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(a) Schematic illustration of Longini mechanism (b) Schematic illustration of Kick-out mechanism
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Fig.1 Schematic diagram of Zn diffusion mechanism in GaAs
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Fig. 2 Diffusion of Zn in GaAs under the condition of 680 ‘C and 30 min
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Fig. 3 Diffusion of Zn in InP under the condition of 680 “C and 30 min
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28] A B AR T o A FE I A S A 450 pm JEE ) GaAs, B AR GE 2 E 24 4 2.8 pm, 2 K 200 nm (1)
GaAs )2 A T G AR R 22 33 KO 5 BOBE RT3 BAS ' S BE R 100 pm, JE B R 450 pm Y GaAs 3k
PR 2 AR PR AME B, A TR R BB R 100 nmo AR 2 SR M OB GaAs . SiO, . SLN, Fil ZnO Z [i] 1%
FCAR R TAAS L 38 B R I K 2R 8045 240, 1 COMSOL BELAE 630 “CF ZnO 5 GaAs 22 8] i 7= Az 1 4 3
J1 EE R E AR . E 4Rl E A GaAs 22 PR A 5K R g W Ak B A PR AE AR FF GaAs PR AR R
20 Gazs iikba . B AX T QWIS UL, Zn ¥ 0 A GaAs IR p LS R ME . 55— Jr I, 72 4N AE B 36
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Fig. 4 Thermal stress generated during annealing of epitaxial wafers with ZnO dielectric layer
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Fig. 5 Thermal stress generated during annealing of epitaxial wafers with ZnO/SiO, and ZnO/Si;N, dielectric layers
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1.3 Zn B SR BE T R BEXT ¥ 8 12 B9 &2 1
FR 2 — Pk SR BRI 38 T Zn 7 GalnP Ml AlGaAs H (1 B FE TE B RE o 1 FH 48 52 2% 0 ~F 11 3% ( Projector
Augmented Wave, PAW) T8, 3 7 Vienna Ab-initio Simulation Package (VASP) Rl s SZEL . 32 e A 5%
1Z ik H Perdew—Burke-Ernzehof 3T Bl o 5 V- 11 I 5& ofF (%) A4 1k BB &% B o 400 eV, A4 7T B 3 68 & A8 b
INTLX10 " eV APELR . BFEIE LGRE AH H5R A
AH[<01, q): Ewl<a, q) + q(er + evpn) — E(host) + 271,( E,+ /x,) (3)

o, a FRFBERFEFI g RERBRFE W L , B (a, ¢) Al E, (host) 23 54X 32 A Bl A1 J0 B fa A9 8 B BE i, e 10
#2222 e KAE (Valance Band Maximum, VBM) (9 HL 7 JE 3% K BB, H VBM AL BB N eypno E AN
TCFR I 1 e B [ A B AOAS I A B R A, o RS AR B AOM b B ke e S R T RE & EAE G,
n, 3 78 T WL B B AR 2R 5 5 P 2 IRl I A8 B R A, R OR S i ot R . BRIE G R L BB RN E Y
n JR T 5 TR 3 28 e, AR 45 A8 B 1Y KN, SR 2 X 22X 2 Monkhorst-Pack W% 3517 & 5 R FE . BT A JE T 4B &
i, EREAN R F LSRR E -T2 S/ T 0.2eV/nm. Zn¥ B A GaAs g, BB H B P R RE , 1L
EXYHUG GaAs () n.p BUHEAT 00T, — R UL, Zn ¥ U8 WG L GaAs 208 il p RBP4, 0] 1 26 5 R A oK
B2 BB AL 24 T 5 GaAs p BUBG S, 77 (8] B 46 2% 0 00 25 4 GaAs n B 58 . XF GaAs FAT 24K, SR I
Zn i 13 AR AL Ga As S I o WLEE BRI P B RE B (9 728 4K, Zn (Y Bk B4 B BURE X T° AlGaAs Fl GalnP =
TTAE Y T AL Ga As JFEF 1 5 8, A Ga In P P19 5 4 800 W2 1.
F1 7E£AlGaAs 0 GalnP #F ##, Zn R & AN R F B A9 BLBE T AL BE

Table 1 The defect formation energy when Zn replaces each atom in AlGaAs and GalnP materials

Material Substituent atom Formation energy/eV
AH(Zn=-Al) —1.821
AlGaAs AH, (Zn-Ga) 0.009 1
AH, (Zn—As) 2.361
AH, (Zn-Ga) —0.593
GalnP AH; (Zn-In) 0.372
AH, (Zn-P) 2.347

ARG 2 1R A0, b T RRCARE fid 2= AT 0% BR i 2 P08 5 2 R 0, i Zn B PR HIE, ml i 2 Y = oo 5
PR T, I e TR e R . R - B TR TR AT ERS YR T BT
ZnAE U VR T As B P AR Bk B P BRE B, B L2 5 9 B Jt 7 32 2R IR IR T~ ALFT Gao 37K
A T LA A « 25 Zn S O ASNEE R R R R Zn S AT B R A R T, Z R E Zn 5T Y
FHF N, Ga AR T I I AW Zn BUR T R Bt /Y Ga R B VAL BR T . Ga %5 6 FT ALZS 7, 33 26 i) iR
JEL T 028 (S R ST AT PR IX A, e A IR B 7 B GalnP A1RHS B 7 2 AlGalnP #1R R AR 2003 51l

2 KBWRERSH

21 iR

S i AR o 4 R A HLAK 2A A DT (Metal Organic Chemical Vapor Deposition, MOCVD) ¥ £ il
# 1 635 nm AlGalnP/GalnP i 7 B2 S HBOG & . SMEZSH T 2 _E 535 2 - 200 nm B9 GalnP 22 1)z,
800 nm Y AlInP F Rl )2 ,420 nm ) AlGalnP N F )2, A X (4.52 nm 19 L F #2212 nm 1Y GalnP &
FBFZ),420 nm /) AlGalnP | 352,800 nm ) AlInP | FR )2 LA K 200 nm ) GaAs B @2 fil )2 . Hod,
p B — il R FH Mg 48 2% ,n 81— 2R ] Si#8 7% . GalnP/AlGalnP A BHA 2 3806 2% R FH 9k AR 2544, 76 B E
it AT AR R A A A 1 () B R A B4R S o Ak SR N AR A ST AT AN AT BE A AR A B R W R =%
W A5 ANIE 25 R A5 B0 2 SR IO 75 25 14 45 F 7 2 TE RE AR A AE - PL OGRS an 1] 7 Fr s o

MOCVD AEK5EME R Ja TR 6 — LB i b o3 SR IC 0 FE & 1R i 2 FIRE i 3 JNIEI 8 it TERE i 1 A
il 2 FIVRE i 3 S 0 8 4 I B 15 & 2B K 100 nm B 1Y ZnO, FEHEAT Y6 2043 X, 2B 25 & IX e m 1Y
ZnO, XF K it 2 FRE il 3 7543 51 68 F PECVD 43 5 A= 4 100 nm 9 SL,N, F1 100 nm- SiO, 1, FF 25 B # 75 &6 X
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Fig. 7 Schematic diagram of semiconductor laser device structure with epitaxial structure information and photoluminescence
spectrum of the original epitaxial wafer
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(b) ZnO, SiO,/Si.N, window
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Fig. 8 Schematic diagram of Zn diffusion for the fabrication of non-absorbing window
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i FHRTP 15 25 X AE i 1 #4718 b 2, 38 i [A] 355 2 30 min, 38 R B2 35E i 580~680 °C,ZnO 7
DX IR A 7 56 X R ) PL s an ] 9 i o 18110 24 650 °C 30 min il Ak 444 F /9 PL 3% .
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Fig. 9 Blue shift at various temperatures in ZnO-covered Fig. 10 PL spectrum of sample under annealing conditions
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Fig. 11 PL spectrums of sample after different temperature
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Fig. 12 Diagram of dielectric film cracking caused by exces-

sive stress
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Fig. 13 Peak wavelengths of sample 3 after different temperature treatments
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Fig. 14 PL spectrums of sample 3 after 1~3 cycles of annealing at 620 ‘C in 30 min
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AWM E 15 iR, oT LA I 85 M FE R b bR T AMERE 5 AR B BT & A T RO, 8 — 2 B Zn oo

LR Zn Y Bt ASNE B BeAh, AT OIS )L BE S SR Zn B K TR 1, %%Tinﬁﬁf’ Zn0/
Si0, IR K e rf, 2 09 Zn X AL Ga i P AT B B 2%, QW IR JE BAR ZER T —4r 32 ZnO.
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Table 2 The peaks of PL spectrums and amount of blue shift under long-term annealing conditions

Temperature/C Anneal time/h Peak of PL spectrum/nm Amount of blue shift/nm
520 9 624.1 0.9
550 9 623.6 1.4
580 9 600.2 24.8
620 14 575 50
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Study on Quantum Well Intermixing Induced by Zn Impurities in
GalnP/AlGalnP Red Semiconductor Lasers

HE Tianjiang"’, LIU Suping', LI Wei', LIN Nan"’, XIONG Cong', MA Xiaoyu"”’
(1 National Engineering Research Center for Optoelectronic Devices, Institute of Semiconductors,
Chinese Academy of Sciences, Beijing 100083, China)

(2 College of Materials Science and Optoelectronics, University of Chinese Academy of Sciences ,
Beijing 100049, China)

Abstract: As the photovoltaic conversion efficiency and output power of high-power lasers continually

ascend, the escalating impact of Catastrophic Optical Damage (COD) effects occurring at the laser cavity
surface poses an increasingly severe challenge. Consequently, a post—processing technique involving
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Quantum Well Intermixing (QWI) can be employed at the cavity surface to fabricate a Non-absorption
Window (NAW) , thereby augmenting the COD threshold and amplifying the output power. Given the
swift diffusion of Zn in GaAs—based semiconductor lasers, Zn impurity—induced QW1 is favorably regarded.
In the epitaxial growth of GaAs-based GaInP/AlGalnP single quantum well structures, ZnO thin films
were selectively grown on the epitaxial wafer using magnetron sputtering equipment. Utilizing ZnO as the
medium for Zn impurity induction, a solid-state Zn diffusion process was employed to selectively induce
regions in the laser, thereby increasing the bandwidth at the laser cavity surface to prepare NAW and
elevate the threshold for optical damage, consequently enhancing the long—term reliability and output
power of the semiconductor laser.

In addition to the induction annealing experiments conducted with a single ZnO dielectric layer,
experiments were also conducted with composite dielectric layers ZnO/Si,N, and ZnO/SiO,. These
experiments involved the growth of these composite layers using Plasma Enhanced Chemical Vapor
Deposition (PECVD) equipment atop the ZnO dielectric layer. Initially, through simulation calculations, it
1s observed that for p—type doping such as Mg impurity, as the doping concentration increases, Zn diffusion
in GaAs or InP accelerates, resulting in deeper diffusion depths under the same time conditions.
Conversely, for n—type doping such as Si, an increase in doping concentration impedes Zn diffusion.
Moreover, the diffusion of Zn in GaAs—based epitaxial wafers surpasses that in InP-based wafers. During
the diffusion process, the composite dielectric layers ZnO/Si;N, and ZnO/SiO, can alter the type of stress
exerted by the singular ZnO dielectric layer. This shift transforms from the tensile stress applied by the ZnO
single dielectric layer to the compressive stress exerted by the composite dielectric layer. The compressive
stress has the potential to induce more Ga vacancies on the epitaxial wafer surface, thereby facilitating Zn
diffusion within the laser epitaxial layers. Defect formation energies of Zn in AlGaAs and GalnP were also
calculated, indicating the propensity of Zn to occupy Group III atoms such as Al and Ga. This
supplementation contributes to a comprehensive understanding of the induction principles governing QWI.
Experimental investigations, conducted under annealing conditions ranging from 580 ‘C to 680 °C for
20 min to 60 min, revealed that the adoption of ZnO/SiO,or ZnO/Si,N, composite dielectric layers yielded
a greater impurity—induced blue shift compared to a single Zn dielectric layer, with a maximum blue shift of
55 nm achieved under conditions of 680 “C for 30 min. Additionally, a study was undertaken on the long—
term, low-temperature effects of composite dielectric layer ZnO/SiO, annealing on solid-state Zn
diffusion, with temperatures set at 520 °C, 550 ‘C, and 580 °C, and times specified at 9 h. Blue shifts were
observed at 0.9 nm, 1.4 nm, and 24.8 nm, suggesting the pivotal role of temperature in QWTI even under
prolonged low-temperature annealing conditions. Through experimental endeavors and analysis, it is
established that NAW can be successfully fabricated under prolonged low—temperature annealing conditions
exceeding 580 “C for 9 h or under relatively higher—temperature, short-duration conditions at 650 ‘C for
30 min. To minimize the impact of high-temperature annealing on the performance and quality of the
epitaxial wafer, a cyclic annealing approach was adopted, employing annealing cycles at 620 ‘C for 30 min.
The annealing process was repeated three times. Following 1 to 3 cycles of annealing, the observed blue
shifts were 10 nm, 18.1 nm, and 35.6 nm, respectively. After three cycles, an optimal blue shift window
of approximately 30 nm was achieved. This study furnishes theoretical and experimental references for
device fabrication. Not only does this research offer essential information for optimizing the performance
and fabrication of semiconductor lasers, but it also expands our understanding of the operational
mechanisms of composite dielectric layers in the context of QW1I.

Key words: Semiconductor laser; Quantum well intermixing ; Composite dielectric layer; Blue shift; Non-
absorption window
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