5 55 45 1 1] T o Vol.55 No.1
2026 £ 1 H ACTA PHOTONICA SINICA January 2026

5] %X . XU Da, WANG Xiaodan, SHU Zhengdong, et al. Structural and Luminescence Properties of Sm*" and Eu’" Co-doped
GaN Thin Films[ J]. Acta Photonica Sinica, 2026, 55(1):0131003
Wik, EBFF, HGERR, % . Sm™  Eu” 2248 GaN #4544 5 & ek T]. 0672541, 2026, 55(1) : 0131003

Sm’",Eu’ 3L GaN H I i g5+ 5 & G4

iR, B, R EAR L, R AR, B, SR AT, AR Al T, AR A
(1 35 MR IR 5 HOR 2 B V95 B8 B BB T #5505 TS % 0 215000)
(2 b B2 e A M 4K R 15 90K 0 2R BRI BT L RM 215123)

B EATHERAEAS BFAEC BFRLGAMAER, RABEFEARKRSANEGaNER T AT
Sm* B LB SmTT /BT A B L, B Z o HREXHEHNF LIS MR REAFRAETER, AL
R T Rty SRS A KR4, TR SR AV M A Eu’ 2 K B 6938 hm , XRD #7444 o9 ¥
BMREZAL PSR XA HFROERRERN T, RN, MEFTHINETHRNRGER
AMEC R ZHmmIE R, MRREEESHEAAALESD @EC B4 .G, [Sm’ |+ F,
[Eu”" ] "H., [Sm® |+ °D  [Eu* ], #t—FHHE LM, Sm” £ 2l it w3 M- 2484 &1 —8 v
AR FXFREAELEC . E&FELAFHME Ed #9733 K (0.527 5,0.369 5) % 4t %] (0.606 3,
0.3532) , A bR E N F e iRt , &8 d1580Ke 730 KE# %,

KB R, BB T 3,48 F;RER

FESES 0472 SCERFRIRAD : A doi:10.3788/gzxb20265501.0131003

0 58

GaNAE Ry —FoE =R (3.4 eV) L FARM B, R i FiEBE R SRR A&
T A DL R e R PR R RE AR R AR T AR AR AR 2 AR MR (I SiLGaAs) , GaN 3
e R TR B T A | R R B B R A i AR R R B B A, B 21 il SRR R R Y
FhE Ty =" HAT, GaN B8 )iz B TG B BRI L T R 3R R R R AR Ot B S
B R

i £ 00 R LR (0 AL T 250, BB 8 5 (e (SRR AR . MR T (nCe” E YD)
) AL H 52 B S22 58" Fl Sp° B IE A9 A W50, B D32 @RS IR S i /0N DT 7 AR A Bt L5 568 o A R T ¢
MIRRAE & . FEMRHIER T ATRE S R A B 28 AR BE i) £ - (RT3 LA B4 i 2%, DA 7= A e 1 B
SE I R S .

fii 8B40 W A AL (GaN) M B DL MR . @5 AR 18 FHe A 0 A FRES, AT 7
GaN 2577 th 5] AT @ B Ry 3 Ak A9 37 BE 4, A8 0 Y6 2 BRAT , 1 1 A 500 45 b RE G R 0 i b . i R AR AR
+ 1B 2% GaN OG5 o [ A DAY B 55 SR AR C R 0] WO T 2 204 732 X, W R Ml 3G i T HL A &
T (LED) WoRH AR | 4 N I 4 55 S5 B 1 T g

16 EHARF + &6 L Ed’ B 5 R OGIE AL T 600 nm 622 nm 664 nm &b , X R L% & S, T SmT
() 35 2 &I T 578 nm 618 nm 666 nm BT 7. NGO N H %78 5 i it Eu 5 4% GaN 3 JIE o U ) 51
e E M4 . PERES M4 R 3, ¥ Euts 28 GaN/AIN & 7 £ 78 1 000 CZ 1 200 'C R B Kk , BEA OIS
Eu’ &0 I3 50 & s B {H X T A i ey Rt 14k 3 B4 45 T8 BA I 5 )

BEETA :HE 0 ARFIES (61974158), VLA 11 AR 4 3 4 (BK20221263), VL0534 DU #1.7 S TR i i 2 FH0H (2021135)
g —1E& 1Rk, 1978378223@qq.com
ERAEE : T B, xiaodanwang@mail.usts. edu.cn
Wr#m B EA :2025-08-25; 5% F H#1:2025-10-29
http: // www. photon.ac.cn

0131003-1



T oF

LANG Jihui " WF 58 Sm™ 1 Eu”' 76348 ZnO IR &, & B Sm™ 1 LUA ALHR 5 Eu' B ZOL3E . Sm™ Al
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Table 1 Ion implantation dose parameters for GaN:Sm* and GaN:Sm™, Eu*'samples

Sample Sm®"/(at-cm %) Eu’"/(at-em %)
GaN:Sm*” 1Xx10" —
GaN:Sm"' 5X 10" —
GaN:Sm*" 1X10% —

GaN:Sm*" ,Eu”’' 5x 10" 1x10"
GaN:Sm*" ,Eu*" 5X 10" 5X 10"
GaN:Sm*" ,Eu”’' 5x 10" 1Xx10%

TE S5 76 KR J7 THT , 43 1) 6 B 64T HRXRD R 0035 M 5 76 % 2% R AR J7 1, 40 % #E47 PL AT CL
Ko A S5 i 78 [ Bruker 23 ®] D8 Discover i 43 BEAT S AL 4T HRXRD MR, A48 L 45 Ge(440) DY i B
2, XOEREM<12", %M Cu Ko 2k (34K 0.154 nm) . #7265 MK 7 LABRAM HR 800 #1318l 4t 5
P2 BT L HEAT R IR N 325 nm He-Cd #0685 . PL OGS 7€ LabRAM HR800 #Y S i 4% 1y PL A X
TR R TR M 325 nm He-Cd #OE %%, O IR 28 mW . CL Y& i¥% 7E Bt % MonoCL 3+ [ # & 6 i 24 i1
Quanta 400 FEG #1137 & G FA 4+ B 5 (SEM) IR 4R .

2 ER5WiE

2.1 X 54751 Raman B9 5 R 1E

B AL ARG EE 2 S BUR AR S & A 0 284k, 5 AT S0 s i B R BE o X R YE AN, E R T
SRRALA AL TR A AR R A i B IR R AT R s L A RN 7 b 5 BOA RS AT A A O A R B 5 v R B
Y RE DX BT 1807 65 358 R i AR 43 10 A 22 1 B0 it 6, DT 980 /N A 00t e R o 3 S A0 295 g 8 Ak S ] & 3 X
SR AT AL A B TE A . B 1(a) & Sm® BB GaN B9 (0002) T H fb A B2 42 il 26, B % Sm® f 1 AH = A
1X 10" at/em 8 i E 1 X 10" at/em”, - 15 9 i 187.3 arcsec B K % 204.4 arcsec, 7 W ff 4 ¢ B Fifi Sm® ¥ fF 114
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J T A GBS AT S 0 A8 A5 B AR B0, DT T Bk i VAT N o B AR R i — 2P B, 2 s ST R B K,
JEAE Eu® F R 1< 107 at/em? i 34 3 B K AH .
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H1 GaN:Sm’" 5 GaN:Sm’", Eu’ #(0002) & T 4% % # 4 . (a) GaN:Sm*" #y(0002) & T 4% 4% th & (3 % % 18 : IE14Sm =
187.3 arcsec; 5SE14Sm = 198.9 arcsec; 1IE15Sm = 204.4 arcsec) ; (b) GaN:Sm*" ,Eu’ # (0002) & Wi 2 ¥ & ($ 5 %
18 :5E14Sm, 1E14Eu = 252.8 arcsec; 5E14Sm,5E14Eu = 248.0 arcsec;5E14Sm, 1E15Eu = 257.9 arcsec)

Fig. 1 Rocking curves of the (0002) plane for GaN:Sm®" and GaN:Sm’", Eu’". (a) Rocking curve for GaN: Sm’" (FWHM
values: 110" Sm = 187.3 arcsec; 5X10" Sm = 198.9 arcsec; 110" Sm = 204.4 arcsec) ; (b) Rocking curve for
GaN:Sm’", Eu'" (FWHM values: 5X 10" Sm, 1X10"Eu = 252.8 arcsec; 5X 10" Sm, 5X 10" Eu = 248.0 arcsec;
5X 10" Sm, 1 X 10" Eu = 257.9 arcsec)

R o B A AR TR R 7 A Ak X GaN(0002) fiy T HEAT 1 X ST 55 K, 25 S an & 2 B o AR A S s AT
B 58 B nd=2dsing A A1, 2 E A 12X 10 at/em® B i1 2 5 10" at/cm?® B, 737 551 £ 980/0N , 5 1 1) PE o 34
K, U S A% A AR R I 6 I R R RS o R, 25 A 510" at/em® 4R 223 I & 1< 107 at/cm® B, 117 4t
W& A ] FF SRS A N AR B0 A B . A AE Sm® /EW 98 GaN B S b o £ B A Sk e B Eu® R
SN AT S AR LN A T AR I I IR RN T 2P B R

(a) — 1E15Sm (b) —— 5E14SmI1E15Eu
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J\ —— 1E14Sm ‘ —— 5E14SmIE14Eu
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H2 GaN:Sm’ 5 GaN:Sm’", Eu’" B (0002) & @ = 4 20/w 47 41 H . (a) GaN:Sm® # % ;(b) GaN:Sm’", Eu’ £ % # &

Fig. 2 Triple-axis 20/w diffraction patterns of the (0002) plane for GaN:Sm’" and GaN:Sm*", Eu’".(a) GaN:Sm’" sample;
(b) GaN:Sm*", Eu’" co~doped sample
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Fig. 3 Raman spectra of GaN:Sm”’ .(a) Full Raman spectrum showing E,””, E,”", and A;(LO) phonon modes; (b) Magnified
view of the E," phonon mode region

E 4(a) & GaN:Sm* B B2 638, Hir 143 em ™' 570 em ™ "1 736 cm ™ 4k B 7 B 0 43 S 6 R T B
R B R A (LO) A FAL, K 4(b) & GaN:Sm®™ ,Eu’" E,"" 7 5 1 il K&, g 37 FE A8 AN Bl
Eu’ w4 L (B 5 BB R 0 BB S el w5 RS sh (B8 ), B Eu® B9 7 A5 850RE & R N T 36K

(a) —— 5E14Sm,1E14Eu (b) —— 5E14Sm,E14Eu
—— 5E14Sm,5E14Eu —— 5E14Sm,5E14Eu
——5E14Sm,1E15Eu ‘ —— 5E14Sm,E15Eu
2 E, ¥t 570 cm'! :
S
2
g
=
g
g
-4 Ezlow 143 cm™! AI(LO) 735 cm!
—J .
A .
N\ v\
0 200 400 600 800 1000 564 566 568 570 572 574 576
Raman shift/cm! Raman shift/cm!

B4 GaN:Sm®, Eu’ #y4r £ k% W .(a) &7 E EFf Ay(LO) = FH iy % %41 8 b3 5 (b) E F 58 K 8 69 A A &
Fig. 4 Raman spectra of GaN: Sm*" , Eu’" . (a) Full Raman spectrum showing E,”", E,”*", and A;(LO) phonon modes;
(b) Magnified view of the E,"" phonon mode region
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(~577 nm) 1 Eu"" (~620 nm) 5 & & 4 ¥ &9 R 2 8 B M Eu’ 2 A A B8y Z X &
Fig. 6 Cathodoluminescence (CL) spectra and emission intensity analysis of GaN: Sm’", Eu’". (a) CL spectra showing the
characteristic emissions of Sm*"and Eu’" ; (b) Variation of the integrated emission intensities for the strongest peaks of
Sm* (~577 nm) and Eu*” (~620 nm) as a function of Eu’" implantation dose
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BTGy "H, AR ST BRI AE 5 Eu' B 7 1 'Fo—> "D, BE 22 I8 i -F- 56 56 A 1S ZR UL IE , A TTTAR B 1 — A i 3L
1 Forster B AL 4R A8t 5 B2 16 . Sm™ 5 Eu’" 2 [A] (1) BE 5t 4% 28 32 B3l i 'Go .~ "D AR 0B, ;X A3 45 T 7
ARSI R B DT C 5 B SR AR AR S R RS AR e Ah L RE S AT A RS Eut I T B RS (A0 °D, L) L
i3 AR AR ST i 4 2 D, KO (HAZ R AR T AR 32 B RE R AL B B AR
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BRI C, UL & R KE AN 2 R
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Table 2 Calculation results of average injection dose C, and critical distance R

Sm*"/(at-em %) Eu’' /(at-ecm %) C,/(% ,atom fraction) R./nm
5X 10" 1x 10" 0.353 188 2.243 84
5% 10" 5% 10" 0.587 263 1.894 01
5% 10" 1x 10" 0.878 316 1.656 19

s 1 25 F 8] 59 B5 3 — B /N T 0.5 nm B A GE 98 & A= AE & L 88, JL 4R BE & 1% 38 (Resonance Energy
Transfer, RET) J& 48 I & & & (Donor, D) 38 i 35 4 51 77 20K B 1 4% 388 45 32 7K (Acceptor, A) Wy 2, H %
O HLH R GRS B 2g i, RADG T2 5 . Ae AL AL AT 68 5 M s 2 WOk AR R A B A A A -
DU A | DO — O B ) B8 A8 4 A AR

WA Dexter 2t FHE AL BLIE 5 Reisfeld T LB, —2E 00 Sm™ 5 Eu*" Z IR 2 FH G
YER, HoE R AT m

I,

7=
A, L5 I3 0 RRB R EC HIE Sm™ B9 & CIRIE ; 280 n BUHE 6 .8 F1 10 B, 43 7l X 1 H A A — H Al A
P A — FEL DO A DA % R D B — R DO B A AR R SR . AR SCEE I CL 6% h Eu® 78 D~ 'FL BRIE b & L i
T35 B AT LG A0, S5 SR AN 7 s o 24 n 43 6 8 I 10 I, PR R AR (S B804 00 B8, B4 0 1
Fom A B ) MK 0.998 84.0.995 69 1 0.972 81, 1E n=06 .8 B K5l & SR B i H AT, £ W 1E
Sm’" Eu’ B GaN A R, Sm® 5 Eu’' Z (8] 1Y BE 4% 35 DA HL A AR - F AR AR L R A AR — R DO AR AR B4R R
FFHLH -

Kl 8J& Eu’ Ml Sm® A g it AL s UL 1A, ZE W FAROBOR T A T 2525 (PH. ) A9 Sm® 2 1 W W50 5 g
JE BRI 2 G, A . WG, X 2k B il AR 4R i Rl B (NR) B 2 M BEDL G IZL,
BT MG, BE R 1A IR BE 245 "H, (J=5/2.7/2.9/2 .11/2) BKiF I}, 25 B W04 fiE O6 7, 78 577 nm . 618 nm , &
666 nm 4k ;7 A Sm® B F AR AR & BB . S B G, HL, B BRIE (BE £ 2N 2.217 eV) 5 Eu®'
1) °D—>"F, BRI (BB 22 200 2.143 eV) , ZH M BB 22 M 22 UK 74 meV, Tl 5 Eu® 19 °D,—'F, 1Y Bk i
(REZR 2229 2.335 eV) M 22 K 118 meV , Hi # (74 meV ) BEZL VU L BE 0 4, I e B FE B W R f K, R
Sm* Ml Eu FEME AR A KA L AELKREEE® . BT Sm™ WG MRS EC W'D iR E
(99 meV) It Sm™ 1 ‘G, W REZ 5 Eu’ 19 °D, BEZ 22 /) (130 meV ) , I I B8 & 1% 3 & Sm™ (G,.) — Eu”

cy? (4)
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Fig. 8 Energy level transition diagram of Sm*" and Eu®’
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Table 3 CIE chromaticity coordinates and correlated color temperature (CCT) of samples doped with different concentrations
of Sm™ and Eu™

Samples (5% 10" at/cm” Sm®") CIE-x CIE-y CCT/K
1x10" at/cm® Eu™™ 0.527 5 0.369 5 1580
5x10" at/cm’ Eu*” 0.584 5 0.356 3 820
110" at/cm® Eu’" 0.606 3 0.353 2 730
3 Hig
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Structural and Luminescence Properties of Sm** and Eu* Co-doped
GaN Thin Films

XU Da', WANG Xiaodan', SHU Zhengdong', ZHAO Chengwei', MAO Hongmin',
GAO Xiaodong®, ZHENG Shunan®, ZENG Xionghui’
(1 Key Laboratory of Intelligent Optoelectronic Devices and Chips of Jiangsu Higher Education Institutions, School of

Physical Science and Technology, Suzhou University of Science and Technology, Suzhou 215009, China)
(2 Suzhou Institute of Nano—Tech and Nano-Bionics, Chinese Academy of Sciences ,Suzhou 215123, China)

Abstract: Gallium nitride (GaN) is a cornerstone of third-generation wide-bandgap semiconductor
technology, valued for its exceptional electronic mobility, thermal stability, chemical inertness, and
robustness under extreme operating conditions. These qualities have driven its adoption in high—-power
electronics, high—frequency devices, and ultraviolet optoelectronics. However, a persistent challenge in
GaN-based photonics is achieving efficient and stable red emission. Conventional InGaN-based red Light-
Emitting Diodes (LEDs) suffer from efficiency droop and phase separation issues inherent to the high
indium (In) content required for red wavelengths. As an alternative, doping GaN with rare—earth (RE)
ions—which exhibit sharp, stable intra-4f shell emissions largely independent of the host matrix—offers a
promising route to high-color-purity red light. Among these, trivalent europium ions (Eu’") are renowned
for their intense red emission lines around 620 nm. To enhance the optical activation and emission efficiency
of such RE centers, co-doping with a sensitizer ion is a widely employed strategy. Samarium ions (Sm*")
have demonstrated effective sensitization of Eu”" luminescence in various host materials through resonant
energy transfer. Nevertheless, the specific system of Sm*"/Eu’" co~doped GaN is still in its infancy. This
study aims to systematically investigate the structural modifications and luminescence characteristics—
particularly the energy transfer dynamics—in GaN thin films co—doped with Sm*" and Eu®" ions, thereby
evaluating its potential as a novel red-emitting material platform compatible with established GaN
semiconductor processes.

This research employed ion implantation as the doping technique to introduce Sm*" and Eu*" ions into
high-quality GaN thin films grown on c—plane sapphire substrates via metal-organic chemical vapor
deposition (MOCVD). A series of samples were prepared: including Sm®*" single-doped samples with
varying doses (110", 5X 10", 110" at/em’), and Sm*" /Eu*" co-doped samples with a fixed Sm®"
dose (5X10" at/cm?) and varying Eu doses (1X10", 5X10", 1X10" at/em®). Post-implantation
thermal annealing at 1 000 °C in an ammonia atmosphere was conducted to recover implantation-induced
lattice damage and to optically activate the RE ions. The structural integrity and stress state of the doped
films were comprehensively assessed using High-resolution X-ray Diffraction (HRXRD) and Raman
spectroscopy. The optical emission properties were investigated using Cathodoluminescence (CL)
spectroscopy.

HRXRD rocking curve analysis of the GaN (0002) plane revealed that the Full Width at Half Maximum
(FWHM) increased with higher Sm®" concentrations in single-doped samples, indicating a degradation of
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crystalline quality due to implantation-induced defects. In co-doped samples with a fixed Sm®" dose, the
FWHM exhibited a complex, non-monotonic trend as the Eu’" dose increased, showing a slight initial
decrease followed by a rise at higher doses. This suggests that the incorporation of a low dose of Eu’*" may
induce minor lattice distortions that slightly improve local ordering, while higher doses exacerbate defect

formation. Lattice constant analysis from 26/w scans and Raman shift measurements of the E,""

phonon
mode provided consistent evidence of stress evolution. Sm*" single-doping introduced tensile stress,
whereas the introduction of Eu®" in co-doped samples led to a significant increase in compressive stress,
which intensified with higher Eu®" doses.

Cathodoluminescence spectroscopy provided clear evidence of efficient energy transfer from Sm®’
(sensitizer) to Eu’" (activator). In Sm®" single-doped samples, characteristic emission peaks were
observed from Sm”" at approximately 577 nm (‘G,, = "H;,), 618 nm (‘G,, — °H,,) , and 666 nm
("G, = °H,/,). In the co-doped samples, the Sm®" emission intensity, particularly the 577 nm peak, was
significantly quenched, while the characteristic Eu®" emission lines, especially the dominant red emission
at ~620 nm (°D, - 'F,) , were strongly enhanced with increasing Eu’" concentration. This anti-
correlation provides clear evidence for a non—radiative energy transfer process. The primary energy transfer
pathway was identified as ‘G, (Sm*") + F, (Eu’") — “H,, (Sm’") + "D, (Eu’" ), favored by the
near—perfect resonance (energy mismatch of only ~74 meV) between the Sm®*" *‘G,,, = °H,,, transition
and the Eu”" "F "D, absorption.

Further quantitative analysis based on Dexter's theory was conducted to elucidate the dominant
interaction mechanism. By analyzing the dependence of the Sm*" emission quenching ratio on the total RE
concentration through fitting, it was determined that energy transfer occurs primarily via electric dipole—
dipole and electric dipole—quadrupole interactions. Critical energy transfer distances (R,) were calculated to
lie between 1.66 nm and 2.24 nm for the studied concentration range, confirming the feasibility of efficient
resonant transfer at these doping levels.

The impact of co—doping on the emitted light color was evaluated using the Commission Internationale
de 'Eclairage (CIE) chromaticity coordinates. As the Eu”" dose increased from 1 10" to 1X 10" at/cm®,
the CIE coordinates systematically shifted from (0.527 5, 0.369 5) in the yellowish—red region to (0.606 3,
0.353 2) in the deep red region. Correspondingly, the calculated Correlated Color Temperature (CCT)
decreased from 1 580 K to 730 K. This demonstrates that by adjusting the concentration of Eu”" relative to
the fixed proportion of the Sm®" sensitizer, a clear and controllable tuning of the emission color toward
saturated red can be achieved.

In conclusion, this study successfully fabricated and characterized Sm*' /Eu®*" co-doped GaN thin
films via ion implantation. Although the doping process introduces compressive stress and affects the
crystalline quality, it enables efficient resonant energy transfer from Sm*" to Eu’". This transfer effectively
pumps the Eu”" "D, level, resulting in intensified red emission around 620 nm. Most notably, the emission
color can be tuned from yellowish-red to deep red by varying the Eu®'" concentration, providing a direct
means to achieve targeted red chromaticity. These findings offer foundational experimental insights and a
material processing framework for developing GaN-based red-emitting devices utilizing the Sm*" /Eu®’
co—doping scheme, presenting a potentially advantageous alternative to high—In—content InGaN for red
micro-LEDs and other advanced optoelectronic applications. Future work may focus on optimizing
implantation and annealing parameters to mitigate structural damage and further enhance the luminescence
efficiency of this co-doped system.
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