 0.318 2.420
BaHfN, 107.920 102.211 105.066 49.180 38.366 43.773 115.194 0.317 2.400
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Fig. 3. Bulk modulus, shear modulus, Young’s modulus and Poisson’s ratio v of BaMN,: (a) BaTiNy; (b) BaZrNy; (c¢) BaHIN,.
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Fig. 4. Electronic band structures and density of states (DOS) of (a) BaTiN,, (b) BaZrN,, and (c) BaHfN, as well as (d) band edge

positions.
# 3 BaMN, WHBURE m' BEHEE E B0 T 1T o
Table 3.  Effective mass m’, deformation potential constants Ej;, and carrier mobility u of BaMN,.
m’/my E/eV i/ (cm2s 1.V )
Material Carrier
z/y z z/y z z/y z
Electron 0.237 29.929 ~7.366 —4.159 7439.406 0.088
BaTiN,
Hole 0.536 2.560 -8.141 -5.514 791.781 23.277
Electron 0.229 32.657 ~7.652 —-2.399 6313.601 0.225
BaZrN,
Hole 0.400 5.435 -8.017 —4.669 1426.402 5.267
Electron 0.223 30.268 —7.650 -0.679 7286.037 3.429
BaHfN,
Hole 0.415 3.608 —7.870 -3.731 1457.158 23.152

BaMN, 7€ a-b V1 b B A 3% B #0014 U5
o, MAEESN ) ) B BRER m* . E R
R SR ZUA & ) S, PN B RCR, RUE
ATTxF 07 A2 ) U 5w, P TS 2 07 Y B 85
/NPT TR R ik B TR R R
(~ 103 cm?/(s-V)), T~ 11 FhJ7 1] (4 #5375 &
pAE I T X ST A SR Y (CF T Ah S
) p 5558 () W FARTE (m*) %)
AH . BaTiN, [ HL T Fl125 50U 2(2) iz 77 1] (1)
TR 1 A 43510 7439.406 (0.088) 1 791.781
(23.277) cm?/(s-V), BaZrN, [ H 125 70 2(2)
$niz 7 [ RS e R 231128 6313.601 (0.225)

1 1426.402 (5.267) cm?/(s-V), BaHfN, [{JHT-H15s
T 2(2) Fs T In ER RS 7286.037 (3.429)
1 1457.158 (23.152) cm?/(s-V). BaMN, K4
A ) SRR R AR, W T R R A AR
PR GaN I HLFEFE R (~1200 cm?/(s-V)) 10U,
BEA, 44 TS L (Ran = ) SRR H

18] SR SCHESEL, A prmax 1 pimin 7301152
He /N B T I RS AR 620, PR U S AR D 1) £
FERBE p LT RHE, BIR pe B985 W PR LRK,
TR HL - BRI A 47 . BB Ak, BaTiN,,
BaZrN, fll BaH{N, (%5 7 GER R iy, 45 ) S L
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Ak F) T 34, 270 F1 60. BaMN, ()45 [ 5 1
) FL B35 R IE 5 CaTiN, I SrTiN,, JF #5254 82,
ke 3 firzn, BaMN, B F7EA R D7 ) F i iE
B RAFEE R 225, RITHL 74 /e s (B P i A
I EEAEERS, X FER RN 25 R80T
23 9 L R — 7 B 8 A3 0 2 AR, A iy
25 1) S R B L RN A s R AERIZ Y A B XA
FIFmsDeE R FE A 0L

IEAk, BaMN, 78 A UL AE 55 B B A B B
MEM I RE g, B R BGEEF] 10° em ! B )
(6, VBT 2(y) ML 2 J7 ] B2 R A7
TE 535 1 22 5 TERE By Xl mT WO 5
BaMN, FAHEAEH 22 O 0l B 31 &
w7, [T BT BaMNy B U 7 45 Fa X6 B A2 AR
PREE AL, WV N 2(y) J7 18 FTESE 2 97 16 /4 51
HES RN g S A A 3 25 5, S EUE V1
W 2(y) J5 AR T E A6 2 7 10 B R
JEWLICRE Ty 5 T AERE o A e X, F T A o 4l

CBM

€l 5 CBM Fl VBM 7 5545 [8] (40 R 4L

G

{
\g

.

SRR SRS NRITIV A 2, SEDERRI
THOUEAR A 2%, A% 1] AR XS , 575 BaMN,
TEASANT7 1] AR B L Y S i e G S A ] D
JEMHPERE, S 15 A BB A 02 B R ] BaMN,
A I DAy P A B A P 1t IR AT AR K 23 fife ) D' A
A5, BOEr T OBIRFDE AR SUAT Fi R 1 T
’MDM‘*‘«I’ (10,60,64]

b I A5 G RE (B,) R 52001
Z AR AR, HAat Ao

my 1
7 (4)

optic

Hrh, eqpic HERSAHEEL, mo N H BT,
my = mimg/(mE +mp) EAARTE, mE Fm;

SRR 3 ANz T ) b LA TP 2 A R

Bt ()
1 1 1
my, my m;

© 7 T T

B, ~ 13.56

mo €,
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9" T RoRe
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(a) BaTiNy; (b) BaZrNy; (c) BaHfN,

Fig. 5. Wave function of CBM and VBM in real space: (a) BaTiNy; (b) BaZrN,; (c) BaH{N,.

Absorption/(10° cm~1)
Absorption/ (105 cm~1)

Photon energy/eV

6 BaMN, 17T WG I R %L

Photon energy/eV
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(a) BaTiNy; (b) BaZrN,; (c) BaHfN,

Fig. 6. Optical absorption coefficient of BaMNjy: (a) BaTiN,; (b) BaZrNy; (c) BaHIN,.
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BaTiN,, BaZrN, Fll BaHfN, HY## 254 B 5 %L
LT DTIKER 43 W3k 4 iR, 435Ik 9.55, 8.16 Al
7.63, P TEEARES I 35, 44 Fil 50 meV, HLHLk
Si(20 meV)% FI R GaN(21—24 meV)!5 Bk .
By BN 23 R X (BT) PR O~ A
R Ty B A RE LA/, R B i 5 25 72 T
A I, BB TS SRR S B,
TGN T i T ek, 7L T A S =4k
FI R, 32 K PHBE L A5 .

R4 HIRELRIN AL ST A T RS DT A
WAL
Table 4.

from the electronic and ionic contributions and dielectric

Diagonal components of the dielectric tensor

permittivity.

Eele €ion
Material Er
z/y z z/y z
BaTiN, 10.59 7.48 35.70 18.40 39.48
BaZrN, 8.30 7.88 39.08 18.61 40.42

BaHfN, 7.71 7.46 34.37 16.32 35.98

E—2AF5E BaMN, (s, 753 T3+
DFPT [ A SR Ao o i A2 A HL sk i 36 4
BEET BaMN, ZALYIEI A B AL, L35 R
T 5i#k. BaTiN,y, BaZrN, fil BaHfN, f{)3F 24 iy,
RO R 39.48, 40.42 1 35.98, FEF ORI T
T BTk, A H B I B e, A ey, HEFE T AP
IR e, R, BoRH BERS R, X558
SAFIRNZARE ALY SrZrN, FI StHEN, 58 42
181201, SrZrN, A1 StHEN, FY4 L 3 K00 B 1 STk A
BT M ZERIARK, B F simk e s sk A
RN G TS [ = 1 TE o 1 o Nt i3
. MEEA I R 5 S AT 5
HYIMICHY, W& 1 PR, BaMN, &k 245 U
75 KCoO, BUERARGEH, 1Z45F4 HifE 4 [MN,)* i)
ZULK, FEZ BB P A Ba?t 8 . SrZrN,
SrHfN, B4 a-NaFeO, U254y | iz 45t i i —

Y [MNL)2 HUZ AL, 5 BaMN, B ALY 254 1) 2
F DX BITET 2 R B AR S+ B g 55 [ MN,)*
M JZTE AR b ST ) — 2 P B . X SR Aok
Y2RS5 4 1T R S BOR F B T AUZAY 2 7 (RD
o ll) AR AR A S iR s M. & 5 5 T
BaMN, B ALY T A 065 B B B A 5B . Ba, M
N 7R s 405k 2, 4 F1-3. Ba #il N1
A AL HL AT 7E -0 P TN HUTR ¢ T /MR £ i
M FI N2 (AL ATLE a-b 1 N EEHT ¢ 7 ) RAR
Z. U7 BaMN, BAYITE a-b FHENAELET c il
T IR SE,+6E, R S5 R o il I 9% 1Y) 3A,+
3Ay,+1B,, JRBhE b E, B E, Je ZE )20,
Hrr Ay, By, Ml E, AL TEPERLD (Raman), Ay,
I E, SRLLAMEERE (IR). 26 6 51 T &RhLL 4N
8 AL 10 7 T R R S AR S8 R A 2
FE 21 G a-b T P R T IR A AR 20 R AR
15 3¢, X0 3 Flr BaMN, AW IR B wy, 435
4 332, 359 Fl 363 cm !, A ALHT Z5 431K 6.10,
4.38 il 3.84e|, EEZRIET N2 B F7E o-b TN
¥ 2, G ik REA AR A A X2, 4300l R -5.650,
~4.926 F1-4.763. MTE ¢ J5 ] e BR AR U256
20 32, XN 3 B BaMN, ZALYIHY IR A3 w), 5393
A 682, 588 Fil 605 cm !, A ALHLT Z5 431 2.90,
3.07 1 2.53|e|, FE R T N1 B FTEMSD ¢ J5 )
W42, H A 8 43 1 D —4.357, —4.839 il
4,552, A HLE BB TSRS (25 /wr) (wr WAL
HMGPERBARR) B IE L 2034 B gk P9 5 A BaMN,
RALW A i B BRI B A . B
MICR R B K, M IR L far - (A %
W/, a-b TR BR ) TR, ABE X 0 450 % 34 47 T
o T A58 L AT SR TR/ N, FE ¢ 7 T e TG BRI TR A5
2 A0 3 TN A5 Ao AT R I PR AR Ak, e
BaZrN, 4/ HL #0185 5 5T lk &8 4 L 55 A0 B Rh
BaMN, ALY ISR — .

5 BaMN, B EAR K RFAE (27)

Table 5. Born effective charges tensors along three directions (z, y and 2) and the average value ( Z* ) of BaMN,.
BaTiN, BaZrN, BaHfN,
z/y z zZ* z/y z zZ* z/y z z*
Ba 2.884 3.094 2.954 2.687 3.233 2.869 2.751 3.130 2.877
M 5.355 2.689 4.466 4.811 3.362 4.328 4.617 3.098 4.111
N1 -2.611 —4.357 -3.193 -2.582 —-4.839 -3.334 -2.613 —4.552 -3.259
N2 -5.650 -1.433 —4.244 -4.926 -1.764 -3.872 —-4.763 -1.672 -3.733
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F 6 FHTBIEHBR 0y (Whom T NEAL) FIARGRE ZT (U e #%)
Table 6. The mode, mode frequencies wy (in cm ') and effective charges 2}\ (in |e]).
BaTiN, BaZrN, BaH{N,
Mode Symmetry Active Polarization — — —
wa Z W z3 WX z3
1-2 E, IR -y 119 0.52 67 0.34 62 0.24
34 E, Raman -y 80 0 73 0 76 0
5 Ay, IR z 110 0.52 99 0.43 89 0.30
6 Ay Raman z 115 0 109 0 109 0
7-8 E, Raman z-y 225 0 157 0 139 0
9 Ay Raman z 285 0 222 0 166 0
10-11 E, IR -y 286 0.23 204 0.31 213 0.48
12-13 E, Raman -y 336 0 262 0 234 0
14 By, Raman z 300 0 311 0 325 0
15-16 E, IR -y 332 6.10 359 4.38 363 3.84
17 Ay, IR z 496 0.04 462 0.69 452 0.78
18-19 E, Raman -y 560 0 541 0 572 0
20 Ay, IR z 682 2.90 588 3.07 605 2.53
21 Ay Raman z 769 0 679 0 683 0
Q, Wang K L, Huang Y, Duan X F 2010 Nature 467 305
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Abstract

Ternary layered nitrides have received widespread attention due to their unique electrical, optical and
optoelectronic properties, which are promising for the fabrication of low-cost and high-efficiency optoelectronic
materials, solar cell materials and photocatalysts. Although there is a lack of experimental reports on BaTiN, so
far, BaZrN, and BaHfN, have been synthesized experimentally by solid state methods. However, their optical

and electrical transport properties have not been investigated systematically. This work is to systematically
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investigates the mechanical, electronic, optical absorption, carrier transport, and dielectric response properties of
BaMN, (M = Ti, Zr, Hf) nitrides through first-principles calculations based on density functional theory. Due to
the quasi-two-dimensional layered arrangement of [MN,]? slabs, the ionic bonds between Ba** and N* | and the
weak interactions between the slabs, the deformation along this direction is most likely to occur under the
action of external stress. BaMN, nitrides exhibit significant anisotropic physical properties. Firstly, the
mechanical properties of BaMN,, such as bulk modulus, shear modulus, Young’s modulus, and Poisson’s ratio,
show prominent anisotropy. The lower modulus, higher Poisson’s ratios and Pugh’s modulus ratios indicate
good flexibility of the BaMN, nitrides. In addition, BaMN, has indirect bandgap values (1.75-2.25 eV) within
the visible-light energy range, which meets the basic requirement for the band gap of a photocatalyst for water
splitting (greater than 1.23 eV). Moreover, BaMN, has suitable band-edge positions. The appropriate bandgap
values and band-edge positions indicate their broad application prospects in the absorber layer of solar cells and
photocatalytic water decomposition. Due to the significant difference in the effective mass of its charge carriers
between different directions, BaMN, exhibits ultrahigh anisotropic carrier mobility (on the order of 10? cm?s!-v'1)
and lower exciton binding energy. At the same time, there are significant differences in atomic arrangement and
bonding interactions between the in-plane direction and out of plane direction, resulting in high anisotropic
visible-light absorption coefficient (on the order of 10° cm!) in the low energy region. In contrast, the increase
of the opportunity for electrons to transition from occupied to unoccupied states leads to more complex light
absorption and relatively reduced anisotropy in higher energy region. Furthermore, the special layered structure
has lower polarizability and higher vibration frequency along the vertical direction perpendicular to the [MN,]?
layers, rendering BaMN, nitrides show high dielectric constants. These excellent anisotropic mechanical,
optoelectronic, and transport properties allow BaMN, layered nitrides to be used as promising semiconductor

materials in the fields of optoelectronics, photovoltaics, and photocatalysis.
Keywords: nitrides, carrier mobility, anisotropy, first-principles study
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