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(b) influence on slope efficiency

1101004-3



E49% £ 11 #H/2022 £ 6 B/FEHHL

S5k A ST B O SO RPR AR B 4 T S B
Bl 3Ca) . (b) 43 31k 19 A 5 44 1) R Bk FL BHL R, A1
FHIA RV, BB A AR, BEERE 5 CRE
K& —65 C. 454 A (IR BHM 0. 371 mQ K )
0.40 mQ, Z5 49 B 1 & 15 i BN 0. 277 mQ 42 = #)
0.287 mQ, Pl i BE R AIK, BF K F BHL A% 42 & R T 55
JoBE 42 BN BTN Bl T A5 B IS 2 A
0.425

@ —s—structure A
0400F =—u . ». structure B

\_\
0375 ey

G L
= 0.350

o 0.325F
0.300}

0275+ '

0'25(—)70 -60 -50 -40 -30-20-10 0 10

Temperature /°C

Gy IR, MOREB T AL R T, BT LAZE A B A MR
BEAR XS 4540 A RIEFEAS . Bl &R 5 CRELE
—65 C. 458 A M IFJE B E M 1. 334 V 3K F|
1.374 V., 454 B W JF Ja B R A 1. 325 V 4 & %)
1.347 V., JFJia v s i o 91 0K BB 2 25 FIRE AT AN DL I 7™
A 1 ST L S 2L i T AR AT A R DX
BB AR R METOR BE 22 K, BRI I HR R K
1.38

(b) —s—structure A

1371 ..a.. StrUCture B
1.36 -

2 135

5N
1.34 - \
1.33}+ )
1.32 :

=70 -60 -50 -40 -30 -20 -10 0 10
Temperature /°C

Pl 3 il o % L 4% B TG o BEL AR S B R 92 A . (o) X ER IR BB R, (95 T 5 (o) X RS BBV (9 52 )

Fig. 3 Influence of temperature on series resistance and turn-on voltage of two bars. (a) Influence on series resistance;

(b) influence on turn-on voltage

B 4 R PIFRES I E — 65 °C N B G- H - A s i
2 (LIV fhZo) K d b sl b ih 42 . X F 454
B, B ARM R B AL, H TAE R R T 450 A 1
TAE L, I Hoh TR R 2000 1 1 P RE FRAIC, it
RONE 4 I A L D R A5 R A I ) R
ME R 300 A B, Z5H B A HOG R HCRROR,
b 82.3% UL T4k A MY 78.5% s 7E 1000 W i
IR T 454 B I HOEREBReR R 71.3%.

1200 1.8 11.0
1000} Y
800 .
& -]
< 600 A
15 / 10.8 3 H
Ay = 1045
400+ H0.6
40.4 0.2
200 ——structure A 102
--..structure B |
0 1 L 1 1 1 Il 1 L 0
0 100 200 300 400 500 600 700 800 900

Current /A
B4 —65 CTHMLEHRY LIV i

Fig. 4 LIV curves of two structures at —65 C

Fel 5y 2 J 95 L R L P 25 1
P I £ i e L D' 50 23 R A R AR T 2 1« B
HRE R 5 CREALE —65 C, 458 A Wik m Hob
PR 74, 9% T2 78. 5%, 4549 B 1 i R HOG RS
R 70, 30 HETHE 82, 3% CERARTHE A D)

0.82F .. —s—structure A
o -a-structure B
0.80F e
& 0.78} . N
£ 076 g
= - B R
0.741 ‘
0.721 ,
0.70f a
-7 -60 -50 -40 -30 -20 -10 O 10
Temperature /C

PR 5 79 4 e e L D' 6 A0SR L TR E 1 72 A
Fig. 5 Variation of maximum electro-optical conversion
efficiency of two structures with temperature

HE— 25 70 W de e BB FE R T B RE 1 40K B
B TIRMAE M R S L. B 7
Jeht P, HAMRE R R MR TEQHLUT
O 5 S DRE D & SRR IE (S F R B i 0] R
P 401 6 5 2) Fh 2800 1 I SR Tt e 5 1R Y A1 Ay
TROCRIHRE 5 3) HR I AL BHL 5 1 A A H B RE s 4) REAH
ANVEE T S A A T 40 FE . Rk 26 PR g AT Ay
Br, A5 2 PS50 1 BE B 0K 5 B A RE By L
B, e 6 fros .

K 6Ca) . (b) 7l &ty A FI45H B 7E i R H
R WS AT 1Y RE B 40 AERE Il B AR AR R i £k . X T
ZEMIALCBHEEIREE R 5 CREARZE —65 C, B {E R

1101004-4



E49% £ 11 #H/2022 £ 6 B/FEHHL

Joule heating
\voltage defect — e
& threshold

80 F external differential quantum efficiency

(=r]
S

Percentage of electrical
input power /%
>
o

]
(=]
T

optical output power (@)

S

-60 -50 -40 -30 -20 -10 O
Temperature /C

100 peymesesmng
. threshold j’flfafe defect
E 80 external differential quantum efficiency
Es e
< B
5_; s 60+
o =
°0 =
§ B 40}
g 5
E 20
optical output power o)
0

60 -50 -40 -30 -20 -10 0
Temperature /C

6 i R L G B BOBOR T (M BE R BUFB R IR B AR L . (D551 A5 (D) 451 B

Fig. 6 Variation of energy loss at the maximum electro-optical conversion efficiency with temperature. (a) Structure A;

(b) structure B

FIE B BIFE S A 8. 7R 6. 6 %0 ST BT AR
KO R AHFE G L 6. 2% R 3. 9% A H AT
AU RE S HEN 7.7 0 & 8. 0% BB AL R B Y
PRE AT LN 2. 5 %0 42 5 2 3% X T 454 B bl & 16
JEH 5 CREMIRE —65 °C . BIE R 51 A FE 5 L
9. 4% I ZE 6. 20, M T RCR T | A B FE
FEAN 12, 6000 2 4. 106, FE H- 3G | (9 4 6 o5 L A
5. 9% 8T E 6. 0%, B FE LR 51 A B AR 5
1.8%KEE1.4%.

TR 5 CCHE L 450 A B RE R 8 o8 B (H
FL, P 100 R AR B R E L 40 0l o R RB AR Y 8. 7 0
7.7% s M EFRACE —65 CHE, i FARR 5 2 A
A TR AR B A R AR LR R R A
6.6 %0 M FEH- A AE IR T 2 8. 000, X JE BRIl i
MR RN FEREK, RER 5 CH, 4544
B 1) £ 10 FE 32 2 U5 T 30 F O 5 R AN AR oy o
RS HMBAE, 405 SRR 9. 4% Al
12.6% . FEJFH LS5 8 B A A X 35 22 @ B 5K
FEAETE O Tt Ie B2 s YR B BEINE — 65 C
P 268 A Yt s A A S 3 S g o R 2 R
1%, R 25 4 B A 55 356 A BHL BEAIG , £8 B A 5] R 19 fig
HHFECN 6. 0%, B IL B R e OB 5 . T
B AYJE , BAREE K B AY HY 6 E B 5 | A R
FLR g A I (H A R R R IR e 1/3, ik —
AR R G R T R AR T 1

5 & ik

BT AT S AR DR A B T — bR B
PERY L A8 R X T 9 i A0 AE S5 4 B L 2% A AN [
U BE TR A PERE  [R] IF 23 A 1 P4 E T A% R OR A A B
UL AR A 728 A DL B 8 5% A9 DG BG J5 A0 R B lt JE

AR . 7E—65 CHEET iZ ML 451 1Y 2 2% 1Y
HLBHA 0. 287 mQ, BALALTHTAY 0. 40 mQ 15 5] K IE
W0 I HL 0 R 51 R Y AR R 7R IR R
AR, BN R KRB ELST
82. 3%, HAE 1000 W fi H Ty & I5F 1 R O 5% 0 0%
KRBT 71.3% . ARSCWRSR R M08 i R AR 22
FRZH 43 1) O £ AT LA 2% 14 B A I el BE AR 1 () B il
A EAR IR A BT NIRRT . RS
Xf i — 20 4 T2 AR OGRS 1 HOGEE AR B
H—EMESE L,

Z % x #

(1] Tk, BRikiz, sk, 5. RITEPFIEFEOES K
Jre B AR e B AR MR IR [T, O 24k, 2021, 41(1):
0114001.
Ning Y Q, Chen Y Y, Zhang J, et al. Brief review of
development and  techniques for high power
semiconductor lasers[J]. Acta Optica Sinica, 2021,
41(1): 0114001.

[2] Korner J,

Spectroscopic characterization of Yb*' -doped laser

Jambunathan V, Hein J, et al.

materials at cryogenic temperatures [J]. Applied
Physics B, 2014, 116(1): 75-81.

[3] Crump P, Frevert C, Hosler H, et al. Cryogenic
ultra-high power infrared diode laser bars[J].
Proceedings of SPIE, 2014, 9002: 900211.

[4] Peters M, Rossin V, Everett M, et al. High-power,
high-efficiency laser diodes at JDSU[J]. Proceedings
of SPIE, 2007, 6456: 64560G.

[5] Zdrif, Mok, o, 5. 976 nm mak L AR
R[] R SREAR, 2011, 36(5): 345-347.

An Z F, Lin L, Xu H W, et al. 976 nm high
efficiency semiconductor lasers [J]. Semiconductor

Technology, 2011, 36(5): 345-347.

1101004-5



E49% £ 11 #H/2022 £ 6 B/FEHHL

[6] Zhao YL, Wang ZF, Yang G W, et al. Research on Physics Letters, 1999, 74(11): 1525-1527.
940 nm kilowatt high efficiency quasi-continuous [13] Frevert C, Crump P, Bugge F, et al. The impact of
diode laser bars [J]. Proceedings of SPIE, 2019, low Al-content waveguides on power and efficiency of
11170: 1117040. 9xx nm diode lasers between 200 and 300 K []].
(7] BRRE, HEX, XIEFE. L FEREO6R 5% 3R Semiconductor Science and Technology, 2016, 31
(J]. #E¥E, 2020, 47(5): 0500001. (2): 025003.
Chen L. H, Yang G W, Liu Y X. Development of [14] Leisher P O, Dong W M, Grimshaw M P, et al.
semiconductor lasers[J]. Chinese Journal of Lasers, Mitigation of voltage defect for high-efficiency InP
2020, 47(5): 0500001. diode lasers operating at cryogenic temperatures[]].
[8] Frevert C, Crump P, Bugge F, et al. Study of IEEE Photonics Technology Letters, 2010, 22(24):
waveguide designs for high-power 9xx-nm diode 1829-1831.
lasers operating at 200 K[J]. Proceedings of SPIE, [15] Crump P, Erbert G, Wenzel H, et al. Efficient high-
2014, 8965: 896500. power laser diodes [J]. IEEE Journal of Selected
[9] Crump P A, Trinkle G. A brief history of kilowatt- Topics in Quantum Electronics, 2013, 19 (4):
class diode-laser bars [J]. Proceedings of SPIE, 1501211.
2020, 11301: 113011D. [16] 2EHk, fif, BT, % MATAIOLEMFE 975 nm

[10] Crump P, Grimshaw M, Wang J, et al. 85% power R SIRESEES T, JE2FRH, 2020, 40(19): 1914001.
conversion efficiency 975-nm broad area diode lasers Man Y X, Zhong L, Ma X Y, et al. 975 nm
at —50°C, 76% at 10 °C [C] /2006 Conference on semiconductor lasers with ultra-low internal optical
Lasers and Electro-Optics and 2006 Quantum loss [J]. Acta Optica Sinica, 2020, 40 (19):
Electronics and Laser Science Conference, May 21- 1914001.

26, 2006, Long Beach, CA, USA. New York: IEEE [17] Shur M, Singh J. Physics of semiconductor devices
Press, 2006. [J]. Physics Today, 1990, 43(10): 98-99.

[11] Frevert C, Bugge F, Knigge S, et al. 940 nm QCW [18] ‘R=dE, TUifm, 24, 2. 808 nm - FREOLIN A
diode laser bars with 70% efficiency at 1 kW output OGRS ML R ()] W B 2R 4R,
power at 203 K: analysis of remaining limits and path 2017, 66(10): 104202.
to higher efficiency and power at 200 K and 300 K Song Y F, Wang Z F, Li T, etal. Efficiency analysis
[J]. Proceedings of SPIE, 2016, 9733: 97330L. of 808 nm laser diode array under different operating

[12] Wang J, Smith B, Xie X M, et al. High-efficiency temperatures [ J ]. Acta Physica Sinica, 2017, 66
diode lasers at high output power [J]. Applied (10): 104202.

Low-Temperature Characteristics of Ultra-High Efficiency 940 nm
Semiconductor Laser Bars
Ding Yongkang'®, Zhou Li"*, Tan Shaoyang'’, Deng Guoliang', Wang Jun"*
! College of Electronic Information, Sichuan University, Chengduw 610041, Sichuan, China;
* Suzhou Everbright Photonics Co., Ltd., Suzhow 215009, Jiangsu, China

Abstract

Objective High-power semiconductor laser bars have numerous substantial applications in material processing and
scientific research fields. In particular, it can be used as a key pump source for high-energy-class solid-state lasers.
The electro-optical conversion efficiency of the pump source will affect the energy consumption of the solid-state
laser, volume, and weight of the cooling system. The highest electro-optical conversion efficiency of the laser bars at
room temperature is approximately 75% . The electro-optical conversion efficiency of the laser bars is determined by
series resistance, internal quantum efficiency, internal optical loss, threshold current, and turn-on voltage.
Improving the internal quantum efficiency is an effective path for increasing electro-optical conversion efficiency.
Furthermore, lowering the operating temperature is crucial for increasing the internal quantum efficiency, making it
the most direct method for achieving high electro-optical conversion efficiency. The pump sources and the crystals
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can be cooled using low-temperature liquids for some high-energy-class solid-state laser systems. The series
resistance increases when the temperature decreases, which can limit the improvement of electro-optical conversion
efficiency. Therefore, it is crucial to study the low-temperature characteristics of the laser bars and propose
techniques to improve them. The structure of the laser bar should be substantially optimized to improve both internal
quantum efficiency and series resistance. In this study, a 940 nm semiconductor laser bar is designed for low-
temperature operation by optimizing the epitaxial structure. The series resistance of the laser bar is reduced
compared with the pre-optimized structure, whereas the internal quantum efficiency is maintained at high value. The
peak efficiency of the laser bar is approximately 82.3% at —65 C.

Methods The series resistance can be reduced by lowering the Al content for high carrier mobility in the
waveguide. The waveguide with a low Al content Al,Ga; ,As leads to a low bandgap between the waveguide and
quantum well. The carrier leakage from the quantum well into the waveguide increases, which results in low internal
quantum efficiency and high optical loss. The bandgap between the waveguide and quantum well will increase, while
the thermal energy of carriers will decrease as the temperature decreases. Thus, the carrier leakage will be reduced
at low temperatures. Elaborately designed low Al content Al,Ga,-.As can be sufficiently used in the waveguide for
low-temperature operation without suffering a carrier leakage. In this study, structure B is the optimized structure
with a lower Al content Al,Ga,_.As in the waveguide, whereas structure A is pre-optimized. The vertical layers
were grown using metal-organic chemical vapor deposition and then processed into a 1 cm laser bar with a 90 % fill
factor and 2.5 mm cavity length. The laser bars were soldered p-side down onto micro-channel cooled heat sinks and
measured at a temperature range from —65 ‘C to 5 ‘C, and the low-temperature performances of structures A and B
were measured. The temperature dependence of internal quantum efficiency and internal optical loss is obtained from
cavity-length-dependent measurements, and the effect of temperature on the electro-optical conversion efficiency is
analyzed.

Results and Discussions As temperature decreases from —5 C to —45 ‘C, the internal quantum efficiency of
structure B rises from 90% to 97. 1%, whereas structure A rises from 96. 5% to 97.5% (Fig. 1). The
performance improvement of structure B at low temperature is more evident than that of structure A because of the
substantial improvement in the internal quantum efficiency. The threshold current decreases from 30.8 to 20.0 A for
structure B, and the slope efficiency increases from 1.062 to 1.243 W/A when the temperature decreases from —5
to —65 C (Fig. 2). The turn-on voltage increases from 1.325 to 1.347 V, and the series resistance increases from
0.277 t0 0.287 mQ (Fig. 3). At —65 C, the peak electro-optical conversion efficiency of structure B increases to
82.3% when the current is 300 A. The conversion efficiency when the power is 1000 W for structure B is 71.3%
(Fig. 4). To the best of our knowledge, this is the best result of the electro-optical conversion efficiency for
semiconductor laser bars.

Conclusions A semiconductor laser bar with low series resistance and relatively high internal quantum efficiency is
designed for low-temperature operation. The structure is optimized elaborately with a low Al content Al,Ga, ,As in
the waveguide. The peak electro-optical conversion efficiency of the optimized structure increases to 82.3% at
—65 C . The constituents of power loss at the peak of the efficiency under different temperatures were also studied.
It is observed that the main factor affecting the electro-optical conversion efficiency at low temperatures is the series
resistance. By continuously reducing the device resistance, high efficiency at low temperature will be obtained if
carrier leakage and optical loss can be controlled.

Key words lasers; electro-optical conversion efficiency; high power; low-temperature characteristics; waveguide;
semiconductor laser array
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