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Abstract: Aiming at the requirements of the mode and operating temperature of vertical-cavity surface-emitting
laser (VCSEL) used as the laser source system of the atomic clock (Cesium) chip, the 894.6 nm oxide-confined
fundamental transverse mode VCSEL that could operate at high temperature was reported. By reducing the
diameter of the oxide aperture of the VCSEL to 3 um, the higher order transverse modes could be suppressed,
which guaranteed the fundamental transverse mode and low threshold current of the VCSEL. Through the
structural design that the cavity mode and the material gain was detuned by 12 nm at room temperature, the
emission wavelength of the device could match with the atomic energy level and the operating mode was stable at
a high temperature of 50-65 °C. The obtained VCSEL shows a center wavelength of 894.6 nm, a side mode
suppression ratio (SMSR) larger than 35 dB, a fundamental transverse mode power of 0.75 mW and a far-field
divergence angle of 11.4° when the operating temperature is 55 °C and the injection current is 1.8 mA. At the

temperature of 65 °C, the SMSR is larger than 25 dB and transverse mode power is larger than 0.1 mW. The
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development of the high temperature fundamental transverse mode VCSEL has great potential in chip atomic

clocks.
Key words: vertical cavity surface emitting laser;

cesium atomic clock
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Fig.6 Spectral characteristic curve of 894 nm oxidized VCSEL under different ambient temperatures and different current injection

IS I K L BB 3K 3] 894.6 nm, 1H& i TR TE AL IR
TR A K E N R K, B
BOFPIRAS, IR TAE N 8 i e i 25 . FiE
Tk B R T v, DT M AR 0 55, SRR T 50 °C B
A S OR300 BRI o AR AR IR RE S

T 50~65 °C. BLAL, BR TR EI LLSL, 2 —
{18 PR L T AR PR AIE i 1 7R R I R R A i E 2
ZAF, MHEITEA N 1.8 mA, 24F1E55 °C TAEHREEF
W R 894.6 nm, HLBABSLERVE B U, X 5 AN EZY
P B R A TE 60 °C BT W {1 £ K 5 AT 34
4 894.6 nm Y5 .

Bl 7 545 T AR TAEIRE T #5440 5% /£ 894.6 nm
WA I () SMSR(E 7(a)) A K AN [] T AR LB I 2%
P8 3 5 B K 894.6 nm [ HEL IR LA K B O T R AE
(# 7(b))o &l 7(a) H, g D RS B B AR IR
JEARL R, BRI B AR 4T, 5 L 25 °C B SMSR X
H 5.6 dB, 247 ¥ I #5355 °C I, SMSR A ) i Kl
4 35.16 dB, BLET, #RCFT G E R 0.75 mW; Bl 5
TREERE TN, #5448 SMSR A BT T B, ML 65 °C 4%
4 894.6 nmAb SMSR # 27.39 dB. M & 7(b) H AT L4
Bl BEE TR R3S N, 250855 220 2 894.6 nm
WA B BT A LA T8N, DA 4 mA FEF] 0.7 mA,
HOE TR 2.03 mW &) 0.13 mW., 25 F1E R T
PETF i 2 G K T 0.1 mW, B4R T 88 1F FE 4
Ji ¥R B R RER .

40
35 A
30 F P=0.75 mW \’
% 25 f =1.8 mA
2 90 | SMSR: 35.16 dB
=
©» 15
-
10 + &
5t 0/
O L L L L L L L L L
20 25 30 35 40 45 50 55 60 65 70
Temperature/ °C
(a) A LARERBERT 82175 894.6 nm TAFAT) SMSR
(a) SMSR of the device at 894.6 nm under
different operating temperatures
5 2.2
120
4 + 41 1.8
1 1.6 g
é 3| 114 g
= 412 =
= 3
E 110 2
527 108 g
L .\. {06 =
—apP \\ 104
a0
0 — S 0
20 25 30 35 40 45 50 55 60 65 70
Temperature/°C

(b) AT K 894.6 nm I TARIRSE 5505 Joit AHLTC R
(b) Relationship between operating temperature and power and
injection current when the device lasing wavelength is 894.6 nm

7 ARHELEE T & TARLE 894.6 nm i IGHLRFE
Fig.7 Optical and electrical characteristics of the device operating at

894.6 nm under different temperatures

2021G007-5



ISk A2

www.irla.cn

%54

I3 N S B 51 o VK N OO et v b AL
i, Gl 8 frow, s ff TAETE 55 °C izt it )d—
Rk B3 A . Al DA = 2 3 o0 A ol g A
MR BA LR 11.4°, I GBEAT G i e A, BA R
i (Y AR

1.0
= Experiment
—— Gauss fit oy

0.8
2
R
8
k= 0.6
=]
Q
N
S 04t
B
=]
Z

02 r

0 1 1 1 1

-40 -30 20 -10 O 10 20 30 40
Angle/(°)
Kl 8 BSFIEYD LR A
Fig.8 Far-field spot distribution of the device
4 & it

3 3ok SR A IR T R 0 25 RS 12 nm A
RS TH4E /N AL B & 3 pm 1Y 5, B
AT A I T Y 894 nm 4204k B fhil AL AE% 1 {1 Hht 370 2
Wi VCSEL, il £ 9 VCSEL 288 % 16 F & Kk
RNy 2.7 mW, 2 TARRER 55 °C AR
1.8 mA B, BN e Kl 35.16 dB, ER 4 D)3
$90.75 mW., 4R A 65 °C B, 7E TAE K 894.6 nm
b, FA M KT 25 dB, IR AT 0.1 mW, #F
BTARIREE 55 °CF, i &gt fah 11.4°, G 1R4F
MR TE . ST RERSTE IR PRI T AR (L FoE
KA, BE T AEE 450 LR Eaf e, s
PR B T R B b () PN R T
B SRR HE

S 3k

[1] Iga K. Surface-emitting laser Its birth and generation of new
optoelectronics field [J]. IEEE Journal of Selected Topics in
Quantum Electronics, 2000, 6(6): 1201-1215.

[21 Zhao Z B, Xu C, Xie Y Y, et al. Single-mode low threshold

[10]

[11]

[12]

[13]

[14]

2021G007-6

current multi-hole vertical-cavity surface-emitting lasers [J].
Chinese Physics B, 2012, 21(3): 232-235.

Hamad W, Sanayeh M B, Hamad M M, et al. Impedance
characteristics and extraction

chip-parasitics of high-

performance VCSELs [J]. IEEE Journal of Quantum
Electronics, 2020, 56(1): 1-11.

Tong H T, Tong C Z, Wang Z Y, et al. Advances in the
technology of 850 nm high-speed vertical cavity surface emitting
lasers (Invited) [J]. Infrared and Laser Engineering, 2020,
49(12): 20201077. (in Chinese)

Zang J Y, Li X, Zhang J W, et al. Research progress of vertical-
cavity

Luminescence, 2020, 41(12): 1443-1459.

surface-emitting laser [J]. Chinese Journal of
Liu K, Wei Q, Huang Y Q, et al. Integrated optoelectronic chip
pair for transmitting and receiving optical signals simultaneously
[J]. Chinese Optics Letters, 2019, 17(4): 56-60.

Zhang R, Rahul M, Ken S, et al. Portable intrinsic gradiometer
for ultra-sensitive detection of magnetic gradient in unshielded
environment [J]. Applied Physics Letters, 2020, 116(14):
143501.

Isoe G, Karembera R S, Gibbon T B. Advanced VCSEL
photonics: Multi-level PAM for spectral efficient 5 G wireless
transport network [J]. Optics Communications, 2020, 461:
125273.

Jin X, Xiao X, Sun Y, et al. Monolithic transformer and its
application in a high-speed optical interconnect VCSEL
driver[J]. Analog Integrated Circuits and Signal Processing,
2019, 99(3): 645-654.

Serkland D K, Geib K M. VCSELs for atomic clocks
[C)//Proceedings of SPIE-The International Society for Optical
Engineering, 2006, 6132: 647095.

Al-Samaneh A, Renz S, Strodl A, et al. Polarization-stable
single-mode VCSELs for Cs-based MEMS atomic clock
applications [C]//Proceedings of SPIE-The International Society
for Optical Engineering , 2010, 7720: 853181.

Zhang J, Zhang X, Zhu H, et al. High-temperature operating
894.6 nm-VCSELs with extremely low threshold for Cs-based
chip scale atomic clocks [J]. Optics Express, 2015, 23(11):
14763-14773.

Zhang X, Zhang Y, Zhang J W, et al. 894 nm high temperature
operating vertical-cavity surface-emitting laser and its
application in Cs chip-scale atomic-clock system [J]. Acta
Physica Sinica, 2016, 65(13): 134204. (in Chinese)

Kroemer E, Rutkowski J, Maurice V, et al. Characterization of

commercially available vertical-cavity surface-emitting lasers


https://doi.org/10.1109/2944.902168
https://doi.org/10.1109/2944.902168
https://doi.org/10.3788/IRLA20201077
https://doi.org/10.37188/CJL.20200339
https://doi.org/10.37188/CJL.20200339
https://doi.org/10.1364/OE.23.014763
https://doi.org/10.1109/2944.902168
https://doi.org/10.1109/2944.902168
https://doi.org/10.3788/IRLA20201077
https://doi.org/10.37188/CJL.20200339
https://doi.org/10.37188/CJL.20200339
https://doi.org/10.1364/OE.23.014763

% 54

s Gk A2

www.irla.cn

[15]

[16]

[17]

tuned on Cs D_1 line at 894.6 nm for miniature atomic clocks[J].
Applied Optics, 2016, 55(31): 008839.

Yanagimachi S, Harasaka K, Suzuki R, et al. Reducing
frequency drift caused by light shift in coherent population
trapping-based low-power atomic clocks [J]. Applied Physics
Letters, 2020, 116(10): 104102.

Zhang H, Herdian H, Narayanan A T, et al. ULPAC: A
miniaturized ultralow-power atomic clock[J]. IEEE Journal of
Solid-State Circuits, 2019, 54(11): 3135-3148.

Yano Y, Kajita M, Ido T, et al. Coherent population trapping
atomic clock by phase modulation for wide locking range [J].

Applied Physics Letters, 2017, 111(20): 201107.

[18]

[19]

2021G007-7

Zhang J P, Petermann K. Numerical analysis of transverse mode
in gain-guided vertical cavity surface emitting lasers[J]. IEE
Proceedings, Part J, 1995, 142(1): 29-35.

Michalzik R. VCSELs: Fundamentals, Technology and
Applications of Vertical-cavity Surface-emitting Lasers[M].
Berlin: Springer, 2013.

Agrawal G P. Fiber-Optic Communication Systems[M]. New
York: Wiley, 2004.

Marcuse D. Theory of Dielectric Optical Waveguides[M]. 2nd
ed. San Diego, CA: Academic Press, 1991.

Buck J A. Fundamentals of Optical FibersiM]. New York:

Wiley, 1995.


https://doi.org/10.1063/1.5143377
https://doi.org/10.1063/1.5143377
https://doi.org/10.1063/1.5143377
https://doi.org/10.1063/1.5143377
https://doi.org/10.1063/1.5143377
https://doi.org/10.1063/1.5143377

	0 引　言
	1 器件结构设计与仿真
	2 器件制备工艺
	3 结果与分析
	4 结　论

