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Fig. 1 Schematic of two strain-compensated multiquantum well SESAMs structures
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2.2 SESAM & #HI1E
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W MQW.1 ¥ DBR fil 2 %k SESAM 4, Fi 4 4h
TE KA R TE B S 450 pm B9 n B SidB 2% 2 o)
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H DBR 25 14 4P SE b1 B A= K, 7 GaAs Zop )2 2 I
A K 30 B HAB AlGaAs/GaAs DBR., &5 .3 TH
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30 JA M B AlGaAs/GaAs DBR il 15 J& #1 1
InGaAs/GaAsP MQW, & & F #i1 & 30 A M 8
AlGaAs/GaAs DBR #1 30 J& ¥l 19 InGaAs/GaAsP
MQW,

# 1 DBR.MQW #1 SESAM H kLK SH
Table 1 Specific growth parameters of DBR, MQW, and SESAM

GaAs buffer Number of DBR

Number of MQW

GaAsP layer

Sample thickness /nm periods periods AsHy flow / PH, flow /
(mLemin ") (mLemin ")

A 200 - 15 80 500

B 200 - 30 80 500

C 200 - 30 40 500

D 200 30 - - -

E 200 30 15 80 500

F 200 30 30 40 500
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JE S FESD C (DGR 5 (HUR H FWHM L FE
ASE, WA B 2 FE 0 B I I (H 38 B 5 59,
FWHM % . X F2ZER MTEME S A FdEs B A
FEAE K 5 #E v g B9 AsH, i &4 80 mL/min,
PH, i} 500 mL/min, 4 K ) GaAsP & T £ )i
RS2 N fE 5E 4 AN InGaAs & T B #4915 R 2%
A AR HRAR Sy N AR AR S B - B A
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AN GaAs % vp )2 R WOF R, 1R T A KA
AlGaAs/GaAs DBR Z [ MQW #4855 AR J A4 K
1 GaAs b2 FH) MQW R i,
100000

F 2 RN AB.C.E.F [ PL B I KM FWHM
Table 2 PL spectrum peak wavelength and FWHM of
samples A, B, C, E, and F

Sample A B C E F
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Fig. 2 PL spectra of samples A, B, C, E, and F
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Fig. 3 High resolution X-ray diffraction rocking curves on the lattice plane (004) of six samples. (a) Sample A;

(b) sample B; (c¢) sample C; (d) sample D; (e) sample E; (f) sample F

1101002-4



E49% £ 11 #H/2022 £ 6 B/FEHHL

00 HFFTH T 20 —0 BRIEIL, HhE 4%
PR h 2R 0 R 9 8 X I T GaAs #E #9 (004) A5
T B9 AT B 06, HC A% A7 83 % X W F InGaAs/GaAsP
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/0 JF H FWHM & 58 7 & C (9 7 5 04 £ it A
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AR XA 1 MRk BT R AL TR B RE A C IR,
FE il BB AR BT S A A 2% L I AN I R 3 AN RE L Y
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i ELVF A P AT 0, b — A T 66° BT 1Y
g Ky AlGaAs/GaAs DBR BIf7 51, S EE M D
(R 437 S 08 A T 197, oA A InGaAs/GaAsP MQW 1)

i 0, [Rl BF MQW 7E 66° Bt 3 /) 41T 5 % % DBR 1Y
it pr i ss . SAEM ALC ML, FERY ELF 19
InGaAs/GaAsP MQW 77 i 16 £ i Al FWHM #7
FAXF 4 2%, 3 B 7E SESAM 52 #& 45 #y op 4= K 1
AlGaAs/GaAs DBR Z I MQW #4 %} i & R K& 4
KAE GaAs B2 2 L MQW #1RH i,
ZAREE MQW H1 DBR &9 J8 39 5 B2 /9 3+ 384
X h
B A
2c0s Oy » Ay
Arpaa S XA 0, AT RLAR s A0y AR AR
TEVERMAERE, BEXOHHES MRS A~
F 1) MQW #1 DBR 1y J& 12 FE & 3 iR . MQW
1 DBR 15 B 8BRS 1% A BT i 22 0 2 JE A H8
FESCVF I 1 22 5 FL N

(D
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Table 3 Periodic thickness of MQW and DBR for samples A-F

Sample A C D E F
Periodic thickness of MQW /nm 20. 2 20. 20.2 — 19.7 19. 8
Periodic thickness of DBR /nm - - 166.7 162.8 163.5
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Fig. 4 Reflection spectra of test and simulation for sample D
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Fig. 5 Reflection spectra of test and simulation for samples E and F. (a) Sample E; (b) sample F
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Fig. 6 Mode locking laser for testing the SESAM
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Fig. 7 Results of mode locking test. (a) Curve of output power at different pump powers; (b) output optical spectrum;

(c) output pulse width measured by autocorrelator; (d) oscilloscope trace with a mode-locked pulse train
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Abstract

Objective A semiconductor saturable absorber mirror ( SESAM ) has the advantages of self-starting, easy
integration, wide wavelength coverage, support for all-solid-state laser technology, fast saturation, compact
structure, and flexible design. It has become a Q-switched and mode-locked element for various types of lasers such
as solid-state, fiber, and semiconductor lasers. Recently, the rapid development of picosecond Yb-doped fiber lasers
and their wide application in industrial processing has heightened interest in SESAM applied to Yb-doped fiber lasers.
However, domestic research on SESAM devices is mostly focused on solid-state lasers. Most studies on SESAM for
fiber lasers focus on its application system, and there are few reports on the development process of SESAM for fiber
lasers and the characterization of crucial epitaxial material features. Thus, the structural design of SESAM, epitaxial
material growth process parameters, and characterization of key material properties reported in this study have
important reference values for further SESAM research.

Methods  Because the InGaAs quantum well layer developed on GaAs substrate is compressed, the entire
In, .5 Ga, ;s As/ GaAs multiquantum well (MQW) has a large compressive strain, which leads to the deterioration of the
quality of the thick InGaAs material and affects the mode-locking effect of SESAM devices. Simultaneously, the
number of MQW cycles will be limited by strain relaxation. Two kinds of strain compensated InGaAs/GaAsP MQW
SESAMs with total thicknesses of 150 and 300 nm are designed in this study. The tensile strain of the GaAsP
quantum barrier is employed to compensate for the compressive strain of InGaAs quantum well, resulting in not only
superior epitaxial material but also an increase in the number of MQW cycles. The epitaxial materials are grown by
metal-organic compound vapor deposition (MOCVD). The characteristics of the epitaxial materials are described
using photoluminescence spectroscopy, high-resolution X-ray diffraction, and a spectrophotometer. The growth
parameters of epitaxial materials are optimized to obtain high-quality epitaxial materials based on the characterization
results of the epitaxial materials. The developed SESAM is applied to the mode-locking experiment of a linear cavity
Yb-doped fiber laser, and a stable mode-locking pulse output is achieved, verifying the rationality of the structure
design of SESAM and the growth of epitaxial materials.

Results and Discussions The photoluminescence spectrum (PL spectrum) and high-resolution X-ray diffraction
rocking curves of epitaxial materials with MQW and SESAM structures are tested (Figs. 2 and 3) at room
temperature. PL spectrum and high-resolution X-ray diffraction rocking curve test results show that the epitaxial
material with 150 nm InGaAs MQW structure has the relatively good material quality and interface morphology. The
second-best MQW structure is 300 nm InGaAs with an AsH; flow of 40 mL/min during the growth process, while the
worst is an MQW structure with an AsH; flow of 80 mL/min. The main reason is that the grown GaAsP quantum
barrier strain compensation layer cannot completely compensate for the compressive strain of InGaAs quantum wells,
resulting in a compressive net strain of MQW. The net strain increases with an increase in the quantum well period,
thus deteriorating the material quality. By reducing the AsH; flow during the growth process of the GaAsP quantum
barrier, the P component of GaAsP can be effectively increased, and the strain compensation effect can be increased,
so that the net strain is reduced and the material quality is improved. The reflection spectrum test and simulation
results of epitaxial materials with DBR and SESAM structures (Figs. 4 and 5) show that the test and simulation
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results are deviated because of the fluctuation in the growth process of epitaxial materials. The reasons for the
deviation are analyzed. Two structures of SESAM are applied to Yb-doped fiber lasers for testing (Fig. 6), and both
SESAM structures achieve stable mode-locking. The SESAM achieves mode-locking at a pump power of 130 mW
using an absorption layer InGaAs material with a total thickness of 150 nm. The output power increases as the pump
power increases. The mode-locked pulse width is 18.3 ps when the pump power is 160 mW, and the double pulse
phenomenon appears when the pump power increases to 170 mW. The SESAM with a total thickness of 300 nm of the
absorption layer InGaAs material achieves stable mode-locking at a pump power of 120 mW and a laser output power
of 4.8 mW. Further, the output power increases as the pump power increases. The output power is 9 mW when the
pump power increases to 170 mW, resulting in an ultrafast laser pulse output with a pulse width of 9.6 ps.

Conclusions In this study, two kinds of strain-compensated MQW SESAM structures with a total thickness of 150
and 300 nm of InGaAs absorber layer are designed. The epitaxial material of MQW and DBR is grown by MOCVD.
The features of epitaxial material are characterized by photoluminescence spectrometer, high-resolution X-ray
diffractometer, and spectrophotometer; its growth parameters are optimized based on the characterization results.
Further, epitaxial materials of SESAM are grown and characterized using the same test based on MQW and DBR
epitaxial growth parameters. The two SESAMs are applied to the linear cavity Yb-doped fiber laser, and stable mode-
locking is achieved. The experimental results show that SESAM with the thickness of the InGaAs absorber layer of
300 nm is more likely to achieve stable mode-locking and obtain pulse output with narrow pulse width.

Key words lasers; ultrafast lasers; semiconductor saturable absorber mirror; metal organic chemical vapor
deposition; strain-compensated multi-quantum well structure
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