H A4 % F9HI/2024 5 B/HFFIR
TEERRIK
ARIHE R PE Lu 4% GaN L T- 85 R HIDE X2 PR i i)

585 — LB P 5
HOP, HER, BRE, T £, G5 K, st R, AR

SN R 2 I 5 15 B AR 2 BB AU T AR S HORTESE BT, SN BB 550025

FEZE SR Bz o BE R 09 55 — P 5 3P IR O AT s T TOARE GaN RIS ] Lu 8 2% 4k B2 (15003 %0
Ga,— Lu,N(x=0.0625.0.125.0.1875.0.25) & F 1) HiL T Z5 F9 RG24 M T, F 5% T 48 44 MR JE S 12.5%6 1 18.75 %0 B AH [R] 8 2%
T ARREZ BT SR REM RS, HREREN  BAJSIRR G SEEIA TR, Lu B AFES TR,
i, B A5 TR R A B A AR AT B (3.40 eV) /I 5 AAE GaN Ml E , 15 28 1K 2 1Y v 0 B 388, 2548 20k 8 o 25 % At
A LR RO R Ry 5.42, A e R SR AN OB AR AR RE Jr B Bl &R T AR IS WSO T TS R R ¢ GaN Y S
fetkaefs 2427t

KEWE MR FULE; BB g, etk R

HEZES 0471 XEIRESB A

1 5 5

P Ry 55 = AR B2 SR RL TTT-V R AL 5 W) A
EB AT 3.40 eV 1 B3 Sy B, HLA B 04 AR
HL IR R R R o R T TR AL
Rt PG S AR A R o L A O R R SR [ R
T TET O R BT E R R R R
(HEMTs)""" SR A0S s B0 #8148 107 1o 14 o2 FH 5
RN Tz R . GaN A B ok, X BRI 1=
Xt AT e N O R AR TR AR B ok
Z 0254 B T8 4% GaN i 78 LA i L ml I
JEH R SR RF S 7 T Arakawa 5 RFSE R B
3 F PSD (pulse sputtering deposition) il £ 1) fif: $5 2%
BACE 2 — AR A BT &k 19 B AL BB an MR A IE i
AP E A bR s T RS R BIIE 4 2k C B e i Bk
KB GaN i 58 H A7 KA iz #0016 % 4 BiE s Ho 451
F 5% & B AE R ] MOCVD (metal-organic chemical
vapor deposition) £ A 4 K 1) GaN: Er ) 4iE |2 Hf 52 B H
WO T R Rl S RO R R AT AT Y 5l A
1 1 fE Ak GO % p-AlGaN FR il J2 19 48 fE A K
FEMB T i BEA R AR T D RO EOL A .
Tetsuo % FE 5 K b A H] MOCVD Jr ik , 8 32 45 i
5 ) S TR A A 2 RS DT ST R] O 4 o AN A 2 4 4y R 4B

DOI: 10.3788/A0S8231938

F ¥R B s Polyakov &' HE5E T Fe $82% GaN # kL1 6
HL P T 5 Zeng 457 1 A R A I L 3 AR A GaN 44k
25 W 51 R B R A T T A SR E/GaN =R
45 1 B 4 B AR - 20 4 (UV-TR) XU 6 A 44800 2% o
I #F 95 )5 1 - Maskar 25 HF 98 & R + 0 & (Pm.
Sm . Eu) 24 GaN 78 £ 4b ] WLt v 1 5 W i & %0
K, BECHRK R 80% ; Eisa ™ 1 H 8 & Bl Cd B 4=
GaN fli 75717 B /N, 2 M BE A5 2 7 $2 /&0 5 Lantri 48
W92 & B GaN: Er fb G Wi & T 52 S8 635 o (9 A 7] g
s Khan &9 R MAE &R c R M&e B Tt RILB A
GaN Ji , Hoar B AR /N FOG A A0 16 1A 242 v .

B 5 T 52 (TR, 45 Bl R £ o0 R 48 2% GaN [ 52
HAk R IE . e R T A RN 4T )Z B
& AW P T RO AN B AR B T R R ]
TE BB TR X+ £ & B BB BT, B oo
KRB A E o E GaN o] WG, A0 78 R 56 — 1
JREE A SE T AN B 22 E T Luis 24 GaN [ HL T 45
RGBT R A RO 0 R Luts 28 GaN 2
SR B R T R BRI SR

2 TFEBEAURIT

2.1 tERHZ*
T T G R R AR 6 R AR R AT AR R

Wi BEI. 2023-12-15; EEBEHH. 2024-02-05; KA HHE: 2024-02-23; MEKELZBE: 2024-03-13
BEEWH: SN K2R 6w = 2w & Q08 F & K58 AR B G 15 97 3 b #1593 H (2020-520000-83-01-324061) | 5 1 44 B4 = [l
[N BRI sh B B Bh I B ([2018109) 5% M 48 &1 )2 W B3 B A 15 32 101 H ([2015]4015)

BISEE . qqxiao@gzu.edu.cn

0916001-1


https://dx.doi.org/10.3788/AOS231938
mailto:E-mail:qqxiao@gzu.edu.cn
mailto:E-mail:qqxiao@gzu.edu.cn

fiE K Sl 803t . %k 300~700 eV 1 fig & IX 1] %
FH R[] B8 50 eV Ry 31538 5 i e A7 03, 75 30 A &5 1
Bl 1(a) i Al LAE ) YW g E., =450 eV I} fE
2R R O AR BE O T RE R 450 eV, DL

-38730
-38740 -
-38750
-38760
-38770
-38780
-38790
-38800
-38810
-38820

@)
» -38741

Total energy /eV

38787
\38804
\3§su
g _38_814 . -38816
-38813 38815 " 3g817
| 1

300 400 500 600 700
Cut-off energy /eV

& 4435 E9H/2024 F£ 5 B/HEEIR
WEAB T B G PE . AR S50 8w KA
ZRWME 1(b)ron , AT LA KA K/NARLX
4 X 20, fig m M 4B TR EE B KOS

rits.

38784 () o 3878497
38786
38788}

-38790
-38792

Total energy /eV

-38794

-38796 -38796.81 _38706.82 _

Ll
-38796.95 -38796.82 -38796.82

-38798

1 1 1 1 1 1
Ix1x1 2x2x1 3x3x2 4x4x2 5x5x3 6x6x4
K-point

P 1 AT BE AN K s I ST 4 2R (a) BRIRTAE 5 (b) Kl 8l

Fig. 1 Test results of cut-off energy and K-point convergence. (a) Cut-off energy; (b) K-point convergence

FEF 9% B RS, R CASTEP #0440 kA7
T . ARG R GGA+U -1 % #0520k &
1E 45 B, U {8 (Hubbard 2 %) 1) & Bt 2 % Zakrzewski
MO gRae  FHE T, Ga N Lu JB T B4 T4 )
g 3dV4s"ap' | 25°2p”  4145d 68", T B T R
FERLCGGA) T2 4 SCHX oF £ (PBE ) o 4k ¥ L, 8] #H
HE B S BERE , A B K X A 4 2R ] MonkLurst-
Pack " JE 2, BUK # R /N R 4 X 4 X 2, LR 1 R &
B B Fm ME S 110 ° eV/atom, H iG W SUKE & H
210" eV/atom, AN 714 0.05 GPa, Jii F i) e KAz 5%
W SR HE R 0.001 AL
22 HEER

AR I GaN 28 B2 4 4544 J& T P63me %5 [1]
BE 28 «=0=0.3189 nm, c=0.5185 nm, ¢/a=~
1.626, a=p3=190", y =120 W& 2 fir /i~ , % J& %I
GaN X PR e T3 2 A T 2 X2 <X 2 i b
A — A LuJR F B — > Ga i F 1 GagogrsLug e N
A M 25 A A La B e A Ga Ji 1 19 5 R A ] $8 24
W BE AN TR 25 RV 7 15 0L 1 Gag grslu, oo N #E UL 8
ZeUFE R 2500 BF 34 Lu & 4t 34~ Ga Jii+ 1Y 6 Fl AR [7]
1B Z5 Y FE AN [R) 25 [R1 A 5 15 AL B9 Gag giosLug 165N 7 A5
Rl ZREE AN LuB i 41 Ga i P2 B 25 A 2%,
AR AT AT, R F IR BB, A
—Fh GagpsLug.s N #B I JE A7 538 43 41

3 IHEER S
31 BRSNS
S RE T I M P TR SN B R R 1R R

PEAT LI 25 M Al Fr AR 28K 1, a b c KR
mi A% S VR IRR L E N BBe  ECRIB NS L E, NS S

fiE. 2 1Al ARAE GaN AL G 1Y o/a=1.624 5 5
U9 {E 1.626 W) & 15 848, AT WL A B 55 31 550 07 ¥ AT 5
AN B 24 1 BE 1Y Lu 4B 4% GaN 14 2 (1) fi 4% 5 550 7 FR
BRFARMEERR, XEEER L ETEER
0.085 nm, K F Ga™ B ¥ 1 F 4 (0.062 nm)" , Lu
Z= BRI SRR S BCA BT K. T L RE 25 & BE AT
PLRAER R (0 Fe 0 P FIB A X ) B2 B2 T8 AR E RN 45
B BEE, 5500 i
E = FEqpes — Ecox — np, + mye,, (D
1
Eb:N<Edoped7Esum)’ (2)
KA E e i LuB AR GaNK R [ BB s Eon 2R
BAR R B BBE & 5 g, AT g, 5390 0 Lu Fl Ga B9 Ji -+
2 n B Lu i1 180 m e Ga i 1)
DBGN IR RN T BEGE . R RN T
RE R G 2 BRI W B e B 5 | 25 4 fE
AN IR RS E . a1 R R RE A4 A RE X L
AL, BR Gay g Lug s N AR R B9 I B BE 442 151 2, Ho A 42
ZRUR R L RE AN ES A BB 34 0 ffE , X 3R Lu s 22 )
GaNRZEEWEAGREME. Mk T HMBRER,
Gty g7 L0 060 N FR BB G TE R TEAE, X2 T7:6.25%
B B ) Lu A L T A48 28 Wk B Lu 948 AHE GaN
R R NS N BT B H BAE SR, 1 AL 1 S A% AR
BRERETHE , X —ME 5 Xiong Z " HFFE KM, W
A Lu i F B8 A Ga /L7 19 5 Fp A R 8 22 ik % A
Rl 25 [0 FF 5 2 A GaygrsLug o N #E g5/, 457 2 58
R M T 53 o AR M R 5y S BB 4% s B 0 ik
JE 0 18.75 %6 I Gaggolug 605N 19 6 Bl &5 1 v, 2544 541
L T A 5 FP A5 A B R AR E BT ST R Gag g Lug 10N
5 2 T Gaygolug N 45 18 5 5k i ik 18 8 W FE N

0916001-2



® a4k E9HI/2024 £ 5 B/EER

(&)

B2 g AT CHoh i 00 N A7 000 Gaii 7, & (1844 1 Luli ) . (a) GaNJEML; (h) GaN i ; (¢) Gag gL 6N
(d) GaggrLu,o:N Z5H 15 () Gaggluy 0N 258 25 (1) Gaygrlug 0N 254 35 (2) GaggsLug N 454 45 (h) Ga, g-Lu,,,.N Z54 55

(1) Gag gLty 15N G5 15 () Gaggro Lt 6N G54 25 (k) Gaggoslug 165N 2548 35 (1) Gaggoslug 165N G540 45 (m) Gag gl 6N 45

55 (n) Gaggroslug 145N 2544 65 (0) Gaygslu N

Fig. 2 Supercell structures (blue dots present N atoms, brown dots present Ga atoms, and green dot presents L.u atom). (a) Primitive
cell of GaN; (b) GaN supercell; (¢) Gaygss]Ug055N; (d) Gaggrslug 5N structure 1; (€) Gag gL, 5N structure 2; (f) Ga gslu, N
structure 3; (g) Ga,gsLu, 1N structure 4; (h) Ga g;Lu, 5N structure 5; (i) GaggosLug 65N structure 1; (§) Gaggoslug 145N structure

2; (k) Gaygposluy 165N structure 3; (1) Gaggaslug 65N structure 4; (m) Gaggolug 5N structure 5; (n) Gaggaslou 65N structure 6;

(0) GaysLug,:N;

#£1 MALF GaNHl Luis 2 GaN 1k &2 S50l

Table 1 Parameters of pure and LLu doped GaN after optimization

Model a, b /nm ¢ /nm V /nm’ E /eV E /eV E, /eV

GaN (experimental )"’ 0.3189 0.5185 — — —
GaN (calculated) 0.3171 0.5149 0.3587 —38796.821 — —5.782
Gag gLty N 0.3211 0.5210 0.3658 —43750.583 0.207 —5.602
Gay oL, N structure 1 0.3239 0.5257 0.3819 — 48706.936 —2.177 —5.677
Gay gr51u,,,5N structure 2 0.3242 0.5248 0.3820 —48707.119 —2.360 —5.682
Gay o L, N structure 3 0.3240 0.5244 0.3817 —48707.024 —2.265 —5.679
Gay gL, N structure 4 0.3242 0.5240 0.3822 — 48706.943 —2.184 —5.676
Gaggr5louy 155N structure 5 0.3246 0.5244 0.3818 —48707.023 —2.265 —5.678
Gay gLt 10N structure 1 0.3267 0.5308 0.3923 —53663.363 —4.635 —5.754
Gaggpp5louy 475N structure 2 0.3287 0.5271 0.3923 —53663.360 —4.632 —5.753
Gay gLty 1N structure 3 0.3282 0.5271 0.3922 —53663.604 —4.876 —5.761
Gay gLty 1N structure 4 0.3277 0.5286 0.3923 —53663.492 —4.764 —5.758
Gaggip51ouy 475N structure 5 0.3283 0.5265 0.3923 —53663.787 —5.059 —5.767
Gay gLty 10N structure 6 0.3277 0.5281 0.3919 —53663.604 —4.876 —5.753
Gay;;Luy,sN 0.3294 0.5363 0.4029 —58620.005 —7.308 —5.837
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First Principles Study on Electronic Structure and Optical Properties of
Lu Doped GaN at Different Doping Concentration

Fu Shasha, Xiao Qingquan’, Tang Huazhu, Yao Yunmei, Zou Mengzhen, Ye Jianfeng, Xie Quan
Institute of Advanced Optoelectronic Materials and Technology, College of Big Data and Information
Engineering, Guizhou University, Guiyang 550025, Guizhou, China

Abstract

Objective As a third-generation novel semiconductor material emerging alongside SiC, GaN has become a hot topic in
the fields of high-temperature and high-power microwave devices, laser devices, and optoelectronic devices due to its
excellent characteristics. It has been widely used in microwave communication, lasers, detectors, and ultraviolet light-
emitting diodes. Doping, as a new paradigm for material modification, can directly and effectively control and improve the
thermoelectric, photoelectric, and magnetic properties of materials, giving them new characteristics and extending their
applications. Materials based on rare earth elements have excellent optical, electrical, magnetic, and catalytic properties,
and are the foundation for building various new functional materials. It is expected that rare earth element doping can
improve GaN’s visible light absorption. We study the electronic structures and optical properties of GaN doped with
different concentrations (atomic number fraction) of Lu using the first-principles plane wave ultrasoft pseudopotential
method. The calculation results provide theoretical support for the development of device applications of GaN

semiconductor photoelectric materials doped with rare earth element Lu.

Methods We adopt the CASTEP software package using the first-principles calculation method based on the density
functional theory. We utilize the projected augmented wave method as the pseudo potential and apply the generalized
gradient approximation function proposed by Perdew-Burke-Ernzerhof to express the exchange correlation interaction. We
adopt the plane wave expansion with a cut-off energy of 450 eV and leverage the conjugate gradient method to optimize the
lattice constants and atom positions of the diverse models. The K-point grid in the Monkhorst-Pack form is set as 4 X

4X 2 for bulk models. As the GGA method underestimates the band gap value of materials, we use the GGA-+U plane

0916001-8
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wave pseudopotential method to correct the band gap. A supercell model with 2>X2X 2 is built, including 16 Ga atoms and
16 N atoms, with a total of 32 atoms. To make the calculation results more accurate, we conduct a truncation energy
convergence test on the supercell systems. Considering the symmetry of GaN crystal, we study the stability of different

spatial ordered configurations with the same doping amount at concentrations of 12.5% and 18.75%.

Results and Discussions From the formation energy (Table 1), it can be seen that except for the Gag 551U 05,5 N system,,
which has a higher formation energy, the values of the formation energy and binding energy of other doping systems are all
negative, indicating that doping enhances the structural stability of intrinsic GaN. The formation energy of the
Gaggsslug 505N system has a positive value, making it more challenging to achieve doping compared to other doping
concentrations. Under different concentrations, the Lu-doped GaN systems show direct band gap P-type semiconductor
characteristics (Fig. 4), and the band gaps are all narrowed. The reduction of band gap is beneficial for electron transition,
thereby improving the optical properties of the GaN system. The absorption edges of Lu-doped GaN under four
concentrations show a red shift phenomenon (Fig. 7), indicating an improvement in light response capability. The intrinsic
GaN has a small absorption coefficient in the visible light range and has low utilization of visible light. When the doping

concentration of Lu is 25% , the Ga,;L.u,,;N system forms a wider visible light absorption region.

Conclusions We calculate the electronic structures and optical properties of intrinsic GaN and Lu-doped Ga, ,Lu,N
(x=0.0625, 0.125, 0.1875, 0.25) at different doping concentrations using the first-principles plane wave ultrasoft
pseudopotential method under density functional theory. In addition, we study the stability of the same doping and different
spatially ordered occupancy architectures when the Lu doping concentration is 12.5% and 18.75%. The calculation results
show that the values of lattice parameters of the Lu-doped GaN are increased, and the band gap values of the doped GaN
are reduced compared to the intrinsic band gap (3.40 eV) due to the shallow energy level impurities induced by the doping
of Lu. Compared with the intrinsic GaN, the static dielectric constants of the Lu-doped GaN increase and even reach 5.42
when the doping concentration of Lu is 25%. The imaginary parts of the dielectric function and the absorption spectrum of
the Lu-doped GaN shift in the low-energy direction. The red-shift phenomenon occurs which extends the absorption

spectral range and enhances the photocatalytic performance of GaN.

Key words materials; gallium nitride; substitution doping; electronic structure; optical properties
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