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F—MRIBRT XEEIRIA+U AT
Zn;_ Mg, OREFMES Zng.7rsMgo.250 /ZnO
AHEETRERR"

RV eV mEY 7|2 EKRYD KRIFRHY WA

1) (B TR A S(E B TR, R 232001)
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(2015 4£ 3 A 8 HUKHI; 2015 £ 5 A 21 HIRIER )

TEA BN 451 Zn1 o Mg, O/Zn0 R i g5 ¥ K I T miiL #% &%) — 48 L 7 < (2DEG), 2DEG 7= 4
Relge e T AH EAAAERNESENA, M H2DEGE W W AN EH WA B AR R NTEH
% 2DEG M7 BRALEE J F = AL AR IR, B A Zn1— Mg, O & & IR AR 5 ZnO/Zn1 — o Mg, O i &b 4% 1)
Reir HE A 2 AR L . FE TR MR R T OB AT B4+ U J7 R AL T Zng— Mg O & & I H KR
LB Mg 41 5y ¢ AR 1k ¢ &, A B A R P 19 1F 8 °R F Berry-phase 7735, BT ZnO 5 Zny—, Mg, O H
WA S B KN Y, ZnO 5 Zng ;Mg O 1) A U EC B A B, AT LA ZnO/Zn1 — Mg, O 8 iy 1 150 1Y 4%
BHEN. HE T Mgo.25Zno.750/ZnO i &A% & B 35 0 T A 738 & 3 E Z(0001) J7 ) b (1) %2 W ~F 35,
(5+3)Mgo.25Zn0.750/ZnO H S B H BRI R T, B AR B8 L TH ) Mgo.25Zno.750 5 Zn0O X3k S5 A+ &
O — 8 BRILZ A, BT RPN E S %, 1HE 1R 3 Mgo.25Zno.750/ZnO 8 & A% 50 404 7 s 22 4
0.26 eV, I AW MESM T REMIAEL T EEXE, X5ERTE EHRENSEMER/F. BT ZnOE
[0001] A Ia) b r=A4e 5 R ARALAR, HT7E ZnO H 5]\ Mg 22 2= 2E AR ), S8 Mg, Zng —, O JZ 7= AR B4 ME
WAAE. IXFELIR2STE Mgo.25Zn0.75 0/ Zn FHIAL = AR AEZE SRR AL I G, (15 SR AR P4 R ey 72 ST AR 2R, AT
TE Mgo.25Zno.750 /Zm HE A% HH P2 A INTE 7). AN, TFE T Mgo.257Zn0.750/ZnO # A& M RE R HED, BT
WiRZE ABEy = 0.26 eV 55 W M2 AEc = 0.33 eV, R URETIEAE TR HS. Mgo.25Zno.750/Zn0 [FIIXFhEE
WrHES 7 2R L i 5 AR AP R AL 22 E . 2DEG fE B F ¥ 5 B PSR A EE N, A
B 2 25 FHE X Meo.25Zn0.750/ZnO S 2DEG Hi i S50 B = ZAE A, H B 0T LAE R A Al Mg
H o1 Mg Zng — 0/ ZnO 8 g T TSR 25 (K.
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IR R RINT B=FE RN, #E— P uE T
XL i 2t B R ) S . ©A R SEAE R IR
NiZR B EA 10" em—2 [ LRI DL R A
10° em? Vs #ER FIiER R DO BRibz 4,
E Zni Mg, O/ZnO 5 Jii 45 ¥4 7 (1) B e i A i —
Y TS O HRE B (B REVE A RO LA Ak
FZ .

Zn;_ Mg, 0/ZnO 5 J§i &5 ¥4 R G AL 2 — 4
B4 NBGE, T H e B 7E B 124 DA E i
TERJT A EEMNH. Zn0 & —Ffh £ o Rgid
& BENY SR, BA UKD RE, T
AOCHFHAR EAEIZHMSH. ZnO 145 A
3.37 eV Il 3F H AT LU i 5] A Mg 10 gk ¢cd ')
SRR B B R BT BR, R AR SR A B gR AR R
#E AR BT Zn3d04s? BT B B AT
AL AR & A R % E T D RS A A AR
B 0L gbAh, ZnO Al FH il & B =R B
Pt Sk (DMS) 12, R R AR AEEE T
Zn;_,Mg,0/Zn0O Ft 1AL 1R °] B8 T 1% H BE Bl 46 1)
=L % 2DEG.

BT B2 bR BB AE U ZnO 2 SR AT IR T
AR, ATLA Zn; Mg, 0/Zn0 Jt1i 4k 2DEG )
BRI EAR D WA, XA TS A A M ST
FeH AR, H W85 £k LaAlOs /SrTiOs 5 i 45 74
BOA A IEF VAP AL, T IV O S (i
GaAs/AlAs, GaN/AIN) H1 4 li <1 oL 2
PN R RIE T HEE 4R, ik, AlGaN/GaN
LI GaN/AIN 8 &k s /052 372 o6k - 1o),

XS bARI 5, Ak ZnO A B A R H
RWAFHE. BT ZnO 5 Zny Mg, O B ANFE K
JE T 45 MRS R 1, REAE Zng . Mg, O/ZnO
1A 2 R R = 8 ] S JEOR R M, B ZnO £ [0001] 5
] B B R R AL I ELAE R PR A E B R
WAk, XM B AR A 5T 45 AL AR K
R 1) S THT LR, X A FE A 2 7 S S ST 4 A v
=AW, XFIE R NE R B BB
R AEAE S B TR B 2DEG. X Ff 2DEG |
TV RSB 8 0L Tk el A4 Al A 5 T A 1) 4 AT 2K
& [16,17]'

K& Iny Mg, O/ZnO 5t i ¥ & = T W R
IF 7E PR Mk N AT ER R S U0 A, AR, A LG
ToeamAa)JlL+FPnER LY, B
Zny_;Mg,O/ZnO F 1 N IR B A% IR, B

i, A 5% Zn,_,Mg,0/Zn0 F i ) — L& & B 45 1k
WARAEAET 2 4, B BE 7 ) 3t A2 5 T Adk 8 5
%2, AR R 2 (AEy) 5 S 2 (AEQ) 'Y,
EATANAN 2 T Kb A E O I R AR AE S 4
1M H AR 2 AT JE AR BUE L N S
19200 4 AR 5 “common anion rule” 21:22]
Zny_ Mg, O/ZnO ST 4y 715 i 22 B 12 4 20 A
it i Ohtomo %% 23] @ i 1] 42 () 6 Ha 7 RE I UL &
MITERRI AEC 5 AEy FIEAEN 90 : 10. Janotti
a8 A I o — MR B R VTS T MgO/ZnO
T A A By & 8 RS i 22 28 19%.  SE5 F R
FO6 P REVE LA (10 )5 1515 8 MgO/ZnO 51 4b
ABy 75 5 B RS i 25 H 20 15 60 = 4070 : 30 9.
BT, Su %k PO BN Zn0/Zng g5 Mg 150 #EAT
HLFBEE LS, 19 RIS ABEC 5 AEY LLE N
60 : 40.

AR BT HEZRIERME —MEET X
B B 3L L (GGA+U) J7 3 8F 78 Zny Mg, O & &
() i A% 2 BOKE M 5 A Ab R 1 BE B Mg 41 4 1 A8
R, RIS 38 T 9 (0001) J7 [A) £F R0 45 1 1Y
(543)Zn0/Zng, 75 Mgo.25 O H F S ik S AL AEc
5 ABEy FIHAE RN, iH B4R 5 IA i o 31
EESEELIYE

2 HEER %

FAEH Vienna ab initio simulation packag
(VASP)5.3.3 B2 AR LA SR FH GGA+U 34T iy
(T B, SR FH R T P 1T I JIR 35 7 2 11 % E U2 oy B
W H Zny Mg, O & & 1) st S HURHPE AL RS
P SO LB AR A B T2 x 2 x 4
J A A AR A, W] 1 R, Zn 3d 5 O 2p L
AU = 11, 9, P53 2] ZnO i [ 4 3.37 eV,
5500 — O P ST I R KR B T LTI R
B, KT RE = T N 400 eV, XA LYK IX K 4
5 x 5 x 34T HBNILED k 55 F T 4860 4574 ZnO
MITHEL, [FIRER ke R A 5 T B R B0 4514
R AR T B, b, A SO R AR A R A
Berry-phase fH 77237 1H 5.

N T WEAAE ZnO 1) f & S8 S AR, 3R
A ZnO £H80 (R PEASTR) 5INEEDT (Frh
PEXTFR) PR AR AN [ FR) 45 ¥ T Jee 85 32 vk BRAR B 9.
LREEDT ZnO MRk T SIS 3k HRCH, P T RR B T R
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BAKE S HE $a = 3201 A, ¢ = 5172 A LA
Fou = 0.3789. IX UL S H Lk S50 (H WS /N T —
Mi(a = 3258 A, ¢ = 5220 A L Ku = 0.382).
T WEE Mg X ZnO M Ak s i, FRATT T T A
fiE ZnO K EH RALLI N —0.0334 C/m?, JEH R
e31 = —0.651 C/m? fllegz = 1.278 C/m?, iX5 Wu
5 LT RE RBON — 5

@o © Mg

K1 (MTRE) G0 %I (543) Zno.7sMgo.25-
O/ZnO 8 i w45 1

Fig. 1. (color online) Wurtzite crystal structure of a
(5 4+ 3) Zng.75Mgo.250/Zn0O superlattice.

3 BRE5T®
3.1 mirEHSY

XEFEE TR &R S a5 KD
AT T E. BT Zn; Mg, 0/Zn0 45 ¥ F1 1)
Zn;_ Mg, O & &1 ZnO #1 K _F AR AN E, By DA 2
T2 a5 b, Mg 15| N ¥AE Zny Mg, O
SN, kS e 5 Mg A AR R
RGN T N0 GRS O LB, 1 2 vh
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Fig. 2. Lattice constant ¢ of Zni_,Mg,O alloys are
dependant on Mg composition whether a and b are
fixed.

2R ¢ 5 Mg 73 ALK 2R T L2 2P 1 LE Bl R
Bk &, AR, A T T A s S 8a 5 b, i
A7 LA S5 58 st R AL T SR, 45 RER I ik 2
H e BEHE Mg 47 FIsGInTmjs/)s.

3.2 Zn;_,Mg,O0&&mRHH

Xt T Zng_, Mg, O & 4 1 B3 KA I TF 5
LAFEWATIH: — J7 ' E ZnO # i & 1 2
a5 NRJHER; 55— 07 AN [ 5E &t % 2 B Al
1% Zny_, Mg, O & & WL 4544 56 2ot . 5
SGRWME3FR. NE3 Pl LEH, WAR
Mg 4 53 Zny_, Mg, O & 4 W A A6 {8 7T BLIE i —
R FEP(z) = P(ZnO)+Kz#AT &M &, 1F
W € fi i Z B atE L F, —RTEME S HN
Kgyx = 0.028 C/m?; A [H E i Z Ha KGO
‘F#ﬁﬁEMA‘ﬁ%&m:—wmcm2
SEREW]: NS ER S E, Zn_Mg,0F
(1 B R A A e 34 58 A AN ). meﬁﬁ/f
Zny_; Mg, O/ZnO 5t J51 45 51 — 4k i 7= 52 5
WHFCH, s S — B 2 O M R A
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Fig. 3. (color online) Polarization of Znj_;Mg;O al-
loys are dependant on Mg composition whether a and
b are fixed.

JiAh, AE L AT S5 5E 4o BN BT,
Zn;_ Mg, O & & B KAL) 48 X B BE & Mg 4 7
(38 g BN, W LE [ E SR S B E LT, 24
XHEREHE Mg 4173 IOk /)s. IR Bl AR 3 2
AR 2 ks S 8 e AR AL, DAL, BRATTIA DN di ks
S8 e AE Iny Mg, O & & H KW H it ke
HEEM.

N T SEVEAAIT TR IR Zny Mg, O & 4K
AR HI 2, BAT5E 3L APy N Zny Mg, O/ZnO
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TR S5 5 ZnO BIRRAGAE %2, FF B A
25 APy 537 N =AY T A APojec~ 51K
AP, PARE AN APpicso. B G, TATHEL
Zny_ Mg, O/ZnO 5 i 45 ¥, 1% 2451 T g i S 4
a, ¢ AR ALK u BB 5 ARE ZnO —FF, & XL I
Zn;_,Mg,0/7Zn0 53 i 45 14 B 1 #  5 AAE ZnO
LTI 228 A Pojee. 3R Zny _, Mg, O
om M P AR AR w st B AR AL, W2 ik Zn, Mg, O
i 2B R A S a A e BRARAE ZnO B a fll e —
FE, @I N ARKR w IR AR A R SE IR T AR A A Pion;
e, M ant& S8 a, ¢ LN AAEE u s B ARAL, G
RRA ) 5 55 B R B A A Priego. BRI, EARALAE
ZMATLLVG R APor = APeiec + APion + APpicso-

0 ] [ m
‘\l\,\‘ P
—0.005 A\ AP,®
T, —o.010 | \
g A
g 0.015
%; _o. L
B
—0.020 | A Piezo
—0.025 | A
0 0.07 0.14 021 028 0.35
Mgy

K4 BB ROR/NEE Mg 022K &
Fig. 4. Magnitude of each polarization component is

dependant on Mg composition.

Bl 4 BoR T &% A AL 4 5 1K /N BE Mg 20 7
AL RS B, A B ASAE ZnO A P(ZnO) =
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WA EAA PR R Bk, BT R (g
IR/ HAR A RE BE th o2 /N (4, A2 AN A Mg 270 1
Zny Mg, O &, TR LF3H 2 05U,
XA TTRRIR /. Feix, R B R A xt e 2
R AR AL XHE ) 2—3 4%, JF HLBEE Mg 470 (18
TR A £ 6] Lt B SRBR KC L X MR A ) T iR (AN
K. SAR, X7 & iR R IR AL TR B TR
st T4 7 A B s LRI, R 2 T AR AL 1 5—10
, RYIETE BRI F I I AR A s BRI o5
LS

REHRERITE

14 @ T (5+3)Mgo.25Zn0.750/ZnO i i #% 44
1‘@, ﬂﬂ 1 Fﬁ%, Mgo.25Zno_750 E@E ]j‘] E‘IEE'I*%%%%I
FZIRAAE ZnO MR SHE. THHE T 22 =0.25
IS P S 1T R 223X 32 B RN AR AR L I A
KRER LI R SR LS P72 S e &
# K H “bulk plus lineup” 77 RIEATHE, M5
van de Walle 25 B30) 35 i) 792, 110 0T 25 . 34
REVENRE TSI S E e . | it T Uk
Zn0 5 Mgg o5Zmg.750 I AL B AR XS T 22 0~ 25
FRANAE, 5 EENKZEEZ90.09 eV. s
THE (543)Mgg.a5Zn0 750 /ZnO B & A% 25 K W ¢ 77
IF 1) 5 T B v LB e (R 2K) S5 THI N P88 (SR 4Q),
2T 5 (), MENFA A EBEAV 44
0.17 eV, BATTHEMIN W29 0.26 eV. LLEMLT
KA Re Y N 2% R A5 58 B2, AT DA
JE i AL B .

3.3

10~

ZnO ; Zng.75Mgo.250
51 '
| Bo—37 Eo — 4.03
Z 0
2 [ Ey=033 Ey =0.07
L I v

i
Macroscopic average

| (b)
_15L

(a) & THT 1% 35 5 1 1) % 0 38 40 AT R LI 3 Z(0001) 75 [ b1 2 WP 3918, (b) VL ISF3I{E A 5 5%,

Fig. 5. (a) The planar electrostatic potential exhibits lattice plane oscillations, which are filtered out by

macroscopic average along Z(0001) direction; (b) the energy band alignment of Mg 25Zng.750/Zn0 interface

are shown with respect to the macroscopic average electrostatic potentials.
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REBRMETHE TR TUMEEBIE, B
Ji 3 T 571 Mg o5Zng 750 5 BB K ORI /N, 4
IR A S8 A BROR 1 B AEG, AEc AT LLH &)
RE T W 72 (AE,) 25 ARy tF B3 3. 405
gE BN R AE, N0.59 &V, i X ANME 15 3
AEc 4033 eV. s FiRfEE R R, WTLLRE
o ge HE A 7 R TBS (b) 4, B ER
Mgo.25Zn0.750 /ZnO F T 5 ] (4 e 75 HF 51 32 5 1 2
HEz1 77 5

Mgo.25Zn0.750/Zn0 &5 ¥ ] AEc 5 AEy 1]
B N33 0 26, X — &5 R 5 1F 2 LRI 4
e e P02l i B, AL AEC 5 ABEy (I AE
R/NBAE SRR TE 1) 45 3 (60 = 40—90 = 10) i
Py 23201 Btz Ab, Su sk PO SR X AT e H
RETE B3 X ZnO/Mgo.15Zng 850 57 51 45 14 1247 ]
H, AEc F1AEy 73 5°80.18 eV f10.13 eV, AE¢
5 ABy A 54 0 39, X5 AL F AR
e i, (Ha2, BT HR B R X s ik B A5 R el
S 5 AL 5 “common anion rule” M 45
A—F, “common anion rule” I\ N AEy 7E & H]
AE, N AZ AR ZN— 0y, TR A e JoT 45 R
A MER O 5+, M FE2H O2p k. A
T, X T Mg 25Zng 750, 1X AN 8 WA BEAR L Hh g FE
Mgp.25Zmn0.750/ZnO FHRIAL I Re T WA &, 7t R
(Rl 3 2 R N B8 58 1) O2p—Zn3d AL R &4 iy
THHE R ORI e AL B

4 % B

AR T8 BEV bR BR AL (1) 2 — 1 ) 3 Berry-
phase JJVETHE T T WRAGIE IR T T 4R850 4544
Zn Mg, O A eI A R YE. REalth, 32471
7T T A E Mg 2H 73 T 4F 80 45 M 1) Zng — Mg, O
EE WA R Mgy o Z % R, 4
KW B RALIF Mg H 53 o 2 18] KB 26 14 1K i
KEZR, HEAFENIERLER /5 5%
JEANZERL JTHIAE . O T B A L N S HLER, R
IFER A 7 D A AL R AR 2% T 1) 1 -
A L B 7 778 il B R HE AR A = N8 43, I LRI
7 7 VR ) ) R AR AN A B B A, IX R iR
KW, AL SR FEE T Mg 77« 5l g
a5 Iet4s, Wi r=A4 7 AR sk, 3R
AITTH 54T 2 Mgo.25Zn0.750 /ZnO i & 16 1 14 45 1
FHH AEc 5 AEy BB N33« 26, X —45 3

5 2 LI WE S R AR R A, B I A RE
5107 208y TR HES 7 3. U4 RIS 7R T 18
Mgo.25Zn0.750/ZnO 57 J5 £5 ¥4 () 5 1 4k A5 1E W Ak
FEELEE S TR e N HES 5 3, X R 2 51 HL A
FEFHIAL IR R, AT A — 4 7R
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Abstract

Two-dimensional (2D) electron gas with high-mobility is found in wurtzite ZnO/Zn(Mg)O heterostructure, which
probably arises from the polarization discontinuity at the ZnO/Zn(Mg)O interface, and the 2D electron gas in the
heterostructure is usually also regarded as resulting from polarization-induced charge. In order to explore both the
formation mechanism and the origin of the 2D electron gas in ZnMgO/ZnO heterostructure, it is necessary to study the
polarization properties of Zni—Mg,O alloy and energy band alignment of ZnO/Zn;_Mg,O super-lattice.

In this paper, we study the polarization properties of Zn;_,Mg,O alloy with different Mg compositions by using
first-principles calculations with GGA+U method, and the polarization properties are calculated according to Berry-
phase method. Owing to the excellent match between the in-plane lattice constants of ZnO and Zni;_.Mg,O, the lattice
constants of the ZnO and Zn;—,Mg,O interface are similar, ZnO/Zni—.Mg,O super-lattice could be constructed easily.

The planar-averaged electrostatic potential for the Mgo 25Zng.750/ZnO super-lattice and the macroscopically av-
eraged potential along Z(0001) direction are calculated. The large size of (5+3) Mgo.25Zno.750/Zn0O super-lattice
ensures the convergence of potential to its bulk value in the region of the ZnO layer and Mg 25Zno.750 layer far from
ZnO/Zn1_;Mg,O interface. Besides, the valence band offset at the Mgo.25Zno.750/ ZnO interface is calculated to be
0.26 eV based on the macroscopically averaged potential mentioned above, and the ratio of conduction band offset (AE¢)
to valence band offset (AFy) is in a reasonable range, and this is in substantial agreement with the values reported in
recent experimental results. Because strain induces additional piezoelectric polarization in Mg;Zn;_,O, which is intro-
duced by Mg dopant, the lack of inversion symmetry and the bulk ZnO induce its spontaneous polarization in the [0001]
direction. The polarization discontinuity at the Mgp.25Zno.750/Zn0O interface leads to the charge accumulation in the
form of interface monopoles, giving rise to built-in electric fields in the super-lattice. In addition, energy alignment de-
termination of the Mgg.25Zn¢.750/Zn0 super-lattice is performed, which shows a type-I band alignment with A Ey=0.26
eV and AEc=0.33 eV. The determination of the band alignment indicates that the Mgg.25Zng.750/Zn0O super-lattice is
competent to the confining of both electron and hole.

These findings will be useful for designing and optimizing the 2D electron gas at Mgo.25Zn0.750/Zn0O interface,
which can be regarded as an important reference for studying the 2D electron gas at Mg,Zni—,0/ ZnO super-lattices
for electronics and optoelectronics applications.

Keywords: MgZnO, spontaneous polarization, electrostatic potential average, band offset
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