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Zn,,Mg,O: Band Sructure and Simulation as Window
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Abstract: In this paper, the band structure of Zn, ,Mg,O(ZMO) alloy with different Mg compositions by using
first-principles calculations with GGA+U method was studied. The calculation results show that position of con-
duction band offset and Fermi level of Zn; Mg,O move towards the vacuum level while the band gap becomes
wider with the increasing Mg concentration. Based on theoretical calculation results of ZMO, ZMO/CdTe,
CdS/CdTe solar cells were modeled using SCAPS software and its device performances were simulated and ana-
lyzed in detail. The results indicate that the conversion efficiency of CdTe solar cell with ZMO is higher than that of
solar cell with CdS due to the high open circuit voltage and short circuit current density when x in Zn, ,Mg,O is in
the range of 0-0.125. Efficiency of CdTe solar cells with ZMO reaches 18.29% because the recombination de-
creases obviously resulting from appropriate conduction band offset about 0.13 eV at ZMO/CdTe interface. These
data provide a theoretical guidance for design and fabrication of high efficiency CdTe solar cells.
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Fig. 1 Crystal structure of pure wurtzite bulk material ZnO
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Tablel Simulation parametersfor the model of CdTe solar cells
. Zn;_ Mg O .
Layer properties FTO CdS pou 00605 0125 01875 035 CdTe ZnTe:Cu
eleo 8.9 9.0 9.0 9.0 9.0 9.0 9.0 10.0 10.1
N/em™ 5.2x10'%  2.2x10"®  4.0x10'® 10" 9.0x10'¢ 10'¢ 10% 9.2x10" 1.5x10"®
Ny/em™ 10" 1.80x10"  9.00x10'® 108 9.00x10" 10V 10 520x10"®  1.16x10%
o/ (cm? Vs 100 340 50 50 50 50 50 400 400
pp/(cm? Vs 25 50 20 20 20 20 20 60 50
Ny/em™ 10%° 10" 5.0x10"7 10'¢ 9.0x10" 105 9.0x10"  1.5x10" 1.5x10%°
Thickness/nm 3.5%10% 10° 10? 102 10? 102 102 5.0x10° 70.0
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Fig. 3 Calculated band structure of pure ZnO
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Fig. 4 Optical transmittance spectra (a) and band-gap (b) of

ZMO films
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Fig. 5 The bandgaps of wurtzite Zn, .Mg,O alloy as a func-
tion of Mg concentration x
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Table2 Bandgap, Fermi level, electron affinity and
work function of ZM O with different x

X AE /eV E/eV  EfeV  yleV  pleV

0 -0.03 3.32 2.48 4.53 5.31
0.0625 0.06 3.41 2.53 4.44 5.18
0.125 0.13 348 2.86 4.37 4.99
0.1875 0.29 3.65 291 421 4.834
0.25 0.47 3.82 3.02 4.03 4.83

E,——

Kl 6 ZMO/CdTe 5 )5 45 R 414
Fig. 6 Schematic energy band diagram of ZMO/CdTe Layers
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Table3 Performances of the CdS/CdTe and
ZMO/CdTe solar cellswith SCAPS

Zn, Mg0
x=0 x=0.0625 x=0.125 x=0.1875 x=0.25
Voo/mV 821 825 829 837 838 928
J/(mA-cm™) 24.34 27.88 2822 28.36 27.95 0.20
FFI% 7532 75.08 76.77  77.02 53.05 8.27
n'% 15.06 17.28 17.98 18.29 12.42 0.01
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Fig. 7 J-V curves of CdTe solar cells with CdS and ZMO as
window layers

x BEME] 0.25 B, BB S BIEUT BRSO 2L,
4 0.2 mA/em?, FFAUA ) 8%, 1475 R L&
0.01%.

R Y SR ECH S BT R b A H R AR A R AR AR S
R, XTELASHTER 3 H 6 Folt HL 28 PR 6T . 1) ¥ it v 17
Mk, wiE 8 Froxn. HE 8 AIHl, A ZMO(0<x<
0.1875)¥) CdTe HL{BAE 300~500 nm 78 BBl [ 6 1% 1 J97
B & T CdS/CdTe 2544 ) Hith, ¢ H Y15 e )37 i
H x WIBG IO RS A R, H Y x=0.1875 W), SGik
i 25 BRI, JCHZ x 08 0.25 1, BN EILF A%
XA AR 55 FE It 11 o B I R T AR L R
e A5

G HIT ZMO/CdTe it 45 i geis &, t—3
Iy BT SR A VE R AR AR 1 P FE R IR I AL . % CdTe
VISR BH R, 81 %o 6 IR W oy 5 e D B S
O BRA <, 5% O EMERM CdTe 7£54
HERAN S EE DI, &I T B o8
FIT RO WEERI M, 11 ZMO/CdTe 1E 34 i
BT L B 22 24206 AE, AL 2 85 Y6 A 3R 1
AR A, B2 CdTe P ZMO
% . AE IR KE (0.2 eV) % T CdTe N HL T
R, SR EGAE BT ZMO B IE R s, i
b PR S5 200 ER I P P 3, R P U BT B OO L
x>0.1875 MM, W AE BAK(<0.1 eV) 2=
B A AE AR B A LA, BT Bk
ONF 2 x<0.125 [P ) - 38 4 11 55 22 B2 B BE P& AR '
A FE ZMO/CdTe SR A, [FIES XS L7 (4%
WO W R BEASVE R o TR A 280 SV RIS
th, ZMO/CdTe FrHTE & 2 i S % 5(2 0.13 eV)
Xof il £ AR 1) CdTe HEJEK [H H th e 25 42 O B 22

R -

100

80

a CdS ‘
< 007 %
E x=0.0625
Q —— x=0.125
40 - x=0.1875 ‘
b x=0.25 \
20 |
b

e l
L | L Il L Il L Il L | L | L
200 300 400 500 600 700 800 900
Wavelengh / nm

K8 CdS/CdTe fil Zn, Mg, 0/CdTe HLith [ & T R
Fig. 8 Quantum efficiency of CdTe solar cells with CdS and
Zn, ,Mg,0O as window layers



640

WL MR

i #3335

3 #Zig

K — VIR B SRR IR A+U iR R T
L S50 Zn, Mg, O(0<x<<0.25)%& & (M BEAT 45 1),
R B Zn_ Mg0 F Mg 44 x AT LA
ST FLRE S A AT A A . BEE Mg BRIk
FERIEE N, ZMO 7 B3 5, HH x=0 1] 1) 3.32 eV 34
F| x=0.25 I} f¥) 3.82 eV. SCAPS ¥l Zn, Mg,O H
F£ CdTe AFHHMME HEH RS REY]: 2 Mg
1E Zn, Mg,O 1415 x=0.125 Bl ZMO/ CdTe iy
ZEYIN 0.13 eV I, CdTe ASRH it (1) HL 35 e 300%
I, R3] 18.29%. Kk, 7E CdTe APHH M F, &
HEMER R E RS CdTe J2 74T 8] )3
7 i B0 ' PR ARG A LI R, T B
T B R T RO T IR, SE I S W g
BE fit BAe LG 57 T 2 1) P 35R Ffa 526 SUAS R 0+ 1) 38
o ARAUL T AR 2 RO S ) 45 R R ) CdTe A FH
Rt R T B e S AR A T ) .

SE ik

[1]1 TMAKINO T, Y SEGAWA Y, M KAWASAKI M, et al. Band gap
engineering based on Mg,Zn,_,O and Cd,Zn,_,0 ternary alloy film.
Appl. Phy . Lett., 2001, 78(9): 1237-1239.

[2] OZGUR U, ALIVOV YA, LIU C, et al. A comprehensive review
of ZnO materials and devices. Appl. Phys. Lett., 2005, 98(4): 1-11.

[3] OHTOMO A, KAWASAKI M, KOIDA T, et al. Mg,Zn,_,O as a
I1I-VI widegap semiconductor alloy. Appl. Phys. Lett., 1998, 72(19):
2466-2468.

[4] KUMAR P, MALIK H K, GHOSH A, et al. Bandgap tuning in-
highly c-axis oriented Zn, Mg,O thin films. Appl. Phys. Lett.,
2013, 102(22): 1-5.

[S] HUANG D, SHANG Y Z, CHEN D H. First-principles calcula-
tion on the electronic structure and absorption spectrum of the
wurtzite Zn;_Mg,O alloys. Acta. Phys. Sin., 2008, 57(02): 1078-1083.

[6] ZHANG X D, GUO M L, LIU C L, et al. First-principles investi-
gation of electronic and optical properties in wurtzite Zn,-Mg,O.
Eur. Phys. B, 2008, 62(4): 417-421.

[71 BAILN, LING J S, JIANG Q. Optical and electronic properties of
waurtzite structure Zn, Mg,O alloys. Chin. Phys. Lett., 2011, 28(11):
1-4.

[8] THANGAVEL R, PRATHIBA G, NAANCI B A, et al. First prin-
ciple calculations of the ground state properties and structural
phase transformation for ternary chalcogenide semiconductor un-
der high pressure. Computational Materials Science, 2007, 40(2):
193-200.

[91 FAN X F, SUN H D, SHEN Z X. A first-principle analysis on the
phase stabilities, chemical bonds and band gaps of wurtzite struc-
ture A,Zn,-,O alloys(A = Ca, Cd, Mg). Condens. Matter. Phys.,
2008, 20(23): 221-235.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

(23]

[24]

[25]

[26]

WENG Z Z, ZHANG J M, HUANG Z G, et al. Effect of oxygen
vacancy defect on the magnetic properties of Co-doped ZnO. Chin.
Phys. Lett., 2011, 20(2): 422-427.

CHO J Y, KIM I K, JUNG I O, et al. Effects of Mg doping con-
centration on the band gap of ZnO/Mg,Zn,-,O multilayer thin films
prepared using pulsed laser deposition method. Journal of Elec-
troceramics, 2009, 23(2/3/4): 442-446.

TAKASHI MINEMOTO, YASUHIRO HASHIMOTO, TAKUYA
SATOH, et al. Cu(In, Ga)Se; solar cells with controlled conduction
band offset of window/ Cu(In,Ga)Se, layers. Journal of Applied
Physics, 2001, 89(12): 8327-8330.

TR, TR SR SCAL B 2 R AL AR K B FRL VR T 5T
BRAR: PUNR A 2 A1, 2002.

SEGALL M D, LINDAN P J D, PROBERT M I, et al.
First-principles simulation: ideas, illustrations and the CASTEP
code. Phys. Condens. Matter., 2002, 14: 2717-2744.

ZHAO Y, TRUHLAR D G. Construction of a generalized gradient
approximation by restoring the density gradient expansion and en-
forcing a tight Lieb—Oxford bound. The Journal of Chemical
Physics, 2008, 128(18): 1-8.

FISCHER T H, ALMLOF J. General methods for geometry and
wave function optimization. Journal of Physical Chemistry. Chem.,
1992, 96(24): 9768-9774.

HE X, HE L, TANG M J, et al. Effects of the vacancy point-defect
on electronic structure and optical properties of LiF under high
pressure: a first-principles investigation. Acta Phys. Sin., 2010, 60
(2): 2-10.

ODAKA H, IWATA S, TAGA N, et al. Study on electronic struc-
ture and optoelectronic properties of indium oxide by first-principles
calculations. Japanese Journal of Applied Physics, 1997, 36(36):
5551-5554.

SHEETZ R M, PONOMAREVA I, RICHTER E, et al. Defect-induced
optical absorption in the visible range in ZnO nanowires. Physical
Review B Condensed Matter., 2009, 80(19): 195314-1-4.
SHUKLA G, KHARE A. Effect of Mg doping and substrate tem-
perature on the properties of pulsed laser deposited epitaxial
Zn;,Mg,O thin films. Appl. Phys. 4, 2009, 96(3): 713-719.
USUDA M, HAMADA N, KOTANI T, et al. All-electron GW
calculation based on the LAPW method: application to wurtzite
ZnO. Phys. Rev. B, 2002, 66(12): 1-10.

BURGELMAN M, NOLLET P, DEGRAVE S. Modelling poly
crystal line semiconductor solar cells. Thin Solid Films, 2000,
362(99): 527-532.

HENINI M. Semiconductors: Data Handbook: Otfried Made-
lung(ed.); Springer, ISBN3-540-40488-0. Microelectronics Journal,
2004, 35(8): 685.

GUO J, WANG W, LIU G, et al. Investigation of CdTe/CdS hetero-
junction characteristics. Acta Energiae Solaris Sinica, 2003, 24(2):
269-272.

CHEN Y L, WANG F G, WU L L. Properties of indium doped CdS
thin films and their photovoltaic application in CdTe solar cells.
Chalcogenide Letters, 2017, 14(1): 1-9.

HUANG C H, CHUANG W J. Dependence of performance pa-
rameters of CdTe solar cells on semiconductor properties studied
by using SCAPS-1D. Vacuum, 2015, 118: 32-37.



