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Loss characteristics analysis and process optimization of

GaN optical waveguide
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(School of Communication and Information Engineering, Nanjing University of Posts and
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Abstract: In this paper, we investigate the transmission loss characteristics of gallium nitride (GaN) planar
optical waveguides using a finite element simulation model based on the beam propagation method (BPM).
To address the high transmission loss in conventional GaN waveguides, we propose process optimization
solutions. By constructing a comprehensive transmission loss model, we systematically analyze the impact of
waveguide geometric parameters on the transmission characteristics, with a particular focus on investigating
the improvement effects of two optimization processes: top etching and back thinning. The experiment res-

ults indicate that both processes significantly reduce the waveguide transmission loss, with the top etching
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process reducing loss from 2.29 dB/mm to 0.19 dB/mm and the back thinning process reducing it to

0.24 dB/mm. Additionally, we analyze the impact of manufacturing defects, such as sidewall angles and sur-

face roughness, on transmission loss. Through parameter optimization, we identify the key dimensions neces-

sary for single mode light transmission. This study provides a theoretical basis and process guidance for the

development of low-loss GaN waveguides.

Key words: GaN optical waveguide; visible light communication; transmission loss; process optimization;

single mode transmission
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Fig. 1 Processing flow charts of the GaN planar optical waveguide obtained by (a) top etching and (b) bock thinning pro-

cesses. (¢) The cross-sectional diagrams of the two types of GaN planar optical waveguide
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Fig. 3 Relative light output distribution of GaN planar op-

tical waveguide (in waveguide transmission direc-
tion). (a) Initial model; (b) top etching process and
(c) back thinning process removing the lower flat

layer of ridge waveguide
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LU AR, U S A0 R RS A K A% a0 AR 1
I A SCHE s EAE R rhoin AT R BE ) 2
B litho_sigma, DAL Z1] 1l 51 2 1) 38 S 00 e R
B XA B AR A5 ), LA (58 4263 ) 2281k
B (W FEALRS ). BEIR 0.05 1 B — AT AL
ZERME 6 s, WL, ZEPIFARRI T, IR

% THIHELRE J32 59 i 3% S BUL S RIS N o litho

sigma FO{E N O B30 1 B R, i 5maE T4
FHHEHHRFEN 0.24 dB/mm [ T2 19.17 dB/mm,
TR 20 1k T2 B #E M 0.19 dB/mm b FH %2
20.36 dB/mm. PUA T il £ i 5 I T % 3R 1k
B R AR AE B AU XA 2 D T ek B

i ] UM SAE N S i I RCR . T AR
FEG R (A4 A FESE I mT REA ™ B, L A fifi
A GAE S et e B b LT o8 ke . R,
KA AT (KOH) W R E AT fe 22 Ak 3 LAREAI
T R TDHDRS O, sGm b ik 2 T2,
R LIRS, IR (E 5 6 vl WoGE (5
RGN REAL, FUE L.

4 —m— Back thinning process
—@— Top etching process

33
(=)

—_
W
1

_
<

W
1

Transmission loss (dB/mm)

(=]

0 0.10203 040506070809 1.0
Roughness (a.u.)
K6 PRI T 20T, BB AL 40 FE RioH R 2 A2
aiiiE=
Fig. 6 GaN waveguide’s transmission loss varying with

roughness for two different processes

£ GaN “FHEEHE ST, 3 St —
MEBENSE, EARE TR o
Afi, W FE W A WOCAR S A A FE . Uk 9 B U
/INTT DABEAR AR 2 ) it T, PR S 5 A e S o0
BRI HL, AT PFE . HeAb, i T v R T
TSI R 1 A R TN oA, e ) 2 A
fefm, BAYVCEEEN . BEOLI 5 R air—1
AR EAR Y, DT B TR L, AR TS nT
D38 75 26 iy ey SR ERCHIE A A, B — AR L mT LA
SCRPH A R Ry SR o e HBI AL b SE Ak
T B, B ST H AR B AR SO A 5
Mo % 58 B AR IR B A Y 8 pum 3B AP /N &2
0.25 um, £F 0.25 pm B & — R, WK 7
FI7R o Tt R J ok 5 J2 TR 2 ot T2,
W T T RN o S BRI AL e . A6 S5 U
T2, #i#E M 0.24 dB/mm [% % 0.16 dB/mm.
FE TR Z0 0 T2, BAE A 0.19 dB/mm [ &
0.084 dB/mm. {j 5.4 B W, 4% T 58 B2 /)N
% 2 um LUF B, AR RRCRAT B BT, Jo R
AR R R, THEBZ i T 25 45 A I S SR B
WA A& S PR, B A ) T S 300 v 2 i BRASE AT I,
A5 5-1% ki



53 TR, S LI S IR AT 5 T2 A .
0.32
0281 A =4H\In? —n3/m , 2
o St HRBCFIRE, 1, 9 GaN BHFIER (0T 1L
0.16: —&— Back thinning process {Bz‘EﬁQ/]j‘j 2. 52) n j‘:]*/—*ﬁﬁj‘}: (1 0) m j{]ﬁ%f{:

—&— Top etching process
0.124 P ep

0.08+
0.04+

Transmission loss (dB/mm)

o 1 2 3 4 5 6 7 8
Width/um
K7 PIRAE T Z T, ZACB U S e i 5 98
AR
Fig. 7 GaN waveguide’s transmission loss varying with

waveguide width for two different processes

ST R SRR AR B R A3 A B
A OE LT R SF g 4, LROEAE 5 K .
— T, PSR R R R B R TR AR
JABT, P RS SR 2R . SR, £
He AL f T A 5 | RS T, AT AR
G ARRIACR I A A O S . R Rsoft #4:
TR B AR, SRR U S5 & R
S AR AN oA A, AN IR 8 G2 DL A3 1)
BT RR) s o 8] 8(a)~8(b) 45 HY T 3 Fhifk S48
B33 ARASERL Y ik S T R K, B L
Fe ik 10 et et . S Se Bl s e,
T8 AT SEC T B D el N R T LA R
o Al 8(d) A1 8(e) k. AL, PRI 8 BN
150 nm., 75 K 100 nm, 5% 58 5 4 100 nm., = 5
150 nm S EEH AT, Y] S s L, 4h
KU Y PR GaN I 5 B AR T 254 17 ™7
BOR, (HAE ) OB BRItk
1I-V JGE# B ICP Z i SESe e in T4 A, 7l L
SR R M R U S T AR R
ARICHE— Y B GaN e S AL SR A,
PEALHAE AT OGS (380~760 nm)i [l 1L i AR
RS M . 7R B4 A T e O Y 1 R
380~760 nm, 4 20 nm ¥ B — AT S, 5R A0
B9 Fis . B 9 AT, S456M55 3 400 nm
BN A 420 nm B, A5 FE W EREAR . T
T A I S A AR AL 52.92 dB/mm fE
% 0.27 dB/mm, 0 2 il T2 25 6 & 09 3% 5 A
102.87 dB/mm [ % 0.19 dB/mm. *f T4 %S
(LT I 4, H e TR AU

B8, W AR PR RS (S E N
1 pm, FEEEN 8 um), FEAR (2) AT 2. = 9.24 um,
HERF AT WGP K, FeBA7E 380~760 nm 1] WLy
KRS B I U] RO 3 3 800

Transverse mode profile
(m =10, ngy=2.516925)

K8 RAED RO LR (O TR, (2)
BIABEAL; (b) THHB 201 T 2 5B VA2 (o) 58
W T L RBRPAZ; (d) S 150 nm, 5
4 100 nm 5 B AL B 5 () BT FEE A 100 nm,
R 150 nm SEHLARLL

Fig. 8 Analysis of light field transmission mode of GaN

waveguide (waveguide cross section). (a) Initial mo-
del; (b) top etching process and (c) back thinning
process removing the flat layer; single-mode trans-
mission achieved by waveguide (d) with width of
150 nm and height of 100 nm, and (e) with width of
100 nm and height of 150 nm

A FE TR L R AE 400~420 nm Ff T HE
() B EAFEAR L, 25 GaN PR A TE Y Bdy
PEAK . GaN BRI B A 3.4 eV, A AE - K%

A=heJE (3)

Hrr, Ehy GaN B, {0 3.4 eV, il BS T



484 RED2E (RgEs)

#18 %

AR BN OH S 290 365 nm. SLPR LA
WSO A B O SRR, Ay B e o DXk, A2
H BT FE 25 M5 b RS8O0, (A I A 2
LA, WA R AR BRI AR I R A . X fiff
BT A ATERE R T B BT 9 400~420 nm
DXIRATS REWLEE 2 A 2 (AR AR o 3ol A5 IR Wi
DX 275 W] X ) o P S GaN 4 BRI AR W)

Gy

1004 —m—Back thinning process
el —o—Top etching process
&

Joe)
°
% 104
g
=
-2
E .
g
s
=

400 440 480 520 560 600 640 680 720 760
Wavelength/nm
Ko PR T, A FeRE i WG
FHIPRAA hZe
Fig. 9 GaN waveguide’s transmission loss varying with
wavelength of the visible light signal for two differ-

ent processes

25 R, 7F 420 nm & 760 nm ¥ 7] UG
KGN, BFE AL T 2 AR e A% S B A0 FE = 5%
RIIEAT 1L

Sk

4 %

AR S AT I T HALAE ik A BR T A
RIWFSE T GaN “F-1H 6 I 5 1B S FE R B 3L
T AT %o W& B, 8 5 T 20 i s I
Yk T T2 2L BRI T ARZ, AT AR AR R,
BEFE(E I 2.29 dB/mm 43 HIFFAK E 0.19 dB/mm
1 0.24 dB/mm, 758 G0 T 25 A& 8 I
U = SN B o = o 5 81 o 2 ) G 1 | O
S ARSI 3 T2 v fEE f R TERELRE )
PR B R, I3 e e A S A R e S
BT A WG HRE L . X 380~760 nm i Bt
BT, RAR S ik S B S Y S AR R
P, JEHAE 400~420 nm A K ST LB B3
IFEID I ROR . ARG T X GaN Pk
W AL A B . 5 IUA IR A L, AR
SCHE I TP T A DU Rl RS
(R%F EL Ay AT s 1 IO 220 ik N S5 s i P R 1.2
A I ALEE o A2 ARAS 5 30k [19] #0241 1%
B AR KT (9 0.2 dB/mm) (1 [RiF, SR T B 58
BT 2288 S XU iR &
T GaN I B HFEM G HA L, ok stk gEn
WICHE RGN T BT Z PRt T HEMW
Mg T 5%,

[1] ISMAIL S N, SALIH M H. A review of visible light communication (VLC) technology[J]. AIP Conference

Proceedings, 2020, 2213(1): 020289.

(2] sz, Ers. ] DG AE RS FIRHIEOR (D], F B k%, 2021, 14(3): 516-527.
XU X Y, YUE D W. Orthogonal frequency division multiplexing modulation techniques in visible light
communication [J]. Chinese Optics, 2021, 14(3): 516-527. (in Chinese).

(3] iRk, RARE. [ 6G AT WG [J]. b 3483 R, 2020, 26(2): 11-19.
CHI N, JIA J L. Visible light communication towards 6G[J]. ZTE Technology Journal, 2020, 26(2) : 11-19. (in

Chinese).

(4] R, SR, AEEE, . AALEREE Micro-LED I BEXS S 5 RCR (1 520 S BE b FEERZRA [, F BE 5 (F 3&

), 2023, 16(6): 1305-1317.

(5]

(7]

KUANG H, HUANG ZH, XIONG ZH H, et al.. A review of the effect of GaN-based micro-LED sidewall on external
quantum efficiency and sidewall treatment techniques[J]. Chinese Optics, 2023, 16(6): 1305-1317. (in Chinese).
JAMES SINGH K, HUANG Y M, AHMED T, et al.. Micro-LED as a promising candidate for high-speed visible light
communication[J]. Applied Sciences, 2020, 10(20): 7384.

XIE E Y, BIAN R, HE X Y, et al.. Over 10 Gbps VLC for long-distance applications using a GaN-based series-biased
micro-LED array [J]. IEEE Photonics Technology Letters, 2020, 32(9): 499-502.

ZHANG H, YAN J B, YE Z Q, et al.. Monolithic GaN optoelectronic system on a Si substrate[J]. Applied Physics


https://doi.org/10.37188/CO.2020-0051
https://doi.org/10.37188/CO.2020-0051
https://doi.org/10.12142/ZTETJ.202002003
https://doi.org/10.12142/ZTETJ.202002003
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.37188/CO.2023-0091
https://doi.org/10.3390/app10207384
https://doi.org/10.1109/LPT.2020.2981827
https://doi.org/10.1063/5.0125324

553 40 FHEHE, & BB MBTRERFTE T 5 T2k 485

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

(29]

Letters, 2022, 121(18): 181103.

GAO X M, LIU P ZH, YIN Q X, et al.. Wireless light energy harvesting and communication in a waterproof GaN
optoelectronic system[J]. Communications Engineering, 2022, 1(1): 16.

XU F F, QIU P J, TAO T, et al.. High bandwidth semi-polar InGaN/GaN micro-LEDs with low current injection for
visible light communication[J]. IEEE Photonics Journal, 2023, 15(1): 7300704.

SMITH J A, SMITH J A, HILL P, et al.. High precision integrated photonic thermometry enabled by a transfer printed
diamond resonator on GaN waveguide chip[J]. Optics Express, 2021, 29(18): 29095-29106.

RATHKANTHIWAR S S, RAGHAVAN S, SELVARAIJA S K. Polarization independent grating in a GaN-on-sapphire
photonic integrated circuit[J]. Optics Express, 2023, 31(14): 23350-23361.

YAN J, FANG L, SUN Z, et al.. Complete active-passive photonic integration based on GaN-on-silicon platform[J].
Advanced Photonics Nexus, 2023, 2(4): 046003.

8. & % RIAAS SOL A i 5 & it IR 947 5 85 #Hi% 01 [D]. AU Wi Tk R2¥, 2017.

TAO J. Lateral leakage loss analysis and device design of shallow-etched rib waveguide on soi with arc cross-
section[D]. Hangzhou: Zhejiang University of Technology, 2017. (in Chinese).

X1 % SOL - ik § 44647 5 [D]. Kb HFiRFAHAR K, 2010.

LIU J. Loss research on rib waveguide[D]. Changsha: National University of Defense Technology, 2010. (in Chinese).
EFE. @R FHEM K D], KF: HFHKE, 2004,

LIANG Y L. Measurement of slab optical waveguide losses[D]. Changchun: Jilin University, 2004. (in Chinese).
SOREF R. The past, present, and future of silicon photonics[J]. IEEE Journal of Selected Topics in Quantum
Electronics, 2006, 12(6): 1678-1687.

SHAKYA J, LIN J Y, JIANG H X. Near-field optical study of AlGaN/GaN quantum-well waveguide[J]. 4pplied
Physics Letters, 2004, 84(11): 1832-1834.

GROMOVYI M, SEMOND F, DUBOZ J Y, et al.. Low loss GaN waveguides for visible light on Si substrates[J].
Journal of the European Optical Society-Rapid Publications, 2014, 9: 14050.

CHEN H, FU H Q, HUANG X Q, ef al.. Low loss GaN waveguides at the visible spectral wavelengths for integrated
photonics applications[J]. Optics Express, 2017, 25(25): 31758-31773.

ISHIHARA H, SHIMADA K, UMEDA S, et al.. Fabrication and evaluation of rib-waveguide-type wavelength
conversion devices using GaN-QPM crystals[J]. Japanese Journal of Applied Physics, 2022, 61(SK): SK1020.
SEKIYA T, SASAKI T, HANE K. Design, fabrication, and optical characteristics of freestanding GaN waveguides on
silicon substrate [J]. Journal of Vacuum Science & Technology B, 2015, 33(3): 031207.

CAIl Y F, WU K Y, MA ZH P, et al.. Integration of large-extinction-ratio resonators with grating couplers and
waveguides on GaN-on-sapphire at O-band [J]. Optics Express, 2023, 31(26): 42795-42806.

O’BRIEN M, MARAVIGLIA N, UZUN A, et al.. Integration of O-band quantum dot lasers with AlGaN/GaN
waveguides [J]. Optics Express, 2024, 32(13): 23047-23055.

WATANABE N, KIMOTO T, SUDA J. The temperature dependence of the refractive indices of GaN and AIN from
room temperature up to 515°C[J]. Journal of Applied Physics, 2008, 104(10): 106101.

WU X Y, FENG J J, LIU X T, et al.. Effects of rapid thermal annealing on aluminum nitride waveguides[J]. Optical
Materials Express, 2020, 10(12): 3073-3080.

LI X, WANG Y J, HANE K, et al.. GaN-based integrated photonics chip with suspended LED and waveguide[J].
Optics Communications, 2018, 415: 43-47.

LI X, JIANG Y, L1 J, et al.. Integrated photonics chip with InGaN/GaN light-emitting diode and bended waveguide for
visible-light communications [J]. Optics & Laser Technology, 2019, 114: 103-109.

LI X, JIANG Y, NI S Y, et al.. Freestanding GaN-based integrated photonics chip with ultra-micro LED and straight
waveguide for visible light communication[J]. Proceedings of SPIE, 2018, 10814: 108140N.

Fk, B4R, FF, S WA ILGHEAE RS InGaN/GaN £ FHFL O it TSR 0. & F 52 8%
1R, 2022, 44(8): 2649-2658.

LI X, WANG X, L1Y, et al.. Silicon-based InGaN/GaN multi-quantum wells multi-port splitter photonic integrated chip
for visible light communication[J]. Journal of Electronics & Information Technology, 2022, 44( 8): 2649-2658. (in
Chinese).


https://doi.org/10.1063/5.0125324
https://doi.org/10.1038/s44172-022-00016-5
https://doi.org/10.1364/OE.433607
https://doi.org/10.1364/OE.487389
https://doi.org/10.1109/JSTQE.2006.883151
https://doi.org/10.1109/JSTQE.2006.883151
https://doi.org/10.1063/1.1675936
https://doi.org/10.1063/1.1675936
https://doi.org/10.2971/jeos.2014.14050
https://doi.org/10.2971/jeos.2014.14050
https://doi.org/10.2971/jeos.2014.14050
https://doi.org/10.1364/OE.25.031758
https://doi.org/10.35848/1347-4065/ac727a
https://doi.org/10.1364/OE.527790
https://doi.org/10.1063/1.3021148
https://doi.org/10.1364/OME.410129
https://doi.org/10.1364/OME.410129
https://doi.org/10.1016/j.optcom.2017.12.077
https://doi.org/10.11999/JEIT210953
https://doi.org/10.11999/JEIT210953
https://doi.org/10.11999/JEIT210953

486 HhEYEE (R0 %18 &

[30] &, 2w, MRARE, . Bl SOTTCHE R SOV T )], F B R4, 2017, 10(2): 176-193.
GAOF, QIN L, CHEN Y Y, ef al.. Research progress of bent waveguide and its applications[J]. Chinese Optics, 2017,
10(2): 176-193. (in Chinese).

[31] YU X R, WANG M K, LI J H, ef al.. Study on the single-mode condition for x-cut LNOI rib waveguides based on
leakage losses [J]. Optics Express, 2022, 30(5): 6556-6565.

[32] MA ZHP, WANY J, ZHANG Y, et al.. Broadband lateral leakage suppression for TM polarization empowered by slab-
photonic-crystal-modified ridge waveguide[J]. Optics Express, 2024, 32(18): 31730-31740.

[33] SHIJY, XU ZY, NIUW Q, ef al.. Si-substrate vertical-structure InGaN/GaN micro-LED-based photodetector for
beyond 10 Gbps visible light communication[J]. Photonics Research, 2022, 10(10): 2394-2404.

[34] HEJL,FENG M X, ZHONG Y Z, et al.. On-wafer fabrication of cavity mirrors for InGaN-based laser diode grown on
Si[J]. Scientific Reports, 2018, 8(1): 7922.

EE RN

2 Jk(1984—), L, BRVERCFH A, 11, 2013 4F T 74 42 2858 K 2% AR A 24 0, B0 e ot iR H
KEFAE 55 R LR R BUZ, 2 AF I A LY 6 454 AT WG AE 7 i e .
E-mail: lixin1984@njupt.edu.cn



https://doi.org/10.3788/co.20171002.0176
https://doi.org/10.3788/co.20171002.0176
https://doi.org/10.1364/OE.451842
https://doi.org/10.1364/OE.531406
https://doi.org/10.1364/PRJ.465455
https://doi.org/10.1038/s41598-018-26305-8
mailto:lixin1984@njupt.edu.cn

	1 引　言
	2 光学仿真模型建立
	3 波导损耗特性分析
	4 结　论
	参考文献

