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Abstract

Laser direct writing technology provides a flexible fabrication solution for high-precision photonic
chip manufacturing in three-dimensional space. However, during material internal processing,
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depth-dependent spherical aberration induced by refractive index mismatch between high-refrac-
tive-index materials and ambient media causes axial elongation of the focused spot (extending to
several micrometers), severely compromising fabrication precision. By integrating a spatial light
modulator into the conjugate optical path with refractive index mismatch-induced aberration,
adaptive optics enables dynamic wavefront phase compensation. Starting from theoretical analysis,
this work employs wavefront aberration theory to correct spherical aberration using Zernike poly-
nomials. A comparative study of the point spread function (PSF) intensity distribution before and
after compensation demonstrates that the introduction of phase compensation significantly en-
hances energy concentration at the focal point in high numerical aperture (NA) systems, accompa-
nied by substantial contraction of the full width at half maximum (FWHM) and improved peak in-
tensity attenuation.

Keywords

Laser Direct Writing Technology, Refractive-Index Mismatch, Zernike Polynomials, Dynamic
Compensation, Point Spread Function

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0

1. 518

WOLE S (DLW) B ARE R gh il U 4 ar MEF B, 8l RO 5 AR ARZR PR A B AE S8
T YRR RS AR, RO R B T RE AR A A O R R . 1997 4 Davis S5 A [1] 8 R R R
JCAET A R LI =, $ER T HIET 2O F AR R A T . BEE X WO S MORE BAE
FANLHI A ERNER AR, AATIZH A6 1 XO6FIRISCE L O E I [2] . E 2010 4F, DLW HARTEZ M
IV TS T 25 1R BTSN 51 [3]-[6]F AR 2R A8 22 P A [R) R M 4 b AT n T, #0 T DLW
FOR R VG o 3 I AP EOE I Dbk AR v S R BRE e S ER RIAE . SO T B A AT E AT S AR
PELRUEE (<100 nm) Py 58 ik 2 (voxel ) & sk, SO 5 4 0AH FL AR FH IR 00 1 R 20 1 MR AT 80 w2 R
{EL KR T 22 OGS IR AT SRR, SR REERIBOE N L3 . X —FePEfEfS DLW HARR%
BRSO RN 0P AL R SE[7] [8], 7E =47 1Ak [ A B SR AR[9] [10]. flifids s f [11]-[13] e Atk
THR[14] [15)E R AL, R ER[16]. BT ORSE[17] [18]FN AR AT YK B = 4 A1
SERTIFED 3

A DLW fE =4 [N AT I L, KEPBOGHIEE rUREEME A, 25— BT 2 5 & Bl A
JoE (2 A A B A R ) T S R 2 R K, s LIRS R KL S BUAS 22 [19]-[22] o Y IRTEAE 1%

T, BAKHG ZE BT AME N TREFE A URAIE, H 20T B8 S ESE M K B T2 R 3[23] [24]. N T Hifis:
STEND T X IR R RS, 7% B REUA 25 M2 SR W KT B 4 3 20 R e 5| 2 18 2

EEXFIX— ), WEFRE IR T 2 A AMESEng: 1) it Bt [ e A LR (1 Zernike AL ) SR AL IR 5T
A TS 2R (HT 5 R VT L) R e TR S N 1% 22 [25] [26]; 2) FIH 2GR H11 3% (SLM) [27]-[29]. ASFE
5(DM) [30] S nak S Hu ik Hi AN, 256 IRt R G SE UG 22 PR % s 3) BE T R ML 3R B BR i 2 )
TG 2 53 A [31]-[33], B EARMALBE S E (ko G & R ) B MR R . 55— Fh 7

DOI: 10.12677/japc.2025.142033 354 Bk Sei


https://doi.org/10.12677/japc.2025.142033
http://creativecommons.org/licenses/by/4.0/

SETIS PRI

JE T E AL TRME 5 M DU 5 &5 R R R TP R Z TR BB E 75 A AE AN 2 o T38RI R T I ik
PNz, ] DARYE SE PRt LIk .

AR Y BRI HE RN T, VAR 1522 e B RS, R E e m AR 22 A it
S ARG AN, LR BEAMES I ) i i R B 0 A DL, KT SRS B BAR A M2 B n B B
] ) 4% 5T\ REPBOE N TR S8, 8 A LB & Z R sh b

2. EERIEST

objective
n1
sample .\
n: ’
~_nominal
position
axial shift
\\ g
actual position

Figure 1. Light focusing through two-layer media
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Figure 2. (a) and (d) Normalized intensity distribution of focal points; (b) and (e) Axial intensity distribution of point
spread function (PSF) at different focusing depths; (c) and (f) Radial intensity distribution of point spread function (PSF)
at different focusing depths

2. QF(AERET—HRBEN; (D)FE)FERERERT REFCREMES; OFMOFERERE R
REHEERES T

EEXIRRIZHOT IPSE BHATHERL, BAGIEHRIOZ AR ARIOITS N 148, CRWOR I 789
nm, BURE AL NA=0.75. [ 2() R 2(c) R T RIFIVRE F ROTEARURIE R 085 A — L3R, M
PR T L) 2 HBE RO TAR I A 57, 5 (R AT 6 SR A T K (2 RO MM 5 2
AT b, AT A B AR, S HYT AR 46 FE AR TP T VP2 B35 0), B VR 928
o, HBRIKIHAH, X FEOLBERBE T, EXFRERLTT, BOCIRL, &980H8
(OB T B, G 5 M A 2o A SRt L. AR5 IE S O T, 18 IPSF 12
W TR, T 5 RS T B, 54 S5 T LB BR[38]. AN 2(0), [ 2(e) T L LR
=0 W, ARG )0 0 R ORISR, 2 d =20 jum B, R P RIS T 1 .10 T
T ELIFAE A 7170t L R (7 d = 100 m FFEOAWL), 455 (Full Width at Half Maxima,

DOI: 10.12677/japc.2025.142033 356 Bk Sei


https://doi.org/10.12677/japc.2025.142033

SETIS PRI

fIFK FWHM)BEE TR RGNt U S8 0. AL ESHARNREL T, RESI s RE N, WK 2(0),
K2R A, AR SR i R, SRR B 5 A IR DY WY R (RS, FWHM thAR1 T
BEo ERXFMEOLT, BRI AU 72 HEae S8 BB, R EAEM R R AT W BN T,
LT EE T FEAIT S R R O SR AR R

a 0.16 - PSFvsratd =20 um
' —NA=0.75
0.14 - —NA =0.80
NA =0.85

)

u

o o o

o o o N

> [ - )
T

Intensity of the PSF (a.
S
=

r (um)
b 0.16 - PSF vs zat d = 20 pm
—NA=0.75
014 —NA =0.80
NA =0.85

Intensity of the PSF (a.u.)

20 0 20 40 0 80 100

z (um)
Figure 3. Intensity comparison of point spread function (PSF) under different numerical apertures
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Table 1. Zernike polynomials of class zero
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Figure 4. Corrected axial and radial intensities of point spread function (PSF)
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Figure 5. Pre-compensation phase pattern loaded on spatial light modulator (SLM) at d = 100 pum.
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