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Abstract

Based on plane-wave ultra-soft pseudopotential model in the MS 2018 software, the energy band
structure, density of states and partial density of the intrinsic $-Ga;03 and -Ga;03 doped with dif-
ferent contents of Sn and Cu elements were calculated by using the first-principles calculation
method. The results show that a small amount of substituted Sn and Cu atoms doping in the intrin-
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sic $-Ga;03 supercell lattice structure can reduce the bandgap width and the conductivity of
p-Gaz03 can be improved. Doped with a small amount of Sn elements, the Fermi energy level of
Sn/B-Ga203 moves forward to the conduction band bottom, showing more obvious n-type conduc-
tivity, and the density of states near the Fermi energy level increases obviously. However, doped
with a small amount of Cu elements, the Fermi energy level of Cu/f-Ga.0s is closer to the top of the
valence band and the shallow donor impurity energy level is introduced into the top of the valence
band, showing an obvious p-type conductivity. All the calculation results indicate that the higher
the doping concentration is, the stronger the effect of increasing the density of states near the
Fermi energy level is, which is more favorable for -Ga;03; semiconductor to be used in the prepa-
ration of various heterojunction transistors and optoelectronic devices.
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B-GayO5 V- AR AT e FE LN 4.8 eV, HAERILIX 260 nm [ 40 X #A B AF e 2=l %, ik
FLHIE AR . B B 1 27 W3 i B RN AR R I T AR i R A i, & TAEFE R K o
TR E AR TR, AR E R KN B-GarO5 FIERIE BT & HARTFIE 1 — RV,
RERRXS B-Gay05 I THREE. 22 DL G eE i s b, SRR T KRB R AR (1] [2] [3]. 1H
IR B-Gay05 - SR A, LN H T HE A ERAMRN S AL e R KOt as i, SR
)% H HEL T SR 2 P A AR A B SR ) n BUAD p B B-Ga, 05 #1 KL

Bt R A 2 SR M BRI B R0s R, B DERICRB A, W NGE N SRR
W tE . A RERFER LR E4]. BEl, BEBRAFRTR, HABREPN f-Ga,0; feili . &KL
HTHL 2R G2 (B SR SCEA RN 2 . BEXPRER B F5 2 & HAT B-Ga,O5 BARHEFUAFAER a8, AL
BT — MR BT R R $A49%, R Material Studio 2018 {47 ) CASTEP bk, 43 it 5 IfEL
BT AAE B-Gay0s+ Sn B4R 1) Sn/B-Ga,053 Fl Cu B8 1 Cu/B-Ga0; di iR B I BT 4544 . &2 R 73k
AEE, JFRARFE Sn. Cu B4 A5 XS f-Ga,05 fa R LSRRI HEAT 7R THE . tHe 7B 2%01 R H
Rer Gt A% BEANGr P A B FE R A S e R 3R (5] 6] BRFLEE AT i — A B-Ga,0; il B8 3 34k
VIR 250 i PR A R L B SR AR N 25 110 ) 46 0 I FH R (L B A 4

2. BREBMHESE

BT R 2 R B (DFT), RA CASTEP iS5 He A (1~ T 8 % 35 (PWPP) )ik, AR 4%
MS 2018 R AFHHE FE USRI cif SCHFH 3N Ga O [ f R FE AR LT85 0, T 3 x 1 x 1 1 B-Gay0;
PERA[7] [8] [9] [10], Wl 1 From. BfifiE, XHEMEEAT 1T JURMRAIEEEAT 7k TR T, R —MEE
EP IR RAR, HET Pt Rt 7 BT, JHE B HEHA KRR Ga. O, Cu. Sn
JR T 5B TR EAE A, MR T SRR IR AL Perdew Burke Fil Ernzerhof (PBE)#% =0 = Hubbard
U (GGA + U)RHEFR AT HA RN o )i, FIFH BEGS ik, SEHL T LTS5 R AT 57 AL bR i 58 4 FA i, 3
LAY I L R R LT S R IS JE . B R R B RAL S I B ST R S E R 1 TR
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Table 1. Optimized calculation parameters

= 1. MUERANITESH

ki) NERIE WERN e R g
AAE Gay03 340 2.0x107° 2x8x4 0.001 0.0002 0.01
Sn/Ga,0; 380 5.0x 1077 2x8x4 0.001 0.00005 0.01
Cu/Ga,05 400 5.0x 1077 3x6x3 0.0001 0.00005 0.02

Ga,0; 70 T TR 5 FhAS[F] () SR AR 25 4, 81T %) Ga,05 HIIX 5 Fh [ AR A X b, JRATT & BBl &%
K B-Ga, 05 H A& B 8 B 22 Vi, i LAt 4 Fh [F) 43 S A AR TE — 8 25 1F T 3T LA B-GayO5 B4k
R, B-Ga,05 A ks e 7 LI SR . B-Ga, 05 HI SRR EE /8 T C2/m B I BE, B BUSEHE SRR,
FEARLERI BTG GagOny» A2 A GaO, VU T AT AN FE45 (1) GaOg /\ A EE A 1T 1 - Ga JT-7E B-Ga,0,
SER A A AL, R YT AR 1 Gagy s B \TE T Gagy mifhr. AN AL Ga T 4 O J5
TR Bl 181 x1x1 1 p-Ga,0; FIHEMRLEH, WiESHCN: a=12230A, b=6.080 A, ¢=5.800 A;
a=7y=90°, f=103.7", 5LIEVIEEL, UFHIRAIMSER LG . B Ebad 7T i o m
Gag)sifir, AT )\ A O Gagy sl & 3 NERA Onyr Oy OIS O JEF i B F. %k
fadr, FE 12 4 Ga J5ETF M 20 > O JiT. IKIESHE RIS R, fEitEY, 430K Sn 8 Cu Ji 7
BAL Gag SUALH) Ga Ji 7, B340 B-Gay05 i A e N B K. Ik, 2R AR SR R AREHE, AR T
H Sn. Cu J&-T 0 F AL HUR B-Ga,05 dibds H K] Gagy s £ Ga Ji 15 I e 45 A AR 15 L o

Figure 1. 1 x 1 x1 lattice structure of 5-Ga,0; supercrystal cells and point location distribution of different atoms
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3. SR

B2 25 T IHEAR B ARLNE B-GayOs i St MBI AT FLIM DCRFIR I R AR U Re s ah i Bl o, 20K
REALTRER Y 0 AL E . MITRAB RIS B alE H, AE B-Ga,05 1T 4b T 2K 7 X
B, Al AT ORI R J7 X, Ay TR S 2K i o Aty B A RURI R AT 1) B v BT T A FL R X
[F—R G kb, KL, AAE f-Ga,O5 N HEFA KR FAEM R WIE 2 i a]FHH, AME B-Gay0, 4
% Bg 299 1.98 eV, ZAEBRTTH(E 55L0nE 423 eV A —EmZE, XEERZMH GGA 1 DFT #igit
B, DV NIRRT, X B TR A T A B S A S A AR A, A R AT 3
(R B E AN S s BRAE A — € W22 (7] (HAEMRITHE AT, ot 585 AR w0 5 4 B 1 Re iy 45 44
PVRFE AT . BARTHE 45 R 15 H B RERR L SEBRE i /) o (FOX L REAE UL A AAE B-Ga,O5 HIZET REFRELK,
BT REA G, TR 0 ST & R AR ER, ARSI, BATT AL B-Ga,04
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Figure 2. The calculated band structure of the intrinsic f-Ga,Os supercrystalline cell along the direction of the symmetry
point in the Brillouin region. The corresponding points of transverse wave vector k are L(—0.5, 0, 0.5), M(—0.5, —0.5, 0.5),
A(0, 0, 0.5), G(0, 0, 0), Z(0, —0.5, —0.5) and V(0, 0, 0.5), respectively

2. HHEBBIPAKIE p-Ga,0; BRIIET RINX R LT3 A REHEHE AR R k SRR 5334 L(-0.5, 0, 0.5),
M(-0.5,-0.5,0.5), A(0,0,0.5), G(0,0,0), Z(0,-0.5,-0.5)F1 V(0, 0, 0.5)

N1 BT B-Ga,O5 T LT REAT BT L A A RE i, 0l T B-GayOs 1 S0 AR %5 BE AN 73 A
FE, FE 3(a)~(c) AT EAF B AL B-Ga,O 8 it M 1 502555 B AN 430 25 2 BE (DOS) 1% el o -Giap,O5 1 O
Ga FIM BT 293 58 2572p* Al 3d"%4s%4p', A 3 BRI BE B ERP Al E Y, ARE f-Ga,05 5 i _E 20
Sy EEH Ga JR T 4p & Ga JR 110 4s 581 O JEF 1) 2p AHUE I R ASH R, TELIN 7.25eV, 4T
POKREHR VLT 0.00~7.50 eV e TG . M0 EFFT, O i+ 2p & Ga J&T 1 4s il 4p AFAE]
ZWES, RFWENZIMZEERRE. F, Ga i O F1 2 MR- TSR T HRZ Iy
PEo IE 3(a)F IR EH, B-GayOs 1= FARMIM 45 B A7 7E—-11.00~—13.00 eV F1-16.00~—18.00 eV 2 [H] [
(A A AN o Hor, —11.00~—13.00 eV [A] [ EM A 2R B Ga Ji+ 3d BE M Ga Ji+5 O i+
(1 p PUEF s P AT RIFEF TTER . 25 8 30 A I 2 BRI R E A7 T R 577 K (0 7 B e s 1
I, AR T EAOGEM TN, SHARIEMRHE, ATHEZEIRANTHE AN SR 7 XA 3(a)~(c)
(1) B-Ga, 05 -SRI A IR W 0 A, K, HSWIRARH F 2 H Ga T 1 4s SHM, O EFM 2p &
Al Ga JR-T-H 4p A — 2 (I 5Tk
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Figure 3. Total and partial density of states of f-Ga,0;
B 3. p-Ga,0; RESEERTESEERE
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T n B p Y B-GayO, Y- SR I £ 71, FRATE I T 5 — A KA Sn J5F 81X Gag) s/ i
TIEHABR SnB-Ga 05 - FIRAEHT &5 . ML, $84% Sn JEF R LB 8 M IR -1 E I B L 7y 50 1:20
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eV IB/NE] 1.37 eV, BRI 2:20 (1) 2Sn/8-Ga,05 1 Bg Jik/NE 1.46 eV, Ui, Sn i TS A& fEH
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Figure 4. Energy band structure of Sn/f-Ga,0; supercrystalline cells along the direction of symmetry point in the Brillouin
region. Transverse wave vector k corresponding points of Z(0, 0, 0.5), G(0, 0, 0), Y(0, 0.5, 0), A(0.5, 0, 0), B(-0.5, 0, 0),
D(-0.5, 0, 0.5), E(-0.5, 0.5, 0.5) and C(0, 0.5, 0.5), respectively

[ 4. Sn/p-Ga,0, B AT BN X I HR A 5 ER e 4B . #E3IR R k M BLL 575 Z(0, 0, 0.5), G(0, 0,0), Y(O,
0.5,0), A(0.5,0,0), B(-0.5,0,0), D(-0.5,0,0.5), E(-0.5,0.5,0.5)%1 C(0, 0.5, 0.5)

Energy (eV)

— 25n/p-Ga,0,4

_20 'l L 'l 'l
Zz G Y A B D E C

Figure 5. The band structure of 2Sn/f-Ga,0; supercrystalline cells along the direction of the symmetry point in the Brillouin
region. Transverse wave vector k corresponding points of Z(0, 0, 0.5), G(0, 0, 0), Y(0, 0.5, 0), A(0.5, 0, 0), B(-0.5, 0, 0),
D(-0.5, 0, 0.5), E(-0.5, 0.5, 0.5) and C(0, 0.5, 0.5), respectively

5. 2Sn/Ga,0; B R AEH BN X TR E S R EEHEEE .. R R k MR A7 514 20, 0,0.5), G(0,0,0), Y(O,
0.5,0), A(0.5,0,0), B(-0.5,0,0), D(-0.5,0,0.5), E(-0.5,0.5,0.5)F1 C(0, 0.5, 0.5)
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Figure 6. Total and partial density of states of Sn/f-Ga,0; and it’s doping ratio is 2:20
& 6. BAELHIA 2:20 B Sn/B-Ga,0; MRS EE RTESEEE

N T HEAFEBIRICEN Ga0; bt el 45 g2, ot p SRR B-Ga,O; I 4R,
ARSI FE T ARG Cu TR B Gap i TG MRS 45 MR . 15 7 M 8 43 Rlgh T B 2% Ll 4 51
N 1:20 F1 2:20 ) Cw/B-Ga,O; HIREH 51 - . WIH R, BAE, Cu/B-Ga,05 By 45 M I s TR T H BI
THMB RS2 FRER, MBI EIMIE N, 52 F a9 M A % & (DOS) W FE 2 K. X Ui,
Cu/B-Ga,O5 B Ay p B Fe 4k . XFECIE 7 FOE] 8 ik v B B, AF LLHIR) Cu B4R T B R Gagy sl Ga Ji
FIa, A E Eg WARTERIZIN 1.98 eV 43508 /NN 0.97 eV Al 1.12 eV, HAERKMHHE L, 0
ORI T A2 B RS IR SCERSEIB[10] [11][12], UL, Cu BAJEHAN I EFRFELZ O KT/
Ga. Cu J& T AIHR A p-d ZAbAE G ) «
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Figure 7. Energy band structure of Cu/f-Ga,0; supercrystalline cells along the direction of symmetry point in Brillouin re-
gion. Transverse wave vector k corresponding points of Z(0, 0, 0.5), G(0, 0, 0), Y(0, 0.5, 0), A(-0.5, 0.5, 0), B(—0.5, 0, 0),
D(-0.5, 0, 0.5), E(-0.5, 0.5, 0.5), and C(0, 0.5, 0.5), respectively

& 7. Cu/p-Ga,0, B EafEiATh BN X IR A 7 EIRBE R 45108 . IR R k MRS 30A Z(0, 0, 0.5), G(0, 0, 0), Y(O,
0.5,0), A(-0.5,0.5,0), B(-0.5,0,0), D(-0.5,0,0.5), E(-0.5,0.5,0.5)F1 C(0, 0.5, 0.5)
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Figure 8. Energy band structure of Cu/f-Ga,0; supercrystalline cells along the direction of symmetry point in Brillouin re-
gion. Transverse wave vector k corresponding points of Z(0, 0, 0.5),G(0, 0, 0),Y(0, 0.5, 0), A(—0.5, 0.5, 0), B(—0.5, 0, 0),
D(-0.5, 0, 0.5), E(-0.5, 0.5, 0.5), and C(0, 0.5, 0.5), respectively

B 8. 2Cu/Ga,0; B A AT BIAX X TR R 75 BRI RETHEMIE . KK k MR A 20,0, 0.5), G(0,0,0), Y(0,
0.5,0), A(-0.5,0.5,0), B(-0.5,0,0), D(-0.5,0,0.5), E(-0.5,0.5,0.5)%1 C(0, 0.5, 0.5)

K] 9(a)~(d) 25 H T LB 2:20 1) Cu 4% 1) 2Cu/B-Ga,0, AT FE AR A B FERE W B . K IBHILIE
1, Cu. O. Ga & THIM T 0N 3p°3d"%4s' . 2s%2p*. 3d"4s%4p'. Xif EE & 9(a) 1] 9(d) 7S 25 K]
A5, Cu HIZARIL R BERAL T f-GaO5 Hiily 1.28~2.00 eV T XI5, 5 AAE f-Ga,05 ML, 2Cu/B-Ga,0,
B T 2 H O 71 2p A M Cu JE 719 3d ARSI, FHIRFEDH CuEFM4s &, 3p &
DA Ga JEF 1) 4s HUE R RS G, H O JE7 1 2p AWADVFTTER . 75 2Cw/B-Gay0; f ik I 2K
BB, O JE-F1 2p &M CuJZ 7 3d EHWRMES, RIENIZ RN HRMEEH, X
— R AR HAE i & ST SOKRE AT RE S  IUEE R, AR RE R IR AN A . TR R, A
Cu BB, 2Cu/p-Ga,05 I p LT HUARE TIN5 1],
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Figure 9. Total and partial density of states of Cu/f-Ga,03 and the doping ratio of Cu elements is 2:20
B 9. $BZLLHIF 2:20 B Cu/f-Ga,0; KRS HEER M ESHEE

4. &g

Sn. Cu JE T Gap) i3 AL KB 2 Mk AT R T AL B-GaO5 IR S5 H AT 28R, Sn (45 %
FEH A IRER SIS IR BE S, T B-Ga 05 M ORI H L& B4, I8 B-GayO5 1N n B T4k, IF
B Sn TGRS A LB AUHE K, JLAE S 58 BB ARV, 2R T BT A5 5t B 2 MK . Cu B 245 , f-Gay05
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